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Abstract: 

This research uses remotely sensed satellite data sets and aerial 
photography in a geographic information system to model the daily and seasonal 
evapotranspiration (ET) within a 187,000 ha (462,000 acre) river basin in north-
central Colorado. The remotely sensed data sets were computer classified into 
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both agricultural crops, urban and riparian vegetation types, bare soil, and open 
water. Crop coefficients (K,) appropriate for the Penman combination method 
were applied to each of the land cover types to simulate the study area 
evapotranspiration on a daily basis. Annual ET was summarized from daily 
estimates. A correlation was made between the Normalized Difference 
Vegetation Index (NDVI) and ET to develop a surrogate crop coefficient, a 
"vegetation coefficient (Vc)." This V,, was used in the GIS with a transformed 
NDVI map of the satellite data sets to simulate daily river basin ET. The GIS 
was used to compute daily Penman reference ET. The GIS simulation provided 
daily and annual urban ET for three cities within the study area. GIS 
simulations computed the agricultural ET from surface irrigation, and the. 
changes in river basin ET for conversion of surface irrigation to SURGE and 
sprinkler irrigation. Riparian and perennial vegetation ET was computed for all 
identified wetlands and river flood plains within the study area. An automated 
crop and turf irrigation information system (CTIIS) was developed using the 
telephone network within the study area to provide weather and ET information 
to the public. 
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manufacturer's names appear herein only because they are considered essential 
to the objectives of this document. 
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INTRODUCTION 

This executive summary provides a brief summary in the form of the 
abstracts of the final reports for modeling the water conservation technologies 
defined by the proposal for work. For the clarification of the reader, the six 
water conservation technologies are described in the following section as an 
introduction to the executive summary. 

DESCRIPTION OF WATER CONSERVATION TECHNOLOGIES TO BE 
I11 li1Kill Y 01 

WCT No. 1. Use of GIS-based spatially distributed evapotranspiration rates for 
scheduling river basin water supply schedules. Irrigation scheduling has 
traditionally been done at the farm or field level and the water requirements of 
the user communicated to the irrigation district or the river commissioner 
responsible for river diversions or reservoir releases. Irrigation district 
planning for irrigation water releases has been reactive rather than 
anticipatory. This new water conservation water technology uses basin-wide 
GIS evapotranspiration simulations to input crop and vegetation irrigation 
estimates from remote sensed crop maps and present and predicted weather 
forecasts. The GIS operating as a demand forecast model will predict irrigation 
needs in advance of the farmers' or municipality's communicated water 
demand to the water districts responsible for operation of the distribution 
system. Existing basin flow records will be used to develop a base for 
comparison for simulated present and future demands (modified to account for 
application efficiencies). Using predictive scheduling techniques to estimate 
basin irrigation water supply requirements may provide more efficient use of 
the distribution system and allow optimization of the supply side. This 
technology forms the base for estimating the impacts of implementing different 
water conservation technologies for present and future basin scenarios. 
Although drought planning is important for planning future irrigation supply 
systems, this proposal cannot address drought demand predictions because of 
funding restrictions. 

WCT No. 2. Conversion from surface irrigation to sprinkler irrigation. Many 
agricultural areas of the western United States are irrigated by flood, furrow or 
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basin irrigation methods. There are potentials for increasing application 
efficiencies in converting to sprinkler or drip irrigation systems. Much data 
have been derived from experimental investigations of these irrigation methods 
in a variety of locations, and on a variety of soil types that this data can be 
used for this study without reproducing the experiments. The data for the 
increase in application efficiency will be taken from the literature and from the 
many studies on surface and sprinkler irrigation conducted at Colorado State 
University and the ARS Experimental Research Station in the Poudre River 
Basin. The regional impact of selective conversion from surface to sprinkler 
irrigation techniques is conditional on consumer preferences, value of crops 
grown, soil types, field size and a variety of other factors that make regional 
adaptive analysis extremely difficult without the use of GIS technology. 
Existing studies using GIS analytical techniques are building the basic data 
layers to facilitate this proposed sprinkler irrigation implementation within 
the Poudre River Basin. Field sizes, soil types, water distribution systems, 
well locations and topography for the Poudre River basin have been identified 
and this data can be used to evaluate the amount of irrigated land within the 
river basin that can be converted, and the impact on water demand that results 
from this implementation. Landsat TM satellite imagery is being used as the 
remote sensed data with field investigations (for developing ground reference 
data) to verify the land cover classifications. The application of sprinkler 
irrigation within the basin will not consider the consumer preference nor 
economic considerations, but will be limited to the technical application to the 
agronomic and topographic limitations of the technique. Physical 
implementation of sprinkler technology to applicable lands within the basin 
will require socioeconomic studies. 

WCT No. 3. Use of SURGE irrigation techniques. Surge flow in irrigation was 
introduced by Stringham and Keller in the 1979 Irrigation and Specialty 
Conference of the American Society of Civil Engineers. The report provided a 
preliminary discussion of a promising automating technique for achieving 
cutback in furrow irrigation. SURGE irrigation uses automated valves 
controlled by microprocessor timers to send programmed pulses or surges of 
water down furrows. Timer programming controls the on time and the off time 
for the main diversion valve supplying water, typically to gated pipe. The 
intermittent timing effectively provides an increased ability of the furrow 
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irrigation water to reach or advance to the end of the furrow in a shorter 
length of time that would be experienced with continuous flow of water in 
furrows. Sometimes, where continuous flow would result in water never 
reaching the end of the field, the pulsing or "bumping" of the flow get the water 
to the end of the furrow. The physical effect of the pulsing and stopping of the 
furrow flow allows the fine sediment suspended in the furrow irrigation water 
to seal the bottom of the furrow during the non-flow period of the surge 
program and the negative pore pressure in the upper surface of the soil due to 
the draining of the soil water pulls the sediment into the surface pores, thereby 
providing a furrow seal and when the next pulse of water comes, the furrow 
exhibits decreased infiltration: Allowing the water to progress further down the 
furrow compared to the continuous flow regime. 

Increased application efficiency, (ratio of water stored in the root zone to 
water applied to the field) has been demonstrated on many soil types. Surge 
flow provides furrow irrigation agriculture a means to significantly improve 
irrigation efficiency, and as a result lowers water, energy, fertilizer and labor 
costs. Surge flow can be used in both cut-back and non-cut back mode for crops 
requiring surface irrigation or where sprinkler irrigation is not applicable. In 
cut-back mode, once the furrow has been wetted the full length, furrow flow is 
reduced due to the reduced soil infiltration of a saturated upper soil layer in 
the furrow bottom. The reduction of furrow flow in proportion to the reduction 
of infiltration results in a lowering of the furrow tailwater or surface runoff 
from the lower end of the furrow, thus increasing water application efficiency. 
In cut-back mode, depending of required depth of application to the root zone, 
SURGE efficiencies have been measured at 70-85% application efficiency 
compared to continuous flow application efficiencies of 30-70% for the 
equivalent flow range. 

WCT No. 4. Crop conversion or removing land from production. In river 
basins undergoing rapid population growth such as the north Front Range of 
Colorado including the Poudre River Basins, the need for reliable municipal 
water supplies has resulted in purchase of agricultural water supplies by 
municipalities. As the population growth needs the additional water (having 
been rented back to the farmers during the intervening period), the 
agricultural land is taken out of production and the irrigation water diverted to 

Page 6 



the municipality. This "water conservation technique" although not a 
technology, is simulated to evaluate the impact of taking land out of production 
to reduce water demand during drought periods, or during the expansion of 
urban areas into the rural areas, or due to the need of urban populations for 
additional water supplies. With data obtained from the Larimer and Weld 
County land planners, future growth patterns can be brought into the GIS data 
base and the impact of growth and conversion to urban water supplies on the 
irrigation water delivery system be determined in the future. Alternatively, 
with a motivation toward optimizing the demand and total water consumption 
within a river basin, conversion of high water consumptive crops and high 
water demand crops to more water efficient crops can be tested at a river basin 
level. Primary crops grown in the Poudre River Basin include: 

Crop Annual Irrigation Water Requirement (ac.inch) 

Dryland Wheat 0 
Alfalfa 14 
Irrigated Barley (Malt) 18 
Pinto (Dry) Beans 15 
Corn (Grain) 22 
Corn (Silage) 22 
Onions 22 
Potatoes 16 
Sugar Beets 24 

Rotation practices determine the crop mix for the basin for any single 
growing season. Soil and topography often place restrictions on the types of 
crops that can be grown on any single field. Use of GIS simulation with a 
variety of cropping practices can consider the effect of crop rotations and crop 
conversion and the impact of the crop conversion on the irrigation water 
demand over the river basin. 

WCT No. 5. Urban water metering and conservation programs. Fort Collins in 
the largest city in the Poudre River Basin, having a population of over 90,000. 
Greeley is the second largest city. Both cities have significant turf and lawn 
irrigation water demands during the summer growing season. Fort Collins 
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traditionally has provided customers flat rate domestic water supplies. Several 
studies have been done which relate the impact of water metering on water 
demand and yearly demand on the distribution system. Two types of water 
conservation technologies have been identified. Introducing water saving 
appliances such as water saver shower heads, low flow faucets, water saver 
toilets and industrial water recycling and water conservation methodologies 
have been studied for reduction of non-consumptive water use demand. 
Introduction of scheduled irrigation for residential lawns and municipal turf 
and parks can reduce raw and treated domestic consumptive water use. The 
introduction of this technology will use the urban turf and vegetation maps and 
GIS data bases derived from the use of high resolution SPOT Satellite imagery 
with 10 meter pixel resolution combined with the seven spectral bands of 
Landsat TM satellite imagery to develop high resolution vegetation 
classification maps of Greeley and Fort Collins. 

Remote sensing techniques will also be used to identify areas of ponds, 
wetlands and abandoned gravel extraction areas within the Poudre river flood 
plain within the rural and urban areas. Identification of urban irrigation areas 
as small as the size of residential lawns will allow GIS aggregation of urban 
irrigation demands and the impact of phreatophytic trees growing within the 
urban area. For both Greeley and Fort Collins, the riverine environment 
within the urban area provides for the support of an extensive wetland 
environment. Abandoned gravel extraction areas provide a significant area of 
free water surface for evaporative losses to the system. These losses place an 
impact on irrigation demand as the water is no longer available for 
downstream users. 

WCT No. 6. Irrigation Scheduling Using Automated Telephone Response 
Systems. The application of this water conservation technology is to provide 
irrigation ETcrop to telephone customers throughout the river basin for the 
present day's weather conditions and for predicted weather conditions for the 
next 4-5 days. Voice messaging services have been used with success by both 
industry and private consumers to store and retrieve messages automatically, 
virtually replacing the more traditional answering machines. Using the 
keypads of touch-tone telephones and V-tree computer voice query routines to 
query the caller, the caller is either routed to the correct "human party" or is 
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given specific information related to the caller's specific needs. These needs are 
derived from the automated voice query generated from the message or "voice 
mailbox" system. The application of voice messaging query routines can be 
used to evaluate a caller's needs for irrigation scheduling information and 
using the caller's telephone keypad, the voice messaging service can provide 
specific irrigation scheduling information for a caller's specific geographical 
location, specific crop and specific irrigation system. The applicability of this 
service is to provide information through automated systems that do not 
require computer modems and computer expertise for retrieving computer-
based irrigation information. 

The voice messaging service hardware technology includes computer bus 
cards for PC-based computers that allow the voice query "V-tree" routines to 
interface with computer data bases either through modem communication 
routines or to data bases maintained in the PC-computer linked directly to the 
voice messaging service. The customer would be queried for watering location, 
types of crops (or turf) to be irrigated and an estimate of soil moisture. 
Computer data bases generated from GIS operations would have crop ET data 
for a variety of soil types (from GIS soil type data layers related to location, ET 
for crop types for specified weather) and other related data to be determined 
from this proposed study. The hardware is in existence and used in a variety 
of present day applications. Both urban and agricultural operations are the 
target audience for this service. The premise of this water conservation 
technology is that an informed caller can make decisions for scheduling and for 
water amounts needed for a future period of 4-7 days (depending on the data 
base operators' weather gathering and forecasting abilities) that will result in 
water conservation. The fear of computer operation by the consumer is 
eliminated, as the telephone is the most common communication instrument in 
the office or home for data transmission. The potential data base operator for 
this technology is the Northern Colorado Water Conservancy District, 
Loveland, Colorado. 

Page 9 



PROJECT COMPLETION RESULTS 

WATER CONSERVATION TECHNOLOGY NO. 1. (Project Completion 
Summary) 
Determination of consumptive water use by remote sensing and GIS 
techniques for river basins. 

The research involved the development and testing of an effective 
methodology for computing the spatially distributed daily and seasonal 
evapotranspiration from irrigated cropland, nonagricultural vegetation, and 
other soil/water surfaces within the Poudre River Basin in north central 
Colorado. Water management techniques for large river basins must account j 
for temporal and spatial consumptive use patterns for a variety of vegetation, U 

crop types, and soil/water surfaces for municipal, industrial and agricultural 
uses. The direct computation of evapotranspiration for nonagricultural 
vegetation has been limited due to the lack of crop coefficients for vegetation 
types other than for common irrigated agricultural crops. The development of 
a model to estimate daily and annual evapotranspiration for all the vegetation, 
water and soil types spanning a river basin is the focus of the research. 

The specific objectives of the research were to (1) identify the 
characteristics and computational methodologies required to estimate river 
basin evapotranspiration, (2) program and test a geographic information 
system based on the Penman Monteitb/Kimberly Penman combination 
evapotranspiration (Et) computation method, and (3) compare the river basin 
daily and seasonal Et  volumes computed by a geographical information system 
modeling the Penman Monteitb/Kimberly Penman Combination Method using 
two different crop coefficient schemes: a) spatially distributed crop species-
based crop coefficients; and b) surrogate vegetation indices based on the NDVI 
index derived from multitemporal Landsat TM satellite data. 

A model of the study area was developed using computer workstations 
and linked relational data base management systems and geographic 
information systems. The model used Landsat 5 TM satellite data sets 
classified into crop and vegetation maps of the study area. In addition, the 
multitemporal-multispectral data sets yielded reflectance-based vegetation 
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indices which were correlated to vegetation coefficients, VC, for use with the 
Penman combination type daily reference evapotranspiration values. 

The model was validated using an annual water basin import-export 
water balance. Differences between daily model runs using crop coefficients, 
KC, and reflectance-based vegetation coefficients, VC, were compared and found 
to be statistically insignificant. 

The significance of the research is: (1) River basin evapotranspiration 
can be estimated for a variety of non-agricultural vegetation types in addition 
to irrigated agricultural crops. (2) River basin daily Et  can be estimated with 
the model using satellite data to provide spatially distributed reflectance-based 
crop coefficients, VC, eliminating the need for crop and vegetation species 
identification. (3) Remotely sensed vegetation indices (NDVI) were linearly 
correlated to reflectance-based crop coefficients; this correlation provides a 
measure of biomass variability within individual fields and across the study 
area. (4) The study provided quantitative relationships between field-scale 
evapotranspiration computation methods and basin-wide evapotranspiration 
estimates. (5) Crop coefficient variability (standard errors and frequency 
histograms) were estimated from reflectance--based evapotranspiration 
frequency distributions for specific vegetation types and agricultural crops. 

Significant conclusions from the research indicated that (1) the NDVI-to-
VC  relationship is valid for irrigated agricultural crops and the NDVI-to-Vc  
relationship can be extended to other forms of vegetation with approximately 
equal accuracy; (2) reflectance-based vegetation indices derived from calibrated 
Landsat 5 TM satellite multitemporal data sets have been quantitatively 
confirmed with canopy-level reflectance measurements from a variety of 
vegetation and crop types; (3) reflectance-based VC  coefficients can act as a 
surrogate for crop coefficients, KC, in direct computation of daily Et  for 
vegetation/crop types and soil/water surfaces within a river basin study area 
using Penman combination methods. 

The GIS-based model, if converted to a user-friendly PC-based system, 
can be used in conjunction with weather data and remotely sensed data to 
schedule basin-wide irrigation water deliveries to irrigation companies or farms. 
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WATER CONSERVATION TECHNOLOGY NOS. 2, 3, and 4. (Project 
Completion Summary) 

Conversion from surface irrigation to sprinkler irrigation, 
Conversion from surface irrigation to SURGE irrigation., 
Crop conversion or removing land from production. 

There are potentials for increasing application efficiencies in converting 
to sprinkler or drip irrigation systems. The regional impact of selective 
conversion from surface to sprinkler irrigation techniques is conditional on 
consumer preferences, value of crops grown, soil types, field size and a variety 
of other factors that make regional adaptive analysis extremely difficult 
without the use of GIS technology. 

SURGE irrigation uses automated valves controlled by microprocessor 
timers to send programmed pulses or surges of water down furrows. Timer 
programming controls the on time and the off time for the main diversion valve 
supplying water typically to gated pipe. The intermittent timing effectively 
provides an increased ability of the furrow irrigation water to reach or advance 
to the end of the furrow in a shorter length of time that would be experienced 
with continuous flow of water in furrows. 

In river basins undergoing rapid population growth such as the 
north Front Range of Colorado including the Poudre River basin, the need for 
reliable municipal water supplies has resulted in purchase of agricultural 
water supplies by municipalities. As the population growth needs the 
additional water (having been rented back to the farmers during the 
intervening period), the agricultural land is taken out of production and the 
irrigation water diverted to the municipality. This "water conservation 
technique" although not a technology, is simulated to evaluate the impact of 
taking land out of production to reduce water demand during drought periods, 
or during the expansion of urban areas into the rural areas, or due to the need 
of urban populations for additional water supplies. 

Fort Collins is expected to grow by 64 percent by 2010. Windsor is 
expected to grow 136 percent, and Greeley is expected to grow by 81 percent. 
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The growth will take place both in the riparian zones of each of the three cities 
and also in agricultural areas. The irrigated crop land taken out of production 
as the three cities expand presently consume about 25,000 AF of irrigation 
water supplies and precipitation. 

Total agricultural cropped lands outside of the existing city limits total 
183,500 acres and result in approximately 252,000 AF of irrigation water 
consumptive use including precipitation. Within the study area's 326,728 
acres, there are nine irrigation companies providing irrigation water supplies to 
183,500 irrigated and cropped acres. The largest four companies provide 
service to 144,837 of the total irrigated acres. 

WCT 2 is a study of the potential to impact consumptive water use by 
converting surface irrigated lands to sprinkler irrigation. The two sprinkler 
irrigation types considered are center pivot and side roll sprinkler systems. 
Using GIS filtering techniques, the potential areas that could be converted to 
sprinkler irrigation were approximately 18,600 acres. The annual consumptive 
water use of the crops that could be serviced by these potential center pivots is 
estimated at 35,500 AF. Considering potential conversion to side-roll sprinkler 
systems on 40 acre fields (1/4 mile by 1/4 mile field size), approximately 89,600 
acres could be converted. The existing crops under these potential sprinklers 
now account for 17.5,700 AF consumptive water use. 

For WCT No. 2, converting from surface to center pivot for all potential 
convertible lands would reduce annual total irrigation demand on irrigation 
water supplies by 27,700 AF to as much as 40,000 AF. If all potentially 
convertible lands were converted to side-roll sprinkler systems, the annual 
irrigation demand reduction would be from a minimum of 95,100 AF to a 
maximum of 150,600 AF. For WCT No. 3, the conversion of surface irrigated 
lands to SURGE irrigation provides an irrigation demand water savings from a 
low of 191,081 AF to a high of 368,500 AF. WCT No. 4 considers the removal 
of irrigated land from production. Complete removal of irrigated agriculture 
from the lands under the jurisdiction of the WSSC would result in a net 
reduction of 53,047 AF of irrigation demand on basin water resources. 
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The study area overall irrigation application efficiency is about 92 
percent. Consideration of all the river diversion flows compared to the total 
irrigation demand on irrigation water supply would imply that the water 
balance for irrigation supply compared to irrigation demand is well balanced 
for the study area. If wetlands are considered as existing on return flow from 
irrigation, the overall water balance for the total irrigated crops based on river 
diversions versus ET demand is 96 percent. 

Total evapotranspiration of agricultural crops, wetlands and open water 
surfaces (mostly reservoirs supplied by river diversions) is met by river surface 
water diversions and by precipitation. The total supply river diversion and 
precipitation to the study area for 1991 was 417,000 AF. The Total ET for the 
study area is made up of wetlands (17,500 AF), reservoirs (approx. 40,000 AF) 
and irrigated cropland (377,500 AF) for a total ET for the study area (not 
including urban areas) of 435,000 AF, indicating a balance exists between the 
supply and ET demand by ALL vegetation living in the non-urban portions of 
the study area. The general conclusion is, then, that any water conservation at 
the level of the study area must come from a reduction of living vegetation 
biomass existing within the basin. Conversely, an increase in study area "leaf 
area" or reservoir capacity must be met with an increase in retained water 
supplies to meet the increased evaporation or transpiration demand. 

Current irrigation efficiencies cannot be estimated with the data 
available. An estimate of the well pumping and return flows needed to 
maintain an overall surface irrigation efficiency of 40 percent would suggest 
that an additional 200 percent of the surface diversions is needed to 
supplement the river water supplies to irrigated agriculture. This well 
pumping is only internal to the study area, modifying the recirculation through 
the soil layers, but does not impact the overall study area water balance. 

The study area is a delicately balanced natural/artificial system, and is 
physically driven by nature. Any redistribution of water to irrigated 
agriculture must result in either 1) a physical redistribution plan to make up 
for decreased or increased deep percolation to the aquifer and 
increased/decreased return flows to surface water courses. Any removal of 
irrigated crop land to furnish water to urban inhabitants will impact the 
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internal distribution to basin aquifers and to water rights holders, which in 
turn affects additional aquifer storage and surface water return flows. Any 
decrease or redistribution in the vegetation leaf area in the study area must be 
met with a corresponding increase of water resources available that must be 
consumed (or stored in a reservoir) over a reasonable period of time or be lost 
to downstream users. 

WATER CONSERVATION TECHNOLOGY NO. 5. (Project Completion 
Summary) 

Urban water metering and conservation programs. 

Daily and annual evapotranspiration (ET) estimates were computed for 
three separate cities along the Front Range of the Colorado Rocky Mountains. 
Estimates were derived using two different methods; 1) a traditional crop 
coefficient method and, 2) a reflectance-based vegetation coefficient index in 
order to simulate both present and future urban water requirements. 

For the first method, an urban area land use and land cover 
classification was derived using a combination of video rasterized National 
Aerial Photography Program (NAPP) data and Landsat Thematic Mapper (TM) 
data sets. NAPP color infrared transparencies were video rasterized at 7.125 
meter ground resolution as RGB separates (visible green, red, and near 
infrared) and then combined with multi-date TM satellite imagery into a single 
data set. This multi-temporal and high spatial resolution data set was used as 
input to an unsupervised classification algorithm. The resulting classification 
map was transferred into a geographic information system (GIS) in order to 
model 1993 annual evapotranspiration (ET) for the community of Greeley, 
Colorado. 

The second method used a linear correlation between the Normalized 
Difference Vegetation Index (NDVI) and crop coefficients to relate a reflectance-
based vegetation coefficient (V,) to NDVI. Landsat-5 Thematic Mapper 
imagery was transformed into three spatially distributed ET maps- using the VC  
and reference ET in a GIS environment. Irrigated areas subject to water 
conservation management were extracted from the ET maps using a GIS 
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masking technique. Each map was used to generate a volume estimate of daily 
ET within each city. System irrigation efficiencies were then determined using 
a water balance approach so that simulations could be performed for the 
irrigated zones under the control of city water managers. The linear 
transformation (V,) model output was in close agreement with the daily 
estimates calculated using traditional crop coefficients for both irrigated turf 
and tree canopies. 

As a result of this research, an urban land use crop coefficient curve was 
developed that may be useful for predicting seasonal and annual consumptive 
water requirements for a typical city in the semi-arid western United States. 

WATER CONSERVATION TECHNOLOGY NO. 6. (Project Completion 
Summary) 

Irrigation scheduling using automated telephone response systems. 

The application of this water conservation technology is to provide 
irrigation ETcrop  to telephone customers throughout the river basin for the 
present day's weather conditions and for predicted weather conditions for the 
next 4-5 days. Voice messaging services have been used with success by both 
industry and private consumers to store and retrieve messages automatically, 
virtually replacing the more traditional answering machines. Using the 
keypads of touch-tone telephones and V-tree computer voice query routines to 
query the caller, the caller is either routed to the correct "human party" or is 
given specific information related to the callers' specific needs. These needs are 
derived from the automated voice query generated from the message or "voice 
mailbox" system. The application of voice messaging query routines can be 
used to evaluate a caller's needs for irrigation scheduling information and 
using the caller's telephone keypad, the voice messaging service can provide 
specific irrigation scheduling information for a caller's specific geographical 
location, specific crop and specific irrigation system. The applicability of this 
service is to provide information through automated systems that do not 
require computer modems and computer expertise for retrieving computer-
based irrigation information. 
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The Crop and Turf Irrigation Information System, (CTIIS) was initiated 
in May 1994 and operated during the 1994 irrigation season, serving western 
Weld and eastern Larimer counties with daily weather, urban lawn watering 
information and specific ET information for a variety of crops and turf. The 
voice messaging service hardware technology includes computer bus cards for 
PC-based computers that allow the voice query " V-tree" routines to interface 
with computer data bases either through modem communication routines or to 
data bases maintained in the PC-computer linked directly to the voice 
messaging service. The customer would be queried for watering location, types 
of crops (or turf) to be irrigated and an estimate of soil moisture. Computer 
data bases generated from GIS operations would have crop ET data. The 
hardware has been tested and used in a variety of present day applications. 
Both urban and agricultural water users were the target market for this 
service. The premise of this water conservation technology is that an informed 
caller can make decisions for scheduling and for water amounts needed for a 
future period of 4-7 days (depending on the data base operators' weather 
gathering and forecasting abilities) that will result in water conservation. The 
fear of computer operation by the consumer is eliminated, as the telephone is 
the most common communication instrument in the office or home for data 
transmission. The data base operator for this technology was the Northern 
Colorado Water Conservancy District, who provided modem connections to the 
CTIIS computer and the NCWCD's weather network. The daily weather data 
was updated at 0400 each morning for the past day's distribution of the 
Penman Reference ET. 

In conjunction with the information provided by the automated telephone 
response system, an extension outreach to the water user was provided to carry 
out a "checkbook" record keeping system for soil moisture balance so that 
irrigation scheduling can be implemented. 

The NCWCD has agreed to implement the CTIIS for the 1995 irrigation 
season. They will take over responsibility for the computer and modem 
connections as well as reprogramming the system to supply information to 
callers from as yet unspecified area of the South Platte basin. 
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Abstract: 

This research uses remotely sensed satellite data sets and aerial 
photography in a geographic information system to model the daily and 
seasonal evapotranspiration (ET) within a 187,000 ha (462,000 acre) river 
basin in north-central Colorado. The remotely sensed data sets were computer 
classified into both agricultural crops, urban and riparian vegetation types, 
bare soil, and open water. Crop coefficients (K,) appropriate for the Penman 
combination method were applied to each of the land cover types to simulate 



the study area evapotranspiration on a daily basis. Annual ET was 
summarized from daily estimates. A correlation was made between the 
Normalized Difference Vegetation Index (NDVI) and ET to develop a surrogate 
crop coefficient, a "vegetation coefficient (Vc)." This V, was used in the GIS 
with a transformed NDVI map of the satellite data sets to simulate daily river 
basin ET. The GIS was used to compute daily Penman reference ET. The GIS 
simulation provided daily and annual urban ET for three cities within the 
study area. GIS simulations computed the agricultural ET from surface 
irrigation, and the changes in river basin ET for conversion of surface 
irrigation to SURGE and sprinkler irrigation. Riparian and perennial 
vegetation ET was computed for all identified wetlands and river flood plains 
within the study area. An automated crop and turf irrigation information 
system (CTIIS) was developed using the telephone network within the study 
area to provide weather and ET information to the public. 
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Evapotranspiration, Geographic Information System, River Basin Modeling, 
Reflectance-based Crop Coefficients, Penman Reference ET, Crop Coefficients, 
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Remote Sensing, Leaf Area Index. 
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ABSTRACT 
WATER CONSERVATION TECHNOLOGY NO. 1 

DETERMINATION OF CONSUMPTIVE WATER USE 
BY REMOTE SENSING AND GIS TECHNIQUES 

A. FOR RIVER BASINS 

The research involved the development and testing of an effective 
methodology for computing the spatially distributed daily and seasonal 
evapotranspiration from irrigated cropland, non-agricultural vegetation, 
and other soil/water surfaces within the Poudre River Basin in north 
central Colorado. Water management techniques for large river basins 
must account for temporal and spatial consumptive use patterns for a 
variety of vegetation, crop types, and soil/water surfaces for municipal, 
industrial and agricultural uses. The direct computation of 
evapotranspiration for non-agricultural vegetation has been limited due 
to the lack of crop coefficients for vegetation types other than for common 
irrigated agricultural crops. The development of a model to estimate 
daily and annual evapotranspiration for all the vegetation, water and soil 
types spanning  a river basin is the focus of the research. 

The specific objectives of the research were to (1) identify the 
characteristics and computational methodologies required to estimate 
river basin evapotranspiration, (2) program and test a geograp,'hic 
information system based on the Penman Monteitb/Kimberly Penman 
combination evapotranspiration (Et) computation method, and (3) 
compare the river basin daily and seasonal Et  volumes computed by a 
geographical information system modeling the Penman 
Monteith/Kimberly Penman Combination Method using two different 
crop coeffic'.-.nt schemes: a) spatially distributed crop species-based crop 
coefficients and b) surrogate vegetation indices based on the NDVI index 
derived from multitemporal Landsat TM satellite data. 

A model of the study area was developed using computer 
workstations and linked relational data base management systems and 
geographic information systems. The model used Landsat 5 TM satellite 
data sets classified into crop and vegetation maps of the study area. In 
addition, the multitemporal-multispectral data sets yielded reflectance-
based vegetation indices which were correlated to vegetation coefficients, 
Vc, for uz: with the Penman combination type daily reference 
evapotranspiration values. 



The model was validated using an annual water basin import-export 
water balance. Differences between daily model runs using crop 
coefficients, Kc, and reflectance-based vegetation coefficients, VC, were 
compared and found to be statistically insignificant. 

The significance of the research is: (1) River basin 
evapotranspiration can be estimated for a variety of non-agricultural 
vegetation types in addition to irrigated agricultural crops. (2) River 
basin daily Et  can be estimated with the model using satellite data to 
provide spatially distributed reflectance-based crop coefficients, VC, 
eliminating the need for crop and vegetation species identification. (3) 
Remotely sensed vegetation indices (NDVI) were linearly correlated to 
reflectance-based crop coefficients; this correlation provides a measure of 
biomass variability within individual fields and across the study area. 
(4) The study provided quantitative relationships between field-scale 
evapotranspiration computation methods and basin-wide 
evapotranspiration estimates. (5) Crop coefficient variability (standard 
errors and frequency histograms) were estimated from reflectance--based 
evapotranspiration frequency distributions for specific vegetation types 
and agricultural crops. 

Significant conclusions from the research indicated that (1) the 
NDVI-to-V, relationship is valid for irrigated agricultural crops and the 
NDVI-to-VC  relationship can be extended to other forms of vegetation 
with approximately equal accuracy; (2) reflectance-based vegetation 
indices derived from calibrated Landsat 5 TM satellite multitemporal 
data sets have been quantitatively confirmed with canopy-level 
reflectance measurements from a variety of vegetation and crop types; (3) 
reflectance-based VC  coefficients can act as a surrogate for crop 
coefficients, KC; in direct computation of daily Et  for vegetation/crop types 
and soil/water surfaces within a river basin study area using Penman 
combination methods. 
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CHAPTER 1 
INTRODUCTION 

This chapter provides an introduction to the dissertation. In this 
chapter, a review of the background conditions and general scenario for the 
research, a statement of the content and layout of the dissertation, a 
statement of the research objectives, a map showing the location of the 
study area, and some broad philosophies and motivating factors for the 
research will be presented. 

BACKGROUND 

Many of the world's populations live in semi-arid or arid climates 
where food crops or forage crops are grown under irrigated agricultural 
practices, and these populations are increasing rapidly, requiring ever 
increasing levels of irrigation management. For the Colorado Front Range, 
where population growth is applying pressure on irrigated agriculture for 
urban development and for water supplies, the scarcity of water is 
increasing yearly. Unless new storage facilities are constructed, the supply 
of water is essentially fixed. The cost and time required for environmental 
studies makes the feasibility of new reservoirs less likely as time goes by. 
Public attitudes are changing, with increasing attention on environmental 
conservation. The future emphasis in allocation and use of natural 
resources is toward an integrated ecological approach in allocation of 
resources, including intangible benefits of resources allocation. In the arid 
west, the focus is on water as a resource that should be used as an 
environmental resource that transcends the traditional and legal use for 
agribusiness, municipal and industrial water supplies. 

Water is valuable and necessary for the maintenance of Colorado 
agribusiness and for the development and growth of Colorado Front Range 
urban areas. The mix of agriculture, urban municipal water usage and 
industrial water needs is in transition from a formerly agricultural based 
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economy in the first half of the 1900's to an urban-rural residential based 
economy supported by increasing industrialization. Yet, the quality and the 
economy of the environment are enhanced by an agricultural presence, and 
if agribusiness and a viable agricultural influenced economic base is to 

coexist with rural residential and urban development, the irrigation water 
traditionally relegated to irrigated farming must be better managed in 
application, distribution based on need, and in a multiple use concept. 
Conjunctive use of water is an emerging trend - using ground and surface 
water supplies in a rational and efficient manner. 

Jensen (1990) states that evapotranspiration (Et) data are required in 
determining and managing surface and groundwater supplies. Efficient 

management of irrigation water requires knowledge such as the soil 
moisture content, predicted weather conditions, knowledge of the irrigation 

water delivery system, and other factors in order to meet the plant water 
needs. Estimation of the consumptive water needs at the plant or field 
level has been studied and quantified over the past 50 years. The ability to 
estimate consumptive water needs at the river basin scale has received 
much less attention because of limitations in the storage and manipulation 
of the vast amounts of data needed to quantify and estimate plant water 
needs for areas larger than farm fields. 

The accuracy in estimating Et  over large river basins has been hindered 

by several assumptions made by irrigation water managers. Assumptions 
that work effectively for field-scale irrigation requirements do not account 
for variability of crop biomass within individual fields, nor do the 
assumptions allow for adjustments from farming techniques that increase or 
decrease crop biomass and transpiration. Since traditional irrigation 
estimating methods are developed only for agricultural crops, acceptable Et  
estimating techniques have not been developed which address the wide 
variability of vegetation types that are responsible for consumptive water 
usage at river basin scales. Farm fields are considered to be uniform in 
biomass. These crops have been studied intensively over many years and 

sufficient data are available to adequately quantify the daily Et  over 
differing geographical and weather conditions. The present Et  estimation 
methods which use crop coefficients (Kc) and reference evapotranspiration 

(Etr) are good for determining irrigation water needs for a farm field or for 
areas of identified agricultural crops. River basins are not so neatly 
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described. Wetlands, urban areas, arid range land, roads, pasture land, 
and phreatophytes contribute to consumptive water use in a basin, but no 
crop coefficients exist and no reliable methods presently exist for 
estimating the Et  spatial distribution for these vegetation types. The 
problems facing the manager of river basin water supplies are 1) to 
quantify the spatial and temporal distribution of water consuming 
vegetation within a river basin, 2) to estimate with a realistic degree of 
accuracy, the daily water consumption of these basin vegetation types, and 
3) to understand and quantify the source of supply. 

With the development of satellite platforms for remote sensing of 
vegetation, weather, and soil characteristics, and the development of 
Geographical Information Systems (GIS), the ability to acquire spatially 
distributed information about crops, weather, and water resources, and to 
compute spatially distributed Et, is now available. The development of low 
cost/high powered computer systems have provided a tool for: 1) 
processing remote sensed data from satellite imaging systems; 2) spatial 
modeling of river basins for improved management of small and large scale 
irrigation systems; and 3) for managing conjunctive use of basin water 
resources. The use of relational data base management systems (RDBMS) 
allows the efficient storage of large amounts of data characterizing the 
variety of attributes of vegetation, weather, and soil characteristics. 

The Front Range of Colorado, spanning the area from Fort Collins to 
Colorado Springs, is indicative of many areas of the arid Western United 
States that are undergoing rapid urbanization over predominantly irrigated 
agricultural lands. Most of the population of the Colorado Front Range live 
within the South Platte River Basin. As an example of the impact of a 
river basin in "vaporizing" or evapotranspiring irrigation water, up to 97 
percent of the 1.50*109  cu.m. (1,500,000 ac-ft.) of the diverted river waters 
of the South Platte River water flowing through the basin, can be 
considered available for consumptive water use considering all reuses 
within the basin. The Poudre River Basin, the largest tributary of the South 
Platte, contains many characteristics of the S. Platte basin that supplies the 
Front Range with most of the domestic, industrial and agricultural water 
supplies. The Poudre Basin comprises two distinct regions, the upper basin 
which is characterized by almost pristine waters and wilderness areas in 
the Rocky Mountains, and the lower basin, covered with intensely irrigated 
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agriculture and undergoing rapid urbanization. The lower Poudre River 
Basin is the area which characterizes many of the problems facing the river 
basin water resources manager of today and the future. 

A river basin of moderate size and with the historical data base 
available to validate modeling of consumptive water use, such as the 
Poudre River, is ideal for generating models using remote sensed data and 
geographical information systems (GIS) linked to relational data base 
management systems (RDBMS). For these reasons, in part, the lower 
Poudre River Basin has been chosen for this research study. 

PROBLEM DEFINITION AND JUSTIFICATION 

Consumptive water use can account for up to 97 percent of the waters 
flowing through river basins, yet most modeling effort is presently focussed 
on optimizing the river and canal distribution systems. Consumptive water 
use is often estimated from the differences between the imported and 
exported basin water balances. Consequently, any errors in computation of 
the water balance are lumped into the consumptive water use remainder. 
Accurate estimating of the consumptive processes provides better control 
and management of application efficiencies which can affect the quantity 
and quality of water flowing through the basin. Additional water supplies 
may be made available for future water development due to the decreased 
deep percolation resulting from better management of urban or agricultural 
irrigation water supplies. Control of irrigation efficiency can be achieved 
through accurate estimation of evapotranspiration requirements of crops 
throughout the river basin. Traditional basin-level consumptive water use 
studies have focussed at field level studies that were extended to larger 
geographical areas by summing the area of each type of crop over the river 
basin without regard for other vegetation transpiration or soil/water 
surface evporation effects. 

Basin consumptive use studies must include, besides field crops, other 
vegetation evapotranspiration and evaporation processes. Traditional Et  
studies use only agricultural crops and neglect nonagricultural vegetation 
or urban areas. Evapotranspiration studies traditionally use lysimeter data 
for either alfalfa (Etr) or grass reference (Eto) values (point values). The 
ability to quantify the variability of agricultural crop or other vegetation 

f 
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biomass requires extensive and costly field sampling, however, remotely 
sensed data using visible and infrared reflectance can provide an acceptable 
substitute for spatially distributed biomass estimates. Computational 
methods are needed to estimate spatially distributed Et, especially for 
irrigated agricultural crops, for nonagricultural vegetation supported by 
irrigation water (phreatophytes and urban irrigation), and for evaporation 
from open water. The validation of the Et  model for the river basin as a 
whole over a complete irrigation season would ideally require an accurate 
water balance for the basin, including aquifer storage capacity and change 
in seasonal storage, rainfall, irrigation water inputs to the crops, urban 
water consumptive use and wetland Et. 

RESEARCH OBJECTIVES 

This dissertation research involved the development and testing of an 
effective methodology for computing the spatially distributed daily and 
seasonal evapotranspiration of irrigated cropland and nonagricultural 
vegetation within the Cache la Poudre River (Poudre River) Basin. 

Statement of the research problem: The research problem is to develop 
and test an effective methodology for estimating spatially distributed 
seasonal and daily evapotranspiration from irrigated agricultural crops and 
nonagricultural vegetation growing in the Cache la Poudre River Basin in 
North Central Colorado. 

Specific research objectives investigated: 

1. To identify the characteristics and computational methodologies required to 
estimate river basin evapotranspiration. These methodologies should be 
capable of computing spatially distributed seasonai and daily Et  using 
a combination method (Penman-Monteith or Kimberly-Penman) for 
irrigation supplied agricultural crops and nonagricultural vegetation. 

2. To program and test a geographic information system based on the Penman-
Monteith/Kimberly-Penman combination Et  computation method. This GIS 
would use satellite remotely sensed and classified crop maps and vegetation 

0 
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indices as input data for the computation of river basin evapotranspiration 

rates. This model will be used as the foundation of an integrated river 
basin water quality and hydrologic water balance tool for investigating 
various consumptive water use scenarios using satellite data and aerial 
photography remote sensing techniques and geographic information 
system modeling techniques. For the initial development of the model, 
remotely sensed and classified crop maps from other research projects 
for irrigated agricultural crops growing within the Poudre River, Lone 
Tree Creek and Crow Creek basins will be used. 

3. To compare the river basin daily and seasonal Et  volumes computed by a 
geographical information system modeling the Penman-Monteith/Kimberly-

Penman Combination Method using two different crop coefficient schemes: 1) 
spatially distributed crop species-based crop coefficients; and 2) surrogate 

vegetation indices based on the NDVI index derived from multitemporal 

Landsat TM data. The crop species-based crop coefficient assumes 
biomass homogeneity for any identified crop species. The surrogate 
vegetation index (normalized difference vegetation index or NDVI) 
assumes variable biomass indexed to remote sensed solar reflectance 
from the vegetation that is correlated to leaf area index (LAI) and to 
evapotranspiration. The crop maps and the multitemporal NDVI 
vegetation indices used for verifying the model and computing daily 
and seasonal Et  values will be derived from a three-date multitemporal 
Landsat TM image obtained in May, July and September 1991. The 
accuracy of the crop map derived from the classified three-date 
multispectral data set is discussed report to the EROS Data Center, 
Sioux Falls, South Dakota (Wagner, 1992). 

LOCATION OF STUDY AREA 

The study area, shown in Figure 1.1, is composed of portions of three 
river basins, the Cache La Poudre basin, the Lone Tree Creek basin and the 
Crow Creek basin. The Cache La Poudre, or the more commonly known 
Poudre basin, falls into two distinct regions - the mountainous upper basin 
and the lower basin characterized by the plains. The headwaters of the 
Poudre lie within the Rocky Mountain National Park. The upper basin 
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extends into Wyoming. The lower basin contains irrigated agriculture, the 
major population centers and a growing industrial base. The study is 
focussed on the lower basin. 

FORMAT AND CONTENT OF THE DISSERTATION 

The development and validation of this evapotranspiration model 
j crosses the discipline boundaries of at least three technologies: 1) satellite 
l remote sensing of land cover and land use; 2) the technology of irrigation 

management and computation of evapotranspiration from irrigated 
agricultural crops; and 3) the technology or surface and subsurface 
hydrology and hydrography. Direct estimation of evapotranspiration for 
complete river basins containing agricultural crops and non-agricultural 
vegetation is relatively new and little data exist for "crop coefficients" for 
the many types of basin vegetation other than traditionally irrigated crops. 
At the basin level, consumptive water use is more commonly estimated by 
estimating basin inflows and outflows, adding in the precipitation, and the 
result left over when the water balance accounting is finished is 
consumptive water use. 

Large amounts of data are required for direct estimation of 
evapotranspiration at the field level, if these Et  data are to be integrated 
into a basin Et estimate. This direct estimation of Et  requires weather data 
and identification of the crops for selection of an appropriate crop 
coefficient. The verification of field level data for a medium or large basin 
is costly and labor intensive. 

j Satellite remote sensing of land cover has shown to be beneficial in 
V providing cost effective information for large geographic areas. Remotely 

sensed satellite data have been used to generate land cover and land use 
} maps (which would identify vegetation and crop types responsible for 

transpiration). However, these methods have not yet been significantly 
incorporated into the technology of river basin Et  estimation. 

The dissertation presents the results of the use of a model of the study 
area that uses satellite imagery and a geographic information system to 
estimate daily evapotranspiration for the study area. A flow chart (Figure 
1.2) is presented in order to assist the reader in progressing through the 
development of the Et  model. The development of the model is described 
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Figure 1.1 Study area. 
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in Chapter 3. Calendar year data for 1991 were used for the initial model 
runs. Crop maps and vegetation type maps were generated for the basin 
study area using remotely sensed and classified data from Landsat 
satellites. Daily Et  was computed for each 28.5 x 28.5 meter cell of the 
crop/vegetation raster map of the study area. The GIS then computed the 
Et  for each vegetation and crop type in the study area as well as the 
complete basin. Also, selected polygons bounding areas of interest within 
the study area were analyzed by the GIS. The model generated an annual 
basin Et  value and additional maps and reports for selected days and for 
each of the vegetation-crop types within the study area. The peak Et  day 
for the basin was identified and the total maximum daily Et  for the basin 
was determined. 

A validating water balance was independently computed for the study 
area using an input-output model. All water inputs to the study area 
including precipitation were quantified. All exports from the "black box" 
study area were also quantified, including an estimate of the change in 
aquifer storage volume. The resulting difference between imports and 
exports should provide an estimate of the amount of 'vaporized water" or 
Et. The validating water balance is compared to the model estimate for the 
total year. 

During the summer of 1993, a field team sampled a variety of irrigated 
and non-irrigated vegetation types on 8-day and 16-day cycles, obtaining 
leaf area index (LAI), dry-weight biomass and reflectance data for 
computation of the Normalized Difference Vegetation Index (NDVI), an 
index related to vegetative biomass and Et. The sampling data were used 
to derive a relationship between the crop coefficient (Kc), LAI and NDVI. 
The satellite data from 1991 were used to generate maps of NDVI for the 
study area for three dates, May 25, July 12, and September 14, 1991. These 
dates coincide with the planting, peak biomass and harvest patterns for the 
study area. The field data was used to correlate the NDVI map of the 
study area to crop coefficients for each matrix cell of the study area map. 
Since the model using crop coefficients and the Penman combination 
equation could estimate basin Et  for the same days as the three satellite 
images converted into NDVI, the relationship between the daily Et  for the 
basin computed from the satellite NDVI index and the basin Et  for the same 
day computed from crop coefficient could be evaluated. These three dates 
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Fig 1.2 General modeling activities. 
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of NDVI generated basin Et  provide a tool for using satellite imagery 
without the need for extensive ground reference data to determine specific 
crop and vegetation species with their related daily crop coefficients. 

RATIONALE AND MOTIVATION FOR THE RESEARCH 

Remotely sensed satellite data for the Poudre Basin show that fields of 
the same crop type vary in biomass across the basin. Many types of 
vegetation are. responsible for consumptive water use for which crop 
coefficients have not been established. Even small basins would be difficult 
to model for consumptive water use without assumptions of uniform 
biomass for crop types and exclusion of nonagricultural vegetation from 
the study. 

Inadequate documentation exists on consumptive water use for many 
vegetation types found in the basin ecosystem. A significant number of 
vegetation types receive the indirect benefits of agricultural irrigation, such 

r1 
as wetlands and phreatophytic trees. Urban irrigated lawns contribute to 

t the soil moisture supporting urban trees and shrubs. 
[ 
(~ 

The difficulties in generating basin-scale Et  models are many. Without 
quantitative data generated with costly and time consuming basin-level 

ry sampling, the proof that vegetation species or crop type biomass varies 
across larger areas cannot be verified. A second difficulty is the large 
amounts of data required to quantify phenological trends in biomass and 

t LAI for a variety of vegetation types over large areas. A third difficulty is 
that of overcoming the momentum of the discipline of estimating 
consumptive water use that has had the weight of evidence for many years 
and that has the recognition of the judiciary system for quantifying 
consumptive water use for agricultural irrigated crops. 

The need for daily Et  for large areas points to the use of remote sensed 
data as a surrogate for ground-based data acquisition. The modeling of Et  
for the Poudre River Basin requires that the spatial variability of biomass 
across the basin as indicated from remote sensed satellite date be 
incorporated into the simulation of the evapotranspiration characteristics of 
the basin and corroborated from ground based measurements. Monteith 
(1969) aptly states "There is a danger of crop ecologists becoming 

11 
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preoccupied with models at the expense of measurements.... Models 
simulate; but measurements summarize information." 

The motivation behind developing the model described in this chapter 
is the quantification of a basin scale-up "factor" that relates: 1) the well 
-managed field-by-field data of the traditional Et  computation using crop 
coefficients; 2) the assumption of uniform biomass to the variability in 
cropping practices, water management, and 3) the wide variability of water 
consuming vegetation across the span of a river basin. 



CHAPTER 2 
REVIEW OF THE LITERATURE 

This chapter contains a review of the literature covering two 
disciplines: 1) agricultural engineering and 2) remote sensing and image 

r~ processing. The coverage of evapotranspiration processes is presented so 
that transpiration processes are defined separately from soil evaporation. 
An understanding of the variability of soil and vegetation, and their effect 

J on consumptive water use over large geographic areas, is the motive for the 
modeling effort in this research and, for this literature review. Direct 
computation of consumptive water use at the river basin scale using 
remotely sensed satellite data is relatively new. A review of the 

rl 
computation and use of vegetation indices derived from satellite data is 
presented in sufficient detail so that the reader may bridge the gap between 
the traditional methods of agricultural engineering and the discipline of 
remote sensing. The use of reflectance-based crop coefficients and the 
Penman type combination methods for computing reference 
evapotranspiration used in spatially distributed modeling is a new field and 
there is a dearth of literature covering the subject. Seevers et al. (1990), 
Seevers and Ottmann (1993), and Bausch (1993) rank among the few 
pioneers in this field. 

EVAPOTRANSPIRATION THEORY 

One of the problems associated with studies of macroscopic processes 
over large geographical areas is the problem of scale-up from better 
documented and better researched processes at microscopic scale. It is 
perhaps appropriate to begin the review of literature pertinent to 
evaporation and transpiration at a microscopic scale and build to the scale 
of interest—that of a river basin. The cell is the beginning of life and the 
multiplication  of cells in the vegetative world is the beginning of the 
chapter. 

1~ 
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Plant Ph, sv iolQ=.  Hsiao and Bradford (1983) list six possible effects of the 
loss of water from plant cells. 

1. Reduction in the chemical potential or activity of water. 
2. Concentration of small molecules and macromolecules resulting from a 

reduction in relative water content. 
3. Changes in spatial relations in membranes. 
4. Changes in the water of hydration or in the structure of water adjacent 

to macromolecules. 
5. Reduction in hydrostatic pressure in the cell. 
6. Decrease in the pressure differential across the plasmalemma-cell wall 

complex which is followed by a reduction in the hydrostatic pressure 
in the protoplasm. 

Of the above six possible effects, only the sixth effect is widely 
accepted. Recent research emphasizes the importance of the hydrostatic 
pressure and the cell wall in the growth process (Albersheim et al., 1977; 
Green and Cummings, 1974; Green et al., 1977). Growth of a cell is 
followed by a stretching of the cell wall and immediately the hydrostatic 
pressure is lowered and water flows into the cell. Thus water is required 
for continued growth of the plant. Even small reductions of hydrostatic 
pressure in the cell because of water deficit can create an immediate 
cessation of plant growth 

A discussion of the complex processes of cell growth and metabolism 
is beyond the scope of this review: the emphasis will be placed on the 
impact of water supply to the plant through the root-stem-leaf vascular 
system. The transpiration of water is a consequence of the CO2  
assimilation by plants (Raschke, 1975). Transpiration and CO2  assimilation 
are linked as both water vapor and CO2  use common pathways, including 
the stomata. Both processes depend on radiation and are subject to stress 
on the foliage area receiving direct radiation. Water supply to the plant or 
water stress can affect the plant in two ways: 1) by supplying water to 
maintain cell hydrostatic pressure, and 2) by impacting the CO2  assimilative 
processes. Although CO2  assimilative processes in the cell are many and 
water is directly involved in many of the processes, the focus is on the 
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stomatal aperture both as a point of release of water vapor and as a major 
access point controlling CO2  transport across the cell epidermis. 

The typical pattern for the stomate is to open in the morning and close 
in the afternoon unless impacted by water stress (Hsiao and Bradford, 
1983). The stomatal opening is stimulated by light and a decrease in the 
concentration of CO2  in the intercellular space of the leaf (Hsiao et al., 1973; 
Raschke, 1979) The stomata operate as regulatory valves stimulated by two 
sometimes conflicting demands: 1) to maximize assimilation and 2) to 
minimize the reduction in plant water content that may cause damage to 
the plant tissue. The stomate must balance the two conflicting demands. 
In some cases, even with satisfactory plant water status the stomata will 
close under conditions of high evaporative demand and low humidity in 
the air surrounding the leaf. 

Water use efficiency at the plant level is concerned with the 
relationship of plant biomass to transpiration. Briggs and Shantz (1913) at 
Akron, Colorado compiled much of the early data from container 
experiments. Montgomery and Kesselbach (1912) grew corn in greenhouses 
seeking a relationship between transpiration and environmental conditions, 
as climate was considered to impact transpiration or water requirements of 
a crop. Briggs and Shantz (1913) deduced from Montgomery and 
Kesselbach's data the relationship between transpiration and saturation 
deficit. 

Another interest in early Et  research work was in the efficiency of use 
of water by various species and strains of plants (Tanner and Sinclair, 
1983). Later researchers concluded that unless severe nutrition limited 
plant production, transpiration efficiency based on total dry matter is not 
greatly affected. (Kiesselbach, 1916; de Wit, 1958). 

Bierhuizen and Slatyer (1965) and Tanner and Sinclair (1983) 
considered the relationship between photosynthesis and transpiration to 
establish a water use efficiency parameter by relating the photosynthesis 
per unit leaf area (NL): 

NL  = ACArb' + rs' + rm'), ( 2.1 ) 

where: AC = CO2  concentration difference between the atmosphere 
(Ca) and the CO2  compensation point (I'), 

s 
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rb' and rs' are the boundary layer and stomatal resistances, 
respectively to CO2  diffusion in the leaf, 
and 

rI,.i ' is the diffusion of CO2  into the cells of the chloroplasts. 

They described the transpiration per unit leaf area (TL) as: 

TL  = (p£/P)(eL* - e)/(rb  + rs) (2.2) 

where: p and P are the air density and atmospheric pressure, 
e is the ratio of the mole weight of water vapor to air, 
(eL* - e) is the vapor pressure gradient from the leaf, 
(eL* = saturation vapor pressure of the leaf, and 
rb  and rs  are vapor diffusion resistances. 

They concluded that at the field level Y/T is proportional to NL/TL  
where Y is the yield in total dry matter and T is transpiration, therefore: 

Y/T = k/(e* -e). (2.3) 

where: e is the vapor pressure and e* is the saturation vapor pressure 
at mean temperature. 

Rijtema and Endrodi (1970) used estimated transpiration <T> and total 
dry matter Y, in four potato cultivars over 7 years, and found excellent 
correlation between Y and the seasonal integral of <T>/(e*- e). If yield 
varied because of water deficits, there was poor correlation. 

Tanner and Sinclair (1983) conclude that after an analysis of crop water 
use efficiency processes, neither plant breeding nor local agronomic 
practices offer much potential of increasing crop water use efficiency. 
Kanemasu (1983) concludes that although the data requirements are simple 
for estimating relationships between Y (dry matter) and Et, the relationships 
may not be transferable to climatically diverse regions. 

Transpiration Relationships:  Montieth (1988) states that actual 
transpiration rates are less than potential transpiration—that rate when water 
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is not limiting-due to: 1) incomplete ground cover; 2) a shortage of water 
or nutrients; 3) aging of a significant portion of the canopy; or 4) attack by 
pests or disease. The question is what mechanisms are responsible for 
limiting transpiration? Does the growth rate limit transpiration or does the 
limitation of transpiration limit growth? The closure of the stomata is a 
short term response to the inability of the plant's root system to deliver 
sufficient water and as a result, the actual transpiration falls below the 
potential transpiration rate. On a long term basis, the ability of the roots to 
supply water is determined by several factors including: the rate of 
downward movement of the root system; the soil type; and the amount of 
soil moisture. Montieth (1988) argues that maximum stomatal conductance 
is achieved when photosynthesis is maximal and as a consequence, when 
the growth rate is maximized. 

The relationship between transpiration and biomass (Hanks, 1983) is 
reasonably established when the crop biomass leaf area index (LAI) is 
above 2.5 (Ritchie, 1983), but attention needs to be focussed on the 
separation of evaporation and transpiration at LAI below 2.5. The 
evaporation from bare soil surfaces will be discussed later in this chapter. 

Kanemasu et al. (1976; 1978) and Morgan et al. (1980) developed a 
functional relationship between solar radiation and: temperature and Tmax 
in centimeters for crops related to LAI that has the form: 

Tmax -- 

1.74 (1 -i) [ 0 
] [ 0.86 RS  -103.9 ] 

(0 +Y ) (2.4) 

590 
for LAI < 3.0; and 

(a -ti) [ 
 (0  0  Y) 

 ] [ 0.848 RS  -144.5 ] (2.5) 
Tmax -` 590 

for LAI >: 3.0 

where: a is crop and location dependent, (1.35, 1.28, 1.45, 1.35 for 
corn, sorghum, soybeans, and winter wheat 
respectively) 

0 is the slope of the saturation vapor pressure curve, 
Y is the pyschrometric constant, 



RS  is the solar radiation, and 
LAI is the leaf area index. LAI is defined as the ratio of total 
area of the leaves per unit of soil surface area (dimensionless 
ratio). 

The variable i is the fraction of energy hitting the soil surface and is 
related to LAI by the following expression: 

ti = e  ( -0.389 LAI +0.15) for LAI } 0.39 , (2.6) 

if LAI < 0.39, r is taken as 1.0 

Ritchie (1974) developed equations for various LAI and transpiration 
from vegetation EV  for several conditions of soil moisture as follows: 
For wV > 0.25 where wV = ratio of remaining extractable water to total 
extractable water: 

Ev  =E tP  ( - 0.21 + 0.70 LAI 1/2 ) , 0.1 < LAI < 2.7 (2.7) 

For drier conditions, where wV < 0.25, Ritchie et al. (1976) used 

Ev  = Etp  ( -0.21 + 0.70 LA71/2 ) wv  , ( 2.8) 

and as the plant canopy becomes complete at an LAI > 2.7, the vegetation 
transpiration: 

Ev  = Etp  for soil water conditions above 0.25 ( wv  > 0.25 ) (2.9) 
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For dry soil conditions (w, < 0.25) at LAI > 2.7 

Ev  =4E P  wU , (2.10) 

Soil and Water Surface Evaporation:  Ahuja and Nielsen (1990) summarize 
present knowledge of the important features of field soil-water 
relationships, and also describe the characteristics and measurement of field 
capacity. Veihmeyer and Hendrickson (1949) defined field capacity as 
"the amount of water held in soil after excess water has drained away and 
the rate of downward movement has materially decreased, which takes 
place within 2-3 days after a rain or irrigation in pervious soils of uniform 
structure and texture". 

Gardner (1983) describes the soil profile as a water reservoir with the 
water transfer to the surface as a liquid or vapor determined by the soil 
matric potential. Water is retained in the soil by the potential energy of the 
pore water. In irrigated agriculture practice, the potential energy of the 
pore water is described as a suction (the negative of the potential energy 
pressure). Energy per unit volume in the SI system (in j (joules)kg-1), has 
the same units as pressure, so that pressure units can express energy 
content (pressure in SI units is in kiloPascal (kPa) = j kg 1). The pressure 
range of interest and covering most of the plant growing range of 
agricultural crops (and other vegetation) is from a low of 10 kPa (0.1 bar) to 
a high of 500 kPa. The physics and description of the soil water budget is 
beyond the scope of this chapter. The soil provides water as a source for 
direct evaporation and for supply of water to the plant vascular system for 
the water requirements of the plant. It is the evaporation from the bare soil 
surface that is the focus of this discussion. 

Kolasew (1941) describes the evaporation of water from soil into three 
phases: 1) the constant rate phase ( the energy limiting phase); 2) the soil 
limiting phase (beginning with the inability of the soil to furnish sufficient 
water to meet the available energy); and 3) the phase when the evaporation 
rate is very low (decreasing linearly with time). For annual crops, the bare 
soil evaporation dynamics is complex due to the decreasing bare soil 
fraction as the plant canopy grows as well as the intermittent wetting and 
drying due to irrigation events. Bare soil evaporation may fall into phase 1 



20 

or 2 above depending on the depth of wetting or the irrigation interval 
until the crop reaches full cover at LAI 1.0, or by convention, when 75 
percent of the soil is covered. 

Jensen et al. (1990) and Wright (1982) estimate the rate of soil 
evaporation during the first stage or phase is about 90 percent of Etp. The 
ending of the first stage is sometimes characterized by a change in albedo 
(Jackson et al., 1976). During the second stage, vapor transfers to the 
surface by molecular diffusion and soil moisture is limiting, in contrast to ~ 
the first stage where solar radiation is limiting. The cumulative 
evaporation tends to increase with the square root of time in the second 
stage. 

Jensen et al. (1990) provides the following relationship for evaporation 
during the second phase: 

f
ES  dt = Ce  ( t - tl  , t >tl (2.11) 

where: Ce  = empirical constant for a given soil (Black et al., 1969) and 
ti  = time at which the falling stage begins. 

After the bare soil has been seeded, germination and growth of the 
plant causes LAI to increase until the soil is completely shaded. However, 
the transmissivity of the plant leaves still allows solar radiation to reach the ~J 
soil until the LAI approaches 6 (Hoffer, 1976). 

Ritchie and Burnett (1971) present a proportionality between Rn  at the 
soil surface, Rns  and LAI: 

Rns = Rn  exp ( -0.4 LAI) , for LAI < 2.7 , (2.12) 

Evaporation from the soil (in cm.) is estimated from the following 
expression (Hanks, 1983; Kanemasu et al., 1976, 1978; Morgan et al., 1980) if 
water can be transmitted to the soil surface to meet atmospheric demands: 

'T [ (A +
y )~ R N (2.13) 

Emax + 590 
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where: RN  is net radiation (cal. cm-2  d-1). 
0 is the slope of the saturation vapor pressure curve, 
y is the pyschrometric constant, 
If LAI < 0.39, c is taken as 1.0; 
if LAI > 0.39, c is computed from (eq. 2.6). 

The equations described in previous sections establish the relationship 
between LAI and transpiration. They also establish that the balance 
between transpiration and evaporation from bare soil is quantifiable. 
Kanemasu et al. (1976, 1978) establishes that Tmax  is not crop dependent at 
LAI over 3.0 and is a function of vapor deficit, solar radiation and the 
amount of energy transmitted to the soil surface. 

Although the development of reference evaporation rates will be 
discussed in following sections, the early work of Penman (1948) was 
oriented toward the computation of evaporation from open water. The 
problem of heat storage complicates the use of the Penman combination 
equation. Temperature must be recorded as a function of depth (Montieth, 
1981) and incorporated into the Penman equation. Climatologists have 
substituted evaporation from pans as a substitute for the temperature, 
relationships for bodies of open water. 

Stefan and Preud'homme (1993) used regression analysis to evaluate 
the relationship between air and water temperatures for 11 streams in the 
central U.S. (in the Mississippi River Basin). The purpose of their 
evaluation was to examine the errors in substituting air temperatures for 
water temperatures. Equations were derived for daily and weekly 
temperatures: 

Tw  = 5.0 + 0.75 Ta ( daily) , (2.14) 

Tw  = 2.9 + 0.86 Ta  ( weekly) , (2.15) 

where Ta  is daily or weekly mean air temperatures in °C 
and Tom, is mean water temperature in °C. 
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The measured water temperatures followed the air temperatures 
closely but with a time lag. Simulations had standard deviations between 
measurements and predictions of 2.7 °C (daily) and 2.1 °C (weekly). 

Doorenbos and Pruitt (1977) provide numerous coefficients for relating 
potential evaporation for grass as a reference crop to pan evaporation. For 
open water, for dry environments, the potential evaporation for open water 
is 1.15 x the pan evaporation in light to moderate wind conditions, 
increasing to 1.2 x pan evaporation for strong wind conditions. The 
potential evaporation is related to grass as a reference crop evaporation. 
The coefficients apply to shallow lakes and reservoirs with depths less than 
5 m. Their studies also indicate that shallow water covered with reeds 
have less evaporation and transpiration than open water surfaces due to the 
higher reflectivity of the vegetation, sheltering of the water surface, and 
surface roughness. Fully submerged weed are expected to have the same 
evaporation as open water surfaces. 

Development of Reference Evapotranspiration Rates:  Evapotranspiration 
(Et) is influenced by climate and by crop type. Instead of attempting to 
compute transpiration from individual crops and soil, the use of a climate 
based reference Et, properly calibrated for geographic location, simplifies 
the estimation of crop Et. 

There are many methods for determining evapotranspiration but all 
have the two systems -- energy and water transport -- as the basis for the 
estimate. Two systems can be described by budget-type equations , the 
hydrologic system with a water budget, and the energy system with an 
energy budget (Brutsaert, 1991). That the two systems are linked is 
obvious, but for the purposes of qualification of each system, the two 
budget equations can be separated. The water budget equation takes the 
following form: 

(P -E) A + Qj - Qo - 
dt 

(2.16) 

where: P = mean rate of precipitation of the system, 
E = rate of evaporation, 
A = surface area, 
Qi  = surface and ground water inflow rate, 
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Qo  = surface and groundwater outflow rate, and 
S = water volume stored in the system 

The computation of E is possible by computation of all terms but E 

and letting E be the balance of the computation. Because of the 
impreciseness of the computation of meteorological variables, small errors 
in those variables can make large errors in the computation of E. In the 
validation of the.Et  model described later in this chapter, E is computed as 
the remainder term in the computation of the water balance equation. This 
remainder term, E, will then be used to validate the Et  model which is 
computed from meteorological data incorporated in a geographical 
information system. 

One of the more accurate methods is the direct computation of E on 
the basis of meteorological data. The energy budget is the first step in 
development of a meteorological-based evaporation computation method. 
A simplified energy budget is as follows: 

Rn  =Le E +H +G, (2.17) 

where: Rn  = specific flux of net radiation, 
Le  = latent heat of evaporation 
H = specific flux of sensible heat into the atmosphere and 
G = specific flux of heat conducted into the earth. 

Of the total incoming radiation, a portion is absorbed in the earth near 
the surface, and a portion reflected. Of the absorbed component, most is 
transformed into internal energy and reradiated back into space in 
longwave radiation. A portion of the internal energy is converted into 
upward thermal conduction and convection of sensible heat, evaporation of 
water and the balance is downward conduction of energy into the earth. 

It is this evaporation of large amounts of water that is responsible for 
most of the global hydrologic cycle processes. The evaporation and 
subsequent condensation of water and water vapor accounts for vast 
amounts of energy that governs the climate and the weather of the earth. 
Sensible heat energy follows the same pathways as the latent heat energy, 
and the almost constant conversion of sensible and latent heat energy 
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causes difficulty in the quantization of the total energy flux. The ratio of 
the sensible heat flux H to the latent heat flux LeE is defined as the Bowen 
ratio (Brutsaert, 1991): 

Bo =  H E  , 
e 

(2.18) 

Solar radiation is the principal source of energy for Et. Solar radiation 
impacts the energy balance and also forms the basis for remote sensing of 
the earth's surface through satellite imaging. A discussion of the use of 
reflected solar radiation for remote sensing of the earth will be presented 
later in the chapter, as the focus here is on solar radiation as the driving 
force for Et. Solar radiation is received at the earth's surface in both direct 
and diffuse short-wave radiation, termed global radiation. Several 
researchers (Laue and Drummond, 1968; Frolich, 1977; London and Frolich, 
1982; Lean, 1989) have estimated the solar constant (outside the envelope 
of the earth's atmosphere) at 1.362-1.367 kJ m2s-1. 

Extraterrestrial solar radiation is attenuated by the atmosphere before 
reaching the earth's surface by about 20 percent. In addition, the absorbed 
radiation and the reflected radiation are not available for photosynthesis 
and for evaporation processes. The measurement of the net solar radiation 
Rn  can be accomplished by a variety of instruments ranging from spring-
wound charts with bi-metallic elements, silicon cells connected to electronic 
integrators and thermopile sensors (Jensen et al., 1990). The goal in 
measurement of solar radiation is to estimate the net solar radiation 
available to drive Et. In estimating the amount of solar radiation reaching 
the surface of the earth, Penman (1948) suggested a relationship between S, 
the ratio of actual to potential sunshine and the extraterrestrial solar 
radiation , Ra, in the form: 

RS  =( 0.18 +0.55S)  RA  , (2.19) 

Estimating net radiation requires the computation of the reflected 
short-wave radiation and the emitted long-wave radiation from the earth's 
surface. The atmosphere is selectively transparent to short-wave and long-
wave radiation due to the absorption by various gasses in the atmosphere 
including water vapor, CO2  and ozone. The "window" in the atmosphere 
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allows high transmission of short-wave radiation in the 0.4-0.8, 0.8-1.1, 1.55-
1.75, and 2.0-2.5 pm wavelengths. Longwave high transmission windows 
are in the 3.0-4.1 and 4.5-5.5 µm wavelength range (Hoffer, 1994) and also 
in the 8-13 pm wavelength ranges (Jensen et al., 1990). 

The net radiation can be estimated from short and long wave 
components or measured directly with hemispherical net radiometers. Net  
solar radiation, Rn can be estimated from: 

Rn  =(1 _a)RSl  _Rb T, (2.20) 

where: RS  is the short-wave radiation, 
Rb  is the lonb wave radiation, 
Rn  is the net radiation, and 
a is the short-wave reflectance or albedo. 

Mean daily short-wave albedo, (fraction of incident solar radiation 
reflected from a surface) from green full cover crops ranges from 0.20 to 
0.25, with a common value of 0.23 for a used in the above expression 

(Jensen et al., 1990). 
Allen et al. (1989), Jensen et al. (1990), Penman (1948), and many other 

researchers report on the development of the Penman combination 
evapotranspiration equation or variations on the basic combination 
formulation. Discussion of the development of the combination will be 
restricted to discussion of the Penman-Monteith and the Kimberly-Penman 
modification forms of the equation. The development of reference Et  
combinations are correlated to a reference crop either grass or alfalfa. A 
variable crop coefficient, Kc, (described in the following section ) is then 
used to relate the growth stage of the specific crop to the potential Et  of the 
reference crop. In this research, alfalfa is the chosen reference crop and all 
crop coefficients and reference Et  will assume alfalfa unless otherwise 
noted. 

Allen (1991) developed a REFERENCE EVAPOTRANSPIRATION 
CALCULATOR, a software program which calculates reference Et  from 

eight different reference Et  methods listed below: 
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1. Penman-Monteith with resistance eq. by Allen et al. (1989) 
2. 1982 Kimberly-Penman (Wright, 1982; 1987) 
3. FAO-24 Corrected Penman (Doorenbos and Pruitt, 1975; 1977) 
4. 1963 Penman (Penman, 1963) 
5. 1985 Hargreaves Temperature Method 
6. FAO-24 Radiation Method (Doorenbos and Pruitt, 1975; 1977) 

7. FAO-24 Blaney-Criddle Method (Doorenbos and Pruitt, 1975; 1977) 
8. FAO-24 Pan Evapotranspiration Method (Doorenbos and Pruitt, 1977) 

Q 
The two reference Et  (Etr) computing methods of interest, and 

described below, are Nos. 1 and 2. The 1982 Kimberly-Penman method is 
also used as the basis of Etr  computations by the Northern Colorado Water 
Conservancy District (Crookston, 1993). The Penman-Monteith method is 
described as it is used as a comparison to the 1982 Kimberly-Penman in 
this research. 

The Penman-Monteith form of the equation is (Allen et al., 1989): 

X ET = A ( R
n  - G) + 86,400 p c  ( ea  - ed) / ra 

(2.21) 
+y (1 +rc I ra) 

where X ET, Rn  and G have units of MJ m-2   d-1, and ra  and rc  have units of s 
M-1.  The 86,400 term converts resistance time units from seconds to days. 
The reader is referred to the references for a full description of the equation 
and the units. The purpose here is to illustrate the modifications and 
general differences between the methods. 

In the Kimberly-Penman form of the equation the general form of the 
Penman combination equation is used: 

0(Rn   -G) +Y6.43f(u)(ea   - ed) 
~,ET = ~ (2.22) 

0 +Y 
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with a wind function f(u) in the empirical form: 

f (u) _ (aw  + bw  u2 ) , (2.23) 

The constants ate, and bw  are as follows, where wind speed is in m s-1 

at 2 meters above the ground, and ate, and bw  are empirical constants. 

J 5873 )2 (2.24) 
aw = 0.4+1.4 , 

- ( J 243  )2 (2.25) 8 
bw  = 86.4 [ 0.007 + 0.004 ] , 

where J is the day of year. The Kimberly-Penman form of the combination 
equation is comprised of the four equations, 22, 23, 24, 25, listed above. 

Both the Penman-Monteith and the Kimberly-Penman methods are 
used with an alfalfa reference crop. Jensen et al. (1990) ranked the methods 
by comparing the daily estimates of the various reference Et  methods 
against lysimeter estimates for daily Et. The Penman-Monteith and the 
Kimberly-Penman methods were ranked first and second for estimates of Et  
at Kimberly, Idaho, Coshocton, Ohio, and Davis, California. For all months, 
the Adjusted Standard Error of the Estimate (ASEE) was 0.75 and 0.73 mm 
d"1 

for the Penman-Monteith and the Kimberly-Penman respectively. The 
correlation coefficient for regression through the origin of the lysimeter vs. 
equation estimates was 0.92 for both methods. When the peak month and 
all months regressions were considered and a weighted ASEE was 
generated, the Penman-Monteith and the Kimberly-Penman  methods had 
ASEE values of 0.74 and 0.85 mm d"1, respectively. 

Harcum and Loftis (1987) used Kalman filtering to investigate the 
spatial interpolation of Penman Et  to points away from weather stations. 
They considered Theissen polygons, simple averaging, inverse distance 
weighting, as well as Kalman filtering as spatial interpolation techniques. 
Kalman filtering, a stochastic process, provided acceptable means of 



spatially interpolating Et  estimates. They considered two scenarios: 1) 
spatially interpolating weather data and then computing Etr  from the 

distributed weather data, or 2) computing Etr  at the weather stations and 

then spatially distributing the Etr. The second scenario provided 

computational efficiencies and facilitated error analysis by combining all 
weather measurement error terms into the Penman equation error. 

Development of Crop Coefficients:  For estimating Et  for vegetation or 

agricultural crops, the problem can be simplified by estimating the u  

evapotranspiration for a "reference" crop and then relating the Et  for 

vegetation or crop of interest to the reference crop, either alfalfa or clipped 
grass by a crop coefficient, Kc. The crop coefficients are derived from 
experimental data and have an empirical basis. Using a reference crop 
allows a comparison between the crops of interest. Thus, with a "crop 

coefficient" and with a reference Et  computed from weather characteristics 

for the reference crop, the Et  for the crop can be computed for any day 
during the growing season. Wright (1982) derived Kc  values for a variety 

of crops at Kimberly, Idaho from two weighing lysimeters. Crop curves 

were derived from computed Etr  and the crop Et  from the lysimeters. The 

general form of the crop coefficient is: 

KC  = Er  / Etr (2.26) 

where: KC  is a dimensionless Et  crop coefficient for the specific crop at 

the point in the growing period and soil moisture condition. 

The basal crop coefficient curve is determined from the time 

distribution of the crop Et  to the Etr  when the surface of the soil is dry so 
that soil evaporation is minimal but the plant is not limited by soil water 

shortage. The basal crop coefficient, Kcb, can be adjusted for surface soil 

moisture by: 

Kcc=KcbKa +KS , (2.27) 

where: KCC  is the soil adjusted daily crop coefficient, 

Ka  is a coefficient dependent on soil moisture, and 
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Ks  is a coefficient to adjust for surface soil moisture after a rain 
or after irrigation events. 

Et  for the crop can then be estimated by: 

Et (crop) - Kcc Etr, (2.28) 

The mean crop coefficient, Kim, (Wright, 1982) reflects the crop 
coefficient adjusted by the frequency of soil wetting, and replaces the need 
to generate a KCC  which requires adjustment due to surface soil moisture. 

REMOTE SENSING TECHNIQUES AND CAPABILITIES 

General Description of Satellite Platforms and Imagery  Satellite imagery 
is generated from scanners mounted on many different satellite platforms. 
Much of the satellite imagery used in agricultural analysis at the farm or 
river basin scale has been generated by the Landsat series of satellites, first 
launched in 1972 (Lillesand and Keifer, 1987). These satellites are flown in 
orbits designed to acquire images from different areas of the earth's surface 
depending on the user's need for information. These platforms and sensors 
are described in many of the remote sensing texts: (Barrett and Curtis, 
1976; Harper, 1977; Lillesand and Kiefer, 1987; Harris, 1987; Mather, 1987; 
ASPRS, 1983) 

The first three series, Landsat 1, Landsat 2 and Landsat 3, used MSS 
scanners (MultiSpectral Scanners) receiving solar energy reflectance from 
the earth's surface in four spectral scanner bands as described below. 
Landsat 4 and 5 used a second scanner system, the TM (Thematic Mapper) 
scanner, which provided expanded spectral bandwidth coverage. The 
seven spectral bands covered by the Thematic Mapper scanner are also 
shown below in Table 2.1 (Lillesand and Kiefer, 1987). 

With the launch of Landsat 4 and 5 in 1982 and 1984 and the launch of 
the SPOT 1 Satellite in 1986, advanced scanners with higher spatial 
resolution and additional scanner bands became available. Some of the 
sensors, such as the Thematic Mapper sensors provide better spectral data 
for higher accuracy classification and additional applications in remote 
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Table 2.1 Landsat MSS and TM scanner wavebands. 

Band Wavelength Nominal Spectral Principal Applications 
(µm) Location 

Multispectral Scanner Sensor System (Landsat 1, 2, 3, 4, and 5), 

1 0.5-0.6 visible green Designed to measure green 
reflectance peak of vegetation. 
Used for cultural feature 
identification 

2 0.6-0.7 visible red Aids in plant species 
identification by sensing in a 
chlorophyll absorption region 

3 0.7-0.8 near infrared vegetation sensing 

4 0.8-1.1 near infrared vegetation sensing 

Thematic Mapper Scanner System (Landsat 4 and 5), 

1 0.45-0.52 blue Useful for soil/vegetation 
discrimination and cultural 
feature identification 

2 0.52-0.60 green Designed to measure green 
reflectance peak of vegetation. 
Used for cultural feature 
identification 

3 0.63-0.69 red Aids in plant species 
identification by sensing in a 
chlorophyll absorption region. 

4 0.76-0.90 near Infrared Useful for determining vegetation 
types and biomass content. Low 
reflectance in water bodies. 

5 1.55-1.75 mid Infrared Indicative of vegetation moisture 
content and soil moisture. 

6 10.4-12.5 thermal Infrared Used in vegetation stress analysis 
and temperature sensing 

7 2.08-2.35 mid Infrared Used for discrimination of 
mineral and rock types. Similar 
to Band 5 in moisture content of 
vegetation 

u 
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sensing. Other sensors, such as SPOT 1, provided higher resolution for 
higher quality mapping. 

Sensors carried aboard the various satellites, Landsat 1 through 5, 
SPOT, and the TIROS weather meteorological satellites provide reflectance 
data in various spectral wavebands and in different bandwidths. The 
onboard recording of data and the transmission and preprocessing of the 
data is beyond the scope of this review. The sensors are calibrated before 
launch, and due to the aging and environmental degradation of the sensors 
over time, the calibration of the sensors is subject to change. Satellite data 
provided to customers are subject to geometric and spectral error. In 
addition, the lack of recent calibration of the sensors provides uncertainty 
in the radiometric quality of the data. Various researchers have studied 
and reported on sensor gain settings and the conversion coefficients to 
convert the raw digital number (DN) data values into irradiance (the 
energy flux of the solar radiation reaching the surface of the earth, and the 
radiance value (the energy flux of the reflected signal) reaching the satellite 
sensors (Price, 1989; Price, 1987; Price, 1988; Teillet, 1992; Chavez, 1988; 
Moran et al., 1992; Markham and Barker, 1993; Hall et al., 1991; Slater et 
al., 1987; and Che and Price, 1992). 

Price (1987) provides a method of calibrating the Landsat TM 5 
(Thematic Mapper) sensors to convert the digital number (DN) generated 
by the sensor for each of the seven spectral bands as an 8 bit (0-255 
bandwidth range) number into radiance values (Wm-2  sr-1  pm-1). The 
conversion equation uses calibration coefficients a;  and Ri (i = TM band 
number) in the equation: 

Ri  = ai  DNi  + Pi , ( Wm 2 sr 1 pm 1 ), (2.29) 

where: i is the TM band being calibrated, and 
Ri  is the radiance value for the TM band. 
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Calibration coefficients for Landsat 5 TM are: 

Band No. a P 

TM 1 0.602 -1.5 
TM 2 1.17 -2.8 
TM 3 0.806 -1.2 
TM 4 0.815 -1.5 
TM 5 0.108 -0.37 
TM 7 0.057 -0.15 

With calibrated data sets, classification of the digital data sets into 
meaningful map categories through image processing activities provides 
maps which can be used in a GIS as the base for modeling studies. 

Crop Classification Using Remote Sensed Data:  In this research, the 
primary purpose for using remote sensed satellite data is to identify and 
quantify irrigated crops in the river basin and to generate a crop/vegetation 
map for use as a GIS data layer. Anderson et al. (1976) describe a land use 
and land classification system designed for compatibility with remote 
sensed data. The classification system is divided into increasingly 
detailed levels depending on the quality and scale of the remote sensed 
data available and the amount and detail of the ground reference data. 
Level I, with nine classes, is appropriate for classifying land use with 
Landsat types of data. Level II, with each of the Level I classes divided 
into two or more subcategories is appropriate for use with high altitude 
aerial photography and other remotely sensed data at scales of less than 
1:80,000. Table 2.2 shows the basic Anderson land use and land 
classification system as described by Anderson et al. (1976). 

From 1972, when Landsat 1 was launched, until Landsat 4 and Landsat 
5 were launched in 1982 and 1984 respectively, MSS data sets were 
commonly used for generating classified land use/land cover maps. Wall 
et al. (1984) used Landsat 5 Multispectral Scanner (MSS) imagery to identify 
irrigated agricultural land over 9.9 million acres in California in 1979. To 
date, this appears to be the largest acreage classified for irrigated crop 
land inventory. Using the four spectral reflectance bands of the Landsat 

MSS scanner-two visible and two near-infrared-eight predominant crops 
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Table 2.2 Land use and land cover classification system for use with 
remote sensor data. 

Level I Level II 

1 Urban or built up land 11 Residential 
12 Commercial and Services 
13 Industrial 
14 Transportation, Communications and Utilities 
15 Industrial and Commercial Complexes 
16 Mixed Urban or Built-up Land 
17 Other Urban or Built-up Land 

2 Agricultural Land 21 Cropland and Pasture 
22 Orchards, Groves, Vineyards, Nurseries, and 

Ornamental Horticultural Areas. 
23 Confined Feeding Operations. 
24 Other Agricultural Land 

3 Rangeland 31 Herbaceous Rangeland 
32 Shrub and Brush Rangeland 
33 Mixed Rangeland 

4 Forest Land 41 Deciduous Forest Land 
42 Evergreen Forest Land 
43 Mixed Forest Land 

5 Water 51 Streams and Canals 
52 Lakes 
53 Reservoirs 
54 Bays and Estuaries 

6 Wetland 61 Forested Wetland 
62 Non-forested Wetland 

7 Barren Land 71 Dry Salt Flats 
72 Beaches 
73 Sandy Areas other than beaches 
74 Bare Exposed Rock 
75 Strip Mines, Quarries and Gravel Pits 
76 Transitional Areas 
77 Mixed Barren Land 

8 Tundra 81 Shrub and Brush Tundra 
82 Herbaceous Tundra 
83 Bare Ground Tundra 
84 Wet Tundra 
85 Mixed Tundra 

9 Perennial Ice and Snow 91 Perennial Snow Fields 
92 Glaciers 
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were identified using a combination of manual and computer classification 
techniques. 

The Idaho Department of Water Resources (IDWR) used Landsat MSS 
imagery and a GIS to identify six information classes. These were used for 
the purposes of helping to adjudicate Idaho water rights (Morse et al., 1990). 

Astroth et al. (1990) used Landsat MSS land cover maps, pumping 
plant locations, topography, soil surveys and land ownership as inputs to 
generate data layers for two sub-basins for the Columbia River Basin 
Analysis Project. The 1979 Columbia River and Tributaries Withdrawals 
Analysis Project was designed to evaluate current irrigation and future 
irrigation development. Some of the data layers generated were slope, soil 
irrigability, land cover, crop types, crop water requirements and energy 
costs. Some of the analysis objectives were to: 1) determine the number of 
acres under irrigation from 1973 to 1979 and to find irrigation growth 
patterns; 2) to determine crop types and irrigated land acreage in 1979; 3) to 
estimate energy and crop water requirements; and 4) to identify those lands 
most suitable for future irrigation development. The focus was on 
identification of center pivots and land areas that either had been brought 
under center pivot irrigation or land that was classified as "most-favorable" 
to "non-irrigable". Center pivot sites were identified by image color, size, 
shape, and location using a one-date Landsat TM image (14 July, 1987). 
Irrigation potential was considered, using potential irrigation growth area 
maps derived from USGS topographic maps. Ranking of the potential was 
from "unsuitable" to "excellent" to "urban areas". Results of the study 
showed that there was a 39 percent increase in irrigation acreage from 1979 
to 1987, with 26,230 acres of new land brought under center pivot 
irrigation. In the same period, there was a 47 percent total increase in 
center pivot irrigation. 

In Hungary, Csornai et al. (1980) used Landsat MSS data and GIS 
techniques to identify crop lands, crop acreage, crop stage, and crop yield. 
Crops identified included wheat, corn, sugar beets, potatoes, and alfalfa. 
Both unitemporal and multitemporal data sets were used. A digital field 
boundaries data base (DFBD) with field attributes was incorporated into the 
classification scheme to provide additional information to the classifier. 
Accuracies increased, going from single-date imagery to a two-date 
multitemporal date set, and increased more using two-date vegetation 
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index (unspecified type) as the classified data set. Depending on the 
method of classification, classification accuracies ranged from 80 to 91.6 
percent. 

With the launch of Landsat 4 and 5 in 1982 and 1984, respectively, 
and the launch of the SPOT 1 Satellite in 1986, advanced scanners with 
higher spatial resolution and additional scanner bands became available, 
providing better data for higher accuracy classification and additional 
applications in remote sensing. Whereas the MSS scanners had ground 
resolution of 80 meters, Landsat TM scanners provided 28.5 meter ground 
resolution and SPOT panchromatic provided 10 meter ground resolution. 
SPOT Multispectral sensors provided 20 meter resolution but the scanner 
was limited to two visible bands and a single near infrared (reflective) band 
(Hoffer, 1988). 

Allen (1980) concluded that multitemporal Landsat TM data yielded 
better results than SPOT MSS data for a crop classification study in 
Arkansas that used rice and cotton. This could partly be explained because 
of the greater number of spectral bands and spectral range available in TM 
data compared to the more limited number of SPOT spectral bands and 
spectral range. The SPOT total spectral range extends from 0.50 to 0.89 µm, 
while the Landsat TM image spectral range extends from 0.45 to 0.69 µm in 
the visible, from 0.76 to 2.35 µm in the reflective infra-red and from 10.4 to 
12.5 pm in the thermal infra-red (Lillesand and Kiefer, 1987). Williams et al. 

(1987), in classifying vegetables in New York muckland and in mineral 
upland soils, achieved 90 percent classification accuracy with a maximum 
likelihood classifier for muckland vegetables and single date imagery, and 
75 percent accuracy for upland vegetables. Using Landsat 5 TM imagery is 
justified and appears to yield sufficient information to allow specific crop 
identification at a Level III classification. Moreton and Richards (1984) used 
Landsat 5 TM 'bands 5 and 7 in New South Wales, Australia, to classify 
irrigated crop inventories. 

Use of Remote Sensed Data to Estimate Et  and Biomass:  Researchers have 
related temperature estimates derived from the thermal infrared bands of 
Landsat TM and Tiros AVHRR satellites to vegetation evapotranspiration 
(Vidal and Perrier, 1990; 1989a; 1989b; Thunnissen and Nieuwenhuis, 
1990). Thunnissen and Nieuenhuis (1990) used the thermal infrared image 
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of the crop derived from the satellite data in addition to wind velocity, crop 
type and height, and potential 24 hour evapotranspiration values of the 
present crops to estimate 24 hour evapotranspiration of selected crops. Full 
soil coverage by the vegetation is required for the linear relationship 
between the thermal image derived temperature and the evaporation to be 
valid. Vidal and Perrier (1990) developed a method to map the surface 
temperature from thermal IR data and to map the evapotranspiration of 
sugar cane from surface temperature. They used data from the NOAA 
TIROS satellite AVHRR sensor. Price (1990) used satellite derived surface 
temperatures and related the surface temperature to a vegetation index 
generated from satellite visible and near infrared data in the form of a 
vegetation index. The NDVI vegetation index (Yates, 1984) was selected (~ 
from a number of formulas for a variety of vegetation indices as effective in ~J 
discriminating between biomass differences. The general formula for NDVI 
is as follows: 

r►l~~ M 
( NIR -RED) 
( NIR + RED )' 

(2.30) 

where: NIR is the near infrared radiance and RED is the visible red 
radiance value, or DN values. DN values are often used 
instead of radiometrically corrected data sets expressed in 
radiance values. 

Of significant importance in the use of spectral data is the processing 
of the spectral relationships between two or more spectral bands into 
indices that relate to vegetation or geological characteristics on the ground. 
Mather (1987) describes the development and use of ratio and difference 
indices. Numerous ratios and image transforms have been developed to 
correlate the transformed "ratio" or index to ground characteristics. As 
Mather (1987) states "the number of such ratios is considerable and appears 
to be limited only by the imagination of the user." 

A complete discussion of the development of ratio vegetation indices is 
beyond the scope of this brief review. The primary indices of interest are 
the normalized vegetation index, NDVI (Mather, 1987) and the soil adjusted 
vegetation index, SAVI, (Huete et al., 1992; Huete, 1988). The two satellite 



37 

platform sensors of interest to many researchers are the Thematic Mapper 
(TM) sensor of Landsat 4 and Landsat 5 and the AVHRR sensors of the 
TIROS satellites ( Lillesand and Keifer, 1987). The spectral bands referred 
to in following sections are the spectral bands associated with Landsat 5 
TM. AVHRR sensors have similar visible red and near infrared spectral 
bands to those of Landsat 5 TM, and are capable of providing data to 
generate NDVI indices. The AVHRR bandwidths are dissimilar and the 
indices are related but not numerically equal to Landsat 5 TM sensor-
generated NDVI (Price, 1987). Early developmental work in the NDVI 
was done using the Multispectral Scanner System (MSS) of the Landsat 
systems. The NDVI generated from Landsat 5 TM sensors takes the 
following form: 

NDVI = 
 TM4 - TM3 (2.31) 
TM4 + TM3 

where: TM4 and TM3 are DN values from the uncalibrated data set, 
or the radiance values from the calibrated data set, for TM 
sensor band three (visible red) and TM sensor band four (near 
infrared). 

The range of the NDVI is: -1 < NDVI < +1. Green vegetation 
normally falls into the upper ranges about 0.5-0.8, while range land and 
bare soil are in the 0.1 to 0.4 range of the NDVI. Thus, the NDVI provides 

} a remotely sensed estimate of biomass. Levine et al. (1988) developed a map 
of ecoregions of the U.S. as the source of surface data, and registered the 
map to an AVHRR image from which NDVI was generated. Surface 
parameters were grouped by climate zone. ANOVA tests were run to 
determine the effects of soil order, land use, and topography on the NDVI 
response. NDVI was sensitive to vegetation when soil order was held 
constant. 

Hall et al. (1992) summarize that the visible and near-infrared portions 
of the spectrum can be used to estimate S, a, PAR and Fpar. 
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Where: S = downwelling short wave energy, 
a = albedo 
PAR = Photosynthetic active radiation 
Fpar = fraction of incident PAR the canopy is able to capture. 

When the visible and near-infrared are combined with the middle 
infrared, vegetation water content and possibly drought and the onset of 
stress can be remotely sensed. The thermal infrared can possibly be used 
to measure canopy air temperature, according to these authors. The 
thermal infrared, when combined with passive L-band microwave 
instrumentation, can be used to estimate soil moisture. 

Running (1990) describes the use of remote sensed data for use in the 
Global Circulation Model. Part of the research was directed toward 
computing a global carbon budget. AVHRR sensors aboard the TIROS 
meteorological satellites, with a 1.1 km resolution allowed continental- scale 
multispectral digital imagery for the research. Vegetation indices using 
visible red and near-infrared sensors bands provided data for the Q 
estimation of net primary production (NPP). Running (1990) describes the 
use of the NDVI index as a measure of NPP but comments that the 
validation of the NDVI-NPP relationship requires ground validation. The 
difficulty of establishing ground verification from a digital remote sensed j 
image with a coarse resolution of 1.1 km, made validation of the AVHRR  
model difficult. 

Landsat TM generated vegetation indices have been used to correlate 
LAI in coniferous forests in Oregon to remote sensed imagery. 
Difficulties in the correlation are: establishment of bi-directional reflectance 
properties: soil background exposure; atmospheric transmissivity; sun 
illumination angle; and sensor look angle (Running, 1990). 

Anderson et al. (1993), in a study of range grasses in the Central Plains 
Experimental Range, north of Greeley, Colorado related various vegetation 
indices to dried green biomass. They studied three indices -- difference 

vegetation index (DVI) [ NIR- RED], the ratio vegetation index (RVI) [NIR / 
RED], and the normalized difference vegetation index (NDVI) [(NIR - RED) / 
(NIR + RED)]. The NDVI provided a better relationship between NDVI 
and greenness classes. The range classes studied had significant soil 
exposure to the Landsat TM imagery, and the plot of the spectral values of 



39 

TM 4 and TM 3 showed a strong soil presence. NDVI values for bare soil 
to light biomass were from 0 to 0.10. The highest NDVI values represented 
high foliar cover. Estimates of green biomass were highly correlated to 
NDVI (r2  = 0.95). An interesting observation made during the studies was 
that visual estimates of the percentage of foliar cover was linearly related to 
TM 3 (visible red) response (r2  = 0.98). 

REFLECTANCE BASED CROP AND VEGETATION COEFFICIENTS 

Vegetation indexes can be used for classifying crops and for acting as a 
surrogate for other vegetation characteristics such as green biomass and 
evapotranspiration. The NDVI correlates well to leaf area index (LAI) in 
the 0-3 range, and to evapotranspiration in agricultural crops (Seevers, 1990 
and Seevers et al., 1990), making this easily computed index a potentially 
important surrogate for crop coefficients in the Penman-Monteith 
combination equation. 

Ritchie (1974) relates the LAI of vegetation to Etv, evapotranspiration 
of vegetation, in the form: 

Etv  " E ( -0.21 + 0.70 LAI1/2 ) , 0.1 < LAI < 2.7 , (2.32) 
tp 

where: extractable water content is not below 0.25, 

Etv is the vegetation evapotranspiration and 
Et, is the potential evapotranspiration. 

As LAI increased above 2.7, then: 

Et, = Etp. (2.33) 

Neale (1987) and Neale et al. (1989) carried out studies on corn (Zea 

Mays L) using canopy level reflectance measurements in the wavelengths 
corresponding to TM 4 and TM 3. The NDVI can be computed from the 
reflectance measurements. A comparison to Wright's (1982) basal crop 
coefficient for corn was evaluated for several seasons. Crop reflectance 
data converted into NDVI indicated NDVI values for bare soil at 0.0885 
increasing to an asymptotic average value of 0.8025 at a shading of 80 
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percent. The asymptotic value for a second season occurred at a shading of 
80 percent and an LAI of 3.0. 

For planophile-type varieties of corn, correlations of NDVI against 
LAI yielded the following expression: 

NDVI = 0.444 LAI 0.527 
1 

(2.34) 

The mean square error for the correlation was 8.77 E -04. The scale 
transformation from NDVI to the crop coefficient generated from the 
research is: 

MND (crop coefficient) = 1.181 NDVI - 0.26, (2.35) 

for data taken from the Greeley, Colorado, experiment station. Comparison 
of the MND crop coefficient to Wright's basal crop coefficient, Kcb, from 
data taken from Fruita, Colorado, provided the following correlation: 

Kcb = 0.993 MND - 0.001 (r2 = 0.961) (2.36) 

Bausch (1993) evaluated the effect of soil background on the reflectance 
based crop coefficient, Kcr, and developed new correlations between SAVI 
(described in previous sections) and Kcr. SAVI is based on a modification 
of NDVI, with a constant, L, inserted into the equation for NDVI. NDVI 
values for bare soil reported range from 0.1111 for light-dry, 0.1463 for 
light-wet, 0.1826 for dark-dry, and 0.2202 for dark-wet soils. 
The Kcr  based on SAVI, corrects for a wet soil and no other calibration is 
required to estimate the relationship between Kcr  and the basal crop 
coefficient, Kcb, for corn. The linear transformation between NDVI and Kcr 
was established by setting the Kcr  at 0.15 for NDVI values from dry, tilled 
bare soil and setting the average maximum NDVI value for the site equal to 
the Kcb  value of 0.93 at effective cover for corn. The resulting relationship 
takes the form: 

Kcr  = a (NDVI) + b, (2.37) 
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where: a is the multiplier (slope) and 
b is the intercept or offset. 

The modification to account for soil moisture induced reflectance 
effects on the NDVI uses the SAVI form of the equation: 

SAVI = 
NIR —RED 

NIR+ RED +L 
(1 +L), (2.38) 

Using a value of 0.5 for L in the SAVI equation minimized the effects of soil 
in the transformation to Kcr. The resulting transformation using SAVI and 
L= 0.5 is: 

Kc,, = 1.416 (SAVI) + 0.017, (2.39) 

Seevers and Ottmann (1993) and Seevers et al. (1990) relate NDVI to a 
crop coefficient. The crop coefficient when used with the Penman 
reference equation can be used to estimate Et  for a diverse number of 
vegetation types. In a study of irrigated crops for two areas along the 
Lower Colorado River, Landsat thematic mapper (TM) reflectance data 
were used to generate NDVI maps for the irrigation service areas. In 
addition to the use of TM derived NDVI maps, Advanced Very High 
Resolution Radiometer (AVHRR) data were used to generate an NDVI map 
for the study areas for the same dates as the TM generated dates for one of 
the two study periods. 

A linear relationship was generated from a histogram of the NDVI 
pixel values. The NDVI values used by the researchers was resealed from 
-1 < NDVI < +1 to 0 < NDVI < 200. The linear relationship was 
established by selecting two points on the NDVI histogram (bare soil and 
maximum biomass). For bare soil, an NDVI value of 105 was equated with 
a crop coefficient of zero and an NDVI of 174 was assigned the crop 
coefficient of alfalfa (the predominant crop indicated by the peak on the 
histogram. The linear relationship between each NDVI value in the image 
map and the corresponding NDVI-related crop coefficient was used with 
the Blaney-Criddle formula for estimating Etr. A comparison was made 
between evapotranspiration for the irrigation service areas and the water 
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balance data for the service area obtained from flow measurements from 
USGS gaging station data. 

GENERAL RIVER BASIN MODELING WITH GIS 

Typical Uses of GIS in River Basin Uses of GIS in River Basin Modeling  Excellent descriptions of 
the general characteristics of geographic information systems are found in 
standard texts on the subject (Burrough, 1986; Aranoff, 1989; and Star and 
Estes, 1990). Incorporating remote sensed satellite imagery into GIS data 
bases is becoming more common during the 1990's. However, the 
application of Landsat 5 TM image derived crop maps within a GIS for the 
determination of evapotranspiration has not been demonstrated, with the 
exception of a relatively small number of projects. 

Wyvil (1992) describes the use of a GIS to generate a NEPA 
environmental impact study for power line routing in Idaho. Irrigated 
agriculture would be impacted by the construction of power lines, 
especially center pivot irrigation systems. Landsat TM data sets were 
chosen as the most effective of both SPOT and Landsat data, and were 
processed to yield 14 land cover classes, with attention given to 
distinguishing flood and drip irrigation from center pivots. "Sensitive" 
center pivots were identified visually from the classified image. The final 
GIS was developed by converting the raster data to vector data. 

Eckhardt et al. (1990) used SPOT satellite imagery to update the 
irrigated lands in the Newlands Irrigation Project in Nevada. The 
Newlands Project covers approximately 25,000 ha. The research project 
used image classification to generate irrigated/non-irrigated land maps. 
The satellite data classification was also used to identify new agricultural 
fields to be added to the geographic information system data base. Change 
detection techniques were used to update the irrigated lands map. Two 
different year satellite images were processed for the change detection 
analysis. Normalization of the radiance (non-calibrated reflectance) for each 

image was needed to provide actual differences in radiance from one year 
to the next, to determine actual changes in land cover. Both computer 
automated classifier algorithms and manual biomass slicing of Tasseled 
Cap image transforms were used to separate irrigated from non-irrigated 

fields. Individual pixels were classified as irrigated or non-irrigated by 
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using thresholds of brightness and greenness from the Tasseled Cap 
transformation. An "irrigated field" was required to have over 33 percent 
of its pixels classified as irrigated pixels. The automated classifier was 
found to be better than 97 percent correct for aerial coverage of irrigated 
land and for number of fields irrigated in 1987 and 1988. 

Expert Systems and GIS Models:  Expert systems have been used to 

increase the effectiveness and versatility of remote sensing and geographic 
information systems. Wang (1990) used knowledge representation schemes 
such as relational-linear quadtrees, fuzzy representational methods, and 
communication sub-schemes, to provide a framework for resolving data 

format, data accuracy and system communication difficulties, between 
remote sensing activities and GIS techniques. Ji et al., (1992) developed an 

expert system interface for a GIS to study wetland habitat using a macro 
programming language (ARC Macro Language - AML) with ARC Info. The 
expert GIS provided a Decision Support System for wetland value 
assessment. The Decision Support System was simple enough that the 

AML could handle the interface needs. For more complex expert system 
interfaces, an expert system shell would be needed. 

River Basin Modeling in the Poudre River Valley: Evans et al. (1973) used 

remote sensed data in the form of aerial photography and manual 
interpretation techniques to classify the land use and land cover of the 
Poudre River Basin to determine agricultural land use. The land use maps 

and tables were part of a study on consolidation of irrigation systems. 
Aerial photographs at a scale of 1 inch = 1000 feet were obtained from the 
U.S. Department of Agriculture and used for the field surveys. Techniques 

for estimating land cover areas included transparent overlays with dot 
grids, in which the number of dots lying within a particular field were 
counted and converted to acreages. Weighing techniques were also used 

for acreage estimates for each section. Land use maps were generated and 

individual agricultural fields were shown with vegetation types and land 
use indicated by a classification scheme developed by the authors (Evans et 

al., 1973). 
Hasmi (1993) used the land use maps from Evans et al. (1973) as the 

base maps for digitizing agricultural field polygons and for crop 
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identification for a GIS-based evapotranspiration model of the Poudre River 
Basin. He used weather data corresponding to the date of aerial 
photography of the maps used by Evans et al. (1973). The FAO-24 Modified 
Blaney-Criddle method was used for generating reference 
evapotranspiration. A USGS 7.5 minute digital elevation model (DEM) 
elevation map was imported into the GIS from 9-track tape and used as the 
elevation adjustment factor for the Blaney-Criddle computation. 

Regional Et  was computed from April 1, 1970, through October 31, 
1970, using FAO-24 crop coefficients. Et  was calculated for each day. 
Mean daily Et  for the basin was 3.78*106  m3  (3062 acre feet) and the 
standard deviation was 2.32*106  m3  (1886 acre feet). The total regional 
crop Et  was computed as 804.5*106  m3  (652,279 acre feet), and was based on 
102,414 ha. (253,063 acres) of irrigated cropland. Using monthly values for 
computing Et, the total regional crop Et  was 800.4*106  m3  (648,853 acre 
feet). Six weather stations (only Fort Collins and Greeley were located 
within the study area) were used to compute reference Et. 

One conclusion considered the effect of misclassification of land use on 
regional Et. The research showed that a 35 percent error in land use 
classification resulted in an 8.5 percent increase in daily Et  errors. D Evans (1970) conducted a water balance budget study of the Poudre U 
Basin. The computed water balance showed the estimated total crop Et -to 

be 598.2*106  m3  (485,000 acre feet) using Blaney-Criddle monthly mean 

temperatures and monthly mean crop coefficients on 100,965 ha. (249,481 
acres) of irrigated crop land. 

In the preceding pages, a review of the primary elements in 
transpiration from vegetation and evapotranspiration from soil and water 
surfaces was presented. The importance of the descriptions of modeling 
within the Poudre River basin to the present is that only irrigated 
agricultural crops were considered. The growing season Et  for irrigated 

crops spanning the basin were computed by Hasmi (1993). The Et  estimates 
provided by Hasmi (1993) and Evans (1979) will provide a comparison to 
the results from the research described in this dissertation. 



CHAPTER 3 
DEVELOPMENT, USE AND 

VALIDATION OF THE MODEL 

INTRODUCTION 

This chapter describes the creation of the evapotranspiration (Et) model 
for the Poudre/Lone Tree/Crow Creek River basins. Development of the 
Et  model is the first step in the creation of a more complex simulation 
model involving evapotranspiration, surface runoff and deep percolation 
over a river basin for use in water quality studies. This chapter has four 
parts. The first part will describe the study area, the second part will 
describe the development of the model including the hardware, software 
and data generation. The third part will describe the operation of the 
model under two different scenarios, one using crop coefficients and the 
second using reflectance-based crop coefficients, also referred to as 
reflectance-based vegetation coefficients (Vc). The last part of the chapter 
will describe the validation and accuracy assessment of the various steps in 

the development, operation and validation of the model. 

DESCRIPTION OF THE STUDY AREA 

Geographical Characteristics: The study area is composed of portions of 

three river basins, the Cache La Poudre basin, the Lone Tree Creek basin 
and the Crow Creek basin. The Poudre basin, the term more commonly 
known and used in this report, falls into two distinct regions -- the 
mountainous upper basin and the lower basin characterized by the plains. 
The headwaters of the Poudre lie within the Rocky Mountain National 
Park. The upper basin extends into Wyoming. The lower basin contains 
irrigated agriculture, the major population centers and a growing industrial 
base. The study is focussed on the lower basin shown in Figure 3.1. 
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Lone Tree Creek is a perennial creek, with intermittent stream flow in 
the upper reaches, which flows through mostly range land south of the 
Wyoming border. The lower reaches of the stream flow through irrigated 
crop land. Crow Creek originates in southern Wyoming, and is a perennial 
creek, flowing through range land and the Pawnee National Grass Lands. 
The lower reaches of Crow Creek flow through the irrigated crop lands of 
the study area. 

All three rivers are tributaries of the South Platte River and join the 
South Platte downstream of Greeley, Colorado, within a few miles of each 
other. Only the areas of the three river basins that lie within the boundary 
of the Northern Colorado Water Conservancy District (NCWCD) are 
considered in this study. 

Physical Characteristics: The study area, located within the South Platte 
Basin is comprised of the irrigated lands within three tributaries as 
described above, the Poudre, Lone Tree and the Crow Creek basins. The 
study area spans approximately 50 km (30 miles) north-south and 58 km 
(36 miles) east-west. Total area within the study boundary is 187,000 ha 
(462,000 acres). The area ranges in altitude from about 1402 m (4600 feet) 
above sea level where the Poudre river joins the South Platte to about 1737 

m (5700 feet) in the northwest border of the study area. 
The topography of the area is defined by 1) dissected uplands, broadly 

rolling and in places, scarped; 2) relatively flat discontinuous uplands, and 
3) valleys having nearly flat profiles (Hersey and Schneider, 1964). Soils of 
the study area are composed of warm soils on plains. Since much of the 
study area is characterized by irrigated agriculture, soils in Larimer County 
comprising the western half of the study area fall into several soil 
associations: The Altvan-Larimer-Stoneham association is characterized by 
deep, nearly level to strongly sloping well drained loams and sandy loams 
formed in alluvium and in upland deposits and on uplands, benches and 
fans. The Otero-Nelson-Tassel association is characterized by sandy loams 
weathered from sandstone and from alluvium modified by wind, on 
uplands and in fans. The Nunn-Fort Collins-Ulm association is formed of 
well drained clay-loams and loams formed in alluvium, on terraces and on 
side slopes (Soil Survey of Larimer County Area, Colorado, 1980). 



In Weld county, comprising the eastern half of the study area, the 
dominant soil associations in the study area include: 1) the Olney-Kim-
Otero, a well drained sandy loam formed in mixed alluvium and eolian 
deposits; 2) the Weld-Colby, a deep well drained loam formed in 
calcareous eolian deposits; 3) the Nunn-Dacono-Altvan, a deep, well 
drained loam and clay loam formed in alluvium; and 4) an Aquolls-
Aquents-Bankard association of poorly drained or excessively drained 
loamy soil formed in alluvium (Soil Survey of Weld County, Colorado-
Southern Part, 1980). The Aquolls-Aquents-Bankard association is found in 
the floodplains of the Poudre, while the Nunn-Dacono-Altvan is found in 
the floodplains of the Lone Tree and Crow Creeks. 

Weather in the study area is fairly consistent from border to border 
and is characterized by warm-to-hot summer days with moderate winter 
days and frequent snowfall. Snow cover is of short duration due to mild 
winter periods. Average snowfall is 101 cm. (40 inches). A majority of the 
annual precipitation falls as rain during the warmer part of the year with 
the heaviest rain falling during late spring and early summer. Total 
annual precipitation ranges from about 30 to 45 cm. (12-18 inches). In 
general, the growing season extends from May 10 to September 30, usually 
about 143 days of above-freezing weather. 

Political Characteristics:  The study area spans two Colorado counties, 
Larimer and Weld. Fort Collins, the largest city of Larimer County had a 
1993 estimated population of 93,200 (Personal communication, Planning 
Department, City of Fort Collins). Greeley, the largest city of Weld County, 
had a 1990 population of approximately 66,800 (Weld County 
Comprehensive Plan, 1992). Smaller towns in Larimer County include 
Wellington (pop. 1400) and Tin-math (250 est). Weld County towns and 
villages within the study area include Ault (1272), Eaton (2258), Nunn (500), 
Pierce (1030) and Windsor (5581). These cities play an :important part in 
the basin consumptive water use characteristics as most of the urban lawns 
are irrigated with basin water supplies. 

Land Use/Land Cover Characteristics:  Of the approximate 1,194,000 ha 
(2,950,000 acres) of irrigated lands contained in Colorado in 1989 (Broner, 
1990), about 526,100 irrigated ha (1,300,000 acres) lie within the South 
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Platte basin (Evans et al., 1991). The study area contains about 186,900 ha 
(462,000 acres) of which about 132,000 ha (326,000 acres) are irrigated 
cropland or urban and phreatophytic vegetation that receive benefits from 
irrigation. The balance of lands that are not irrigated vegetation are 
comprised of range land or bare soil that receives precipitation but 
transpire or evaporate the annual precipitation without adding to or 
consuming basin water resources. The City of Fort Collins is estimated to 
contain approximately 9,000 ha (35 sq. mi.) within 1993 city limits. The 
Greeley municipal area covers approximately 7,000 ha (27 sq.mi.). 

The significance of the amount of land in urban areas is that over the 
past twenty years, a significant amount of irrigated agricultural land has 
been converted into urban residential and industrial land usage. This study 
will evaluate the consumptive use patterns of both urban and agricultural 
land use area. Conversion of agricultural land may not result in a 
reduction of basin consumptive water use. 

Hydrological Characteristics: "The Cache la Poudre River is among the 
most carefully managed and controlled river systems in the western United 
States" (Hunter, 1987). In 1870, the Union Colony was established in the 
location of Greeley, and the farmers dug the first irrigation canal in the 
Poudre basin from the Poudre river to supply the new farms. From that 
beginning, the extensive network of irrigation supply canals, reservoirs and 
control structures allows native waters as well as transbasin waters from as 
far away as the Colorado River to be delivered to farms and cities of the 
study area through the Adams tunnel under the Continental Divide. Small 
additional amounts are imported from the Big Thompson and Laramie 
River basins. 

The waters of the Poudre River are delivered through supply canals, 
crossing the width of the Poudre basin from west to east and extending 
into the Lone Tree and Crow Creek basins. For that reason, although the 
Lone Tree Creek and Crow Creeks do not provide direct irrigation water to 
crop lands, the Poudre River and transbasin Colorado River waters are 
distributed to crop lands in these two additional river basins through an 
interconnected network of canals, reservoirs and drains. A study of one 
river basin without consideration of the impact of consumptive use patterns 
of the connected Lone Tree and Crow Creek basins would provide an 
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incomplete and more complicated validation effort for the consumptive use 
model. 

Discussion of the impact of water rights and the concept of prior 
appropriation of water as the basis of Colorado water law, is beyond the 
scope of this report. The concept of prior appropriation as a water rights 
administrative procedure can be summarized as "first in time, first in right." 
As direct diversions of river water for irrigation were fully utilized by the 
early 1900's, reservoirs were constructed to provide for late season 
irrigation. Reservoirs in the study area act as temporary storage to allow: 
stream flow diversions; the snow melt season to be held for use later in the 
season; and for water exchanges in order that water users upstream of the 
reservoirs may receive water at a more appropriate time than if the 
upstream users had to wait for their priority in water rights. The water in 
the reservoirs owned by the upstream users can be released to downstream 
users in order to satisfy earlier-in-time priorities. As a result of the 
extremely complex system of water rights, diversions, and supply networks 
within the study area, the management of water supplies to meet urban, 
agricultural and industrial needs in the right amount and at the appropriate 
time during the year places a demand on managers to be able to estimate 
consumptive use and application efficiencies for agricultural and urban 
irrigation. 

Complicating the subject of the supply of irrigation water from surface 
supplies such as snow melt, precipitation, and basin imports from the 
Colorado Big Thompson Project by the NCWCD, is the presence of large 
alluvial aquifers within the study area. The South Platte river valley has 
been described by historians referring to written observations of early 
explorers and farmers in the mid-1800's as a treeless desert without even a 
single visible tree along the streams and rivers of the basin. The South 
Platte and the Poudre were characterized as ephemeral or perennial 
streams, running full during the spring snow melt and dry the balance of 
the year. With the advent of irrigated farming in the 1870's, deep 
percolation into the alluvium in the river floodplains began to add to the 
stored water in the subsurface aquifers. Later in the 1800's and the early 
1900's, the duration of surface water flow in the rivers increased later into 
the summer until, by the mid 1900's, the Poudre and the S. Platte rivers had 
flowing surface water year round. The storage of percolated irrigation 

u 

HI 

u; 

!II 
N 



51 

water in the alluvial aquifers had increased until the water table in the 
aquifers underlaying the river beds had increased to stream bed level, 
providing year-round stream flow. 

Six primary alluvial aquifers underlie significant areas of, the study 
area and are shown in Figure 3.2. The aquifers, with 1959 total yearly 
pumping rates in m3  and ac.ft. are: 1) Cache la Poudre ( 35.7*106  m3-29,000 
ac.ft); 2) Boxelder (23.4*106  m3- 19,000 ac.ft.); 3) Lone Tree (18.4*106  m3-
15,000 ac.ft.); 4) Spring (25.8*106  m3-21,000 ac.ft.); 5) Pediment (1.7*106  m3-
1400 ac.ft.); and 6) Crow Creek (493,000 m3- 400 ac.ft.) (Hershey and 
Schneider, 1964). Most of the aquifer names are associated with the river or 
creek system overlaying the aquifer. The Spring aquifer extends from 
Greeley north and is adjacent to and on the west of the Lone Tree Creek 

Figure 3.2 Study area aquifers. 
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aquifer. The Pediment aquifer extends to the northwest of the Boxelder 
aquifer (Hershey and Schneider, 1964). Hurr and Schneider (1977) estimate 
that the terrace aquifers along Boxelder Creek contain about 39*106  m3  
(32,000 ac.ft) and the valley fill aquifer for Boxelder Creek may contain up 
to 125*106  m3  (101,000 ac. ft.) of ground water in storage. Few data are 
available on storage of other aquifers in the study area. With development 
of aquifer water supplies through pumping, many irrigators without 
surface flow or reservoir water rights maintain agricultural production 
through pumped supply. The Cache la Poudre Water Users Association 
maintains responsibility for pumping rates and monitoring of aquifer water 
usage. 

GENERAL DESCRIPTION OF THE MODEL I 

General Structure of the Model:  The use of reference Et  presumes that all 
vegetation has a relation to the reference Et  through the use of crop 
coefficients. Crop coefficients have been developed for common irrigated 
agricultural crops but not for other types of vegetation that receive water 
indirectly from irrigated farmland nor for urban vegetation. Reference Et  is 
established from either lysimeter data within the same geographic region as 
the Et  studies or through the calibration of geographic characteristics, 
mainly weather and elevation (some Etr  computation methods adjust the 
vapor pressure based on elevation) of the crop under study to the lysimeter 
location. The Kimberly-Penman and the Penman-Monteith combination 
methods for establishing reference Et  have been selected for modeling in 
this research for reasons indicated in the literature review and also because 
the Kimberly-Penman combination method is used by the Northern 
Colorado Water Conservancy District (NCWCD) for their Irrigation 
Management Service (IMS) reference Et  daily projections for their farmer 
collaborators. 

The NCWCD maintains a series of weather stations within the district 
collecting data every 15 minutes, which is then transmitted via mobile 
phones to the NCWCD offices in Loveland. These weather stations were 
used to generate daily weather characteristics for the basin. Figure 3.3 
shows the location of the weather stations. The Greeley weather station is 
approximately 0.75 km north of the Weld County airport. The Ault station 
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is 1.5 km northwest of Ault. The Fort Collins station is on the CSU 
Horticulture Farm along I-25 three km north of Colorado Highway 14. The 
Loveland station is located 1.5 km north of Colorado 34 and 10 km east of 
Loveland at Kelim. The NCWCD station is located at the headquarters of 
the NCWCD in Loveland. 

For modeling purposes, the three river basins are considered as a 
single unit for study, as the irrigation supply canals cross basin boundaries, 
and the return surface flows and deep percolation from urban and 
agricultural areas cross basin boundaries. Four major canals divert water 
from the Poudre River in Larimer County and deliver to irrigation service 
areas in the three basins. The four canals are the two Water Supply and 

Figure 3.3 Location of weather stations. 
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Storage Canals (Pierce Lateral and Larimer County Canal), the Larimer and 
Weld Canal, and the Greeley No. 2 Ditch operated by the New Cache la 
Poudre Irrigation Company. 

The major assumptions controlling the use of reference Et  and crop 
coefficients are: 1) all of the "crop" within the field or area under study is 
uniform, and 2) the reference Et  generated from the weather data is 
representative of the calibration of the Et  combination equation to the local 
geographical and weather conditions ( the Kimberly-Penman or the 
Penman-Monteith). During the summer of 1993, agricultural crops, urban 
turf and wetland/riparian vegetation were sampled on 8-day and 16-day 
cycles. The 8-day cycle sampling was for canopy reflectance in the visible 
red and near infrared (NIR) wavebands for computation of vegetation 
indices. The 16-day sampling cycles were for biomass and LAI. The 16-
day cycles were designed to coincide with Landsat 5 satellite overpass 
dates. These data were used to develop a correlation between LAI, 
biomass, and solar energy reflectance from the vegetation. These data were 
also used for relating biomass variability and reflectance characteristics in a 
variety of vegetation types throughout the growing season. The vegetation 
types sampled were: 

Urban irrigated turf Non-irrigated perennial grasses 
Perennial wetland grasses Riparian wetland/cattails 
Irrigated barley Irrigated corn 
Irrigated sugar beets Irrigated alfalfa 
Irrigated onions Bare agricultural tilled soil 

The use of satellite imagery from the Landsat 5 TM sensors provides 
reflectance data for each of the 1,600,000 pixels (picture elements) in the 
study area of 132,000 ha, in seven different spectral bands, and can be used 
for estimating vegetation density, and identifying land cover and crop 
species. Landsat 5 TM data sets for May 25, July 12, and September 14, 
1991, were acquired and processed into "crop maps" (land use-land cover 
maps) for use in this modeling effort. The Et  model uses a crop map as one 
data layer element of the GIS. The generation of the crop maps, although 
an essential data input to the modeling, is not considered part of the model 
development. Due to the complexity of image processing and the number 
of steps required to complete the classification of the crop map, discussion 

I  

7 
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in this dissertation will be limited to the classification accuracy and the data 

set transforms necessary to generate NDVI maps. 
The use of geographic information systems (GIS) and relational data 

base management systems (RDBMS) provides for an efficient system for 
storing and computation of spatially distributed data. Both vector and 
raster "matrix maps" containing cells or pixels (ILicture elements) are 
components of GRASS (USACERL, 1993), the GIS used in the model. Since 
satellite data are the result of sensors scanning individual small areas 
(pixels) on the ground, the format of data in the GIS model are attributes 
for each cell/pixel. 

When the data in the GIS are stored in the form of attributes by cell-
pixel location, the storage of redundant cell attribute data would require 
very large computer hard drive capacity and extensive computational time 
to create new maps with desired attributes. A Relational Data Base 
Management System (RDBMS) is structured to efficiently store related data 
in tables linked by "join" connectors. A RDBMS, when linked to a GIS and 
containing cell attribute data in tables, reduces the storage requirements 
and significantly increases computational speed of the modeling since the 
attribute combinations are only computed once in the RDBMS and then 
introduced into the GIS for spatial distribution. A stand-alone GIS 
generating the same output would have to compute the same attribute 
combination for each of the millions of cells in the raster map. 
Computationally, the RDBMS shortcuts the computation time of the GIS 

"map algebra" operations. 
The model is structured as a GIS with an interactive one-way 

connection to a RDBMS for efficient data storage and computation of point 
source data and generation of spatially distributed data maps and reports. 
Data are entered into the model either through the RDBMS, as in the case 
of weather data and crop coefficients, or as crop maps and soils type maps 
into the GIS. In general, the RDBMS uses data in ASCII tabular format and 

the GIS data input is in map format. 

Operational Parameters:  The generalized scope of operation of the model 

in its present form involves data input including: 1) classification of remote 

sensed imagery to generate maps of either NDVI data or for crop and 
vegetation identification; 2) loading the resulting crop map in to the GIS; 3) 
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loading crop coefficients on a daily basis or a synthetic growing season 
crop coefficient curve into the RDBMS; and 4) loading weather data to 
generate reference Et  values into the RDBMS. 

This modeling effort is specifically to validate the effectiveness of the 
model and modeling accuracy using 1991 calendar year weather data and 
1991 satellite data sets. Future modeling efforts can provide predictive 
output as well as additional Et  studies for specified areas and for specific 
time periods. 

DEVELOPMENT OF THE MODEL 

Hardware Description:  The hardware is comprised of a UNIX based Sun 
SPARC workstation and a 1.9 gigabyte hard drive, in addition to PC 
computers and peripherals. An 8-mm EXABYTE tape drive provides for 
data backup the UNIX equipment. The computer equipment is connected 
to the CSU backbone network at the USDA Agricultural Research Service 
(ARS) facilities. The SUN SPARC 10 workstation is equipped with an 
additional board which emulates a 486 DX/25 PC allowing transparent 
transfers between UNIX and DOS operations. All computer hard drives are 
backed up on archive 8-mm EXABYTE and 4-mm DAT tapes weekly. 

Peripheral equipment includes Tektronics color ink-jet printers for map 
making and laser printers for black and white report printing. A Shinko 

R dye transfer color printer provides for 8 1/2 by 11 color prints. 
Remote sensing data were analyzed on a USDA-Agricultural Research 

Service (ARS) Hewlett Packard Model 730 workstation connected to a 2 
gigabyte hard drive. The image processing on the 1991 Landsat 5 TM data 
sets was accomplished under a previous research project and described in 
the introduction to this chapter. A collaborative project with ARS and the 
Bureau of Reclamation provided much of the computer net administrative 
services and access to ARS workstations and peripherals. Figure 3.4 shows 
schematically, the arrangement of the computer equipment and the 
connections to the CSU computer network. 

Geographic Information System Software:  The selection of a GIS is based 
on whether the GIS is more efficient in handling raster or vector data. This 
model development is part of a larger scope research project funded by the 
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U.S. Bureau of Reclamation. Therefore project goals and objectives 
influenced the selection of the GIS. The development of the Et  simulation 
component uses raster data from remotely sensed satellite data sets. The 
selection of the GIS is also influenced by the amount of data and the speed 
of computation desired. 

The GIS software used is a public domain system, GRASS (Geographic 
Resource Analysis Support System), and is generated by the U.S. Army 
Construction Engineering Research Laboratory (CERL). GRASS 4.0 was 
chosen because of the popularity of the software in government agencies 
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Figure 3.4 Schematic of model hardware. 
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such as Soil Conservation Service and the open user forum with support 
offered by many GIS experts worldwide through the bulletin board service 
coordinated by CERL. The version of GRASS 4.0 used in this research 
program is a proprietary package, converted from public domain GRASS, 
and developed by OSIRIS Systems Corp. of Canada, which provides a pull-
down menuing and windows system and additional software linkage to 
interact with INFORMIX Corp.'s RDBMS software. GRASS uses the UNIX 
operating system, consequently; the hardware platforms are workstations. 

Relational Database Management System:  The RDBMS is a software 
package that allows storage of data in tables relationally connected. Figure 
3.5 shows three typical data tables in a RDBMS joined "relationally". The 
RDBMS software is composed of several components: 1) a database engine 
(the server) which stores the instructions which link the data tables, 2) a 
network linking module for the server and for each linked remote machine 
(the clients), and 3) a SQL (structured query language) module which 
allows the operator to interact with the database with a language allowing 
the data to be inserted, manipulated, and extracted in the format desired. 
Figure 3.6 shows schematically the software used in the model and the 
interconnecting flow of input and output data between the software 
packages. Figure 3.7 is a legend indicating the meaning of the symbology 
for the flow charts following. 

Data Generation and Data Inputs:  With the hardware and software 
packages described and the interconnections between software and 
hardware defined, the general model development is shown 
diagrammatically in Figure 3.8. The three main data components of the Et  
model are: 1) satellite remote sensed crop maps, 2) reference Et  from 
weather data, and 3) crop coefficients (Kc) and reflectance-based 
vegetation coefficients (Vd. 

1) Generation of Remote Sensed Crop Maps: Figure 3.9 shows the general 
steps in processing the satellite digital data set into classified crop maps. 
Crop maps are generated from computer analysis of Landsat 5 TM digital 
data scenes of the study basin and are stored as spatially distributed data 
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maps within the GIS. ERDAS image processing software is used on the 
Hewlett Packard 730 workstation to process the Landsat data. 

Of major importance in this study is the temporal component of crop 
growth and crop changes throughout the season. The phenological changes 
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Figure 3.7 Legend for flow charts. 

in the vegetation of the Poudre River basin allow the analyst to use the 
May, July and September image data to sense the planting, high biomass 
and harvest patterns of the crops. In addition to the phenological seasonal 
pattern displayed by the multitemporal data set, the spectral reflectance 
variations in the crops and land cover provide additional information to the 
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analyst to identify individual species of crops being grown in the river 
basin. 

The data used in the study were provided by the EROS Data Center, 
Sioux Falls, SD, for a study of the range land and irrigated lands of North 
Central Colorado. The raw data as received was preprocessed for 
geometric corrections due to satellite orbital deviations from the ideal 
orbital geometry. Additional processing was done for satellite sensor 
corrections but the sensor calibration is limited. 

The raw data sets as received, were first georectified to a common 
scene (single date "image") so that the three different date data sets could 
be overlaid together into a common multitemporal - multispectral data set 
composed of May, July, September data. The multitemporal data set needs 
to be converted from the 8 bit DN (digital number, 0-256) range of 
reflectance to an energy based radiance value so that all spectral channel 
data are based on energy units and not a DN reflectance value. Refer to 
the appendix for a more complete description of the radiometric calibration 
of the remote sensed data set. The data set after processing into reflected 
energy radiance units still needs additional processing to remove the , 
influence of atmospheric haze and atmospheric aerosols that attenuate the 
visible blue, green, red and near infrared sensor signals. The attenuating 
effect is most significant in the visible blue and decreases toward the 
infrared. The third preprocessing activity is to normalize the three-date 
data set for sun angle. After the data set is calibrated (converted into 
energy radiance values), with atmospheric effects compensated, and 
normalized for sun angle, the data set is ready for clustering into categories 
which have unique spectral characteristics. 

There are two general types of data set classification techniques: 1) 
supervised and 2) unsupervised classification which use clustering and 
classification activities. In this study, the classification of remote sensed 
digital data sets involved two distinct steps: 1) clustering the image into 
spectral categories having unique spectral characteristics, and 2) correlating 
the spectral categories into identified land cover/land use categories that 
provide meaningful information to the user or analyst. Two different data 
sets were clustered, a full quad (each Landsat 5 TM scene is divided into 
NW, NE, SW and SE quads numbered quad 1, quad 2, quad 3, and quad 4), 
and a subset containing the study area. The subset containing only the 



May, July, Conve rt DN 
Calibrate to Calibrate for 

Sept, Landsat values to 
normalized sun atmospheric 

5 TM scenes radiance 
angle (June 21, haze 

0933 hrs) 

May, July, 
15 band Subset three Sept, ISODATA cluster calibrated scenes into 

100% of pixels data set single 15 
Calibrated 

into 250 classes g data set 
b d 

250 class 
GIS map 

SUBSET into 
Poudre Basin 

study area 

an scene 

r—~ Poudre Basin 
data set 

r ► 15 band 

250 class 
signature file 

Create 
Anderson 
Level 1 (8 

class) mask 

Anderson evel I catagori s (classe. 

Class Class 2 Class 5 

fData 
1,3,4,6,7 15 Band 15 Band  
15 Band Data Set Data Set  
Data Set 

ISODATA cluster ISODATA cluster 

Mask 15 band 100 % of pixels 100 % of pixels 

data set into 4 to 222 classes to 25 classes 

scenes 

ISODATA cluster 
100 % of pixels 
to 150 classes 

ISODATA Cluster 
100 % of pixels 
to 40 classes 

I I 

signature files 

Identify cluster 
classes in GIS 

Final 27 RECODEand ADD clustered GIS 
class gis images into images 

vegetation final 27 class 
map image 

Figure 3.9 General satellite image processing activities. 



65 

study area was the data set used for this research and described in this 
dissertation. The purpose of the clustering process is to group a sample (or 
all) of the pixels (grid cells) into clusters which have unique spectral 
characteristics. 

ERDAS, Inc. image processing software was used for spectral 
clustering. A more complete description of the image processing activities 
is found in Appendix 2. 

A two-step procedure was used to cluster the data set by 1) clustering 
and classifying the image into eight major categories of the Anderson Level 
I (Anderson, 1976) land use and land cover classification system, then 2) 

(~ masking each of the Level I categories out of the data set and clustering 
and classifying each of the eight Level I categories separately. When a data 
set has been clustered with a spectral clustering algorithm such as 
ISODATA, a cluster "signature" file is created with spectral statistics which 
can be used to categorize and group each pixel in the data set into one of 
the unique cluster categories of the signature file. The classified data set 
now has each of the pixels lumped into a number of unidentified groups; 
each group having common spectral characteristics. 

The third step in the processing activities is the "tagging" of each of the 
spectral categories with a name corresponding to the type of vegetation or 
land use in the field. The Anderson Land Classification System (Anderson, 
1976) was modified and used as the classification scheme (Table 3.1) for 
identification of the spectral clusters resulting from the ERDAS clustering 
routine and classification scheme. 

The last general step in the classification of satellite data into crop 
maps was the generation of an accuracy assessment using a cross-tabulation 
operation. A sample abbreviated and notated accuracy contingency table is 
the outcome of the crosstab, and is shown in Table 3.2. 

For the classification of the study area into a crop map, two different 
classifications were made with calibrated data sets. The classification with 
the highest overall classification accuracy was selected to generate the final 
crop map. The final crop map has 25 categories of vegetation and soil for 
modeling the Et  of the study area. Two categories in the original 
classification containing 27 categories (range bare soil and high range) were 
combined into other similar categories so that 25 categories were used to 
identify the land use/land cover of the study area as shown in Table 3.3. 



Table 3.1 Modified Anderson land classification system. 

I II III 

1 Urban or built-up land 11 Residential 111 Un-vegetated Residential 
112 Med.Veg. Residential 
113 High Veg. Residential 

12 Commercial 121 Non Veg.Commercial 
122 Vegetated Commercial 

13 Urban Public Lands 131 Irrigated Urban Areas 
132 Non-Irrig. Urban Lands 

14 Transportation/Roads 141 Roads/Parking 
Lots/Railroads 

142 Vegetated Road Borders 
2 Agricultural Land 21 Irrigated Cropland 211 Alfalfa 

212 Corn 
213 Sugar Beets 
214 Dry/Pinto Beans 
215 Onions 
216 Squash/Pumpkins 
217 Grass/Hay 
220 Sod Farms 
221 Irrigated Barley/Wheat 
222 Carrots 
230 Field Borders 
231 Road Borders Supplied by 

Irrigation 
27 Dryland Agriculture 271 Dryland Winter Wheat 

Vegetated 
28 Dryland Agriculture-Bare 281 Fallow Ground-High Dry 

Soil/Fallow Matter 
282 Fallow Ground-Med Dry 

Matter 
283 Fallow Ground-Low Dry 

matter/Wheat Stubble 
284 Bare Soil/Fallow but 

Evidence of Previous Ag. 
Activity 

29 Other Agricultural Land 291 Feed Lots/Farmsteads 
3 Rangeland 31 Herbaceous Rangeland 

32 Shrub and Brush Rangeland 
33 Mixed Shrub/Grass 

Rangeland 
34 Grass Rangeland 341 Tall Grass Rangeland 

342 Medium Grass Rangeland 
343 Short Grass Rangeland 
344 Bare Soil/Grass Rangeland 

4 Forest Land 41 Deciduous Forest Land SAME AS II 
42 Evergreen Forest Land 
43 Mixed Forest Land 

5 Water 51 Streams and Canals SAME AS II 
52 Lakes and Reservoirs 

6 Wetlands 61 Riparian Wetland 
62 Non-riparian or perennial 

Wetlands 
7 Barren Land 71 Dry Salt Flats/Saline Soils SAME AS II 

72 Beaches 
73 Sandy-Bare Soil (Non-Agric) 
74 Bare Exposed Rock 
75 Quarries 
76 Other Barren Land 



Table 3.2 Sample accuracy contingency table. 

(Data are presented for illustration of concepts only) 

Class Information Number Percent 
No. Classes Of Pixels Correctly water roads Irr.agric forest sh.gr.ra.wetland Sum of Rows 

in test polygons Identified pixels 1 2 3 4 5 6 of Matrix 
for each categorin test polygons (numbers of classified pixels in each category for each test polygon 

1 Water 1882 99% 1869 0 12 0 0 1 1882 
2 Roads 757 67% 22 506 81 46 57 45 757 
3 Irrigated Agriculture 45384 97% 50 200 44000 58 114 962 45384 
4 Forest 1256 69% 0 0 0 867 291 98 1256 
5 Short grass range 47260 93% 156 67 298 2462 43891 386 47260 
6 Wetlands 5790 79% 0 0 0 987 236 4567 5790 

(correctly identified pixels lie on matrix diagonal) 
Total Pixels in all test polygons 102329 

Average Performance by Class 84% (average of percent correctly identified pixels, categories 1-6) 

Overall Classification Accuracy 63% (ratio of TOTAL CORRECT pixels to TOTAL pixels in all test polygons) 

rn 
V 



Table 3.3 Vegetation class description. 

1 Water 

2 Roads 

4 Shrub/grass range ~1 

5 

6 

Medium grass range 

Short grass range 

8 Non-agric. grass 

9 Non-agric. bare soil 

10 Riparian wetland 

11 Perennial wetland 

12 High veg. residential 

13 Med. veg. residential 

14 Agric. bare soil/fallow 

15 Alfalfa 

16 Corn 

17 Sugar Beets 

18 Pinto beans 

19 Onions 

20 Irrig. grass/hay/sod farms 

21 Irrig. barley/wheat 

22 Dryland wheat 

23 Field borders 

24 Clouds 

25 Squash/Pumpkins 

26 Carrots 

27 Trees 

Note: Categories 3 and 7 are empty categories (combined with other 
categories.) 
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Due to the numbering system attached to the classified categories, the category 

tables indicate categories 1 through 27 with two empty categories. Figure 3.10 

shows the final 25 category classified vegetation/crop map. 

2) Generation of Reference Et  Data: The NCWCD provided weather data 
for Fort Collins, two sites in Loveland, Greeley and Ault, Colorado. The 
five weather stations (three full-time and two part-year) are located within 
or adjoining the study area. The location of these stations were shown in 
Figure 3.3 at the beginning of the chapter. The weather stations provide 
maximum/minimum daily temperature, relative humidity, solar radiation 
and wind data for computation of the daily reference Et. Reference Et  (Et,) 

is generated for each day in the 1991 modeling year. 
The NCWCD uses the Kimberly-Penman combination method as the 

basis for their Irrigation Management Program (an irrigation scheduling 
service offered to farmer-cooperators within the NCWCD). The Kimberly-
Penman combination reference Et  modeling algorithm was used as the 
baseline reference Et  method for this study. For comparison, the Penman-
Monteith combination reference Et  algorithm was used. Both algorithms 
are considered to be among the two highest ranking computation methods 
for daily Etr  estimates in arid climates. A software program REF-ET (Allen, 
1993) was used with the daily weather data for each weather station to 
generate both Kimberly-Penman and Penman-Monteith reference Et  data for 

insertion into the DOORMIX RDBMS. The Jensen-Haise daily reference Et  

was computed from the same weather data using REF-ET, as the NCWCD 
uses the Jensen-Haise values for winter reference Et  in December, January 
and February. The Jensen-Haise values are considered by the NCWCD to 
be more representative for winter months. 

3) Developing Crop Coefficients and Reflectance-based Vegetation 
Coefficients: The NCWCD generates crop coefficients for almost all 

agricultural crops grown within the NCWCD boundaries. However, "crop 
coefficients" are not available for the balance of non-agricultural vegetation 

growing within the study area. Daily crop coefficients were generated for 

each agricultural crop using data provided by the NCWCD for the 1991 
growing season. The procedure for computing crop coefficients (Kc) are 
described more fully below. 
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a) Generation of Crop Coefficients (Kc): Crop coefficients are generated 
with a dual stage polynomial. The form of the polynomial is: 

KC  =a +b R +c R2 +d R3 , (3.1) 

The polynomial form is used in two different stages of growth of the 
agricultural crops. The first stage ranges from greenup to full cover (when 
the LAI reaches 3.0 or when the soil surface is 75 percent shaded). Values 
of R for the first stage are the percentage of days between greenup and full 
cover, for the daily Kc being computed. The second stage covers the range 
of time from full cover to harvest or senescence. For the daily KC  being 
computed during this stage, R is the integer number of days past full cover. 
The constants a, b, c, and d are coefficients derived from correlations for 
each crop species. The coefficients were furnished by NCWCD (Personal 
communication with M. Crookston, NCWCD). In actual usage, the 
coefficients are periodically adjusted by the field personnel from 
observation of various crops throughout the growing season. The 
coefficients used for this project are contained in Appendix 3. In addition 
to the polynomial-based KC  value, maximum and minimum values of Kc 
are set, based on the experience of the irrigation managers of the NCWCD. 
Because of the evaporation from tilled bare soil, KC  min. is set at 0.2. 
Maximum KC  does not exceed 1.0 at peak biomass. 

Crop coefficients for non-agricultural crops such as urban trees, grasses 
and wetlands were generated from regression of biomass data derived from 
field sampling of a variety of vegetation types during the summer of 1993. 
Figure 3.11 shows the steps in generating Kc  (non-agricultural vegetation). 
No data have been generated by other studies that provide a "crop 
coefficient" for non-agricultural vegetation, since the reference' Et  and 
associated crop coefficients have been used for irrigation management. 

The seven non-agricultural vegetation types, with category 
identifications related to Table 3.3, are: 

non-agric. grass (8) 
riparian wetlands (10) 
perennial wetlands (11) 
urban high vegetation (trees + irrig. lawns) (12) 
urban vegetation-irrig. lawns (13) 
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field borders (supplied by irrig. water) (23) 
phreatophytic trees (27) 

The transformed remotely sensed NDVI values were used for the 
generation of the non-agricultural vegetation Kc  values. The general theme 
of the activities is that prior studies by Ritchie (1976) had related LAI to 
Et /Et,. From field sampling on similar vegetation during 1993, 
relationships between LAI, NDVI and Kc (Et /Et,) were known. With a crop 
map of vegetation types for the study area and an NDVI map of the same 
area, GIS masking operations isolated all NDVI pixels for each of the 26 
vegetation types in the crop map. The GIS was used to tabulate and 
generate histograms of NDVI values for each vegetation type; i.e., corn, 
non-agric. grass, trees. A weighted average of the NDVI histogram gave 
an indication of the average NDVI for each vegetation/ crop type. The 
average NDVI was related to LAI and Kc (Et /Etr  - from Ritchie 119761). For 
each of the three dates of remotely sensed images, this "NDVI generated 
KC" was developed. Additionally, an estimate of KC  for the vegetation at 
"green-up" in the spring, gave a fourth point in the phenological curve of 
KC  throughout the growing season. The polynomial form described above 
was used with the four values of KC, and the constants a, b, c, and d were 
generated from linear regression of the K~ values on the polynomial, where 
R was in number of days from full cover. Figure 3.12 shows a sample of 
the resulting Kc curve generated from use of the regressed constants in the 
Kc-based polynomial. 

A linear regression using the four term polynomial for KC, where the 
"after full cover" computation form was used for regression of Kc  (from the 
VC  at planting/greenup, for May 25, July 12, and September 14 dates) were 
used to generate the constants a, b, c and d, would add little information 
but complicate the generation of the four constants considerably. A single 
stage growing season (using R as an integer) was assumed to represent the 
regression. The resulting constants were derived from the regression for 
the four dates where VC  data was available, by varying R as an integer 
number of days from green-up to harvest. 

b) Generation of Vegetation Coefficients (Vc): Vegetation coefficients are 
generated from regressions of NDVI and vegetation Et  using data generated 
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from satellite imagery transformations and canopy level reflectance data. 
Both satellite data and canopy reflectance data provide NDVI. Figure 3.13 
shows the development sequence of the vegetation coefficient, Vc. 

From May 25, through September 7, 1993, agricultural and non-
agricultural vegetation was sampled for biomass, reflectance and LAI. 
The field sampling data were used to generate correlations between leaf 
area index (LAI), NDVI and Et  of the vegetation. The vegetation types 

sampled were described in previous sections. 
In general, a three-way correlation between LAI-Vc, LAI-NDVI and Vc-

NDVI was developed. Canopy reflectance data were used to generate 
canopy NDVI values for the 1993 sampled vegetation. LAI from the 
vegetation sampling was also available, so that a NDVI to LAI 
relationship could be established. Ritchie's (1976) relationship between LAI 
and Kc  (Et /Etr) allowed a second relationship (LAI to Vc) to be established. 
Satellite reflectance data from the TM 3 (visible red, 0.63-0.69 }gym) and TM 4 
(near infrared, 0.76-0.90 µm) spectral bands were used to generate NDVI 
data which were then used to develop a relationship between Vc and 

NDVI, since the canopy level NDVI was numerically equal to the satellite 
derived NDVI. A field spectral radiometer was used for the canopy 
reflectance measurements. The spectral bands were equivalent to the 
Landsat 5 TM bands for visible red and near infrared. 

With Etr  data computed for the same days as the satellite data sets, the 
NDVI-based VC  allows generation of basin Et  without resorting to classified 

crop maps or identification of vegetation species. Elimination of specific 

crop KC  is achieved. A more detailed discussion of the development of Vc  
follows. 

Ritchie (1976) developed a correlation between LAI and Etr*Kc. Field 

sampling data included LAI and NDVI. The LAI values can be used to 
p compute Kc (Et/Etr) from Ritchie's equation (3.2) described in the 

literature review and restated as follows: 

1 

f Ev =(-0.21 +0.7LAI , (3.2) 

~) EtP 

where Ez  /Etp  is equal to Egtr  and defined as the vegetation coefficient Vc 
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The field data for NDVI for all field samples for all dates were 
regressed against the Kc from Ritchie's correlation equation for LAI values 
less than 2.7, and K C  was set at 1.0 for all LAI above 2.7. The correlation 
generated from field sampled NDVI and the (Ritchie) Kc  yields the equation 
for Vc-NDVI (vegetation coefficient) shown in Figure 3.14. Bausch ( 1993) 
derived a similar regression for NDVI vs Kc  (reflectance-based crop 
coefficient) for corn, also shown in Figure 3.14. All data from Bausch (1993) 
and field studies indicated that the crop coefficient for all vegetation 
approaches 1.0 at an NDVI of 0.85 +/- 0.10. In order to generate a new 
regression using the NDVI data from the remote sensed data set for the 
threy- dates in 1991, a second point relating the NDVI-Vc relation for bare 
soil was needed. 

Selection of a NDVI-Kc point for bare soil is more difficult: the NDVI 
values for bare soil are variable, based on soil type, color and surface 
moisture content. NDVI values for May 25, 1991, for the various irrigated 
crops just planted show soils that are tilled, and partially wet due to some 
fields receiving irrigation. The histogram of irrigated crop bare soil show 
NDVI values averaging 0.15-0.2. Range land and non-agric. bare soils show 
NDVI values ranging from 0.0 to 0.15. NCWCD personnel (Crookston, 
1993) use K C  minimum values of 0.2 for bare soil for irrigated crops. Other 
irrigation managers use 0.15 as the minimum K C  for all ranges of bare soil 
for irrigated and fallow cropland (Walter, 1993). Todd and Hoffer (1993) 
report NDVI values ranging from 0.02 to 0.18 for bare soil with varying 
moisture content and depending on soil type (sand, clay, silt). Silt soil 
with 20% moisture content had the highest NDVI value (0.18) and sand and 
clay with low moisture content (0-4%, sand) and (2-6%, clay) had the 
lowest NDVI values (0.08-0.12). Therefore, for the current study an 
arbitrary point for the lower limit of Kc /NDVI was set at Vc= 0.15 at an 
NDVI of 0.1. 

The lineal relationship for NDVI-Reflectance-based crop coefficient is 
shown in Figure 3.14, (Gamma Relationship). This linear relationship: 

Vc  =1.13333 NDVI + 0.036667 , (3.3) 

was used for the transformation of the NDVI maps into V C  histograms and 
for computation of basin Et  for the three dates corresponding to the satellite 
data sets, as described in the following discussion. 
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The corresponding value for each 0.01 increase in the NDVI range 
from -0.03 to 1.00 was tabularized and loaded into INFORMIX RDBMS 
tables. The classified crop maps were transferred from the Hewlett Packard 
730 ERDAS format to GRASS raster map data bases. 

The classified crop maps for the basin were used as a mask to select 
only areas of the study area receiving direct or indirect irrigation water; for 
example, areas receiving only precipitation (range grasses, bare soil, roads) 
were eliminated from the NDVI maps so that conformance between the 
crop maps and the NDVI maps could be maintained. With GRASS raster 
crop maps and NDVI maps for May 25, July 12 and September 14 loaded, 
and INFORMIX RDBMS tables loaded with daily Et., crop coefficients and 
reflectance-based vegetation coefficients, the model was ready for 
simulation. 

OPERATING THE MODEL TO GENERATE Et  MAPS AND REPORTS 

The use of the model, after testing and validation, is determined by the 
end-user and is different from the operational sequences adopted for 
testing and validation. This section focusses on the use of the model to 
generate data for testing and validation. 

Data Outputs: The output of the simulation are four maps of simulated 
basin Et  using crop coefficients and three simulation maps using 
reflectance-based vegetation coefficients. A selected number of these Et  
maps will be found in Chapter 4, Results and Discussion. The crop 
coefficient-based maps show the distribution of total annual Et  and also 
daily Et  ove.,  the basin for each of the days corresponding to the satellite 
scene acquisition; May 25, July 12 and September 14, 1991. The generation 
of reflectance-based vegetation coefficients is predicated on the 
transformation of ~he three dates of Landsat imagery into NDVI maps. The 
comparison of daily Et  from crop coefficients and Et  from the NDVI based 
vegetation coefficients can only be made on three days of the year, May 25 
(day 145), July 12 (day 193) and September 14 (day 257) when the satellite 
imagery is available. 

The description of the modeling with crop coefficients and with 
reflectance-based vegetation coefficients will be limited to model runs to 



meet the research objectives, (i.e., running the model for annual Et  for the 
total study area using crop coefficients and running the model with both 
crop coefficients and vegetation coefficients for days 145, 193 and 257). 

The actual use of the model under operational conditions other than 
meeting the research objectives allows computation of daily Et  for the total 
study area or any sub-area of the basin and for any time period from a 
single day to all of a particular year. Only the 1991 calendar year can be 
modeled until additional satellite data becomes available. 

Modeling With Crop Coefficients: Figure 3.15 shows the general flow of 
sequences for modeling with crop coefficients, with the product being a 
table of total annual Et  for each vegetation/crop category and a map of 
Annual Et for the study area. All computations for generating daily Et  
values for each of the vegetation/crop categories are accomplished within 
the RDBMS. It is important to note that the term category is the common 
denominator between the RDBMS and the GIS (the "map making 
component") of the general simulation model. The RDBMS programmed 
computation algorithm generates a table of daily Et  for each 
vegetation/crop category, then summarizes the number of days from the (~ 
beginning date to the ending date of the simulation (in this case, days 1- J~J 
365) for a new table of annual Et  for each crop coefficient. 

The table of crop/vegetation categories is linked to a table of values of 1 
annual Et, with the "relational" capability of the RDBMS linking the two 
tables together. The GIS has the functional capability to generate new maps 
from old maps through a reclass operation (a standard GIS operation). The 
GRASS GIS uses the crop map as the spatial distribution component to l 
"reclass" the annual Et  values for each crop/vegetation category number 
listed in the tables in the RDBMS, into the spatial distributed "map" of the 
same category numbers in the GIS, and to make a "new map" of annual Et. 

Similarly, a daily Et  map for days 145, 193, and 257 are generated by 
selecting only the daily Et  values for each of the crop/vegetation categories 
and reclassing into daily Et  maps in the GIS. 

Once the daily and annual Et  maps are generated in the GIS, another 
GIS operation allows all of the pixels (grid cells) to be accumulated for any 
user defined area of the Et  map, and reported and summarized by Et  
category. Frequency histograms and totals for selected map areas, 
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identified by user defined polygons in the crop map or Et  map, are the 
output from the GIS reporting function. The comparison of differences 

between KC  and Vc  generated Et  values for test polygons, are a direct result 
of this GIS function. In Chapter 4, Results and Discussion, the effect of 
variable biomass within vegetation categories uses this GIS reporting 
function to compare different frequency histograms of Et  for crop map test 

polygons containing specific vegetation/crop types. 

Modeling with Reflectance Based Crop Coefficients:  The need for daily 

or weekly basin Et  estimates during the growing season requires that other 
less costly and equally accurate methods of estimating basin Et  be 
developed and compared the crop coefficient model. The Landsat 5 TM 
satellite image for a single day can provide an indicator of vegetation 
biomass, LAI and Et  with reasonable accuracy using only the TM 3 and TM 
4 spectral bands if the image is calibrated for atmospheric haze and sun 
angle. The normalized difference vegetation index (NDVI) is a ratio of the 
TM 3 and TM 4 bands. Computation of NDVI over the study area allows 

an easily obtained reflectance-based vegetation index to be used as an 
estimator of vegetation Et  through the use of reflectance-based vegetation 
coefficients. 

Figures 3.16a, and 3.16b show flow charts of the Et  map generation 
activities. These activities are necessary to generate an Et  map and report 

for the basin or for any sub-area of the basin for any day that has 
reflectance data available either from satellite or canopy level 

measurements. 

VALIDATION OF THE MODEL 

Validation Components of the Model:  The validation of the model for 
total river basin Et  volumes requires a water balance with quantitative 

enumeration of all imports and exports to the study area. This balance can 
be most expeditiously done on an annual basis from day 1 through day 

365. 
This dissertation is a part of research conducted for a project 

sponsored by the U.S. Bureau of Reclamation. That project required a 

water balance for the same study area covered by this research, and for the 

I 
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1991 calendar year. The water balance was generated by another 
researcher. As a result of the independently conducted studies, the water 
balance provided an unbiased comparison for model verification. 

The estimation of accuracy in river basin modeling is complicated in 
that the model validating data are themselves inaccurate or imprecise. The 
modeling precision is the model's ability to generate consistent results. The 
modeling accuracy is the ability to generate results that realistically 
replicate, by modeling, what happens in the real world. Two separate 
requirements for accuracy assessment exist: 1) development of a water 
balance for the basin to compare the measured basin consumptive water 
use against the model output, and 2) the estimate of accuracy and precision 
of each step of the modeling, and of each component of the physical water 
balance. This accuracy assessment procedure generates a confidence 
interval for the model output values and for the validating water balance. 

The description of the generation of the basin water balance and the 
specific steps used in the propagated error analysis of modeling procedures 
are described below. 

Generating a Basin Water Balance:  The generation of the basin water 
balance uses an import-export balance for the basin. As described above, 
another Ph.D. student researcher generated a water balance for the study 
area. This water balance was used to validate the Et  model. With few 
exceptions for guidance of the student toward sources of information, the 
student was not consulted during the development of the balance in order 
to keep the modeling effort unbiased. Each of the annual imports and 
exports from the basin was determined and the estimated changes in 
aquifer and reservoir volumes over the 1991 calendar year was determined. 
Only at the end of the modeling, was the water balance value known to the 
modeling personnel and this author. A complete report providing a 
description of each of the inputs and exports to the study area is contained 
in Appendix 1. 

Table 3.4 shows the components of the input-output water balance for 
the study area. Table 3.5 provides a listing of the areas used for estimating 
precipitation over areas within the study basin. 
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Accuracy Analysis Using Statistical Procedures: In many of the operations 
inherent in remote sensing and in GIS model development and simulation, 
multiple determinations of physical properties are not made, but single 
serial computations result in the model output. Table 3.6 is a listing of the 
sources of propagated error and Table 3.7 provides the computing formulas 
for estimating the propagated error of the series of computations used in 
generating the basin Et. Error estimates need to be generated for three 
processes: 1) the estimation of annual and three day of daily Et  using crop 

~J coefficients, 2) the estimation of three day of daily Et  using reflectance 
based vegetation coefficients, and 3) the generation of the validating water 
balance from flow measurements for the study basin for 1991. The 
estimated error for the three processes is listed and described in the 
following chapter, CHAPTER 4, RESULTS AND DISCUSSION. 

Standard statistical treatment of data is more effective in the analysis 
of samples from larger populations that are not able to be efficiently 
analyzed as a total population. The ability of large computers and hard 
drive storage coupled with RDBMS and GIS;  allows large amounts of data 
to be processed and analyzed to the extent that population statistics rather 

than sample estimates can be used. For the majority of data in this study, 
populations are analyzed. In many of the activities and computations, the 
use of propagated error analysis and population descriptive statistics such 
as weighted means and standard errors of the estimate or mean are more 
effective in providing an estimate of the accuracy of the techniques. 

Data from the various information sources used to generate the basin 
water balance are derived from a variety of records including anecdotal 
evidence. Flow measurements from river stage gages, Parshall flume 
measurements of irrigation diversions and water meter readings from 
municipal water and wastewater facilities make up a significant amount of 
the data analyzed. The accuracy estimates and confidence intervals 
attached to the data are estimates from the various personnel who 
furnished the data. The accuracy and confidence intervals used, are 
considered to be the best information available. 

The propagated error analysis is considered one of the few techniques 
that can cope with the variety and complex methods used to generate the 

water balance. 
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Table 3.4 Poudre basin 1991 annual water balance. 

Inputs Considered 
Poudre - Mouth of Canyon 
Irr. Div. Upstream of M.o.C. 
FCWTP#1 
Small Tributaries below M.o.C. 
CBT to Poudre (Hanson Canal) 
CBT to FCWTP#2 
CBT to Bellvue T.P. (Greeley) 
CBT to Soldier Canyon 
Windy Gap Imports 
Big T. to Boyd Lake T.P. (Greeley) 
Greeley contracts for irrigation 
Surplus Greeley water to irrigation 
Loudon Ditch Imports 
Res. Storage Decrease 
Precipitation 

Outputs Considered 
Poudre at Greeley 
L.T. Creek at Mouth 
Ground Water Outflow 
PRPA (Rawhide) exports 
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Table 3.5 Area summations for precipitation calculations. 

Vegetation Classes Included cell count acres 

water 57,930 11,627 

roads 13,760 2,762 

non-agric grass 285,122 57,226 

riparian wetland 10,818 2,171 

perennial grasses 43,991 8,829 

high veg. urban 37,491 7,525 

medium veg. urban 76,589 15,372 

alfalfa 276,825 55,561 

corn 432,483 86,803 

sugar beets 62,302 12,505 

pinto beans 114,669 23,015 

onions 6,915 1,388 n 

irrigated barley/wheat 24,806 4,979 ~J 

dryland wheat 62,664 12,577 
field/road borders 68 921 13,833 

carrots 4,603 924 

trees 66,358 
~ry 

13,319 1 

Total Included for Precipitation Area 1,646,247 330,416 

Vegetation Classes NOT Included 

shrub/herbaceous range 16,719 3,356 
medium range 50,899 10,216 
short range 182,716 36,673 
non-agricultural bare soil 114,634 23,008 
agricultural bare soil 128,383 25,768 

clouds 27,007 5,421 

Total Not Included 520,358 104,441 

Precipitation Computation 

330415.8 acres 
x 1.010833 ft 

333,995 acre-ft 
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Table 3.6 Sources of propagated error. 

Component of Model 

Remote Sensed Crop Maps 

Crop Coefficients 

NDVI Vegetation Index 

Penman-Monteith/Kimberly-Penman Eqn. 

Weather Data Trends across basin 

Soil Moisture and Soil Type 

Source of Propagated Error 

1. Inaccuracies in classification, 
Errors of omission 
Errors of commission 

2. Inaccuracies in generating test polygons 
3. Inaccuracies in Ground reference data 

1. Non-homogeneity of biomass 
2. Computing equation not correlated to 

weather pattern 
3. Planting date not known 

1. Multitemporal NDVI data points not 
sufficient to define phenological curve 

2. NDVI Calibrated curve not correlated to 
crop coefficient curve 

3. Calibration of satellite image reflectance 
may be in error 

1. Good accuracy and precision 
information known for this computing 
method (ASCE, 1990) 

1. Solar radiation varies/distance to 
foothills 

2. Wind may be variable across basin and 
have large local anomalies 

3. Instrumentation errors 

1. Soil moisture affects soil surface 
evapotranspiration. Initial model will 
not have soil moisture data. 

2. Soil type affects transmissivity of 
moisture to surface. Date of last rainfall 
unknown in model. 

3. Spatial variability of rainfall unknown 
across basin 

4. Lack of information - last irrigation 

Field/Farm/Basin Verification Data 1. Insufficient test fields from IMS 
(NCWCD) for verifying Et  from each 
species of crop under each type of 
irrigation. 

2. Lack of calibration data from irrigation 
districts. 

3. Inaccuracies in river stage readings and 
diversions from river to irrigated fields. 

4. Inaccuracies in defining extent of storage 
aquifer. 

5. Wetlands, urban and non agric. grasses 
consume basin water not included in 
model. 
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Given the errors in a measurement, the errors can be combined in 

five basic operations (addition, subtraction, multiplication, division and 

exponentiation). Table 3.7 shows the method of estimating the effect of 

propagated error. 

Chapter Summary and Conclusions: This chapter has described the study 

area, the general characteristics of the evapotranspiration model, and the 

methodologies used for estimating evapotranspiration for the study area. 

Two methods of computing evapotranspiration were described. Crop 

coefficients derived from a two-stage polynomial were used for each 

vegetation, irrigated agricultural crop, and soil/water surfaces in 

conjunction with alfalfa reference Etr  to compute daily basin Et. A 

reflectance-based vegetation coefficient was also used with the alfalfa 

reference Etr  to compute daily basin Et  for three dates corresponding to the ~J 

three dates of available satellite data.  

The model is validated by comparing the computed annual study ~J 

area Et  against a water balance for the study area considering imports, 

exports and precipitation. The model daily Et  for the study area computed 

by using crop coefficients is compared against the study area Et computed 

using reflectance based vegetation coefficients. The propagated error 

analysis method described in this chapter computes a standard error for the 

final Et  estimate for annual Et  and for the daily Et  estimate for both crop 

coefficients and vegetation coefficients. With a standard error for the 

estimate, a confidence interval can be computed. The model validation for 

the annual study area is tested using a standard error of the differences 

between the water balance and the model estimate. The daily Et  estimates 

for both types of vegetation/crop coefficients can be compared using the 

same technique of computing a standard error of the difference and 

computing a t statistic to determine whether the difference lies within the 

95 percent confidence interval. 
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Table 3.7 Computation of propagated error. 

Combination of errors in certain cases, where A is the result obtained by 
combining the quantities a1, a , a , ... which are affected by normal errors 
with r.m.s. (standard deviations) values el, e2, e3, .... E is the r.m.s. error to 
be assigned to A. 

Sum 
A = a, + a2  + a9  . . 
E2  = el + e2 +es . . . 

Linear Combination 
A = cl a1  + c2 a2 . . . 

E2 =cl ej  + c2e2 . .. 

Product 
A+a,xa2 xa~ .. . 

2 2 
E2

= e, +e2... A2 2 2 
a, a2 

Sum of Powers 
A = of +1 4.... 

E2 = ~p1 a  (PI -1)2 el  ... 

Product of Powers 
A = of to 
2 e2 

2 
E = p2 +q e 

2 + .. . A2 2 2 
ai a2 

From: Physical Concepts of Soils (Class Notes), Joe Skopp, Univ. of Nebraska 



CHAPTER 4 
RESULTS AND DISCUSSION 

INTRODUCTION 

This chapter presents the results of the research. The purpose of the 
work was to accomplish the research goals and objectives which were 
stated in Chapter 1, as: 

1. To identify the characteristics and computational methodologies required to 

estimate river basin evapotranspiration. 

2. To program and test a geographic information system based on the Penman-

Monteith/Kimberly-Penman combination Et  computation method. This GIS 

would use satellite remote sensed and classified crop maps and vegetation 
indices as input data for the computation of river basin evapotranspiration 

rates. 

3. To compare the river basin daily and seasonal Et  volumes computed by a 

geographical information system modeling the Penman-Monteith/Kimberly-

Penman Combination Methods for computing Etr  for two different crop 

coefficient schemes: 1) spatially distributed crop species-based crop 
coefficients, and 2) surrogate vegetation indices based on the NDVI index 

derived from multitemporal Landsat TM data. 

The following sections contain: 

1. The primary results from the model output giving annual basin Et  and 
compared to a validating water balance; 

2. The results of the dual model runs with crop coefficients and vegetation 
coefficients for three days of the growing season; 
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3. The results using crop coefficients only for the maximum, or peak, daily 
basin Et; 

4. A discussion of the modeling development, operation of the model, and 
development of crop coefficients and surrogate vegetation coefficients; 
and 

5. A discussion and presentation of results of the statistical analysis of the 
various components of the modeling outputs using a propagated analysis 
technique and the establishment of standard deviations for crop 
coefficients. 

MODELING ACTIVITY SEQUENCES 

Figure 4.1 shows the sequence of operations used in the modeling 
activities. The presentation of results and discussion in this chapter follows 
that flow chart. The model operation is complex, due to the number of 
steps in the processing of the satellite data sets and the preparation of other 
data for entry into the model. 

The basin water balance was done for another research project 

covering the same study area. The water balance prepared for that project 
is used to validate this Et  model. A Ph.D. graduate student prepared the 
water balance. At the end of the preparation of the water balance, the 
results were disclosed in order to keep biases from entering the modeling 
results. The preparation and results of the water balance will be presented 
in the section describing the model output for the annual basin Et  value. 

The model was operated using the crop map as a base for identifying 
the crop and vegetation types so that the proper Kc  would be selected. 
The crop coefficients for each day of the growing season and reservoir 
evaporation for the whole year were used as computed by the RDBMS. 
Non-agricultural vegetation KC  were derived from vegetation indices. The 
derivation of these non-agric. Kc  values was described in Chapter 3. This 

first section describes the activities for generating input data. 
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Figure 4.1 Modeling activity sequence. 
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MODEL INPUT DATA - RESULTS OF DATA GENERATION 

This section contains a discussion of the model input data. Chapter 3 
described the preparation of the data and the sequence of activities 
followed in preparing the data for entry into the model. Sampling results 
from the 1993 field sample and analysis are contained in Appendix 3. The 
results of the LAI and reflectance measurements from the sampled crops 
and vegetation were related to the satellite vegetation indices and used for 
estimating non-agricultural KC  values. In addition, the NDVI vegetation 
indices were related to a reflectance-based crop coefficient, Vc  , and used 
with the satellite NDVI maps for May 25, July 12, and September 14, 1991, 
to generate VC  -based Et  for three days of the modeling year. The results of 
the development of the non-agricultural Kc  and the results of the 
preparation of the Vc  values provides valuable insight to the handling of 
crop coefficients for basin vegetation not traditionally modeled. The 
following sections contain the results of the preparation of model input 
data. 

Although preparation of the satellite data set into crop and vegetation 
maps was described in Chapter 3, and is considered to be a model input 
component, the discussion for this component is contained in the last 
section of this chapter on accuracy assessment and statistical analysis. The 
accuracy assessment of the classified crop map is of interest in this chapter. 

Non-Agricultural Vegetation Crop Coefficients:  Field sampling was 
conducted during the summer of 1993 on six agricultural crops and four 
non- agricultural vegetation and bare soil types including; irrigated turf, 
riparian wetland and cattails, perennial subirrigated grasses, and bare 
agricultural soil. The sampling results are contained in the appendix and 
are more fully described in Chapter 3. The purpose for discussing the 
sampling results in this chapter on results of the modeling is that the 
correlation between the field sampling and the satellite reflectance data 
provided the foundations for establishing the crop coefficients for non-
agricultural basin vegetation types such as urban and wetlands. The 
sampling was done on 8 and 16-day cycles, with canopy reflectance 
measurements taken on eight day cycles and dryweight and LAI 
measurements taken on 16-day cycles. The linear relationship between 
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NDVI and VC  was explained in Chapter 3. The VC  data are plotted 
against the KC  values computed from data provided by the NCWCD. The 
results of the conversion of the canopy measured reflectance-based Vc  are 
plotted on the graph of the corresponding NCWCD crop coefficient shown 
in Figures 4.2 and 4.3. The alfalfa and corn plots are of interest because of 
the large impact on the basin Et. The alfalfa, corn, sugar beet, and pinto 
bean fields were all located on a single farm 10 km northeast of Fort 
Collins, Colorado. 

In Figure 4.2, the reflectance-based VC  followed the Kc  plots for both 
corn and alfalfa very closely, but the alfalfa first and second cutting 
schedule was delayed from the NCWCD cutting schedule about 10-15 days. 
Examination of NDVI maps of{,alfalfa fields across the study area indicated 
that alfalfa cutting is highly variable and the daily alfalfa biomass in the 
basin tends to remain constant during the growing season. The use of a 
single cutting schedule for alfalfa for a river basin for generating KC  values 
is not as indicative of basin Et  for alfalfa as the use of a trended biomass 
VC. The corn Kc  plot follows the reflectance based Vc  values extremely 
well. Sugar beets and irrigated barley plots of KC  showed lesser 
conformance to the VC  values. The VC  data was from 1993 and the KC  
dates for greenup, full cover and harvest was from 1991. KC  and VC  
values show the same magnitude but the phenological curve shows 
departure in the time of year for greenup and for harvest or senescence. 
Onions and pinto beans show significant departures in magnitude and in 
the time frame of the phenological curve. Personal inspection of the onion 
and pinto bean field being sampled never justified the LAI or soil coverage 
indicated by the Kc  curves. Harvest of the onions and pinto beans brought 
the fields back to bare soil conditions much earlier in the year than the KC  
curve indicates. 

Irrigated barley was grown on a different farm 3 km north of 
Wellington, Colorado. The irrigated onion field was located 1 km south of 
Windsor, Colorado. The irrigated turf, riparian wetlands and perennial 
grasses were sampled from Avery Park, an urban park in the City of Fort 
Collins. Avery Park contains both irrigated turf areas and a wildlife area 
with open water and cattail wetlands. 

In Figure 4.3, the Kc  curves were generated from satellite data 
samples transformed into NDVI histograms for all pixels in that vegetation 

I 
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Figure 4.2 Comparison of crop coefficients, Kc, with vegetation 
sampling studies, Vc. 
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Figure 4.3 Comparison of crop coefficients, Kc, with vegetation 
sampling studies, Vc. 
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class. The method for converting the satellite derived NDVI into Kc  was 
described in Chapter 3. The NDVI samples for riparian vegetation, non-ag. 
grass and perennial vegetation consisted of 41764, 285122, and 43991 
pixels, and comprise the total population of pixels in these categories. The 
mean NDVI from the NDVI histogram for each class, gives a basin-wide 
representation of the biomass in each category. The canopy-level derived 
VC  for that class only reflects the biomass for a small area. The Kc  curves 
show an upward biomass curve at the end of the growing season. This is 
due to the type of regression (3rd order polynomial) using the Kc  
polynomial form and regressing the Vc  (from satellite data) using only 
"days from green-up" as the value for R. See Chapter 3 for additional . 
descriptions. The polynomial regression constants give the curve an 
upward direction although at the end of the growing season, the impact is 
negligible as a killing frost usually occurs near the middle of September 
and abruptly terminates most of the photosynthesis when the non-
agricultural vegetation is still at maximum LAI. The non-agricultural grass 
plot of KC  and Vc  (canopy reflectance-based value) shows the increase in 
VC  from sampled data later in the growing season corresponding to the 
regressed KC  curve from satellite data. The regressed K. curve appears to 
have the same trend as the sampled data. 

Summary: (Non-Agricultural Vegetation Crop Coefficients) Vegetation 
sampled during the summer of 1993, yielded LAI and reflectance data for 
computation of canopy level NDVI. The reflectance-based VC  from this 
sampling period showed conformance to the agricultural crop coefficients 
provided by the NCWCD for alfalfa, corn, sugar beets, and irrigated barley. 
Pinto beans and onions showed non-conformance both in the phenological 
curve and the magnitude of the VC  to KC  at peak biomass. Both onion and 
pinto bean fields showed considerable soil presence (incomplete full cover 
at peak biomass), whereas the NCWCD KC  curves indicate the crop should 
have more biomass than the 1993 sampled fields. The riparian and 
perennial wetlands sampled had higher biomass than the satellite data 
categories which reflected the total area of these categories over the study 
area. The VC  derived from the sampled irrigated turf grass matched the KC  
curve for the same category within 10 percent at full biomass. The 
conclusion reached from the sampling study is that the canopy level 
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NDVI-to-Vc relationship holds for irrigated agricultural crops and the 
NDVI-to-Vc relationship can be extended to other forms of vegetation with 
approximately equal accuracy. 

Use of Reflectance-Based Vegetation Coefficients (V) for Modeling_ The 
development of reflectance-based Vc  provides significant efficiency in 
transforming remote sensed satellite data sets into VC  maps which can be 
used to compute spatially distributed Et, without intermediate classification, 
into Et  maps. The procedure and establishment of the NDVI-to-Vc  was 
discussed in Chapter 3. The linear relationship between NDVI and Vc  
allows the NDVI map, inserted into the GIS as a separate data layer, to be 
transformed directly to Et  maps using the reclassing function in the GIS and 
the NDVI - VC  linear relation table stored in the RDBMS. These VC  -based 
maps are shown as Color Plates 4.1, 4.2 and 4.3, at the end of the chapter. 
The printing resolution of the color VC  -based maps does not show the 
amount of true variability of Et  in the map. 

Reflectance-Based Vegetation Coefficient Variability:  Alfalfa and corn are 

the most important agribusiness crops in the study area and are responsible 
for almost half of the study area annual Et. Traditional Et  computation 
assumes that crops are uniform in biomass across the field from crop edge 
to crop edge. Satellite data sets, transformed into NDVI maps, provide a 
measure of variability in biomass within individual vegetation classes. 

The GIS was used to "mask" out of the May, July and September 
reflectance-based Et  maps, individual maps containing only a single 
vegetation class of interest. These maps contain only areas of a single 
vegetation category such as alfalfa, corn or bare soil. The individual pixel 
values for Et  can be used to generate a frequency histogram of Et  values for 
the vegetation class. Figure 4.4 shows histograms for alfalfa and corn for 
each of the three dates. The weighted mean of the histogram can be used 
as a mean Et  for the category for that date. Using the NDVI-VC  linear 
relationship and the Etr  for the day, the mean Vc  for the category can be 
estimated. This mean value is based on the total population of pixels, and 

represents a true estimate of the spatially distributed Et  and VC  values. 
Figure 4.5 shows the evaporation from both agricultural and non-
agricultural bare soil for three dates through the growing season. 
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coefficients, Vc. 
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Figure 4.5 Evapotranspiration histograms using vegetation 
coefficients, Vc. 
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The "gamma" correlation is the term given to the final linear relationship 
between NDVI and VC  from the various regressions studied in determining 
the VC  -to-NDVI correlation. The cumulative percentage of land cover is 
shown as well as the frequency for each Et  value in the histograms. 

Figures 4.6 and 4.7 are derived from the reconversion of Et  histograms. 
Figure 4.6 shows NDVI histograms for the total population of pixels of 

alfalfa and corn with the NDVI-VC  linear relation plotted to demonstrate the 
range of VC  as a function of NDVI in the histogram. The nonuniformity in 
crop cover is noticeable in both corn and alfalfa histograms. Histograms 
are skewed toward the higher biomass categories. Additional histograms 
for the balance of the vegetation/crop categories are contained in Appendix 
3. The May alfalfa histogram clearly shows the distribution in biomass 
across the study area. In May, the first cutting was not yet initiated and 
the distribution shows the natural variation across the study area. 

The traditional assumption regarding the use of crop coefficients is 
that the crop biomass is uniform across the field. This assumption may be 
acceptable if the distribution is normal and the weighted mean of the 
distribution reflects the crop coefficient chosen. 

Using the histograms of Figure 4.6 for corn and alfalfa, the Kc  (from 
Table 4.1 presented later in the chapter) for May 25 for alfalfa is 1.0. 
Examination of histogram shows the weighted mean VC  = 0.79. The 
histogram cumulative percentage shows that 50 percent of the crop area has 
VC  above 0.8 and 22 percent of the crop is at or above Vc  = 1. 

For corn for July 12, 1991, the KC  is .96 and the weighted mean for VC  
from the corn histogram is 0.82. From the corn histogram, the mode is 0.9 
and 55 percent of the corn crop area is above VC  = 0.82. At a VC  = 0.96, 78 
percent of the corn area is below this value. From examination of the 
September 14 corn histogram, the harvest pattern is clearly discernible. The 
hump from 0 to 1.2 mm Et  reflects the bare soil evaporation from 
approximately 20 percent of the corn crop that had been harvested. The 
balance of the corn area has a mean VC  of 0.84. The growth period used 
for computation of corn Et  ended on September 12, although a large 
amount of green biomass was still standing in the field ready for harvest. 
For the purposes of this analysis, the computed Kc  for corn was extended 
to September 14, (the satellite data set acquisition date) and the KC  
computed for September 14, was 0.96. 
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Figure 4.6 NDVI histograms and Vc-NDVI plots. 
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NDVI vs Area of Category vs Vc 
Agric. Bare Soil, Sept 14, 1991 
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Figure 4.7 NDVI histograms and Vc-NDVI plots. 
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The histogram showed approximately 18 percent of the corn crop had Vc  

above 0.96. 
Figure 4.5 and 4.7 provide histograms for bare soil. The agricultural 

bare soil is representative of fallow dryland wheat, and the non-agricultural 
soil is typical of bare soil in pastures, beaches, and range. Kc  and Vc  
values for these categories range from 0.05 to 0.2 for the growing season. 
The May 25 histogram for corn (Figure 4.6) indicates a tilled-planted bare 
soil condition typical of irrigated crop bare soil after planting or shortly 
after emergence. These conditions are typical for corn, sugar beets, pinto 
beans and onions. KC  values for these bare soil conditions are usually 
assumed to be from 0.15 (personal communication, W.W. Wheeler Cons. 
Engrs.) to 0.20 (Personal communication, NCWCD). Examination of the 
histograms for corn and for other crops (in Appendix) indicates Vc  values 
of 0.12 - 0.20. These histograms represent the crop map categories which 
include misclassification errors. 

Summary: (Use of Reflectance-Based Vegetation Coefficients, V, , for 
Modeling) The development of the Vc  provided an opportunity to 
evaluate the biomass variability of the 25 vegetation categories over the 
study area. Both alfalfa and corn biomass frequency histograms indicated a 
skewed distribution across the study area. The distributions were not 
normal and indicated significant areas of low or poor quality crop stands. 
The histograms provided estimates of harvested crop areas on September 
14, with clear indications of the acreage of corn that had been cut for silage. 

The bare soil histograms for both agricultural and non-agricultural soil 
types provided estimates of reflectance-based soil evaporation for different 
times of the year. The NDVI and Et  frequency histograms were used to 
establish the linear relation between satellite-based NDVI and V. at the 
high end and low end of the curve. 

Conclusion: Vegetation indices can be used to establish reflectance-based 

VC  comparable to crop coefficients, and the frequency histograms provide 
an estimate of the variability of the crops at the times of satellite data 

acquisition. 
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Test Polygon NDVI Histograms:  The preceding discussions have used the 
classified crop map derived from satellite data sets. The classification 
procedure results in less than 100 percent accuracy of identification of pixel 
types. Therefore, a histogram of NDVI or Et  values for any vegetation 
category may include data that was actually misclassified and belongs to 
another similar (in biomass or reflectance characteristics) category. 

As a part of the process of evaluating the accuracy of classification for 
the crop map, areas of the study area in the original data set are reserved 
as test areas or test polygons. These test areas are considered to be areas of 
100 percent known vegetation types verified by field observation. For 
agricultural crops, the polygon boundaries are kept within the field 
borders so that only the crop pixels are included in the test polygons. Each 
vegetation category is represented by multiple test polygons. For non-
agricultural vegetation and for other areas where the vegetation is much 
less uniform than agricultural crops, the test polygons may include 
multiple vegetation categories as generated by the classification methods. 

An example: The urban high vegetation test polygon is defined by a 
multi-city block section of the older neighborhoods of Fort Collins. Within 
this defined polygon, there are smaller sections of trees, large and small 
lawns, parks and even some open water in small ponds. The NDVI 
histogram for this "test polygon" represents the integration of all the 
variability of the pixel biomass within the multi-block area into a frequency 
plot of the pixel biomass levels. In contrast to the variability of the 
vegetation in the test polygon, the ground area of the classified 
crop/landcover map (corresponding to the area within the boundaries of 
the test polygon discussed above) has categories identified by biomass 
differences, i.e., trees, urban high vegetation, urban medium vegetation, 
roads. Thus, an urban high vegetation category in the classified 
crop/landcover map is shown by a narrow range of NDVI or LAI which is 
considered representative of the integrated biomass of a certain percentage 
of tree-lawn-impervious surface areas within a single pixel. 

The histograms for test polygons show a different distribution in 
many cases than the histograms for categories in the crop map. For 
agricultural crops, the test polygon histograms show the distribution for the 
true crop in contrast to the histogram for the crop map category where 
misclassification influences the NDVI histogram by including a mixture of 
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true and misclassified pixels. Both test polygon histograms and crop map 
histograms provide important information about the spatial distribution of 

Et. 
For agricultural crops, use of histograms reported from test polygons 

provides a NDVI distribution of a 100 percent accurate cropped field. The 
weighted mean of the histogram NDVI values transformed into Vc  

provides a true mean of the distribution of the crop Et. Test polygon 

derived frequency histograms for NDVI and Et  covering all 25 vegetation, 

bare soil, and water categories, for each of the three dates, are contained in 

the appendix. Test polygon histograms for alfalfa, corn and bare soil have 
been provided for a comparison to the crop map histograms (Figures 4.8, 
4.9, and 4.10). The test polygon histograms are a sample of the study scene, 
whereas the crop map histograms consist of the total population of pixels 
for the specific vegetation class. Table 4.1 is a recapitulation of the 25 

vegetation classes showing the Kc  , Vc  derived from the crop map 

histograms, and the Vc  derived from the test polygon histograms for the 

three dates of the growing season. 

Summary: (Test Polygon NDVI Histograms) Test polygons were (~ 

generated primarily for computing the classification accuracy for the crop U 
map, but using cross-tabulation between the test polygons and the NDVI 
maps provided an additional benefit. Areas bounded by the test polygon 

borders contain a "pure" sample of the vegetation and crop categories 
verified by field observations. Using the GIS to generate frequency plots of 

VC  from areas of the VC  map (transformed from the NDVI map) within the 

test polygon boundaries showed that the Vc  value for the histogram mean 
was representative of a weighted average biomass for each of the test 

polygons. Since the test polygons were generated for each of the vegetation 

and cropcategories, V values were consequently generated for crop es g ~ ~ q Y g P types  
of variable biomass and vegetation for which no historical Kc  or Et  data were 
available. These VC  data could be substituted for crop coefficients for 

agricultural crops and could be used for analysis of wetlands, urban vegetation 
and rangeland in Et  studies over large areas where sparse or no ground reference 
data exists. In this research, VC  data were generated for each date of 

available satellite imagery. 
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Figure 4.8 NDVI histograms in crop map within 
test polygon boundaries. 
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Figure 4.9 NDVI histograms in crop map within 
test polygon boundaries. 



111 

NDVI Histogram 
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Figure 4.10 NDVI histograms in crop map within 
test polygon boundaries. 
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Color Plate 4.1 May 25,1991, basin daily Et using Vc coefficients. 
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Color Plate 4.2 July 12, 1991, basin daily Et using Vc coefficients. 
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Color Plate 4.5 May 25, 1991, basin daily Et using Kc coefficients. 
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Color Plate 4.6 July 12, 1991, basin daily Et using Kc coefficients. 
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CHAPTER 5 
SUMMARY, CONCLUSIONS, AND FUTURE RESEARCH 

This chapter contains a summary of the research activities and 
conclusions drawn from the results. The last section of the chapter 
identifies some future research directions that would extend the usefulness 
and efficiency of the modeling of river basin Et. 

SUMMARY 

Non-Agricultural Vegetation Crop Coefficients:  Vegetation sampled 

during the summer of 1993 yielded LAI and reflectance data for 
computation of canopy level NDVI. The reflectance-based Vc  generated 

from the canopy level NDVI data showed conformance to the agricultural 
crop coefficients provided by the NCWCD for alfalfa, corn, sugar beets and 
irrigated barley. Pinto beans and onions showed non-conformance both in 
the displacement of the phenological curve and the magnitude of the Vc  to 

KC  at peak biomass. Both onion and pinto bean fields showed considerable 

soil presence (incomplete full cover at peak biomass), whereas the NCWCD 
KC  curves indicate the crop should have more biomass than the 1993 
sampled fields. The riparian and perennial wetlands sampled had higher 
biomass than the satellite data categories which reflected the total area of 

these categories over the study area. The Vc  derived from the sampled 

irrigated turf grass matched the K, curve for the same category within 10 

percent at full biomass. 

Development of Reflectance-based Vegetation Coefficients, Vc`  

modeling  (model input data) The development of the Vc  provided an 

opportunity to evaluate the biomass variability of the 25 vegetation 
categories over the study area. Corn and alfalfa consume about half of the 

annual Et  for the study area and are important crops for analysis. Both 
alfalfa and corn biomass frequency histograms indicated a skewed 
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distribution across the study area. The distributions were not normal and 
indicated significant areas of low biomass or poor quality crop stands 
throughout the study area. The histograms provided estimates of harvested 
crop areas on September 14, with clear indications of the acreage of corn 
that had been cut for silage. The NDVI and Et  frequency histograms 
derived from the NDVI-to-VC  based Et  maps, provided estimates of 
reflectance-based VC  for a variety of vegetation types. New Vc  values for a 
representative selection of vegetation types responsible for consumptive 
water use were developed for spring planting, peak biomass and harvest 
periods. 

Test Polygon NDVI Histograms:  Use of test polygons for computing the 
classification accuracy for the crop map provided an additional benefit; the 
validation of VC  values for field verified areas of the basin where the crop 
species or vegetation type was documented. These areas allowed a 
comparison to the VC  values derived from the classification of the satellite 
data set. The classified data set contained misclassification errors which 
could have created bias in the VC. The small areas of the study area, 
bounded by the test polygon borders, contained a pure sample of the 
vegetation and crop categories. Statistical evaluation of the frequency 
histograms from these polygons showed that the VC  values derived from 
the transformation of the satellite-based NDVI maps were representative of 
the weighted average of the biomass VC  within the test polygons. The test 
polygon VC  values for each crop/vegetation category, confirmed the Vc  
values generated from the same category histograms for the total study 
area taken from the classified crop map. 

Basin Water Balance and Model Output - Annual Et  The model generated 
a total annual study area consumptive water use (Et) of 752.768*106  m3 

(610,270 ac. ft.). This value compares to the basin water balance value of 
786.093*106  m3  (637,290 ac.ft.). The difference of the model output from the 
basin water balance is 4.23 percent. These consumptive water use estimates 
are approximate mean estimates, and the data distributions are considered to 
be approximately normal. The t statistic computed for the standard error of 
the difference between the model output and the validating water balance 
is 0.72. This is less than 1.96 (t statistic for 95 percent confidence interval). 
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In conclusion, the difference between the model annual Et  estimate and the 

validating water balance is considered to be statistically insignificant. 

Model Output - Daily Et_ Using the total basin daily Et  generated from Kc, 

the May 25, basin total daily Et  is 4.63*106  m3  (3756 ac.ft.). The VC  

generated basin Et, for that date, is 3.68*106  m3  (2983 ac.ft.), a difference of 

20 percent. The Vc-based data indicated lower Vc  values for most crops at 

planting (bare soil), whereas the Kc- based data indicated higher KC  values 

for the cropland at planting. Higher Kc  values would suggest irrigation 
events or overestimating the amount of green biomass in the fields at the 
estimated time of planting. Kc-based study area Et  for July 12, is 5.10*106  

m3  (4138 ac.ft.) and VC-based Et  is 4.70*106  (3811 ac.ft.) for a difference of 

7.9 percent. September 14, Kc-based Et  is 6.48*106  m3  (5259 ac.ft.) and VC_ 

basedEt  is 5.61*106  (4559 ac.ft.) for a difference of 13.5 percent. 
Considering the variability in biomass and the ability of the satellite to 
sample 100 percent of the study area with an NDVI index, the differences 

suggest that the KC  and VC-based basin total Et  are within the same range 

for each of the three days that were compared. 
Each of the three dates, May 25, July 12, and September 14, were 

evaluated separately for statistical comparisons between the Kc  -based daily 

basin Et  and the VC-based basin daily Et. For May 25, 1991, the t statistic 

for the standard error of the difference between the KC  and the VC  

computations was 1.17 which was less than the 1.96 t statistic for the 95 
percent confidence interval. The difference between the two computations 

was statistically insignificant. The t statistic for the differences of the two 
methods for July 12 was 0.38 and the t statistic for the method differences 
for September 14 was 1.21. Each of the three dates of computed basin daily 

Et  has statistically insignificant differences for Et  computed using either Kc  

or VC  coefficients. The important conclusion derived from comparison of Et  

computation methods on a daily basis is that reflectance-based vegetation 

coefficients can be substituted for crop coefficients for different times 

during the growing season and used to compute basin daily Et  from a 

variety of irrigated crops and non-agricultural vegetation/bare soil types. 

Remote Sensing Misclassification Effects on Et  Computations:  The effects 

of misclassification on the accuracy of Et  computation using the crop map 
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are reduced because the misclassified pixels are often placed in a similar  
biomass category. The differences between a 100 percent accurate crop 
map composed of test polygons, and the corresponding areas of a classified 
crop map (with misclassification errors) are less than 10 percent when Kc  
values are used. When VC  values are substituted for KC  values, the 
differences between a 100 percent accurate crop map and the classified crop 
map used in this research, with an overall classification accuracy of 63 
percent, are less than 4.8 percent. 

Statistical Analysis of Et  Computations and K~Vc  Development: (model 
output) The basin water balance estimate of the approximate mean is 
7.861 .106  m3  (637,287 ac.ft.) and the 95 percent confidence interval is 
697*106  to 875*106  m3  (565,448 to 709,126 ac.ft.). The model output for the 
annual basin Et  estimate of the approximate mean is 752.8*106  m3  (610,270 
ac.ft.). The 95 percent confidence interval is 736.9*106  to 768.6*106  m3  
(597,420 to 623,118 ac.ft.). The difference between the approximate means of 
the water balance and the model output is 4.2 percent. 

CONCLUSIONS 

1. The use of reflectance-based crop coefficients is valid for a wide range 
of vegetation types. The canopy level NDVI-to-Vc  relationship holds 
for irrigated agricultural crops and the NDVI-to-Vc  relationship 
(gamma relationship) can be extended to other forms of vegetation 
with approximately equal accuracy. 

2. Vegetation indices derived from calibrated Landsat 5 TM 
multitemporal data sets have been quantitatively confirmed with 
canopy-level reflectance measurements from a variety of vegetation 
and crop types. 

3. The model annual consumptive water use estimate is confirmed by the 
basin water balance, therefore for annual river basin consumptive use 
estimates, the model provides estimates as accurate as hydrologic 
water balance estimates. f 1 

U 
il 
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4. The evapotranspiration model developed to compute river basin-wide 
consumptive water use by direct methods using remotely sensed data 
and GIS/RDBMS computer software has been successfully operated to 
meet the specified objectives, using satellite data sets classified into 
crop maps as input data. The model has been able to meet specified 
accuracy and precision goals at the annual Et  computation level. 

5. Computational methodologies have been identified for estimating river 
basin daily and annual evapotranspiration. The methodologies include 
the use of RDBMS, remotely sensed data for vegetation indices or for 
classified crop maps, and a GIS for generating reports and maps. 

6. Comparison of daily Et  for the total basin and for individual crop and 
vegetation categories, computed using both K, and Vc  values, shows 
that reflectance-based VC  can act as a surrogate for KC  in computing 
daily Et  for vegetation and crop types within a river basin study area. 

7. Comparison of daily Et  for the study area were made, using both 
Kimberly-Penman and Penman-Montieth Etr  computing methods to 
illustrate the differences in both daily and annual Et. There was a 1.4 
percent difference in basin annual Et  computed using the Kimberly-
Penman combination method v. the Penman-Montieth combination 
method. The difference lies within the 95 percent confidence interval 
for the model for computing the annual basin Et. Either method will 
give comparable results for computing the basin annual Et. 

S. Misclassification effects on computation of Et  using either KC  or VC  
values with a crop map, as input to a GIS model, are minimal. 

FUTURE RESEARCH DIRECTIONS 

The model developed for this research incorporated several different 
software packages running on UNIX workstations and PC computers. 
Experience gained from this effort indicates that models using satellite data 
for large river basins will need the computational power of workstations 
supplied with large (2-3 gigabyte capacity) hard drives. The refinement of 
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the model into a form where the data entry and model operation is more 
automated is one direction for future research. 

The promise shown in using satellite data sets in conjunction with the 
use of crop or reflectance-based vegetation coefficients is presently limited 
by the acquisition cost of satellite data and by the limitations of the Landsat 
satellite in the repeat visit cycle. The satellite only overflies the study area 
every 16 days. Clouds often obscure the area of interest and the 
phenological trends in irrigated agriculture dictate a shorter repeat cycle. 
The amount of labor and cost of processing the Landsat satellite data 
indicates a need for a different satellite platform or another form of 
generating remotely sensed reflectance data for the study area. Two 
opportunities exist: 1) the use of the TIROS satellite platform which 
provides the local weather stations with two views per day of a large area 
of the earth's surface, e.g., the western half of the United States; and 2) the 
use of video data taken at aircraft heights with inexpensive video cameras 
sensing visible red and near infrared reflectance data. 

The use of the TIROS AVHRR satellite data for Et  estimation is 
exciting. Preliminary research by Seevers (1990) has indicated that there is 
a functional relationship between the NDVI index generated by the Landsat 
5 TM sensor and the NDVI index generated by the AVHRR sensors. 
AVHRR data has been used successfully in the lower Colorado basin to 
directly estimate irrigated crop Et  on a daily basis. The calibration of the 
Landsat based NDVI-VC  relationships in the Poudre basin study area 
against AVHRR data now available would allow daily estimation of basin 
Et  for the study area with a quickly produced NDVI image and daily 
weather data obtainable from several weather station networks. 

The use of near infrared videography in generating vegetation indices 
from aircraft or ultralights carrying video cameras shows promise for 
updating the phenological characteristics for large areas of a river basin. 
Video images can be captured with inexpensive frame grabbers and 
analyzed using computer automated analysis techniques. The infrared and 
visible red bands provide significant information about the biomass and 
transpiration characteristics of both irrigated crops and non-agricultural 

basin vegetation. 
The ability of the model to directly compute both daily and annual Et 

for the Poudre river basin (and adjacent smaller basins) has been 
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demonstrated. The extension of the model to larger areas and with multi-
year data would prove the robustness of the model. Computing Et  for very 
large river basins or continental-scale areas using the NDVI and the 
correlation to Vc  provides promising potential for future research. 
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RIVER BASIN WATER BALANCE REPORT 



APPENDIX 1 
ANNUAL WATER BALANCE 

FOR CACHE LA POUDRE STUDY AREA 
1991 

General:  The purpose of the constructed water balance is to quantify the 
water volumes coming into and leaving the "Study Area" over the course of 
the calendar year 1991 to obtain an estimate of the consumptive water use. 
The Study Area generally includes those portions of the Cache la Poudre 
River, Lone Tree Creek, and Crow Creek basins which lie within the 
Northern Colorado Water Conservancy District (NCWCD) boundaries. The 
basic strategy of the water balance adheres to the basic conservation of 
mass in that 

Inputs = Outputs + Storage Changes 
where increases in storage are positive. 

Inputs:  The water supply to the study area is made up of three basic 
sources, 

- streamflow in natural drainages from outside the study area 
- imports from other basins 
- precipitation directly to the study area 

The accounting of the natural drainage flows and imports, however is more 
easily handled by separating imports based on where they enter the Poudre 
basin. Imports to the Poudre River above the gauge at the mouth of the 
canyon are considered part of the Poudre River inputs to the basin and no 
distinction as to the ultimate source is necessary for our use. 

The major contributions of water to the study area are Cache la 
Poudre flows, Colorado-Big Thompson (CBT) imports, and precipitation. 
There are minor imports from the Big Thompson basin as well as some 
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small streams coming into the study area below the mouth of the Poudre 
canyon. 

Outputs: The majority of the water entering the study area leaves in the 
atmosphere after evaporation or transpiration from irrigated vegetation. 
This term in the balance, evapotranspiration, is considered as the remainder 
after summation of all other measurable inputs and outputs. The other 
major output from the study area is the flow of the Cache la Poudre River 
into the South Platte River east of Greeley. Other more minor water outlets 
include Lone Tree Creek flows to the South Platte, and ground water 
underflows to the Poudre River below the final gauge and to the South 
Platte alluvial aquifer. 

Storages:  The major storages within the study are municipal and 
irrigation storage reservoirs and ground water storages. For the purpose of 
this project, we will assume that the ground water storage, while likely 
fluctuating significantly during the year, is approximately the same at the 
beginning and the end of the calendar year. 

Source Details:  Following is a discussion of the source for all 
components considered in the overall balance summarized in Table 1. 

INPUTS 

Poudre River at Mouth of Canyon (M.o.C) 
This flow is measured by a U.S. Geological Survey gauge near the 0 
point at which the Cache la Poudre River exits the confined gorge 
and flows onto the more gently sloping lands adjoining the plains. 
The gauge is continuously recording. Daily discharge rates as well 
as various interval summaries are published in the annual report of 
the Geological Survey, Water Resources Data - Colorado Vol. 1. 
Records for the gauge are considered "good" which suggests that 95% 
of flows are within 10% of reported values. 
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Irrigation Diversions Upstream of M.o.C. 
Irrigation diversions upstream of the M.o.C. gauge include those of 
the North Poudre Ditch on the North Fork Cache la Poudre River 
and the North Poudre Supply and Poudre Valley Canals on the main 
stem of the Poudre River. The cumulative diversions of these canals 
are reported by the USGS in the Water Resources Data for Colorado. 
The ultimate source of this data, however, is the records of the 
Colorado State Engineer Office where daily records of diversions are 
maintained. The reported 95% confidence intervals for these records 

is +/- 10% of reported values. 

Fort Collins Water Treatment Plant #1 (FCWTP#1) 
This now idle water treatment plant is located in the canyon of the 
Poudre River near the confluence of the North Fork and main stem. 
While operation of the plant has been discontinued, diversions at the 
site are maintained and transferred to the new city treatment plant 
below Soldier Canyon Dam on Horsetooth Reservoir. Estimated 
accuracy of these flow records are +/- 5%. Records were obtained 
from the City of Fort Collins and from the state engineer's office 
which maintains records for all diversions from the Poudre and its 
tributaries. 

Small Tributaries Below M.o.C. 
Natural streams that enter the study area below the mouth of the 
Poudre include Boxelder Creek, Spring Creek, Lone Tree Creek, and 
Crow Creek. While these streams may have significant flow along 
portions of their lengths, their flows upon entering the study area are 
relatively insignificant. Partial records for Lone Tree Creek at Carr 
(some distance upstream from the study area boundary) for 1993 

showed monthly flow volumes for the wettest months of the year to 
be less than 50 ac-ft/month. Therefore total annual delivery to the 

study area is most likely less than 500 ac-ft. Records for 1951-57 for 
the discharge of Crow Creek near Barnesville (just upstream from the 

study area boundary) showed practically no measurable flow for the 
period. No records are available for Boxelder Creek, but 

observations of the creek flow lead to the conclusion that annual 
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discharge volume is unlikely to exceed 500 ac-ft. Spring Creek, 
which flows mostly through the city of Fort Collins has significant 
flows along a portion of its length, but most, if not all, of this flow 
originates within the study area and is not an input stream. An 
estimate of the total contribution of all small tributaries below M.o.C. 
is 1000 ac-ft. with wide confidence intervals of +/- 100%. 

CBT Water to the Poudre River 
Colorado-Big Thompson water is delivered from Horsetooth 
Reservoir through the Hanson Canal to the Poudre River and to the 
North Poudre Feeder Canal. These deliveries are only made April to 
October and totalled 46,603 ac-ft for 1991. These records were 
obtained from the NCWCD have an estimated accuracy of within 5% 

CBT Water to FCWTP#2 
Water is delivered directly via pipeline from Horsetooth Reservoir to 
the Fort Collins Water Treatment Plant #2. These deliveries, reported 
by the City of Fort Collins and the NCWCD, totalled 13,562 ac-ft for 
1991. These records are thought to be 95% within 5% of actual 
volumes. 

CBT to Bellvue T.P. (City of Greeley) 
The City of Greeley operates a water treatment plant just below the 
mouth of the Poudre Canyon at Bellvue. This plant can take water 
from the Poudre below the M.o.C. gauge or can accept deliveries 
directly from the CBT canal from Horsetooth Reservoir. Deliveries of 
CBT water in 1991 totalled 3,371 ac-ft. Records are from the 
NCWCD. 

CBT Releases at Dixon Dam 
CBT water can be released from Horsetooth Reservoir to a number of 
users at Dixon Dam. The largest of these users is the Soldier Canyon 
Water Treatment Plant which is operated by a cooperative of rural 
water districts. Releases at Dixon for 1991 totalled 13,963 ac-ft. 
These flows are metered and have expected accuracy of within 2%. 
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Windy Gap Imports 
Water imports under the Windy Gap project of the Municipal 
Subdistrict of the NCWCD totalled 6102 ac-ft +/- 5% for 1991. 

Records were obtained from NCWCD. 

Big Thompson Water deliveries to Boyd Lake WTP (City of Greeley) 
The City of Greeley operates a water treatment plant on Boyd Lake 
which obtains its water from the Big Thompson River. The treated 
water is then transported by pipeline to Greeley. Water delivered by 
the Boyd Lake T.P. totalled 7,155 ac-ft. in 1991. Estimated accuracy 

of these delivery volumes is within 1%. Records were obtained from 
the City of Greeley. 

Greeley Water Leased to Irrigation 
The City of Greeley supplies water that it owns for irrigation through 
established contracts and through sale of surplus water. Contract 
irrigation water deliveries in 1991 were 2,661 ac-ft. Estimates for 
surplus water delivered are 1,056 ac-ft. These volumes are not 
directly measured. Estimates of contract water deliveries are 
probably within 20%, those for surplus deliveries may be off by as 

much as 50%. These volume estimates were obtained from the City 
of Greeley and accuracies were estimated. 

Louden Ditch Imports 
The Louden Ditch, operated by the Louden Ditch Company, carries 
water from the Big Thompson Basin to supply areas along the 

southern fringe of the study area. The volume of water carried by 
the Louden ditch is measured at the point of diversion from the Big 
Thompson quite a distance away from the study area boundary. 

Therefore, estimates of shrinkage and irrigation deliveries outside the 
study area must be made. The estimate of deliveries by the Louden 
Ditch to the study area is 6,000 ac-ft. with a reasonable estimate for 

accuracy of +/- 25%. 



WE 

Other Ditches from the Big Thompson Basin t 
The Greeley-Loveland Irrigation Company operates the Greeley- J 
Loveland Ditch and its major laterals which supply water for 
irrigation form northeastern portions of the Big Thompson Basin and 
small portions of the study area. The portion of the ditch deliveries 

is be 1,000 which serve the study area estimated to near ac-ft. 
Without significant expenditure of time on further investigations of 
individual farms serviced, estimates for these ditch deliveries are 
very much suspect. In addition, some of these ditch deliveries are 
likely to be the same water reported by the City of Greeley as 
surplus water to irrigation. Because of these uncertainties and the 
relatively small volume of water involved, these deliveries will be 
ignored for the purposes at hand. The Greeley-Loveland Irrigation 
Company supplied this information. 

Reservoir Storage Changes 
The study area contains a large number of intermediate storage and 
flow regulation reservoirs which represent a significant volume of 
storage potential. Routinely, these reservoirs fill in Spring or early 
Summer and drain throughout the irrigation season. However, the 
storage level of these reservoirs is not necessarily the same at the 
beginning and end of the year. As we have defined inputs and 
outputs, an increase in storage of a reservoir would represent an 
output (water brought into the basin but not consumed), and a 
decrease in reservoir storage would represent an input (additional 
water available for consumption). Records of reservoir storage 
within the study area were obtained from the Poudre River 
Commissioner of the Office of the State Engineer. The volume in 
storage of all major reservoirs at end of year 1990 and 1991 are 
shown in Table 2 along with the loss or gain in the reservoirs over 
the year. The summation showed a net loss of reservoir storage for 
the year, and so, the volume is considered an input to the water 
balance. The reported reservoir volumes are calculated from stage 
readings and established stage-volume relationships. Confidence 
intervals on the reported volumes are approximately +/- 5% of 
reported volumes. 
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Precipitation 
The precipitation estimates were determined according to the 
following process: 

- The average precipitation across the study area was estimated from 
the arithmetic average of measurements from gauges at 
Greeley, Fort Collins, and Loveland. Precipitation data was 
obtained from NCWCD. 

- Only precipitation falling on irrigated lands, wetlands, open water 
surfaces, etc. was considered as credited to the basin supply. 
This assumes that all precipitation falling on naturally or 
otherwise vegetated drylands is consumed there and is not 
transported to the other water systems of the study area. 

The area over which precipitation was considered as an input was 
determined to be 330,416 acres. This area was determined using a 
vegetation classification of remotely sensed imagery obtained from the 
Landsat Thematic Mapper data. A summary of the classification areas is 
shown in Table 3. Annual precipitation measurements obtained were as 
follows: 

Fort Collins 12.02 in. 
Greeley 10.80 in. 
Loveland 13.58 in. 

The average precipitation is 12.13 in. Assuming the rainfall distribution is 
normal across the basin and applying a standard "t" test for 95% confidence 
and n = 3, our confidence intervals are +/- 23%. Winter (Water Resources 
Bulletin, vol. 17, no. 1, pp. 82-115) estimates errors in the range of 5-15% for 
seasonal precipitation estimates from sparse gauge networks in terrain 
without large orographic effects. A reasonable estimate for the accuracy of 
our precipitation average is 20%. 

OUTPUTS 
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Poudre River at Greeley 
The Poudre River at Greeley gauge is approximately 3 miles 
upstream from the confluence of the Poudre with the South Platte. 
The 1991 the flow of the Poudre at this point was 83,240 ac-ft. 
Accuracy for this gauge is also +/- 10%. This is a USGS gauge and 
records were published in USGS Water Resources Data for Colorado, 
Vol. 1. 

Lone Tree Creek at Mouth 
Lone Tree Creek receives return flows from irrigation within its 
basin. While these lands are outside the Poudre basin, the water 
supply for their irrigation is from the Poudre basin network. During 
1991, there was no active gauges on Lone Tree Creek. A gauge was 
installed near the mouth of the creek by the USGS in March, 1993. 
Discharges in March and April were near 300 ac-ft. Provisional data 
through July shows Summer flows as high as 2000 ac-ft. Based on 
this 1993 provisional data, an estimate for total annual flow is 10,000 
ac-ft +/- 50%. 

Platte River Power Authority - Rawhide Power Plant 
The Platte River Power Authority (PRPA) takes water from the basin 
(mostly Fort Collins treated sewage) to supply the Rawhide Power 
Plant to the north of the study area. Total exports to Rawhide in 
1991 were 5124 ac-ft. +/- 10%. This information was obtained from 
PRPA and NCWCD. 

Ground Water Outflows 
The ground water flow from the alluvial aquifer along the Poudre 
River into the South Platte alluvial aquifer is estimated at around 
10,000 ac-ft. (Cache la Poudre Basin Water and Hydropower 
Resources Management Study, Vol.1. Colorado Water Resources & 
Power Development Authority, p. 5-14). This does not include, 
however, ground water flow which might exit the Lone Tree and 
Crow Creek aquifers to the south Platte, and the accuracy of this 
estimate is highly suspect. However, some flow is certain to occur, 
and this estimate will be used in the absence of further information. 
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The accuracy of this estimate is highly suspect, and confidence 
intervals for the estimate are somewhat arbitrarily chosen at +/-
100% of the estimated flow. 

COMPONENTS UNKNOWN OR NOT CONSIDERED 

Ground Water Inflows 
It is possible that ground water flows from the valley fill aquifers 
along Boxelder, Lone Tree, and Crow Creek contribute to the water 
supply of the study area. However, the volume is likely to be small 
compared to other inputs, and no estimates for these volumes were 
found. 

Crow Creek Outlet to Platte 
As with the Lone Tree, Crow Creek receives some return flow from 
irrigation waters with their source in the Poudre system. However, 
the irrigated area contributing to Crow Creek is small compared to 
that contributing to the flow of Lone Tree Creek and it is reasonable 
that the resulting flow will also be somewhat smaller. Since there is 

no gauge on Crow Creek, its outflow to the Platte will be considered 
insignificant pending further information. 

Ground Water Storage Changes 
Just as with reservoirs, changes in ground water storages could affect 
the apparent volume of water movement in the basin. Some 
investigations suggest that the over-year ground water level remains 

reasonably constant. Others suggest there might be significant 
changes according to the availability of surface water in a given year. 
Due to lack of available information, the ground water storage 

component is assumed constant for this study. 

COMMENTS ON DATA AND ACCURACY 

Some of the data referenced above was obtained from published 
reports or from actual copies of records kept by the responsible institutions. 
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Other data was obtained during telephone contacts with personnel 
associated in various ways with the responsible management entities. In 
the some of the former cases, data reliability was clearly documented (as in 
USGS documents). In many other cases, the accuracy estimates were 
approximations based on the experience of the persons involved. Almost 
without exception, the representatives, contacted were well informed on the 
topic of gauge accuracy, and their estimates seemed reasonable. The 
reported accuracies are assumed to be the 95% confidence intervals on the 
reported values. For example, a reported accuracy of 5% is interpreted to 
mean that the 95% confidence intervals are at 95 and 105% of the reported 
value. 

The uncertainty associated with the individual components of the 
water balance will necessarily be carried over into the E.T. estimate 
obtained from summation of the components. This error propagation is not 
considered here, but its determination will be treated in a later analysis. 
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Table A1.1 Poudre Basin 1991 Annual WaWr Balance 

Approximate 
Volume Accuracy 

Inputs Considered (ac-ft) (95% conf. interv.) Source 

Poudre - Mouth of Canyon 205,500 +/- 0.10 USGS 
Irr. Div. Upstream of M.o.C. 84,690 +/- 0.10 USGS 
FCWTP#1 14,430 +/- 0.05 City of Fort Collins 
Small Tributaries below M.o.C. 1,000 +/ 1.00 Estimation from incomplete 1993 data 
CBT to Poudre (Hanson Canal) 46,603 +l- 0.05 NCWCD 
CBT to FCWTP#2 13,562 +/ 0.05 City of Fort Collins 
CBT to Bellvue T.P. (Greeley) 3,371 +/ 0.01 NCWCD 
CBT to Soldier Canyon 13,963 +/- 0.02 NCWCD 
Windy Gap Imports 6,102 +/ 0.05 NCWCD 
Big T. to Boyd Lake T.P. (Greeley) 7,155 +/ 0.01 City of Greeley 
Greeley contracts for irrigation 2,661 +/- 0.10 City of Greeley 
Surplus Greeley water to irrigation 1,056 +/- 0.50 City of Greeley 
Loudon Ditch Imports 6,000 +/ 025 Loudon Ditch Co. 
Res. Storage Decrease 4,639 +/- 0.10 River Commisioner 
Precipitation 333,995 +/- 020 Calculation (12.13 in on 330,416 acres) 

Total Inputs 744,727 

Outputs Considered 

Poudre at Greeley 83,240 +/- 0.10 USGS 
L.T.Creek at Mouth 10,000 +/- 0.50 Estimated from incomplete 1993 data 
Ground Water Outflow 10,000 +/- 1.00 Poudre Basin Report 
PRPA (Rawhide) exports 4,200 +/- 0.05 City of Fort Collins 

Total Outputs 107,440 

E.T. Estimate 637 87 ac.ft. 
7.861E+08 cu.m 

Inputs Known to Exist but not Considered 

G.W. Inflow - Probably less than G.W. outflow 
G. W. Storage Gains 

Variance of the ET estimate ac.ft 
Std Dev. of the Estimate ac.ft 
Std Dev. of the Estimate cu.m 
COV 

Outputs Known to Exist but Not Considered 

Crow Creek Outlet to Platte - less than 10,000 ac-ft 
G. W. Storage Reductions 



Table A1.21991 Summary of Plains Reservoirs Storage 
(compiled from Poudre River Commissioner records) 

Reservoir 

Reservoir 112/31/90 12/31/91 

Fossil Creek 9744 7776 -1968 
Boxelder #2 68 57 -11 
Boxelder #3 124 204 80 
Clarks Lake 164 285 121 
Hinkley 553 315 -238 
Indian Creek 1116 1814 698 
Mm. Supply #9 123 104 -19 
Mtn. Supply #10 201 0 -201 
No. Poudre #1 207 207 0 
No. Poudre #2 0 2024 2024 
No. Poudre #3 2080 1827 -253 
No. Poudre #4 185 557 372 
No. Poudre #5 2828 2968 140 
No. Poudre #15 1341 2192 851 
Park Creek 3556 3475 -81 
Cobb Lake 13440 7264 -6176 
Douglas 0 2476 2476 
Res. #8 4612 3307 -1305 
#8 Annex 2201 946 -1255 
Windsor 10009 8443 -1566 
Black Hollow 3626 4011 385 
Curtis Lake 444 484 40 
Kluver 735 719 -16 
Lindenmeier Lake 240 307 67 
Long Pond 2871 2557 -314 
Ricbards Lake 449 460 11 
Rocky Ridge 3463 3303 -160 
W.S.&S #3 726 2066 1340 
W.S.&S. #4 746 467 -279 
Terry Lake 4805 4763 -42 
Worster 514 286 -228 
Timnath 5145 4965 -180 
Winsor Lake 943 926 -17 
Claymore Lake 620 790 170 
Seeley Lake 1069 1069 0 
Warren Lake 522 1458 936 
Watson Lake 415 410 -5 
Woods Lake 2291 2255 -36 

Total 82176 77537 -4639 
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Table A1.3, Area Summations for Precipitation Calculations  

Vegetation Classes Included cell count acres 

water 57,930 11,627 
roads 13,760 2,762 
non-agric grass 285,122 57,226 
riparian wetland 10,818 2,171 
perennial grasses 43,991 8,829 
high veg. urban 37,491 7,525 
medium veg. urban 76,589 15,372 
alfalfa 276,825 55,561 
corn 432,483 86,803 
sugar beets 62,302 12,505 
pinto beans 114,669 23,015 
onions 6,915 1,388 
irrigated barley/wheat 24,806 4,979 
dryland wheat 62,664 12,577 
field/road borders 68,921 13,833 
carrots 4,603 924 
trees 66,358 13,319 
Total Included for Precipitation Area 1,646,247 330,416 

Vegetation Classes NOT Included 

shrub/herbaceous range 16,719 3,356 
medium range 50,899 10,216 
short range 182,716 36,673 
non-agricultural bare soil 114,634 23,008 
agricultural bare soil 128,383 25,768 
clouds 27,007 5,421 
Total Not Included 520,358 104,441 

Precipitation Computation 
330415.8 acres 

x 1.010833 ft 
333,995 acre-ft 
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INTEGRATING REMOTE SENSING AND ECOLOGICAL MODELING 
FOR ASSESSING TERRESTRIAL ECOSYSTEMS 

EXECUTIVE SUMMARY 

Objectives of the Project 

This report summarizes the results obtained during Phase 1 and 
Phase 2 of the research. These phases involved a comparison of 
multitemporal and unitemporal classification accuracy and the classification 
of three different data sets covering one quad of a Landsat scene. The 
objectives of the overall project were: 

1. to develop an appropriate GIS data base and analyze multitemporal 
Landsat TM and AVHRR satellite data, and 

2. to develop and define effective methodologies for utilizing 
multitemporal Landsat TM data and the SPUR model to estimate 
vegetative biomass within defined spectral strata. 

To meet these objectives, the initial effort in the overall project was divided 
into two phases: 

Phase 1....... evaluation of a number of multitemporal, unitemporal, spectral 
and transformed data sets for accuracy evaluation and 
determination of possible land cover classes, and 

Phase 2....... classification of the full Quad 1 of the Landsat scene to 
develop a land cover class map using the results of Phase 1 as 
the guiding parameters for the final classification. 

For Phase 1, (the comprehensive report for Phase 1 activities is contained 
within the appendices), objectives of the study were fourfold: 

1. to provide a detailed understanding of the spectral characteristics of 
crops and other land cover classes, 

2. to develop a detailed and effective set of analysis procedures for 
classifying multitemporal data sets, and to define the optimum 
classification capability for a single 36 sq. mi. (9327 ha) township, 
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3. to evaluate the information content of different combinations of 
multi-date data sets, and 

4. to document the conclusions and insights of the analysis team 
resulting from the Phase 1 classification efforts. 

The approach used for meeting these objectives was: (~ 

1. to complete a preliminary classification using 100 percent of the ~1 
image pixels and 100 spectral classes in order to clearly define the ( } 
number of meaningful spectral classes and their corresponding IJ 
informational categories that would then be used during later 
classifications. This initial classification map would be used to 
establish additional ground reference data requirements for non-
agricultural land cover categories; 

2. to select appropriate test protocols and establish a set of test tiJ 
polygons that could be used to evaluate the classification accuracy of 
the various data sets; and 

3. to quantize the differences in the accuracy of classifications using 
different combinations of multispectral/multitemporal Landsat TM 
Band data sets as well as NDVI and Tasseled Cap vegetation index 
data sets computed from Landsat TM spectral information. The data 
sets would be classified into a specified number of land cover  
categories typical of the Front Range river basins. The number of 
categories would be established before the final data set classification 
and kept constant throughout each of the data set classifications in 
order to evaluate the accuracy differences between the classified data 
sets. 

A land cover classification of a 24,732 acre (10,012 ha) test area in 
Weld County, Colorado, was completed using six data sets containing 
Landsat 5 TM data for May, July and September, 1991. Four data sets were 
composed of TM spectral bands in multitemporal and unitemporal date 
combinations. Two data sets were multitemporal combinations of NDVI 
and Tasseled Cap spectral transformations. The multitemporal and 
unitemporal data sets were evaluated using combinations of one, two and 
three dates. 

Results of Phase 1 Investigations 

The TM spectral band data sets and the NDVI and Tasseled Cap 
transformation data sets yielded differing accuracies for the classifications. 
The results generated to date, indicate that (considering only agricultural 
crops species) the Landsat TM 15 band data set provided the highest 
accuracy; enabling the predominate crops to be identified and mapped at 
the species level at accuracies greater than 90 percent. The Tasseled Cap 
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and NDVI data set ranked second and third for identifying crop species. 
The single date data set (6 July TM bands) yielded an accuracy of 73 
percent in identifying irrigated crop land cover which was a combined class 
containing the six irrigated crop classes; corn, onions, alfalfa, sugar beets, 
pinto beans and agricultural grasses. 

When all 12 information classes were considered (using test polygons 
for accuracy assessment), the Tasseled Cap transformation and the 15 TM 
spectral band data set had the highest overall classification accuracy of 90 
percent. NDVI classification ranked second and the July-September 10 TM 
spectral band data set ranked last. The overall classification accuracy of the 
TM spectral 6-band July data set was 75 percent. The spring-summer-fall 
multitemporal image data reflects the phenology of vegetation. 
Examination of the spectral information contained in the land cover class 
spectral statistics suggest a "characteristic shape" when the DN cluster mean 
values for TM bands 5,4 and 3 were plotted against date (May-July-
September). This "DN-month" shape approximated the phenology of the 
vegetation and provided an effective tool for separation and identification 
of land cover classes. 

This report presents a detailed description of the results of the Phase 
1 investigations, and also defines the Phase 2 objectives and the analysis 
procedure that is planned. 

Phase 2 Investigations 

Phase 2 expanded classification efforts to the entire image area that is 
contained within the State of Colorado and Wyoming, approximately the 
area contained within QUAD 1 of the Landsat 5 TM imagery supplied to 
the project by EDC. This phase generated land cover category maps for the 
same area. All three dates of imagery contain varying cloud coverage, with 
significant cloud cover in the Wyoming section of the imagery. Attention 
in Phase 2 was focused on developing land cover category maps for the 
cloud free areas of the image, however a full Quad 1 classification was 
attempted. Cloud covered areas were masked out. Most of the image 
containing the cloud cover within the State of Colorado lies west of the 
agricultural areas and the plains. Three different data sets were analyzed; 
a 15 band multitemporal data set (TM Bands 1,3,4,5,6 for each of three 
dates), a multitemporal NDVI data set (May, July and September) and a 
single date (July) 7 TM band data set. The three different data set 
classifications have different purposes in future research activities. The 15 
band land cover category map will be used in additional agricultural crop 
and range GIS modeling for biomass production. The NDVI multitemporal 
data set classification will be used to correlate biomass estimates between 
Landsat TM imagery and AVHRR imagery. The July single date data set 
classification will be used to estimate the amount of irrigated agricultural 
crop land within the image area. 
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Objectives for Phase 2 were as follows: 

1. To determine the land cover categories represented in the image area 
for use in simulation modeling for primary biomass production, 

2. to evaluate the relationships between land cover categories derived 
from TM spectral band data sets and the land cover categories using 
transformed vegetation index data sets, most importantly Normalized 
Difference Vegetation Index (NDVI), 

3. to evaluate the differences in overall classification performance 
accuracy between single date and multitemporal classifications, and 

4. to determine the areal extent of predominate agricultural and range 
land cover categories. 

The general approach used in meeting these objectives was: 

1. To establish an Level I classification for the image area and using the 
Level I classification as a mask for (2) below; to classify agricultural 
classes to Level III; and to classify rangeland to Level II. 

2. To classify the total image area using a May-July-September spectral 
data set. 

3. To classify the total image area using NDVI image transforms for 
May, July and September (combined into a multitemporal data set) 
and develop a correlation between the classified NDVI based image 
and the multispectral-multitemporal spectral band based 
classification. 

4. To classify the total image area using a 7 TM spectral band July data 
set. 

5. To determine relationships between spectral classes (within 
information categories) and biomass. 

INTRODUCTION 

Increased attention is being focused on evaluation and modeling of 
major river basins in the and western U.S. for management of surface and 
ground water supplies. Water resource managers are voicing increased 
concern about reliable water resources for irrigation and municipal usage. 
Management of ground water quality is now concerned with impacts of 
pesticide and nitrate contamination. Proper water resource management 
for the Colorado Front Range needs land cover maps with emphasis on 
irrigated agricultural crops. The accuracy level needed for these maps will 
determine the type of remotely sensed data and analysis procedures that 
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can be most effectively utilized for mapping basin-wide land cover and the 
optimum imagery acquisition date or dates needed. 

This study evaluates the classification accuracies resulting from use 
of Landsat TM imagery. The use of Landsat TM imagery is effective for 
vegetation classifications because of the availability of the NIR and MidIR 
spectral bands above 1.0 um. Both spectral data and vegetation indices for 
one, two and three date multitemporal data sets were used as the basis for 
land cover classification. 

In Phase 1, a 36 sq. mi. (9327 ha) township of land in Weld County, 
Colorado was selected as the test site for accuracy evaluations of six 
different combinations of multitemporal and unitemporal, and spectral and 
vegetation index data sets. The test site contains irrigation reservoirs, 
intensive agricultural operations including feedlots, forage crops, the 
riverine floodplain of the Cache la Poudre River, riparian vegetation and 
non-agricultural grasslands, and rural subdivisions; all representing a 
diverse land cover system typical of the Front Range of the Rocky 
Mountains in Colorado. 

The Tasseled Cap transformation (Kauth and Thomas, 1974; Crist 
and Cicone, 1984) has showed the effectiveness of that transformation in 
evaluating vegetation. The Normalized Difference Vegetation Index (NDVI) 
is a vegetation index using the spectral information in Landsat TM bands 3 
(red) and 4 (near infrared) and is effective in differentiating vegetation. The 
NDVI has shown good correlation to Leaf Area Index and 
evapotranspiration (Seevers, 1990), (Seevers et al, 1990). Both Tasseled Cap 
and NDVI have been extensively evaluated using Landsat TM data sets and 
both are relatively easy to compute using commercial remote sensing 
software. 

In Phase 2, the full northwest Quad of the Landsat scene was 
classified with unsupervised classification procedures and three data sets 
were analyzed. The data set combinations included 1), a multispectral 
multitemporal data set comprised of May, July and September Landsat data 
and comprised of TM bands 1,3,4,5,6 for each month, 2), a three-date (May, 
July and September) data set of NDVI transforms for each date, and 3) a 
seven TM spectral band data set for July only. Classification of the three 
data sets yielded differing accuracies for each information category. The 
image classified contained extensive rangeland, irrigated agricultural and 
dryland agricultural land cover in addition to urban, and riverine wetlands 
along the Poudre and South Platte Rivers. 

ERDAS software was selected for the classification procedures as it is 
well known and available on a variety of computers at Colorado State 
University and the U.S.D.A, Agricultural Research Service, where the study 
was executed. Although executed primarily on UNIX based workstations, 
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PC computer ERDAS software was also used for parts of the project data 
analysis. 

DATA SETS AND STUDY REGION 

Description of Study Area 

Landsat data containing 7 Thematic Mapper spectral bands were 
acquired for May 25, July 12, and September 14, 1991 for Quad No. 1 of 
Path 33, Row 32. The study area comprised the majority of this Quad for 
classification of land use. The land use categories were based on a 
modification of the Anderson Land Use Classification System (Anderson et 
al, 1976). This modified land use system is contained in the Appendix. 
The July 12, 1991 data set was georectified by EROS Data Center, Sioux 
Falls, S.D. to RMS <= 1 pixel with a nearest neighbor transformation. The 
May 25 and September 14 data sets were georeferenced to the July data set 
so that all data could be combined into a single multitemporal data set. 

The study area for Phase 2 is the total area of the Landsat image 
described above. Ground reference data has been obtained from the 
Northern Colorado Water Conservancy District (NCWCD) and from field 
visits by the author. Agricultural crops have been identified for the period 
covered by the Landsat imagery. The area contains several lakes and 
irrigation reservoirs used for irrigation of crops, rural subdivisions, 
farmsteads, irrigated crops, rangeland, foothills of the Rocky Mountains, 
urban areas, and river floodplains with wetlands and riverine ecosystems. 
Figure 1 shows the geographic location of the study area. 

The Cache la Poudre River and the South Platte River flow from west 
to east along the lower edge of the study area between Greeley and Fort 
Collins, Colorado. The Poudre River is a meandering alluvial river in this 
area and overlays a unconfined and connected aquifer which supports an 
extensive gravel extraction industry. Major land cover classes within the 
riverine system include riparian vegetation, non-agricultural grasses, 
quarry-gravel extraction and rural subdivisions common to the river flood 
plain. 

A bench land approximately 30 feet (9 m) to 50 feet (15 m) feet above 
the floodplain contains intensively irrigated cropland, rural subdivisions 
and feedlot operations. Drainage in the study area is from north to south 
with slightly rolling swales under cropping activity. Rangeland is 
predominate in the northern half of the study area in Colorado and in 
Wyoming. Elevations range from 4650 feet (1417 m) above sea level at the 
southeast corner of the study area at the river surface to approximately 
6500 feet (1981 m) at the highest point in the study area in Wyoming. 
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Description of Land Cover Categories Developed for Classifications 

The Anderson Land Use and Land Cover Classification System 
(Anderson et al, 1976) is oriented toward land cover. The Anderson system 
was modified to account for the unique vegetation cover characteristics of 
the study area and the vegetation characteristics of the Front Range prairies 
and river floodplains. Twenty six land use/cover categories were 
considered the minimum necessary to adequately characterize the land 
use/cover characteristics of the study area for the Phase 2 and twelve 
categories were used for Phase 1. These categories are listed in Table 2. 

Table 1 Land Use/Cover Categories Used for Classification 

Alfalfa irrigated 
Corn irrigated 
Sugar Beets irrigated 
Pinto Beans irrigated 
Onions irrigated 
Carrots irrigated 
Pumpkins /Squash irrigated 
Barley/Wheat irrigated 
Grass/hay/sod farms irrigated 
Medium vegetated urban residential 
Highly vegetated urban residential 
High grass rangeland 
Shrub/grass rangeland 
Medium grass rangeland 
Short grass rangeland 
Bare soil rangeland 
Non-agricultural grasses 
Riparian wetland vegetation 
Perennial wetland vegetation 
Agricultural bare soils 
Non-agricultural bare soils 
Roads 
Vegetated road edges 
Field borders 
Water 
Clouds 

The following is a description of the land cover categories and is 
included to clarify possible confusion due to the remote sensing analyst's 
use of ground reference data and the classification of the ground reference 
data into information categories. 
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Alfalfa, Corn, Sugar Beets, Pinto (Dry) Beans,. These are common 
agricultural crops and need no additional description. Corn is 
predominately cut green, chopped, and used for silage in nearby feedlots. 
A smaller percentage of the corn is combined for grain. 

Onions, Carrots and Squash/Pumpkins. The category of onions is 
identified separately from other irrigated agricultural crops as the study 
area included less numbers of fields, although onions are an important crop 
in other parts of the study area. Only one field of pumpkins and squash 
were identified. Carrots were identified during the field reference data 
collection but were not classified during the image processing and 
classification activities due to lack of distinguishing spectral characteristics. 

Grasses/hay/sod farms. These grasses include irrigated winter wheat, grass 
hay, or irrigated pastures where mechanical harvesting may occur. Sod 
farms are prevalent in the study area and are commonly irrigated Kentucky 
blue grass type sod. These grasses are spectrally distinct from the non-
agricultural type due to a longer greenness throughout the summer months. 
Some browning may occur in the fall or after harvesting. Agricultural 
grasses are spectrally distinct from alfalfa due to differences in LAI (much 
higher for alfalfa) and duration of greenness through the growing season, 
although sod farms are more spectrally indistinct from alfalfa. Alfalfa is 
very green through the growing season, whereas agricultural grasses 
become somewhat brown in the late summer. Agricultural grasses do not 
become as brown as non-agricultural grasses. 

Non-Agricultural Grasses. Non-agricultural vegetation consists of grasses 
growing in abandoned fields or in the river flood plain. Pasture grasses 
have been included in this category as these grasses are not mechanically 
harvested and typically are not irrigated. Where managed pastures exist, 
they are in the river floodplain and depend on high ground water for 
moisture. Non-agricultural grasses typically are green in May-June and 
turn brown from lack of moisture during July-August-September. These 
areas can be considered to be waste land as opposed to commercial or 
productive agricultural land. Few trees are found in the study area apart 
from phreatophytic types. Farmsteads typically have mature cottonwoods 
growing around buildings, however these trees exist on artificially high 
ground water from intensive irrigation in nearby fields. Because these 
upland trees were generally not spectrally distinguishable in this study, 
they are included within the non-agricultural grasses category. 

Riparian Wetland Vegetation. This category includes phreatophytes 
growing in the river floodplains and in irrigated field drainage areas where 
excess irrigation water collects in shallow depressions. Phreatophytic trees, 
wetland grasses, reeds and cattails predominate this category. The Poudre 
River has extreme flow ranges, from low/no flow in the winter to high 
flows during the spring snow melt season (May-June), then tapering off to 
moderate flows during the summer irrigation season. The river is used as a 
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conveyance for irrigation water to irrigation districts downriver, and as a 
collector of irrigation return water from the upstream districts. 
Consequently, with shallow water depths, oxbows and exposed sandbars, 
spring vegetation includes a lush growth of grasses with high NIR 
reflectance. This condition also characterizes the larger irrigation main 
supply canals. With a connected aquifer and shallow groundwater in the 
floodplain, wetland meadows and wetland pastures comprise a significant 
category area. Compared to non-agricultural grasses described above, 
riparian vegetation maintains a strong NIR spectral response throughout 
the three image dates. 

Perennial Wetland Vegetation. Perennial wetlands are closely related to 
non-agricultural grasses but exhibit a higher spectral reflectance in the near-
infrared during the spring, summer and fall seasons. Found typically in 
drainage courses and low-lying areas, ground water in not evident at the 
surface during the whole growing season as compared to riparian wetlands. 

Agricultural Bare Soil/Fallow. This category includes: feed lots, fallow or 
recently plowed agricultural fields with zero or low crop residue and the 
alternating fallow areas of dryland winter wheat that are strip farmed. 
These alternating areas are typically disked several times during the 
growing season to eliminate weeds and to reduce bare ground evaporation. 

Non-agricultural bare soil. These areas include roads, quarries and gravel 
extraction areas in riverine flood plains where alluvial aquifers are located. 

Vegetated Road Edges. This category is characterized by an early green-up 
in the spring with gradually decreasing greenness throughout the growing 
season. Bare soil may influence low biomass areas and in machinery access 
roads between fields. Many of the irrigation supply laterals have sufficient 
width that the Landsat pixel resolution (28.5 m x 29.5 m) is able to 
distinguish these non-cropped areas and the grass/weed areas emerge as a 
category. In the study area, many of the road edges and field borders are 
burned off during the spring. This category spectrally shows a soil 
presence, even in the presence of a moderately high NIR spectral response 
pattern in the spring indicting moderate levels of vegetation. 

Field Borders. This category is similar to vegetated road edges in 
greenness response but takes on more of the characteristics of the adjacent 
crop due to the Landsat TM pixel combining crop characteristics and the 
non-agricultural grasses or soil access roads for the farm fields. 

High grass range. This range category was selected to have a biomass 
content in the NDVI range of .16 to .18. 

Shrub/grass range. This category is more typically found in the foothills 
and non-continuous grazed areas of the study area. Shrubs are usually 
sagebrush with a low grass presence. This category was identified only in 
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the multitemporal data sets due to the difference in greenness in the spring 
and fall data sets. 

Medium grass range. This range category was selected to have an NDVI 
of 0.07 to 0.15. 

Short grass range. This category has an NDVI range of 0.03 to 0.06. Visual 
appearance is mixed grass approximately 1 to 3 inches (2.5 to 7.5 cm.) high 
and a large amount of soil showing. 

Bare soil rangeland. This category was identified distinct from non-
agricultural bare soil by geographic location and was identified as having 
an NDVI of 0.0 to 0.02. 

Urban Vegetation (2 classes). Urban vegetation categories are divided 
into; 1) high vegetation (established tree/irrigated lawns) in older sections 
of the cities, and 2) medium vegetation (newly developed areas) with 
primarily irrigated lawns surrounding newer homes. 

CLASSIFICATION METHODS 

The classification activities were composed of three parts; 
classification, accuracy evaluation and evaluation of results. The 
classification activities included classification of three defined data sets; a 
three-date multitemporal multispectral 15 TM band data set, 2) a three-date 
NDVI data set and 3) a single date (July) seven TM spectral band data set. 
The accuracy evaluation included development of accuracy contingency 
tables using CROSSTAB procedures for each of the three data set 
classifications. The evaluation of results included commentary on each of 
the data set classifications procedures and discussion of the classification 
accuracy determination: (qualitative and quantitative accuracy evaluation). 
The ERDAS remote sensing/GIS software was used for classification. 

General Unsupervised Classification Techniques. The classification 
techniques for Phase 1 are described in the interim report found in the 
appendix. This section describes the classification techniques for Phase 2. 
After the study site was selected and subset from the May, July and 
September Landsat image data sets, the individual date subsets were 
combined into a 15 band multitemporal data set composed of TM bands 
1,3,4,5,6 for each of the three image acquisition dates. This data set was to 
be used for the multispectral multitemporal data set. ERDAS has a limit of 
16 bands for clustering and using all TM bands for each month would have 
required clustering of 21 bands. TM band 2 and TM band 7 were 
eliminated after a transformed divergence analysis was conducted on each 
data set for May, July and September indicated that the best five of seven 
bands eliminated TM 2 and TM 7. Thus, a final 15 band multitemporal 
data set was defined. Each of the May, July and September seven band 
spectral data sets were transformed with a NDVI and combined into a 
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three-date NDVI three band data set for classification. The July seven TM 
spectral band data set was used for the single date classification. 

ISODATA (iterative-self-organizing-data-analysis-technique) was 
selected as the ERDAS clustering algorithm. Available ground reference 
data was available for the 1991 growing season from the NCWCD for fields 
comprised of alfalfa, corn, sugar beets, pinto beans, onions, barley, carrots, 
squash/pumpkins and irrigated grass. The author provided ground 
reference data for rangeland, riparian wetland, urban and irrigated 
agricultural fields in the Buckeye area (in the North Poudre Irrigation 
Company irrigated lands) of the study scene. 

Twenty six land cover categories were identified. The need for 
additional ground reference data was evident after attempting to identify 
the land cover categories associated with each cluster class spectral 
response pattern. 

The definition of the term "signature" is important for the reader. 
Users of remote sensor data often assume correctly, and appropriately point 
out, that the use of the term "signature" implies uniqueness in spectral 
response to the extent that each land use or land cover category can be 
presumed to have a unique spectral "signature" that characterizes the 
category. Realistically, each land cover category may have a wide variance 
in spectral characteristics due to temporal, atmospheric, spatial or 
geographical influences. This potential variability in spectral characteristic 
implies a more appropriate term "spectral response pattern." The term 
spectral response pattern will used in this report to describe the variable 
spectral characteristics of the classified but unidentified classes in the GIS 
image file, which will become information classes or information categories 
after analyst identification. The term "signature" is used in this report to 
describe the specific spectral information in the ERDAS SIGMAN file that is 
developed from the clustering algorithms. ERDAS terminology uses the 
term signature specifically to describe manipulations of the contents of this 
file. Analyst and computer techniques that use the contents of this file in 
computing Euclidian Distance or Transformed Divergence information use 
this term to mean spectral data that is identified by a specific cluster 
number. 

Data Set Classification. Each type of data set requiros a slightly different 
class identification procedure. The separability of spectral classes is 
enhanced by the multitemporal aspect of the data sets. This impact is 
demonstrated in the section on results of the classifications. The analyst's 
knowledge of the phenology of the crop and intimate knowledge of the 
study area plays an important role that cannot be minimized. 

Multitemporal Multispectral 15 Band Data Set. The three-date 
multitemporal 15 TM band data set was classified first. For spectral TM 
band multitemporal data sets, each the 26 land cover categories from the 
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final classification exhibits a characteristic shape for the spectral response 
pattern. Although TM bands in data sets are not calibrated for reflectance, 
the relative relationships between bands 5, 4 and 3 and between the May, 
July and September images, when plotted as DN number vs. Month for TM 
bands 5, 4 and 3, provided a "characteristic shape" of the main classes. This 
shape gives the analyst a very useful temporal trace of the phenology of the 
12 general land cover categories into which each of the 50 spectral classes 
falls. 

Multitemporal Three Date NDVI Data Set. The NDVJ classification was 
accomplished using primarily geographic relationships of classes in the 
classified image and a color mapping module of ERDAS: COLORMOD. 
COLORMOD highlights individual classes of an image and the classified 
image can be overlaid (since all images are georeferenced to each other) on 
a three TM spectral band or a three band NDVI image. Using 
COLORMOD to highlight each of the classes while the classified image 
overlays the three band NDVI transformation image provided effective 
class identification prior to merging cluster signatures for the final 
classification into 24 land cover categories. The multitemporal aspect of the 
data set provides effective separation of vegetation species with the NDVI 
transformation. Individual agricultural fields are visually distinct and the 
NDVI image colors (May NDVI band assigned to the red gun, July to Green 
and September to Blue), provided visual clarification of biomass density 
and phenology of the vegetation. 

July Seven TM Band Single Date Data Set. The July single date 
unitemporal data set was classified last. The July cluster signature statistics 
for the "signatures" in the ERDAS SIGMAN (cluster signature file) of the 
three-date 15 TM spectral band multitemporal data set (now classified) 
assisted in identification of the spectral classes for the July unitemporal data 
set. 

Classification Accuracy Determination 

In general, classification accuracy is determined in unsupervised and 
supervised classifications by selecting portions of the image where reference 
data exists, and then comparing that area of known ground reference 
category to the identical geographic area in the classified image. The 
ERDAS software program contains a module that allows the analyst to 
digitize those "test fields" or polygons that contain selected pixels for which 
the attributes are known. The analyst can create a separate GIS file of 
digitized areas of known land cover categories which can be used in 
"overlay" GIS operations with the classified image for cross comparison of 
the two images. The test image being one of known characteristics, and the 
classification result of correctly and incorrectly classified pixels of land 
cover categories, can be compared and an accuracy of correct classification 
for each land cover category can be established. 

I 
u 
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The results are summarized in an accuracy contingency table that 
contains a tabular output for each cover category listing the distribution of 
the various cover categories residing in the areas bounded by the test 
polygons. Since land cover category is known for the test polygon, the 
number of correctly classified and misclassified pixels in the corresponding 
area (of the test polygons) in the classified land cover category image can 
be tabularized into an accuracy contingency table. This table lists the 
number and category of correctly classified and misclassified pixels 
classification for each cover category. The results of the accuracy 
evaluation for each of the six data set classifications comprise the majority 
of the results of this report. The accuracy contingency tables for each of 
the three classifications are contained in the Appendix. 

Two terms are used to indicate classification accuracy: average 
performance by class and overall performance. 

Within the accuracy contingency table for each classification, each 
land cover category may have either correctly classified or misclassified 
pixels contained within the area covered by the test polygon. The category 
or class average is the ratio of the number of correctly classified pixels to 
the total number of pixels in the test polygon(s) for that category. If there 
are 26 categories in the classification, the average performance by class is the 
arithmetic average of all the category "class" averages. The overall 
performance accuracy is the ratio of the total of all correctly classified pixels 
to the total of all pixels in all test polygons. 

Once test polygons were established from ground reference maps 
and Landsat imagery, each of the three data set classifications were overlaid 
on the test polygon image using the ERDAS SUMMARY module (a GIS 
overlay-crosstab operation) and accuracy contingency tables were generated 
from the SUMMARY operation results using spreadsheet programs. 
Summary results are in the following section. 

Phenological "DN-Month" Curves. 

The three dates of Landsat TM imagery provide spectral data in each 
of the ISODATA spectral "signature" clusters, when charted, allow the 
analyst additional information in identification of each spectral "signature" 
cluster or class. The "DN - Month curves for irrigated agricultural crops, 
wetland and for low biomass vegetation classes provide spectral data (non-
calibrated) which show different phenological and harvest characteristics 
for the different vegetation classes. The plot of TM bands 4 and 3, show 
the biomass level at different times of the growing season. TM band 5 
plotted on top of TM 4 and 3 relates the soil influence and moisture in 
relation to the biomass. TM band 6 remains much more constant across the 
growing season, except where the radiance information received by the 
satellite is influenced by clouds. The combination of TM 6,5,4;3 plotted 
temporally, gives the analyst a much more clear picture of the change in 
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biomass characteristic for the information class across the growing season. 
These curves are most effective with three-date imagery. 

Evaluation of Results 

Comparison of the accuracy contingency tables generated from Phase 
2 activities with Phase 1 accuracy contingency tables shows a significant 
decrease in accuracy for all land cover/land use categories. In Phase 1, 
only 12 classes were used for the final classification and the study area was 
constrained to a 36 sq.mi. township with the highest concentration of 
ground reference data available in the image area. When the study area 
was expanded to the full image area, from 36 sq. mi. to 3,600 sq. mi., and 
the number of classes increased to 26, the accuracy for individual 
vegetation classes decreased. Several reasons became apparent to the 
analyst: 

1. Soil characteristics vary from rich alluvial floodplains with 
intensively irrigated agricultural fields to barren/saline soils with 
irrigated fodder crops such as alfalfa and corn as the predominate 
agricultural crop or dryland wheat. It is the opinion of the analyst 
that the decrease in accuracy is the result of insufficient numbers of 
ground referenced and identified test fields sufficiently spread over 
the basin. 

2. The vegetation characteristics for any single species, vary over the 
study area due to soil types, method of irrigation or rainfall patterns, 
and due to temperature and solar radiation. The variation of 
vegetation type is reflected in the accuracy contingency table as 
misclassification. Individual class accuracy reflects spatial variation 
in species biomass and harvest patterns. 

3. Many broad-leaf truck farm vegetables such as pumpkins and 
squash, sugar beets, and corn have similar biomass characteristics. In 
some cases, it is only the harvest patterns that provide the temporal 
separation characteristic when classification. 

4. Overall classification accuracy decreased from Phase 1 to Phase 2. In 
addition to the previous comments, some of the classes such as the 
four range categories, wetland and urban test polygons did not have 
the same level of ground reference detail. As the classification area 
increased from 36 sq.mi. of intensively cultivated irrigated 
agricultural crops as the predominate cover type to a wider variety of 
cover classes with a much wider spread of biomass densities, it was 
expected that the misclassification in these lesser important but 
highly influential (for accuracy analysis considerations) would begin 
to influence the overall image classification accuracy. 

C 

C 
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5. Since urban, range and wetland classes are much more temporally 
stable (crops are rotated year to year, wetlands stay the same from 
year to year in geographic location), additional ground reference data 
obtained for the non-agricultural vegetation and incorporated into 
test polygons for accuracy analysis should improve the overall 
classification accuracy significantly. 

RESULTS AND DISCUSSION 

The results of the classification activity provide three products: 

• Land cover maps showing land use or land cover, and 
• Classification accuracy for various types of data sets. 
• Area of land cover for specified categories or vegetation 

species/types, 

Land Cover Maps 

Development of test polygons for vegetated road edges and field 
borders resulted in insufficient numbers of pixels for ERDAS to include in 
the SUMMARY module for computing the accuracy cross tabulation. 
ERDAS software restrictions did not analyze this class due to the dispersed 
nature of the class's small test polygons. Pixels in that category are 
distributed in very small clumps of one to ten pixels. Although the cover 
category maps and legends show 26 categories, the accuracy test did not 
include Category 25 and 26 -Carrots and Squash/Pumpkins. The nine 
classified maps are as follows. 

Map No. 1 Land Cover Map Using 15 TM Bands/May-July-September Full Quad 
Map No. 2 Land Cover Map Using 15 TM Bands/May-July-September Cloud Free 
Map No. 3 Land Cover Map Using 15 TM Bands/May-July-September CPER 
Map No. 4 Land Cover Map Using NDVI Transformation/May-July-September Full Quad 
Map No. 5 Land Cover Map Using NDVI Transformation/May-July-September Cloud Free 
Map No. 6 Land Cover Map Using NDVI Transformation/May-July-September CPER 
Map No. 7 Land Cover Map Using 7 TM Bands/July Full Quad 
Map No. 8 Land Cover Map Using 7 TM Bands/July Cloud Free 
Map No. 9 Land Cover Map Using 7 TM Bands/July CPER 

Accuracy Evaluation 

Table 2, following, shows the summary accuracy comparison for 
each of the 26 categories for each of the three classified data 

Land Cover Areas 

Table 3 provides a summary of the amounts of land cover in the 26 
categories for each of the three data sets classified in Phase 2. 
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Table 2 Accuracy Comparison for Data Sets 

15 Band Multispectral 3-Date NDVI July 7-Band 
Multispectral 

Class Information Number Percent Number Percent Number Percent 

No. Classes Of Pixels Correct Of Pixels Correct Of Pixels Correct 

1 Water 1874 100% 1874 99% 1874 100% 

2 Roads 2998 0% 3038 0% 3038 48% 

3 High grass range 0 0% 0 0% 0 0% 

4 Shrub/grass range 440 7% 440 1% 440 0% 

5 Medium grass range 4275 7% 4275 31% 4275 ,  19% 

6 Short grass range 51384 45% 51880 8% 51968 20% 

7 Bare soil rangeland 0 0% 0 0% 0 0% 

8 Non-agric. grass 0 0% 0 0% 0 0% 

9 Non-agric. bare soil 1096 9% 1096 9% 1096 0% 

10 Riparian wetland 200 1% 200 3% 200 0% 

11 Perennial wetland 249 0% 249 0% 249 2% 

12 High veg. residential 0 0% 0 0% 0 0% 

13 Med. veg. residential 6504 10% 6504 2% 6504 38% 

14 Agric. bare soil/fallow 11724 68% 11724 63% 11724 58% 

15 Alfalfa 6201 88% 6215 92% 6215 42% 

16 Corn 8822 77% 9018 74% 9018 75% 

17 Sugar Beets 3946 60% 4081 15% 4081 31% 

18 Pinto beans 3887 38% 4010 43% 4010 13% 

19 Onions 751 5% 724 6% 724 0% 

20 Irrig. grass/hay/sod 678 1% 678 0% 678 0% 
farms 

21 Irrig. barley/wheat 1322 51% 1346 0% 1346 0% 

22 Dryland wheat 5179 81% 5179 83% 5179 51% 

23 Field borders 0 0% 0 0% 0 0% 

24 Clouds 0 0% 0 0% 0 0% 

25 Squash/Pumpkins 181 0% 181 0% 181 0% 

26 Carrots 132 0% 132 0% 132 0% 

Total Pixels 111843 112844 112932 

Average Performance by Class 25% 20% 19% 

Overall Classification Accuracy 49% 30% 33% 
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Table 3 Comparison for Three Data Sets, 

15 Band Multispectral 3-Date NDVI July 7-Band 

Class Information Number Number Number 
Nn C'lassas of Arras Of Arras Of Arras 

1 Water 17022 20059 55594 
2 Roads 5099 2744 27630 
3 High grass range 15188 75433 109304 
4 Shrub/grass range 99293 154741 0 

5 Medium grass range 354551 663392 287356 

6 Short grass range 418007 184242 157270 
7 Bare soil rangeland 95667 14107 84945 
8 Non-agric. grass 71776 0 262783 
9 Non-agric. bare soil 44838 14369 892 

10 Riparian wetland 3019 34455 0 
11 Perennial wetland 5386 8435 13666 
12 High veg. residential 10391 0 6194 

13 Med. veg. residential 7695 8784 17611 
14 Agric. bare soil/fallow 232671 202081 141197 

15 Alfalfa 64053 165130 30887 

16 Corn 86842 105038 148487 
17 Sugar Beets 14238 21814 9767 

18 Pinto beans 38277 65492 73688 
19 Onions 911 4097 0 
20 brig. grass/hay/sod 16447 0 l'. 

21 Irrig. barley/wheat 4982 0 0 
22 Dryland wheat 70068 105772 58102 

23 Field borders 9938 5133 46453 
24 Clouds 42579 33420 367370 
25 
76 

Squash/Pumpkins 
C irrnts 

0 
n 

0 
n 

0 
n 

Total Acres in Scene 1728938 1888738 1899201 

Total Acres in Range 1054482 1091915 901658 
Total Acres in Dryland Ag 302739 307853 199299 
Total Acres in Irr. Ag 235688 366704 309282 

Total 
Tnfal 

Acres in 
Arras in 

Residential Veg. 
Wafland 

18086 
94n5 

8784 
4?94n 

23805 
1 _36,616, 
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Table Name: weather 
Description: daily weather data 

,'!*-Iumn name Type Nulls Description 

station —code char(2) no station code (z-basin average) 
doy smallint yes day of year 
mm smallint no month 
dd smallint yes day of month 
yy smallint no year 
atemp_max decimal(8,1) yes magi mum air temp. 
atemp_min decimal(8,1) yes minimum air temp. 
atemp_avg decimal(8,1) yes average air temp. 
dewpt_avg decimal(8,1) yes average dew point 
sat vapor_press decimal(16) yes saturation vapor pressure 
vapor_press_avg decimal(8,3) yes average vapor pressure 
precip decimal(8,2) yes precipitation (blank - 0) 
wind travel decimal(8,1) yes wind travel 
solar rad decimal(8,1) yes solar radiation 
etref haise decimal(8,2) yes et reference - haise 
etref_pem= decimal(8,2) yes et reference - penmon montieth 
etref_pmon decimal(8,2) yes et reference - penmon montieth 

calculated from etref program 
etref_kpen decimal(8,2) yes et reference - kimberly pen. 

calculated from etref program 
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INFORNIIX TABLE 

Table Name: cropet 
Description daily crop et values 

Column name Type 

crop_ncode smallint 
doy smallint 
key—code integer 
r_val_2 decimal(14,11) 

kc_val_2 decimal(14,11) 
kc_val_2a decimal(14,11 
et_val_2 decimal(14,11) 
et_val_3 decimal(14,11) 
et_code_2 integer 
et_code_3 integer 

Nulls Description 

yes numeric crop code 
no day of year 
yes crop_ncode I doy 
yes r value used in crop coefficient 
computation 
yes crop coefficient (using KPEN etref) 
yes crop coefficient (using PMON etref) 

yes crop et value in inches (using KPEN) 
yes crop et value in inches (using PMON) 

yes crop et value in 100's inches (KPEN) 
yes crop et value in 100's inches (PMON) 
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ET CALCULATION USING VEGETATION COEF. (EXAMPLE) 
Uwab &ch.pre WEATHER NDVIET 

DOY ETREF- KPEN ETREF PMO NDVI DOY ET KPEN ET PMON 

1 0.04 0.07 0 145 0 0 
0 193 0 0 

2 0 257 0 0 

3 • 

104 193 0.01886 0.01722 
104 257 0.02050 0.02378 

• S 

193 023 029 
200 145 
200 193 

NDVI TAB 
200 257 

NDVI et Kc (Vc) 

0.0 0.0 

Process: 

200 1.17 ET_PMON = ETREF_PMON'ET_KC 
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I { Name : up_ndviet.sgl 
Purpose compute et_kpen, etymon columns 
Database etmodel 
Table : ndviet 
iod. Journal: 10/11/93 created 

} 

{set - explain 
-
on

-}------------ ----------------------------- -create temporary table } 
select ndviet.key_code, ndviet.doy, et_k=n, et_kpen, et_kc, 

etref_kpen, etref_pmon 
from ndvi tab, ndviet, weather 
where ndviet.ndvi - ndvi tab.ndvi 

and ndviet.doy - weather.doy 
and station code - "z" 

order by ndviet.key_code 
into temp tempi; 

create unique index e2—code—ix on tempi (key_code); 

{ ----------------------------- initialize --------------------------------------} 
update tempi set (et_pmon, et_kpen) - (null, null) 

where key_code is not null; 

{ --------------------------------- compute et value----------------------------} 
update tempi set et_pmon - etref_pmon * et_kc 

where et_kc is not null; 

update tempi set et_kpen - etref_kpen * et_kc 
where et_kc is not null; 

{------------------update cropet table----------------------------------------} 

update statistics; 
update ndviet set (et_kpen, et_pmon) - 

((select et_kpen, et_pmon 
from tempi 
where templ.key_code - ndviet.key_code)) 

where ndviet.key_code in (select key_code from tempi); 

{ ------------------ drop temporary table--------------------------------------- 
drop table tempi - 

{set explain off} 

u 

L 
III  

I 
I 

u 
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PROGRAM FLOW DIAGRAM 
ET CALCULATION USING CROP COEFFICIENTS 

Program Name: up ndvi.sgl 

TAB 

select all columns used from 
NDVI-TAB, NDVIET, 
and WEATHER tables 

into temporary table (templ ) 

NDVIET 

templ 

initialize 

compute K-Pen Et 
et_kpen = etref_kpen' et_Kc 

compute 
P Mon Et 

et_pmon = etref—pmon'et_kc 

update NDVIET table 
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{ Name : up_et2.sg1 
Purpose compute r_val 2, kc_val 2, et_val_2, et_code_2, 

et val 3, et code 3 columns 
using NCWCD algorithm 

Jatabase etmodel 
Table : cropet 
Mod. Journal: 8/20/93 - add et val_3, et-code-3 calculations 

(set explain on
-------------------------- 

-----------------------------
temporary table } 

select
create 

cropet.key_code, cropet.crop_ncode, cropet.doy, 
gul_day, gu2_day, gu3_day, 
fci_day, fc2_day, fc3_day, 
hl_day, h2_day, h3_day, 
a bfc 2, a afc 2, b bfc 2, b afc 2, 
t bft 2, t aft 2, d bft 2, d aft 2, 
min coef_bfc, min coef afc, max_coef=bfc, max_coef_afc, (~ 
r val 2, kc val 2a, kt_val 2, et_val 2, et code_2, e~~r et_val_3, et_code 3, 
etref haise, etref_pemmn, etref_kpen, etref_pmon 

from crops, cropet, weather 
where cropet.crop_ncode - crops.crop_ncode 

and cropet.doy - weather.doy 
and station code = "z" 

order by cropet.dey_code 
into temp et_temp2; 

create unique index e2-code-ix on et_temp2 (key_code); (({ 

------------------------------ initialize --------------------------------------  
update et_temp2 set. (r val 2, kc val 2, kc val_2a, et val_2, et_code_2, _ 

t e val 3, et code _ _3) 
(null, null, null, null, null, null, null) 

where key_code is not null; 

{----------------------------------compute r value----------------------------} 
update et_temp2 set r val_2 = ((doy - gul_day) / (fcl_day - gul_day)) * 100. 

where doy >= gul_day 
and doy < fcl_day; 

update et_temp2 set r val_2 - ((doy - gu2_day) / (fc2_day - gu2_day)) * 100. 
where doy >= gu2_day 

and doy < fc2_day; 
update et_temp2 set r val_2 = ((doy - gu3_day) / (fc3_day - gu3_day)) * 100. 

where doy >= gu3_day 
and doy < fc3_day; 

update et_temp2 set r val_2 = doy - fcl_day + 1 11 
where doy >- fcl day ~J 

and doy <- hl-day; 
update et_temp2 set r val_2 = doy - fc2_day + 1 

where doy >= fc2 day 
and doy <= h2 day; 

update et_temp2 set r_val_2 = doy - fc3_day + 1 
where doy >- fc3_day 

and doy <= h3_day; 

-- -- - - --- compute crop coefficient -------------------------- 
#----------------------using 
update et_temp2 set kc val_2 

before 
= 

full cover constants --------------------- 
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a_bfc 2 + b bfc _2 * r val_2 
c_bfc 2 * r val 2 * r_val_2 

where doy >= gul_day 
and doy < fcl_day; 

,_.late et_temp2 set kc-val-2 = 
a_bfc 2 + b bfc _2 * r val _2 
c_bfc 2 * r val 2 * r_val_2 

where doy >= gu2_day 
and doy < fc2_day; 

update et_temp2 set kc _val 2 = 
a bfc_2 + b bfc 2 7 r val_2 
c_bfc 2 * r val -2 * r_val_2 

where doy >= gu3-day 
and doy < fc3_day; 

+ d bfc 2* r val 2* r val 2* r val 2 

+dbfc 2 * rval 2 * rva12 * rva12 

+dbfc 2 * rval 2 * rval 2 * rval 2 

-- - - ------compute crop coefficient ------------------------- 
----------------------- using after full cover constants ----------------------
update et_temp2 set kc_  val _2 = 

a afc 2+ b * afc_2  r val 2+ 
c afc 2* r val 2* r val 2+ d afc 2* r val 2* r val 2* r Val 2 - - - - - - - - - - - - - - where doy >= fc1 day 

and doy <= hl day; 
update et_temp2 set kc val 2 = 

a afc 2 + b of c_2 * r val _2 + 
c afc 2* r val-2  * r val 2+ d afc 2* r val 2* r val 2* r val 2 - - - - - - - - - - - - - where doy >= fc2 day 
and doy <= h2_day; 

update et_temp2 set kc val 2 = 
a afc 2+ b afc_2 7 r val_2 + 
c afc 2 * r val 2* r val 2+ d afc 2* r val 2* r val 2* r val 2 - - - - - - - - - - - - - - where doy >= fc3_day 
and doy <- h3-day; 

modify crop coefficient -----------------------------
------------ ----- using minimum bfc constants ----------------------------

f,pdate et_temp2 set kc_val 2a = kc-val-2 
where kc-val-2 is not null;  

Update et_temp2 set kc val _2a = min_coef_bfc 
where kc val -2 < min_coef_bfc 

and doy >= gul_day 
and doy < fcl_day; 

Update et_temp2 set kc _val 2a = min_coef_bfc 
where kc-val-2 < min coef_bfc 

and doy >= gu2_day 
and doy < fc2_day; 

Update et_temp2 set kc _val 2a = min_coef_bfc 
where kc-val-2 < min coef_bfc 

and doy >= gu3_day 
and doy < fc3_day; 

-- modify crop coefficient------------------------------- 
------------------- using maximum bfc constants ------------------------------ 

TI-date et_temp2 set kc val 2a = max_coef_bfc 
where kc val -2 > max coef_bfc 

and doy >= gul_day 
and doy < fcl_day; 

Update et_temp2 set kc val 2a = max coef_bfc 
where kc-val-2 > max coif bfc 
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and doy >= gu2_day 
and doy < fc2_day; 

Update et_temp2 set kc—val 2a - max coef_bfc 
where kc val 2 > max coef_bfc 

and doy >- gu3_day 
and doy < fc3_day; 

-- --- ---modify crop coefficient ------------------------------} 
------------------ using minimum afc constants ------------------------------- 
rpdate et_temp2 set kc val 2a - min_coef_afc 

where kc—val-2 < min_coef_afc 
and doy >- fcl_day 
and doy <= hl_day; 

Update et_temp2 set kc_val 2a - min_coef_afc 
where kc—val-2 < min_coef_afc 

and doy >- fc2_day 
and doy <- h2—day; 

Update et_temp2 set kc val _2a - min_coef_afc 
where kc—val-2 < min coef_afc 

and doy >= fc3_day 
and doy <= h3_day; 

-- - modify crop coefficient ------------------------------- 
------------------- using maximum afc constants ------------------------------ 
rpdate et_temp2 set kc val 2a - max coef_afc 

where kc val 2 > max coef_afc 
and—doy—>-    fcl day 
and doy <- hi_day; 

Update et_temp2 set kc—val-2a - max coef_afc 
where kc val 2 > max coef_afc 

and doy >- fc2_day 
and doy <= h2_day; 

Update et_temp2 set kc—val 2a - max coef_afc 
where kc val 2 > max coef afc 

and doy >= f c3 day 
and doy <- h3_day; 

{ ---------------------------------compute et—val ----------------------------- 
update et_temp2 set et_val 2 - 

kc val 2a * etref_kpen 
where kc val 2a is not null; 

Update et_temp2 set et—val-3 
kc val 2a * etref_pmon 

where kc val 2a is not null; 

{-----------------------------------compute et _code --------------------------} 
update et_temp2 set et_code_2 - trunc((1000. * et—val-2),-l)/10. 

where et—val-2 is not null; 

update et_temp2 set et code 3 - trunc((1000. * et—val-3),-I)/10. 
where et—val-3 is not null; 

{ ------------------ update cropet table ---------------------------------------- } 

late statistics; 
update cropet set (r val 2, kc val 2, kc_val_2a, et—val-2, et val_3, 

et—code-2, et code 3) - 
((select r_val 2, kc_val_2, kc_val_2a, et val_2, et_val_3, 

et code 2, et code 3 

U 
A 
D 

n 
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from et_temp2 
where et_temp2.key_code = cropet.key_code)) 

I—ise the following 'where' statement to update only 1 particular crop } 
where crop_ncode - 23; 

{ use the following 'where' statement to update all crops } 
where cropet.key_code in (select key_code from et_temp2);} 

{------------------drop temporary table ---------------------------------------} 
drop table et_temp2 

{set explain off} 



Fri Dec 17 1993 

CROP CODES REPORT 
----------------- 

Class Alpha 
Code Code Crop Description 
---- ----- ---------------- 

1 wa water 

8 na non-agri. grass 

10 wl riparian wetlands 

11 w2 non riparian wetland 

12 rh high veg residential 

13 rm med. veg residential 

15 al alfalfa 

16 co corn 

17 sb sugar beets 

18 db dry beans 

19 01 onions - sets 

20 gh irr grass/hay/sod 

21 ib irr. barley/wheat 

22 ww winter wheat 

23 fb field borders 

27 tr trees 

report file: rl_cropcode.ace 

219 
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{ File: r1_cropcode.ace - Crop Code Report } 

database 
etmodel 

e=—d 

output 
left margin 5 
page length 60 

{ report to printer } 
report to "rl_cropcode.pf" 

end 

select * from crops 
where crop_ncode < 9000 
order by crop_ncode 

end 

format 
page header 

print column 1, date, column 68, pageno using "Page ##" 
skip 1 line 
print column 25, "CROP CODES REPORT" 
print column 25, " -----------------" 
skip 2 lines 
print column 5, "Class Alpha" 
print column 5, "Code Code Crop Description" 
print column 5, "---- ----- ----------------" 
skip 1 line 

on every row 
print column 5, crop_ncode using "####", column 12, crop_code, 

column 19, crop_description 
skip 1 line 

page trailer 
skip 1 line 
print "report file: rl_cropcode.ace" 

end 
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Fri Dec 17 1993 

CROP CONSTANTS REPORT 
--------------------- 

NCWCD 

Before/After Full Cover 
----------------------- 

Crop 
Code Crop Description A B C D 
---- ---------------- - - - - 

1 water .000000000 .000000000 .000000000 .000000000 
.000000000 .000000000 .000000000 .000000000 

Min/Max coef. bfc - .84 .84 
Min/Max coef. afc - .84 .84 

8 non-agri. grass .000000000 .000000000 .000000000 .000000000 
.200000000 .010146000 -.000150000 .000000670 

Min/Max coef. bfc - 
Min/Max coef. afc - .20 .80 

10 riparian wetlands .000000000 .000000000 .000000000 .000000000 
.200000000 .012106000 -.000130000 .000000400 

Min/Max coef. bfc - 1.00 1.00 
Min/Max coef. afc - .20 1.00 

11 non riparian wetland .000000000 .000000000 .000000000 .000000000 
.200000000 .013658000 -.000150000 .000000490 

Min/Max coef. bfc - .00 .00 
Min/Max coef. afc - .20 1.00 

12 high veg residential .000000000 .000000000 .000000000 .000000000 
.200000000 .022660000 -.000330000 .000001400 

Min/Max coef. bfc - .00 .00 
Min/Max coef. afc - .20 1.00 

13 med. veg residential ..000000000 .000000000 .000000000 .000000000 
.200000000 .011188000 -.000130000 .000000420 

Min/Max coef. bfc - .00 .00 
Min/Max coef. afc - .20 1.00 

15 alfalfa .337480000 -.002434500 .000260310 -.000001686 
1.000000000 .000000000 .000000000 .000000000 

Min/Max coef. bfc - .35 1.00 
Min/Max coef. afc - 1.00 1.00 

16 corn .186840000 .002355500 .000160930 -.000001078 
1.001200000 .000781430 -.000012349 -.000000204 

Min/Max coef. bfc - .20 .96 
Min/Max coef. afc - .75 .96 

report file: r2_cropcons.ace 
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CROP CONSTANTS REPORT 
--------------------- 

NCWCD 

Before/After Full Cover 
----------------------- 

Crop 
Code Crop Description A B C D 
---- ---------------- - - - - 

17 sugar beets .192910000 .001808600 .000080571 -.000000152 
1.003800000 .001616800 -.000046807 -.000000034 

Min/Max coef. bfc - .20 1.00 
Min/Max coef. afc = .66 1.00 

18 dry beans .197150000 .000888400 .000179470 -.000001014 
1.050300000 -.000109890 -.000037637 .000000024 

Min/Max coef. bfc - .20 1.00 
Min/Max coef. afc - .68 1.00 

19 onions - sets .390420000 -.000648410 .000153730 -.000001057 
.889650000 .001167400 .000009266 -.000000643 

Min/Max coef. bfc - .40 .80 
Min/Max coef. afc - .45 .80 

20 irr grass/hay/sod .281380000 .021053000 -.000065295 .000000000 
.870000000 .000000000 .000000000 .000000000 

Min/Max coef. bfc - .28 .87 
Min/Max coef. afc = .87 .87 

21 irr. barley/wheat .138770000 .005807700 .000187320 -.000001564 
1.024700000 .003845300 -.000172940 .000000541 

Min/Max coef. bfc - .20 1.00 
Min/Max coef. afc = .22 1.00 

22 winter wheat .127570000 .016092000 -.000022825 -.000000479 
1.026300000 .003729200 -.000182400 .000000647 

Min/Max coef. bfc - .20 1.00 
Min/Max coef. afc = .22 1.00 

23 field borders .000000000 .000000000 .000000000 .000000000 
.200000000 -.001570000 .000078000 -.000000350 

Min/Max coef. bfc - 
Min/Max coef. afc - .20 1.00 

27 trees .000000000 .000000000 .000000000 .000000000 
.200000000 .019310000 -.000240000 .000000850 

Min/Max coef. bfc - 
Min/Max coef. afc a .20 1.00 

222 

report file: r2_cropcons.ace 
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GREENUP/HARVEST DATES REPORT 
---------------------------- 

Crop Greenup Full-Cover Harvest 
Code 
---- 

Crop Description 
---------------- 

Day(s) 
------------ 

Day(s) 
------------ 

Day(s) 
------------ 

1 water 1 2 365 

8 non-agri. grass 105 105 257 

10 riparian wetlands 91 91 258 

11 non riparian wetland 91 91 258 

12 high veg residential 105 105 274 

13 med. veg residential 74 74 288 

15 alfalfa 91 153 193 114 176 216 153 192 237 

16 corn 123 196 253 

17 sugar beets 119 196 278 

18 dry beans 151 185 263 

19 onions - sets 76 201 250 

20 irr grass/hay/sod 91 120 237 

21 irr. barley/wheat 86 155 288 

22 winter wheat 74 135 196 

23 field borders 91 91 257 

27 trees 105 105 257 

223 

report file: rl_gudates.ace 
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{ File: rl_gudates.ace - Greenup Dates Report ) 

database 
etmodel 

output 
left margin 5 
page length 60 

{ report to printer } 
report to "rl_gudates.pf" 

end 

select * from crops 
where crop_ncode < 9000 
order by crop_ncode 

end 

format 
page header 

print column 1, date, column 68, pageno using "Page ##" 
skip 1 line 
print column 23, "GREENUP/HARVEST DATES REPORT" 
print column 23, " ----------------------------" 
skip 2 lines 

print column 5, "Crop Greenup Full-Cover 
print column 5, "Code Crop Description Day(s) Day(s) 
print column 5, "---- ---------------- ------------ ------------ 
skip 1 line 

on every row 
print column 5, crop_ncode using "----", 

column 10, crop_description, 
column 30, gul_day using " ---- ", gu2_day using "----", gu3_day using 
fcl day using " ----", fc2 day using "----", fc3 day using "----", 
hl day using " ----", h2_day using "----", h3_day using ----- 

skip 1 line 

page trailer 
skip 1 line 
print "report file: rl_gudates.ace" 

end 
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Mon Dec 20 1993 Page 1 
NCWCD Weather Station Data Report 

Station: 
--------------------------------- 

Basin Average 
Month: 1 

Air temperature Ave Ave Prec- BTReference 
----------------- dew- vapor ipit- Wind Solar ----------- 
Max 

----- 
Min 

----- 
Ave 

----- 
point 
----- 

press 
------ 

aticn 
----- ------ 

travel rad 
------ 

K-Pen 
----- 

P-Mon 
----- 

Day 
----- 

F 
----- 

F 
----- 

F 
----- 

F 
----- 

m-bar 
------ 

inch miles 
----- ------ 

Langly 
------ 

inch 
----- 

inch 
----- 

1 48.6 10.4 27.4 10.0 2.487 .00 70.0 211.2 .04 .07 
2 25.2 11.0 17.3 11.8 2.607 .00 81.5 76.1 .01 .02 
3 22.9 12.8 16.6 11.4 2.565 .00 81.1 134.6 .01 .02 
4 24.9 12.7 17.4 11.5 2.576 .00 52.4 120.7 .01 .02 
5 31.6 6.3 18.7 11.1 2.571 .00 67.4 153.2 .02 .03 
6 31.8 1.9 14.7 7.3 2.174 .00 62.4 217.0 .02 .03 
7 36.3 2.6 18.3 9.7 2.420 .00 43.6 159.9 .02 .03 
8 42.6 14.5 26.7 13.6 2.844 .00 75.9 190.9 .02 .04 
9 36.2 8.8 22.0 12.3 2.700 .00 53.1 189.8 .02 .03 
10 42.8 7.8 25.6 12.7 2.770 .00 84.8 223.1 .03 .05 
11 47.5 11.8 28.9 11.8 2.650 .02 108.3 238.7 .04 .08 
12 51.1 12.4 31.4 15.1 3.086 .00 74.0 206.4 .03 .06 
13 54.9 30.0 `42.7 17.9 3.448 .00 133.3 175.5 .04 .11 
14 46.8 21.2 34.8 17.6 3.400 .00 123.3 155.8 .05 .08 
15 40.7 17.3 29.8 18.1 3.469 .02 78.3 102.3 .04 .05 
16 39.9 17.1 28.4 18.1 3.459 .04 131.3 192.2 .04 .06 
17 35.7 12.6 22.6 12.1 2.657 .00 63.2 130.3 .03 .04 
18 49.5 11.5 27.8 12.2 2.708 .00 72.4 253.0 .04 .07 
19 43.7 15.8 25.9 15.8 3.153 .11 186.3 80.2 .05 .09 
20 27.5 .9 16.7 4.7 1.927 .01 157.4 264.9 .04 .05 
21 28.1 2.2 15.0 2.6 1.747 .00 99.7 261.7 .04 .05 
22 41.0 3.4 23.9 9.2 2.379 .00 133.0 253.5 .04 .07 
23 28.1 2.3 18.1 10.2 2.467 .01 109.4 135.9 .02 .03 
24 31.9 -.5 13.7 5.1 1.967 .00 84.3 147.8 .03 .04 
25 19.6 1.0 12.4 2.3 1.709 .00 103.3 267.1 .03 .03 
26 38.8 -2.2 18.1 3.8 1.899 .01 117.2 265.1 .04 .07 
27 35.5 12.2 24.5 7.3 2.167 .00 120.2 256.3 .03 .06 
28 41.1 4.8 20.5 8.5 2.295 .04 180.5 260.3 .05 .09 
29 8.5 -5.7 2.6 -6.2 1.138 .04 88.6 275.6 .03 .03 
30 35.5 -8.5 12.6 -.1 1.621 .00 63.5 305.1 .04 .05 
31 43.6 7.0 24.9 7.8 2.272 .00 67.5 211.0 .02 .05 

Total .30 2967.2 .97 1.60 
Month Average 

36.5 8.2 21.9 9.8 2.495 95.7 197.3 .03 .05 
`J 

report file: r3_weather.ace 
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Mon Dec 20 1993 
NCWCD Weather Station Data Report 
---------------------------------

Station: Basin Average 
Month: 2 

Air temperature Ave Ave Prec- ETReference 
----------------- dew- vapor ipit- Wind Solar ----------- 
Max 

----- 
Min 

----- 
Ave 

----- 
point 
----- 

press 
------ 

ation 
----- 

travel 
------ 

rad 
------ 

K-Pen 
----- 

P-Mon 
----- 

Day 
----- 

F 
----- 

F 
----- 

F 
----- 

F 
----- 

m-bar 
------ 

inch 
----- 

miles 
------ 

Langly 
------ 

inch 
----- 

inch 
----- 

32 50.6 18.4 31.2 12.6 2.794 .00 73.0 199.0 .02 .06 
33 53.8 15.0 31.7 11.1 2.613 .00 61.3 313.7 .04 .07 
34 58.0 15.0 36.7 13.3 2.886 .02 137.3 305.3 .08 .15 
35 51.4 20.9 34.4 18.7 3.533 .00 70.1 309.7 .05 .08 
36 55.3 17.4 33.9 15.7 3.135 .00 72.1 318.5 .06 .09 
37 50.6 23.4 37.0 22.6 4.223 .00 106.9 201.5 .05 .08 
38 52.6 19.8 33.0 22.0 4.107 .00 62.6 319.2 .05 .07 
39 56.5 19.3 34.7 17.4 3.375 .00 69.2 231.1 .06 .09 
40 56.8 23.2 37.9 15.1 3.054 .00 87.1 321.3 .07 .11 
41 55.7 20.1 35.6 14.4 2.970 .00 88.6 334.3 .07 .11 
42 60.9 17.9 37.4 10.9 2.595 .00 77.0 344.5 .08 .12 
43 53.0 19.0 39.2 13.0 2.832 .01 98.1 138.7 .06 .11 
44 52.4 28.5 41.3 15.4 3.113 .00 269.7 287.5 .12 .19 
45 50.4 20.6 33.7 19.5 3.654 .01 136.4 206.5 .07 .11 
46 54.6 17.3 34.3 20.5 3.857 .00 65.5 349.6 .07 .09 
47 55.7 '28.5 41.8 23.7 4.394 .00 64.9 72.4 .03 .06 
48 52.0 27.5 39.4 22.3 4.158 .00 213.4 158.8 .08 .14 
49 42.0 16.5 32.2 13.0 2.799 .00 253.7 273.2 .10 .12 
50 48.5 9.0 30.1 8.6 2.307 .00 77.6 362.8 .08 .10 
51 64.2 24.7 44.1 12.1 2.749 .00 122.1 387.0 .09 .17 
52 61.7 22.2 43.3 11.2 2.637 .00 93.7 375.6 .08 .14 
53 57.0 19.5 36.6 12.9 2.813 .00 76.7 264.4 .07 .11 
54 51.1 18.5 35.8 16.0 3.160 .00 150.3 289.3 .09 .13 
55 32.7 12.9 24.6 12.2 2.698 .01 178.7 166.4 .06 .07 
56 44.6 8.5 26.3 10.7 2.541 .01 192.3 259.4 .09 .12 
57 48.4 9.5 28.4 8.9 2.368 .00 91.1 398.1 .07 .10 
58 55.5 12.6 34.9 6.0 2.103 .00 113.8 414.3 .09 .14 
59 52.9 20.4 38.6 7.8 2.260 .00 98.4 237.9 .07 .11 

Total .06 3201.6 1.95 3.04 
Month Average 

52.8 18.8 35.3 14.6 3.062 114.3 280.0 .07 .11 

report file: r3 weather.ace 
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NCWCD Weather Station Data Report 
--------------------------------- 

Station: Basin Average 
Month: 3 

Air temperature Ave Ave Prec- ETReference 
----------------- dew- vapor ipit- Wind Solar ----------- 
Max 

----- 
Min 

----- 
Ave 

----- 
point 
----- 

press 
------ 

ation 
----- 

travel 
------ 

rad 
------ 

R-Pen 
----- 

P-Mon 
----- 

Day 
----- 

F 
----- 

F 
----- 

F 
----- 

F 
----- 

m-bar 
------ 

inch 
----- 

miles 
------ 

Langly 
------ 

inch 
----- 

inch 
----- 

60 59.2 23.9 38.2 15.4 3.107 .00 147.4 281.0 .09 .16 
61 36.8 18.4 25.8 16.4 3.190 .00 92.0 244.9 .06 .07 
62 62.2 18.2 47.0 16.0 3.172 .01 280.7 373.7 .17 .25 
63 66.3 41.4 55.6 18.6 3.590 .00 275.7 300.2 .16 .29 
64 55.1 35.7 44.5 26.2 4.864 .03 294.8 107.0 .10 .17 
65 43.1 27.4 34.5 8.5 2.308 .00 249.0 422.2 .14 .18 
66 43.6 18.7 32.3 9.4 2.379 .00 104.0 447.4 .11 .12 
67 47.1 17.1 32.0 6.7 2.144 .01 192.6 407.4 .12 .16 
68 60.9 9.3 34.6 6.2 2.131 .00 93.1 465.0 .11 .16 
69 65.2 24.5 46.5 9.8 2.491 .00 149.5 429.5 .13 .22 
70 64.0 26.3 45.0 17.7 3.512 .04 184.7 318.6 .13 .22 
71 50.9 29.8 40.0 12.6 2.805 .00 390.5 456.8 .20 .24 
72 53.4 19.7 35.9 12.2 2.697 .00 110.7 475.2 .12 .16 
73 47.1 21.7 32.1 17.4 3.335 .00 192.4 328.4 .11 .14 
74 40.4 25.9 31.5 22.6 4.128 .00 147.6 202.9 .06 .08 
75 39.7 -22.5 30.6 23.2 4.258 .00 92.3 206.8 .05 .06 
76 57.9 19.1 39.0 17.0 3.332 .00 104.9 458.1 .11 .15 
77 62.7 23.5 44.4 13.4 2.863 .00 158.2 496.5 .14 .22 
78 62.2 25.0 43.5 22.7 4.218 .00 177.8 478.9 .14 .20 
79 58.7 33.8 48.7 15.1 3.126 .00 305.0 342.8 .19 .27 
80 58.1 22.6 42.2 13.3 2.862 .00 136.1 440.2 .14 .19 
81 54.4 32.3 43.4 21.7 4.086 .02 307.1 299.5 .16 .21 
82 58.6 29.5 45.5 12.8 2.796 .00 153.5 483.4 .15 .21 
83 68.6 24.5 47.2 13.4 2.886 .00 131.1 526.8 .17 .24 
84 68.1 28.5 49.7 8.7 2.366 .00 135.3 418.4 .16 .24 
85 58.9 27.0 44.6 14.5 3.085 .03 204.0 370.9 .17 .23 
86 50.9 27.4 38.4 19.4 3.680 .03 249.4 511.8 .17 .19 
87 54.8 20.4 39.5 11.5 2.623 .00 96.4 546.3 .14 '.17 
88 43.7 28.3 34.9 16.0 3.190 .02 227.6 196.7 .10 .14 
89 56.6 16.3 38.4 14.6 3.006 .00 100.9 549.9 .14 .16 
90 65.8 21.8 45.0 12.8 2.823 .00 91.9 556.7 .15 .19 

Total .19 5576.2 4.09 5.69 
Month Average 

55.3 24.5 40.3 15.0 3.131 179.9 391.7 .13 .18 

report file: r3_weather.ace 



Mon Dec 20 1993 
NCWCD Weather Station Data Report 
---------------------------------

Station: Basin Average 
Month: 4 

Air temperature Ave Ave Prec- ETReference 
----------------- dew- vapor ipit- Wind Solar ----------- 
Max 

----- 
Min 

----- 
Ave 

----- 
point 
----- 

press 
------ 

ation 
----- 

travel 
------ 

rad 
------ 

R-Pen 
----- 

P-Mon 
----- 

Day 
----- 

F 
----- 

F 
----- 

F 
----- 

F 
----- 

m-bar 
------ 

inch 
----- 

miles 
------ 

Langly 
------ 

inch 
----- 

inch 
----- 

91 70.1 27.3 50.7 12.7 2.799 .00 97.2 560.5 .16 .21 
92 62.7 36.0 50.4 22.4 4.291 .00 186.1 521.3 .18 .24 
93 65.0 30.1 46.7 25.7 4.745 .00 126.6 300.4 .13 .18 
94 72.9 26.5 51.3 15.9 3.203 .00 80.0 550.6 .17 .22 
95 78.4 33.4 58.4 17.0 3.345 .00 116.9 480.6 .18 .27 
96 78.6 39.8 61.2 12.5 2.776 .00 115.8 387.7 .17 .27 
97 61.8 42.9 50.8 25.0 4.684 .01 185.1 409.5 .18 .24 
98 50.6 30.9 42.8 23.7 4.433 .02 166.1 272.7 .13 .15 
99 56.7 25.9 43.2 13.2 2.800 .00 171.5 540.1 .19 .23 
100 61.6 28.7 45.2 18.2 3.490 .00 206.3 380.7 .18 .24 
101 41.8 31.2 36.0 27.6 5.107 .15 219.3 237.5 .09 .09 
102 36.4 26.7 31.7 24.3 4.487 .26 219.9 395.2 .10 .09 
103 46.0 22.3 33.6 22.6 4.173 .01 128.1 543.2 .12 .12 
104 54.8 29.7 41.6 24.2 4.433 .02 139.3 426.3 .12 .15 
105 68.2 28.6 49.1 23.9 4.390 .01 151.1 578.4 .18 .24 
106 52.7 34.7 42.2 29.0 5.394 .00 151.1 351.5 .12 .13 
107 60.7 32.1 45.3 32.8 6.293 .00 129.1 417.6 .14 .15 
108 45.7 31.4 40.6 35.5 7.024 .06 118.4 84.0 .04 .04 
109 55.1 33.4 42.8 32.1 6.139 .01 115.9 445.6 .12 .13 
110 58.9 38.4 47.0 34.4 6.737 .00 137.0 408.5 .13 .15 
111 45.9 36.2 41.5 36.6 7.327 .31 158.6 157.1 .06 .06 
112 61.6 32.5 48.6 28.8 5.379 .00 98.2 622.7 .17 .18 
113 63.0 39.0 51.3 27.2 5.047 .00 118.5 595.0 .18 .21 
114 65.1 37.0 52.1 31.7 6.057 .01 108.9 551.2 .17 .19 
115 72.2 36.3 54.9 29.0 5.451 .01 124.2 467.1 .19 .23 
116 55.3 39.7 47.9 17.7 3.463 .01 283.9 448.3 .23 .27 
117 54.8 28.9 42.5 14.3 2.951 .00 170.7 505.6 .20 .22 
118 56.0 31.1 44.6 18.4 3.498 .01 259.3 583.4 .23 .25 
119 55.3 36.7 44.3 27.6 5.118 .02 227.4 419.9 .17 .19 
120 53.8 31.4 42.1 27.2 5.073 .02 129.9 494.7 .15 .15 

Total .94 4640.4 4.58 5.49 
Month Average 

58.7 32.6 46.0 24.4 4.670 154.7 437.9 .15 .18 

report file: r3_weather.ace 
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Mon Dec 20 1993 
NCWCD Weather Station Data Report 
--------------------------------- 

Station: Basin Average 
Month: 5 

Air temperature Ave Ave Prec- $TReference 
----------------- dew- vapor ipit- Wind Solar ----------- 
Max 

----- 
Min 

----- 
Ave 

----- 
point 
----- 

press 
------ 

ation 
----- 

travel 
------ 

rad 
------ 

K-Pen 
----- 

P-Mon 
----- 

Day 
----- 

F 
----- 

F 
----- 

F 
----- 

F 
----- 

m-bar 
------ 

inch 
----- 

miles 
------ 

Langly 
------ 

inch 
----- 

inch 
----- 

121 66.5 26.5 47.7 25.6 4.732 .00 112.2 657.3 .21 .22 
122 55.0 36.1 44.5 27.1 5.020 .01 292.4 491.0 .20 .21 
123 62.6 26.2 43.6 30.0 5.673 .10 168.7 602.7 .20 .21 
124 51.6 35.2 40.2 35.9 7.130 .42 112.3 209.2 .08 .08 
125 58.8 33.3 45.3 31.5 6.054 .03 132.7 575.6 .17 .17 
126 66.2 35.0 53.0 33.2 6.461 .00 122.4 492.5 .17 .19 
127 67.3 42.4 54.3 38.7 8.033 .00 104.1 453.8 .16 .17 
128 79.4 37.1 60.0 36.2 7.357 .00 155.5 639.6 .26 .30 
129 79.2 45.5 62.5 38.0 7.862 .00 122.6 349.1 .19 .23 
130 86.1 44.7 67.5 39.5 8.467 .01 265.1 543.4 .34 .43 
131 86.1 53.5 70.3 38.8 8.576 .00 257.3 630.4 .36 .46 
132 68.4 41.3 57.8 23.1 4.411 .00 251.0 667.5 .34 .37 
133 79.8 34.1 59.8 23.4 4.423 .00 147.5 681.5 .32 .36 
134 83.9 41.0 64.7 31.3 6.075 .00 173.1 526.6 .30 .37 
135 64.4 •45.2 55.9 39.2 8.293 .33 332.5 244.4 .20 .23 
136 61.2 42.4 51.0 42.9 9.422 .42 217.5 447.9 .18 .17 
137 68.2 40.1 54.6 43.2 9.579 .00 114.1 578.3 .20 .19 
138 69.8 51.7 58.7 52.4 13.510 .01 296.4 381.7 .17 .18 
139 87.2 53.5 67.0 46.8 11.093 .06 198.9 572.2 .29 .35 
140 75.0 52.8 63.9 45.6 10.429 .00 117.2 393.9 .19 .20 
141 80.3 49.3 64.3 43.4 9.642 .00 105.6 529.7 .24 .25 
142 72.9 53.5 61.3 47.4 11.220 .13 172.3 471.8 .23 .24 
143 65.5 49.1 56.7 47.7 11.361 .01 93.6 321.6 .14 .13 
144 68.9 46.6 56.6 45.3 10.347 .00 91.3 457.4 .19 .17 
145 76.3 42.5 60.4 45.0 10.275 .20 111.8 695.5 .26 .25 
146 
147 

75.1 
73.3 

47.7 
54.1 

61.4 
62.1 

47.4 
49.0 

11.188 
11.942 

.00 

.00 
114.3 
137.0 

581.6 
527.7 

.22 

.21 
.22 
.21 

148 74.4 50.4 62.1 48.5 11.719 .02 156.7 530.4 .23 .23 
149 75.3 42.8 58.4 44.6 10.083 .01 129.0 657.6 .26 .25 
150 
151 

77.1 
69.1 

42.2 
51.8 

60.3 
60.1 

45.6 
49.1 

10.512 
11.922 

.00 

.11 
161.4 
199.1 

560.5 
363.7 

.26 

.18 
.26 
.19 

Total 1.87 5165.6 6.95 7.49 
Month Average 

71.8 43.5 57.6 39.9 8.800 166.6 510.8 .22 .24 

report file: r3 weather.ace 
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Mon Dec 20 1993 
NCWCD Weather Station Data Report 
---------------------------------

Station: Basin Average 
Month: 6 

Air temperature Ave Ave Prec- BTReference 
----------------- dew- vapor ipit- Wind Solar ----------- 
Max 

----- 
Min 

----- 
Ave 

----- 
point 
----- 

press 
------ 

ation 
----- 

travel 
------ 

rad 
------ 

K-Pen 
----- 

P-Mon 
----- 

Day 
----- 

F 
----- 

F 
----- 

F 
----- 

F 
----- 

m-bar 
------ 

inch 
----- 

miles 
------ 

Langly 
------ 

inch 
----- 

inch 
----- 

152 72.9 50.9 59.2 52.3 13.408 .73 192.3 345.7 .17 .18 
153 69.9 49.2 56.5 49.7 12.197 .47 134.7 481.1 .19 .18 
154 64.2 45.7 54.0 48.0 11.421 .10 88.1 314.5 .13 .12 
155 75.6 48.6 60.6 50.8 12.670 .01 95.2 558.8 .21 .19 
156 78.0 49.6 62.4 51.4 13.017 .02 98.7 516.5 .21 .20 
157 71.4 52.0 59.0 52.5 13.515 .22 111.3 358.3 .15 .14 
158 67.3 50.4 58.1 52.1 13.323 .05 73.6 408.5 .15 .13 
159 81.3 46.4 65.2 48.8 11.811 .01 83.6 660.6 .26 .23 
160 79.9 51.6 65.6 48.6 11.706 .01 123.5 561.9 .25 .24 
161 74.5 50.9 62.5 50.0 12.293 .00 94.0 565.6 .22 .20 
162 82.1 47.5 66.1 46.3 10.782 .01 74.9 746.4 .29 .26 
163 86.3 50.2 67.4 45.7 10.506 .02 125.1 473.8 .28 .28 
164 83.0 50.2 66.7 47.4 11.192 .01 108.0 505.2 .26 .25 
165 81.9 51.0 64.3 50.5 12.527 .09 103.8 501.4 .25 .23 
166 72.5 49.5 61.2 46.5 10.825 .01 125.2 650.9 .27 .24 
167 81.0 49.4 64.3 47.6 11.292 .04 103.4 529.4 .25 .23 
168 88.8 46.4 68.4 40.2 8.616 .00 112.0 628.8 .33 .32 
169 87.0 50.2 68.4 47.6 11.333 .00 123.3 701.4 .32 .31 
170 81.3 56.1 66.8 51.7 13.158 .00 129.7 383.4 .23 .22 
171 88.4 47.4 69.1 41.6 9.060 .01 145.2 600.2 .35 .35 
172 78.4 53.5 65.3 53.8 14.211 .05 138.3 474.8 .23 .22 
173 77.6 54.7 64.2 55.9 15.303 .35 180.2 505.8 .24 .23 
174 82.6 55.6 68.1 54.5 14.562 .00 180.6 712.7 .32 .31 
175 88.6 57.4 72.8 52.2 13.608 .00 130.7 716.7 .33 .32 
176 94.6 50.2 73.6 42.4 9.657 .00 79.2 684.2 .34 .31 
177 82.1 52.0 67.8 48.2 11.574 .00 117.7 536.9 .28 .26 
178 84.8 51.6 69.6 40.6 8.720 .00 130.7 633.7 .34 .33 
179 90.0 57.4 74.0 50.6 12.689 .00 127.1 622.3 .32 .32 
180 90.0 57.1 74.2 51.6 13.132 .00 117.9 563.1 .30 .29 
181 88.7 58.5 74.3 38.7 8.195 .00 160.4 686.4 .39 .41 

Total 2.21 3608.4 7.86 7.50 
Month Average 

80.8 51.4 65.7 48.6 11.877 120.3 554.3 .26 .25 

report file: r3_weather.ace 
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Mon Dec 20 1993 
NCWCD Weather Station Data Report 
---------------------------------

Station: Basin Average 
Month: 7 

Air temperature Ave Ave Prec- ETReference 
----------------- dew- vapor ipit- Wind Solar ----------- 
Max 

----- 
Min 

----- 
Ave 

----- 
point 
----- 

press 
------ 

ation 
----- 

travel 
------ 

rad 
------ 

R-Pen 
----- 

P-Mon 
----- 

Day 
----- 

F 
----- 

F 
----- ----- 

F F 
----- 

m-bar 
------ 

inch 
----- 

miles 
------ 

Langly 
------ 

inch 
----- 

inch 
----- 

182 83.9 53.4 69.2 41.0 8.806 .00 107.0 734.4 .35 .33 
183 83.1 55.4 69.8 44.0 9.852 .03 111.7 700.8 .33 .31 
184 83.0 53.2 68.9 46.9 10.987 .01 77.4 706.6 .30 .27 
185 90.6 51.4 71.8 40.5 8.799 .00 83.9 715.9 .34 .31 
186 94.2 51.9 76.2 36.9 7.674 .00 112.7 667.5 .37 .36 
187 93.0 57.1 75.1 43.3 9.759 .00 101.6 510.3 .31 .30 
188 81.3 56.0 69.8 49.6 12.111 .00 170.1 661.4 .33 .32 
189 80.9 58.0 68.6 55.0 14.817 .02 109.2 371.3 .21 .20 
190 80.0 54.9 68.2 55.1 14.832 .07 126.7 577.9 .26 .24 
191 83.7 53.9 67.9 55.6 15.165 .05 76.2 581.8 .24 .22 
192 83.3 60.4 71.3 51.8 13.270 .02 101.3 617.8 .28 .26 
193 81.4 54.7 66.3 54.6 14.642 .06 110.5 449.8 .23 .21 
194 81.5 50.1 67.6 53.1 13.835 .00 101.7 708.5 .29 .26 
195 87.2 52.5 70.4 50.4 12.633 .00 101.8 700.2 .31 .29 
196 91.0 53.1 72.1 50.4 12.620 .00 108.1 664.6 .32 .31 
197 92.8 '56.1 74.7 48.1 11.695 .00 81.5 642.5 .30 .28 
198 93.0 58.8 75.4 49.6 12.305 .01 106.7 644.0 .33 .32 
199 87.7 59.4 71.1 53.9 14.266 .03 103.7 436.5 .25 .25 
200 85.0 54.8 68.9 55.7 15.192 .01 96.4 532.9 .25 .24 
201 87.6 55.8 69.7 53.7 14.127 .00 120.3 514.8 .28 .27 
202 87.7 58.2 71.4 54.1 14.357 .00 108.5 504.8 .26 .25 
203 79.0 56.6 64.1 56.3 15.560 1.36 145.0 215.8 .17 .17 
204 63.6 53.4 58.2 54.7 14.599 .42 89.6 175.9 .10 .08 
205 68.1 53.7 60.2 54.4 14.451 .05 79.5 319.6 .13 .12 
206 74.3 53.9 61.5 55.3 14.957 .09 82.7 424.2 .16 .15 
207 77.0 50.6 62.0 53.7 14.104 .01 77.1 420.4 .17 .15 
208 82.4 53.4 68.4 51.4 13.009 .00 79.9 634.2 .24 .23 
209 86.8 54.2 70.8 52.2 13.475 .00 65.8 680.5 .26 .24 
210 90.2 54.7 72.5 50.5 12.775 .00 73.7 667.5 .28 .26 
211 90.6 56.1 72.0 49.5 12.288 .09 100.9 482.6 .27 .27 
212 88.0 54.9 71.7 53.6 14.234 .00 72.6 647.4 .27 .25 

Total 2.33 3083.8 8.19 7.72 
Month Average 

84.3 54.9 69.2 50.8 12.942 99.5 558.5 .26 .25 

report file: r3_weather.ace 
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Mon Dec 20 1993 
NCWCD Weather Station Data Report 
---------------------------------

Station: Basin Average 
Month: 8 

Air temperature Ave Ave Prec- ETReference 
----------------- dew- vapor ipit- Wind Solar ----------- 
Max 

----- 
Min 

----- 
Ave 

----- 
point 
----- 

press 
------ 

ation 
----- 

travel 
------ 

rad 
------ 

R-Pen 
----- 

P-Mon 
----- 

Day 
----- 

F 
----- 

F 
----- 

F 
----- 

F 
----- 

m-bar 
------ 

inch 
----- 

miles 
------ 

Langly 
------ 

inch 
----- 

inch 
----- 

213 88.5 57.2 69.7 55.2 15.025 .04 94.2 449.8 .24 .23 
214 79.3 55.9 66.4 56.8 15.840 .03 98.5 383.0 .19 .18 
215 64.1 56.2 60.6 57.3 16.050 .59 80.7 167.5 .08 .08 
216 70.1 58.3 63.2 57.6 16.270 .03 127.8 433.7 .17 .15 
217 82.7 56.4 68.5 56.4 15.609 .00 78.5 614.1 .22 .21 
218 85.2 53.5 66.5 54.2 14.469 .25 99.9 520.2 .22 .22 
219 84.0 52.3 67.0 53.1 13.872 .03 79.2 577.3 .23 .22 
220 81.8 54.0 68.1 54.0 14.346 .00 80.2 518.2 .21 .20 
221 79.3 54.5 67.4 56.7 15.713 .00 103.5 550.6 .22 .21 
222 81.1 56.9 67.7 54.9 14.766 .00 80.1 535.9 .21 .20 
223 83.2 54.7 67.8 55.1 14.876 .00 107.3 498.1 .22 .22 
224 67.0 57.5 61.6 57.7 16.317 .02 92.6 169.5 .09 .08 
225 75.3 55.8 64.4 58.1 16.498 .00 95.2 375.9 .15 .14 
226 86.0 51.9 67.3 52.7 13.686 .01 73.2 569.2 .22 .22 
227 87.2 53.8 69.0 53.7 14.183 .01 78.5 398.4 .19 .19 
228 79.6 '56.1 66.5 54.5 14.525 .05 92.5 440.4 .19 .19 
229 81.2 53.0 67.0 52.9 13.722 .03 78.3 599.6 .23 .22 
230 81.7 53.0 67.6 52.1 13.362 .00 74.9 579.3 .22 .22 
231 82.1 54.4 65.8 52.3 13.435 .00 103.9 478.7 .21 .22 
232 82.4 51.1 66.2 49.6 12.124 .00 109.5 512.3 .23 .24 
233 86.8 49.3 67.6 47.7 11.363 .01 71.3 546.3 .23 .23 
234 87.3 51.9 69.3 46.8 10.997 .00 72.9 465.6 .21 .22 
235 86.7 52.5 69.6 45.8 10.623 .00 74.5 509.3 .22 .23 
236 89.7 50.6 69.1 46.9 11.005 .00 72.5 475.1 .22 .23 
237 90.6 51.8 71.7 46.6 10.938 .00 66.7 581.0 .24 .24 
238 90.1 53.7 73.1 48.7 11.817 .00 77.1 537.8 .23 .25 
239 89.4 57.5 73.8 49.8 12.245 .00 77.4 543.9 .23 .24 
240 87.7 55.7 69.3 52.6 13.601 .03 85.2 470.7 .22 .23 
241 85.2 54.4 69.4 51.4 13.034 .03 85.6 559.4 .23 .24 
242 84.2 52.3 68.1 48.3 11.575 .00 85.5 573.0 .24 .25 
243 80.9 48.9 65.2 44.6 10.091 .00 112.5 570.0 .25 .26 

Total 1.16 2709.7 6.46 6.46 
Month Average 

82.6 54.0 67.6 52.4 13.612 87.4 490.4 .21 .21 
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Mon Dec 20 1993 
NCWCD Weather Station Data Report 
---------------------------------

Station: Basin Average 
Month: 9 

Air temperature Ave Ave Prec- ETReference 
----------------- dew- vapor ipit- Wind Solar ----------- 
Max 

----- 
Min 

----- 
Ave 

----- 
point 
----- 

press 
------ 

ation 
----- 

travel 
------ 

rad 
------ 

R-Pen 
----- 

P-Mon 
----- 

Day 
----- 

F 
----- 

F 
----- 

F 
----- 

F 
----- 

m-bar 
------ 

inch 
----- 

miles 
------ 

Langly 
------ 

inch 
----- 

inch 
----- 

244 83.4 48.8 66.0 44.9 10.163 .00 95.3 561.8 .23 .25 
245 82.8 50.7 65.5 49.9 12.252 .03 99.9 347.0 .18 .20 
246 75.8 49.5 64.6 46.8 10.919 .00 139.1 509.4 .22 .23 
247 83.0 51.3 65.6 48.4 11.593 .00 95.4 512.5 .21 .23 
248 83.3 50.5 67.9 48.4 11.594 .00 84.1 516.6 .20 .22 
249 79.7 54.3 67.6 51.9 13.204 .00 91.0 388.3 .17 .18 
250 82.3 54.3 65.4 52.6 13.552 .00 85.5 367.2 .16 .18 
251 81.4 53.2 65.4 46.6 10.883 .01 103.7 406.4 .19 .22 
252 76.1 47.3 63.0 50.2 12.426 .12 108.5 500.7 .19 .20 
253 73.4 56.6 63.6 55.5 15.044 .01 108.6 314.3 .13 .14 
254 79.7 52.6 64.2 52.3 13.437 .07 94.8 420.2 .17 .18 
255 75.9 50.4 62.9 52.3 13.392 .09 73.9 401.6 .14 .15 
256 73.5 49.8 61.0 49.6 12.159 .00 71.2 338.0 .13 .14 
257 79.2 42.4 58.5 37.6 7.709 .00 168.3 448.4 .25 .29 
258 65.2 43.1 54.8 31.7 6.070 .00 122.1 442.1 .19 .20 
259 71.0 36.1 53.3 33.7 6.583 .00 66.8 506.1 .17 .18 
260 64.9 41.9 52.3 37.1 7.516 .00 165.4 326.5 .16 .18 
261 59.0 38.6 47.7 38.0 7.769 .00 85.9 377.4 .12 .12 
262 67.7 32.6 50.1 35.3 7.005 .00 70.3 459.8 .14 .15 
263 78.4 35.1 55.7 34.6 6.827 .00 74.4 474.4 .16 .18 
264 86.2 39.8 61.7 30.1 5.773 .00 160.4 475.8 .25 .33 
265 60.5 37.8 48.6 31.9 6.097 .00 118.2 444.4 .16 .17 
266 73.5 30.6 48.8 28.2 5.259 .00 124.2 371.7 .18 .22 
267 72.5 30.6 51.3 25.9 4.819 .00 86.9 473.7 .17 .20 
268 75.8 38.0 57.7 28.4 5.369 .00 110.7 470.2 .18 .22 
269 80.2 37.6 57.8 30.6 5.836 .00 76.1 471.7 .16 .20 
270 78.5 40.6 60.4 27.5 5.171 .00 96.3 445.9 .17 .22 
271 84.3 39.0 60.8 29.8 5.669 .00 76.3 432.0 .17 .21 
272 81.6 43.9 62.4 37.1 7.609 .01 138.0 358.6 .19 .25 
273 63.3 45.2 54.9 48.5 11.630 .32 77.1 257.7 .09 .09 

Total .66 3068.4 5.23 5.93 
Month Average 

75.7 44.1 59.3 40.5 9.111 102.3 427.3 .17 .20 

report file: r3 weather.ace 
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NCWCD Weather Station Data Report 
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Station: Basin Average 
Month: 10 

Air temperature Ave Ave Prec- $TReference 
----------------- dew- vapor ipit- Wind Solar ----------- 
Max 

----- 
Min 

----- 
Ave 

----- 
point 
----- 

press 
------ 

ation 
----- 

travel 
------ 

rad 
----- 

R-Pen 
----- 

P-Mon 
----- 

Day 
----- 

F 
----- 

F 
----- 

F 
----- 

F 
----- 

m-bar 
------ 

inch 
----- 

miles 
------ 

Langly 
------ 

inch 
----- 

inch 
----- 

274 81.1 41.6 60.2 39.1 8.202 .01 82.9 433.2 .16 .19 
275 78.6 47.6 63.8 31.6 6.125 .00 119.0 424.0 .18 .24 
276 75.2 42.0 58.4 31.7 6.096 .01 185.1 406.2 .22 .28 
277 47.6 32.5 40.2 31.8 6.063 .09 155.5 219.2 .11 .10 
278 57.2 28.9 41.9 28.9 5.402 .00 72.7 417.1 .12 .12 
279 67.6 28.2 46.0 26.9 4.982 .00 76.0 421.8 .12 .15 
280 81.8 30.7 55.8 24.0 4.488 .00 77.6 402.5 .13 .18 
281 81.8 41.9 59.5 23.1 4.386 .00 105.8 308.5 .14 .22 
282 77.7 39.5 56.3 24.7 4.623 .00 75.9 406.8 .14 .18 
283 80.5 38.3 58.2 22.9 4.369 .00 86.9 387.1 .16 .21 
284 80.8 42.9 60.3 23.3 4.459 .00 78.0 402.3 .15 .20 
285 84.5 37.5 61.1 23.2 4.414 .00 87.4 353.5 .16 .22 
286 66.9 43.2 56.7 23.4 4.393 .00 156.3 356.2 .18 .24 
287 70.4 31.7 50.4 25.2 4.691 .00 76.2 343.6 .13 .16 
288 77.7 -37.3 55.7 25.6 4.804 .00 87.5 370.4 .14 .19 
289 88.7 35.1 62.5 20.0 3.912 .00 106.9 388.8 .18 .27 
290 83.7 41.8 65.8 11.7 2.754 .01 156.8 329.5 .20 .33 
291 54.6 31.8 42.0 19.7 3.715 .00 78.6 351.2 .12 .14 
292 66.2 26.4 45.0 18.8 3.636 .00 90.1 306.9 .13 .17 
293 65.3 27.7 45.2 20.5 3.869 .00 72.1 348.0 .11 .14 
294 74.1 31.4 52.0 20.4 3.918 .00 98.3 348.4 .12 .18 
295 75.7 35.7 55.3 16.4 3.400 .00 108.5 348.4 .13 .21 
296 57.6 32.7 45.9 29.1 5.464 .04 116.1 268.0 .10 .12 
297 45.5 36.5 40.1 33.9 6.613 .23 93.3 93.8 .05 .06 
298 53.6 30.4 41.4 31.7 6.044 .01 87.0 288.2 .07 .09 
299 62.3 28.9 44.6 29.8 5.622 .00 103.4 307.7 .09 .12 
300 63.2 30.9 43.9 31.6 6.055 .01 161.2 238.3 .10 .15 
301 30.9 16.6 22.6 13.2 2.793 .03 370.0 145.7 .10 .08 
302 28.8 9.9 20.2 11.2 2.550 .02 126.3 269.5 .06 .06 
303 18.3 11.2 14.1 8.7 2.272 .08 131.4 187.1 .04 .04 
304 36.8 1.3 20.3 11.0 2.571 .02 172.8 297.0 .06 .07 

Total .56 3595.6 3.90 5.11 
Month Average 

65.0 32.0 47.9 23.6 4.603 116.0 328.0 .13 .16 
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NCWCD Weather Station Data Report 
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Station: Basin Average 
Month: 11 

Air temperature Ave Ave Prec- STReference 
----------------- dew- vapor ipit- Wind Solar ----------- 
Max 

----- 
Min 

----- 
Ave 

----- 
point 
----- 

press 
------ 

ation 
----- 

travel 
------ 

rad 
------ 

K-Pen 
----- 

P-Mon 
----- 

Day 
----- 

F 
----- 

F 
----- 

F 
----- 

F 
----- 

m-bar 
------ 

inch 
----- 

miles 
------ 

Langly 
------ 

inch 
----- 

inch 
----- 

305 27.0 9.9 18.3 10.2 2.453 .02 268.4 133.2 .04 .05 
306 21.5 1.6 10.1 -.4 1.505 .00 118.2 304.5 .04 .04 
307 34.2 -2.0 16.6 5.7 2.042 .00 55.6 291.4 .03 .04 
308 49.5 14.3 32.2 17.9 3.462 .00 56.2 291.7 .03 .04 
309 57.1 30.8 44.8 29.6 5.575 .00 176.1 278.2 .05 .10 
310 51.7 25.1 33.4 28.0 5.251 .02 168.5 117.9 .05 .08 
311 45.9 24.8 32.7 27.3 5.060 .00 69.3 192.7 .04 .05 
312 61.5 21.9 38.5 25.6 4.787 .00 59.5 266.3 .06 .08 
313 69.3 *33.3 48.2 32.4 6.320 .08 113.0 188.3 .07 .12 
314 44.4 39.1 41.7 38.5 7.922 .05 91.6 50.1 .02 .02 
315 52.3 29.2 41.4 31.2 5.933 .02 99.5 242.2 .06 .07 
316 68.1 24.1 43.3 26.2 4.891 .00 70.4 257.6 .07 .11 
317 65.9 31.0 45.0 22.4 4.226 .00 82.7 263.2 .07 .12 
318 48.1 25.2 37.0 27.0 5.032 .03 117.2 167.1 .06 .07 
319 35.2 32.6 33.6 30.7 5.788 .16 110.5 54.0 .03 .03 
320 35.8 32.9 33.7 31.2 5.928 .35 78.6 43.7 .02 .02 
321 37.4 27.1 33.3 30.0 5.649 .30 71.9 105.9 .02 .02 
322 42.5 25.2 33.8 29.2 5.511 .27 112.0 91.0 .02 .03 
323 44.6 20.4 33.2 24.6 4.574 .11 151.0 242.4 .05 .06 
324 45.8 16.0 31.3 22.5 4.265 .00 66.3 195.0 .03 .05 
325 53.4 31.7 42.0 24.7 4.589 .02 234.7 205.2 .08 .14 
326 36.1 26.8 31.3 14.0 2.948 .00 261.0 135.4 .08 .10 
327 38.0 17.1 27.0 9.9 2.448 .00 148.6 235.9 .06 .09 
328 41.8 16.8 29.4 15.5 3.136 .00 61.7 177.0 .04 .05 
329 47.6 22.1 34.4 23.2 4.293 .00 59.7 211.6 .02 .04 
330 53.6 30.0 41.3 26.6 4.945 .00 183.1 181.6 .06 .11 
331 57.4 27.8 38.2 27.7 5.157 .00 90.9 169.1 .04 .07 
332 35.3 29.6 32.0 28.2 5.239 .00 101.2 27.1 .02 .03 
333 34.2 21.4 29.5 20.5 3.900 .04 290.6 108.0 .06 .06 
334 23.7 10.2 18.0 5.5 1.964 .00 155.1 180.3 .05 .05 

Total 1.47 3723.1 1.37 1.94 
Month Average 

45.3 23.2 33.5 22.9 4.493 124.1 180.3 .05 .06 
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Station: Basin Average 
Month: 12 

Air temperature Ave Ave Prec- ETReference 
----------------- dew- vapor ipit- Wind Solar ----------- 
Max 

----- 
Min 

----- 
Ave 

----- 
point 
----- 

press 
------ 

ation 
----- 

travel 
------ 

rad 
------ 

R-Pen 
----- 

P-Mon 
----- 

Day 
----- 

F 
----- 

F 
----- 

F 
----- 

F 
----- 

m-bar 
------ 

inch 
----- 

miles 
------ 

Langly 
------ 

inch 
----- 

inch 
----- 

335 28.7 10.6 18.2 5.9 2.012 .00 95.7 210.9 .03 .05 
336 36.4 11.9 24.7 11.7 2.613 .00 117.3 99.9 .03 .05 
337 42.4 14.7 27.5 11.7 2.636 .00 77.5 206.4 .02 .05 
338 50.9 18.2 33.3 18.0 3.461 .00 74.9 193.9 .02 .05 
339 50.1 22.7 36.3 19.2 3.634 .00 111.4 182.4 .04 .08 
340 63.2 20.6 37.7 18.7 3.641 .00 75.1 193.0 .04 .09 
341 63.3 24.4 40.0 17.2 3.379 .00 77.2 207.3 .05 .10 
342 46.3 23.7 34.5 24.0 4.414 .00 75.4 159.1 .04 .06 
343 50.1 17.8 30.7 18.1 3.458 .00 58.8 200.0 .04 .06 
344 47.1 19.5 33.0 18.1 3.479 .00 69.6 105.1 .04 .06 
345 37.1 23.8 30.9 21.8 4.030 .00 61.4 92.6 .02 .03 
346 49.7 20.8 35.0 16.2 3.201 .00 133.9 192.6 .05 .10 
347 43.1 19.3 34.7 12.5 2.798 .00 301.8 178.3 .09 .13 
348 53.4 11.4 31.2 10.5 2.552 .00 130.2 183.4 .06 .12 
349 47.9 15.4 28.4 9.2 2.427 .00 86.3 194.8 .04 .08 
350 63.2 '19.5 38.4 9.9 2.556 .00 132.0 166.7 .07 .16 
351 42.3 16.7 27.8 10.4 2.524 .00 78.8 128.8 .04 .07 
352 33.8 14.3 24.5 16.8 3.301 .00 80.3 108.7 .03 .04 
353 42.8 22.5 31.5 25.0 4.619 .00 89.4 124.5 .02 .04 
354 38.6 23.8 34.1 27.5 5.153 .01 77.4 43.5 .01 .02 
355 47.0 17.2 27.6 17.8 3.425 .00 82.6 168.5 .03 .06 
356 49.7 19.8 34.4 17.6 3.382 .01 192.9 54.6 .06 .11 
357 45.8 20.6 33.7 17.8 3.419 .00 119.3 187.9 .04 .07 
358 46.1 14.4 26.3 12.1 2.675 .00 65.9 191.1 .04 .06 
359 51.5 14.0 29.0 10.0 2.487 .00 71.5 190.0 .04 .07 
360 45.0 16.6 28.0 13.7 2.879 .00 69.9 186.1 .03 .06 
361 42.4 13.8 24.5 14.0 2.908 .00 65.0 184.3 .03 .05 
362 50.0 10.3 26.0 11.2 2.600 .00 57.6 186.4 .03 .06 
363 51.4 17.5 31.7 12.8 2.822 .00 76.5 133.0 .03 .07 
364 46.0 14.6 27.9 13.5 2.860 .00 77.1 184.8 .04 .06 
365 40.6 17.3 29.0 19.0 3.634 .00 184.4 95.1 .04 .07 

Total .02 3067.1 1.19 2.18 
Month Average 

46.6 17.7 30.7 15.5 3.193 98.9 159.2 .04 .07 

Annual Total 52.74 60.15 

report file: r3 weather.ace 

236 



'Ion Dec 20 1993 

CROP ET CALCULATION VERIFICATION REPORT 
--------------------------------------- 

NCWCD Methodology 

Crop before after et 
DoY 
--- 

Code 
----- 

Crop Description 
---------------- 

r val_2 
------- 

kc_val_2 
-------- 

kc val_2a 
--------- 

et val 
------ 

code-2 
------ 

110 16 corn 
111 16 corn 
112 16 corn 
113 16 corn 
114 16 corn 
115 16 corn 
116 16 corn 
117 16 corn 
118 16 corn 
119 16 corn 
120 16 corn 
121 16 corn 
122 16 corn 

X123 16 corn .000000 .186840 .200000 .040 4 
124 16 corn 1.369863 .190366 .200000 .016 1 
'.25 16 corn 2.739726 .194479 .200000 .034 3 
126 16 corn 4.109589 .199163 .200000 .034 3 
127 16 corn 5.479452 .204401 .204401 .033 3 
128 16 corn 6.849315 .210177 .210177 .055 5 
129 16 corn 8.219178 .216473 .216473 .041 4 
130 16 corn 9.589041 .223274 .223274 .076 7 
131 16 corn 10.958904 .230562 .230562 .083 8 
132 16 corn 12.328767 .238322 .238322 .081 8 
133 16 corn 13.698630 .246535 .246535 .079 7 
134 16 corn 15.068493 .255187 .255187 .077 7 
135 16 corn 16.438356 .264259 .264259 .053 5 
136 16 corn 17.808219 .273736 .273736 .049 4 
137 16 corn 19.178082 .283601 .283601 .057 5 
138 16 corn 20.547945 .293837 .293837 .050 4 
139 16 corn 21.917808 .304427 .304427 .088 8 
140 16 corn 23.287671 .315356 .315356 .060 5 
141 16 corn 24.657534 .326606 .326606 .078 7 
142 16 corn 26.027397 .338160 .338160 .078 7 
143 16 corn 27.397260 .350003 .350003 .049 4 
144 16 corn 28.767123 .362118 .362118 .069 6 
145 16 corn 30.136986 .374487 .374487 .097 9 
146 16 corn 31.506849 .387094 .387094 .085 8 
147 16 corn 32.876712 .399923 .399923 .084 8 
148 16 corn 34.246575 .412957 .412957 .095 9 
149 16 corn 35.616438 .426179 .426179 .111 11 
150 16 corn 36.986301 .439573 .439573 .114 11 

report file: r3_cropet.ace 
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"on Dec 20 1993 

CROP ET CALCULATION VERIFICATION REPORT 
---------------------------------------

NCWCD Methodology 

Crop before after et 
DoY Code Crop Description r_val_2 kc_val_2 kc_val_2a et_val code _2 
--- ----- ---------------- - ----- -- - --- -- -- ------ ----- ------ 

151 16 corn 38.356164 .453122 .453122 .082 8 
152 16 corn 39.726027 .466810 .466810 .079 7 
153 16 corn 41.095890 .480619 .480619 .091 9 
154 16 corn 42.465753 .494534 .494534 .064 6 
155 16 corn 43.835616 .508537 .508537 .107 10 
156 16 corn 45.205479 .522612 .522612 .110 10 
157 16 corn 46.575342 .536743 .536743 .081 8 
158 16 corn 47.945205 .550912 .550912 .083 8 
159 16 corn 49.315068 .565104 .565104 .147 14 
160 16 corn 50.684932 .579301 .579301 .145 14 
161 16 corn 52.054795 .593486 .593486 .131 13 
162 16 corn 53.424658 .607644 .607644 .176 17 
163 16 corn 54.794521 .621758 .621758 .174 17 
164 16 corn 56.164384 .635811 .635811 .165 16 
165 16 corn 57.534247 .649785 .649785 .162 16 
.66 16 corn 58.904110 .663666 .663666 .179 17 
167 16 corn 60.273973 .677436 .677436 .169 16 
168 16 corn 61.643836 .691078 .691078 .228 22 
169 16 corn 63.013699 .704576 .704576 .225 22 
170 16 corn 64.383562 .717914 .717914 .165 16 
171 16 corn 65.753425 .731073 .731073 .256 25 
172 16 corn 67.123288 .744039 .744039 .171 17 
173 16 corn 68.493151 .756795 .756795 .182 18 
174 16 corn 69.863014 .769323 .769323 .246 24 
175 16 corn 71.232877 .781607 .781607 .258 25 
176 16 corn 72.602740 .793630 .793630 .270 26 
177 16 corn 73.972603 .805377 .805377 .226 22 
178 16 corn 75.342466 .816829 .816829 .278 27 
179 16 corn 76.712329 .827972 .827972 .265 26 
180 16 corn 78.082192 .838787 .838787 .252 25 
181 16 corn 79.452055 .849259 .849259 .331 33 
182 16 corn 80.821918 .859370 .859370 .301 30 
183 16 corn 82.191781 .869104 .869104 .287 28 
184 16 corn 83.561644 .878445 .878445 .264 26 
185 16 corn 84.931507 .887376 .887376 .302 30 
186 16 corn 86.301370 .895880 .895880 .331 33 
187 16 corn 87.671233 .903941 .903941 .280 28 
188 16 corn 89.041096 .911541 .911541 .301 30 
189 16 corn 90.410959 .918665 .918665 .193 19 
190 16 corn 91.780822 .925296 .925296 .241 24 
191 16 corn 93.150685 .931416 .931416 .224 22 

report file: r3_cropet.ace 
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Dec 20 1993 

CROP ET CALCULATION VERIFICATION REPORT 
---------------------------------------

NCWCD Methodology 

Crop before after et 
DoY Code Crop Description r val_2 kc val_2 kc val_2a et_val code-2 
--- ----- ---------------- ------- -------- --------- ------ ------ 

192 16 corn 94.520548 .937011 .937011 .262 26 
193 16 corn 95.890411 .942062 .942062 .217 21 
194 16 corn 97.260274 .946553 .946553 .275 27 
195 16 corn 98.630137 .950468 .950468 .295 29 

>196 16 corn 1.000000 1.001969 .960000 .307 30 
197 16 corn 2.000000 1.002712 .960000 .288 28 
198 16 corn 3.000000 1.003428 .960000 .317 31 
199 16 corn 4.000000 1.004115 .960000 .240 24 
200 16 corn 5.000000 1.004773 .960000 .240 24 
201 16 corn 6.000000 1.005400 .960000 .269 26 
202 16 corn 7.000000 1.005995 .960000 .250 24 
203 16 corn 8.000000 1.006557 .960000 .163 16 
204 16 corn 9.000000 1.007084 .960000 .096 9 
205 16 corn 10.000000 1.007576 .960000 .125 12 
206 16 corn 11.000000 1.008030 .960000 .154 15 
107 16 corn 12.000000 1.008447 .960000 .163 16 
208 16 corn 13.000000 1.008824 .960000 .230 23 
209 16 corn 14.000000 1.009160 .960000 .250 24 
210 16 corn 15.000000 1.009455 .960000 .269 26 
211 16 corn 16.000000 1.009707 .960000 .259 25 
212 16 corn 17.000000 1.009914 .960000 .259 25 
213 16 corn 18.000000 1.010076 .960000 .230 23 
214 16 corn 19.000000 1.010191 .960000 .182 18 
215 16 corn 20.000000 1.010258 .960000 .077 7 
216 16 corn 21.000000 1.010276 .960000 .163 16 
217 16 corn 22.000000 1.010244 .960000 .211 21 
218 16 corn 23.000000 1.010160 .960000 .211 21 
219 16 corn 24.000000 1.010024 .960000 .221 22 
220 16 corn 25.000000 1.009833 .960000 .202 20 
221 16 corn 26.000000 1.009587 .960000 .211 21 
222 16 corn 27.000000 1.009284 .960000 .202 20 
223 16 corn 28.000000 1.008924 .960000 .211 21 
224 16 corn 29.000000 1.008505 .960000 .086 8 
225 16 corn 30.000000 1.008025 .960000 .144 14 
226 16 corn 31.000000 1.007485 .960000 .211 21 
227 16 corn 32.000000 1.006881 .960000 .182 18 
228 16 corn 33.000000 1.006214 .960000 .182 18 
229 16 corn 34.000000 1.005482 .960000 .221 22 
230 16 corn 35.000000 1.004683 .960000 .211 21 
231 16 corn 36.000000 1.003817 .960000 .202 20 
232 16 corn 37.000000 1.002883 .960000 .221 22 

report file: r3_cropet.ace 

I 
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Dec 20 1993 

CROP ET CALCULATION VERIFICATION REPORT 
---------------------------------------

NCWCD Methodology 

Crop before after et 
DoY 
--- 

Code 
----- 

Crop 
---------------- 

Description r val_2 
- ----- 

kc_val_2 
--- --- - - 

kc_val_2a et_val 
-------- ------ 

code-2 
------ 

233 16 corn 38.000000 1.001878 .960000 .221 22 
234 16 corn 39.000000 1.000802 .960000 .202 20 
235 16 corn 40.000000 .999654 .960000 .211 21 
236 16 corn 41.000000 .998432 .960000 .211 21 
237 16 corn 42.000000 .997135 .960000 .230 23 
238 16 corn 43.000000 .995762 .960000 .221 22 
239 16 corn 44.000000 .994312 .960000 .221 22 
240 16 corn 45.000000 .992784 .960000 .211 21 
241 16 corn 46.000000 .991175 .960000 .221 22 
242 16 corn 47.000000 .989486 .960000 .230 23 
243 16 corn 48.000000 .987715 .960000 .240 24 
244 16 corn 49.000000 .985860 .960000 .221 22 
245 16 corn 50.000000 .983920 .960000 .173 17 
246 16 corn 51.000000 .981895 .960000 .211 21 
247 16 corn 52.000000 .979783 .960000 .202 20 
148 16 corn 53.000000 .977582 .960000 .192 19 
249 16 corn 54.000000 .975292 .960000 .163 16 
250 16 corn 55.000000 .972911 .960000 .154 15 
251 16 corn 56.000000 .970438 .960000 .182 18 
252 16 corn 57.000000 .967872 .960000 .182 18 

-'253 16 corn 58.000000 .965211 .960000 .125 12 
254 16 corn 
255 16 corn 
256 16 corn 
257 16 corn 
258 16 corn 
259 16 corn 
260 16 corn 
261 16 corn 
262 16 corn 
263 16 corn 
264 16 corn 
265 16 corn 
266 16 corn 
267 16 corn 
268 16 corn 
269 16 corn 
270 16 Corn 

Annual Total 23.0182 2249 

report file: r3_cropet.ace 
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{ File: r_july9l.ace - July 1991 Reclass Report } 

database 
etmodel 

1 

output 
left margin 5 
page length 60 

{ report to printer } 
report to "r_july9l.rf" 

end 

select crops.crop_ncode, et_val_2, crop_description 
from crops, cropet 
where crops.crop_ncode - cropet.crop_ncode 
and doy - 193 . 
order by et_val_2 

end 

format 
on every row 

print crop_ncode using n----" " -^ 

M 

# n 

et_val_2 using "--.--", " in. 
crop_ncode using "---", 

crop_description 

on last row 
print "2 thru 7 = 0 no data" 
print "9 - 0" n 

print "14 - 0" IUI 
print "24 thru 26 - 0" 
print "28 thru 30 - 0" 

end 

11 
III 
a 

0 
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Typical ET Reclass Output File (r_july9l.rf) 

15 = 1 .08 in. ( 15) alfalfa 
8 = 2 .09 in. ( 8) non-agri. grass 
13 a 3 .09 in. ( 13) med. veg residential 
23 = 4 .11 in. ( 23) field borders 
10 = 5 .12 in. ( 10) riparian wetlands 
11 = 6 .13 in. ( 11) non riparian wetland 
12 = 7 .14 in. ( 12) high veg residential 
27 = 8 .14 in. ( 27) trees 
22 = 9 .17 in. ( 22) winter wheat 
19 10 .18 in. ( 19) onions - sets 
1 = 11 .19 in. ( 1) water 
20 12 .20 in. ( 20) irr grass/hay/sod 
16 13 .22 in. ( 16) corn 
21 14 .22 in. ( 21) irr. barley/wheat 
17 = 15 .22 in. ( 17) sugar beets 
18 = 16 .23 in. ( 18) dry beans 

2 thru 7 = 0 no data 
9 = 0 
14 = 0 
24 thru 26 = 0 
28 thru 30 = 0 
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{ File: r july91ndvi.ace - July 1991 Reclass Report using NDVI} 

database 
etmodel 

i 

output 
left margin 5 
page length 60 

{ report to printer } 
report to "r_j uly9lndvi.rf" 

end 

select ndviet.ndvi, et_pmon 
from ndviet 
where doy - 193 

and et_pmon > 0.009 
order by et_pmon 

end 

format 
on every row 

print ndvi using n zne et-pmon*100 using 
et_pmon using "--.--", in. " 

on last row 
print "0 - 0 no data" 
print "1 thru x - 0 in." 

end 



Typical NDVI Reclass File (r_july9lndvi.rf) 

101 = 1 .O1 in. 
102 = 1 .01 in. 
103 = 1 .01 in. 
104 = 2 .02 in. 
105 = 2 .02 in. 
106 = 2 .02 in. 
107 = 2 .02 in. 
108 - 3 .03 in. 
109 = 3 .03 in. 
110 = 3 .03 in. 
111 = 3 .03 in. 
112 = 4 .04 in. 
113 = 4 .Q4 in. 
114 = 4 .04 in. 
115 = 4 .04 in. 
116 = 5 .05 in. 
117 = 5 .05 in. 
118 = 5 .05 in. 
119 = 5 .05 in. 
120 = 6 .06 in. 
121 = 6 .06 in. 
122 = 6 .06 in. 
123 = 6 .06 in. 
124 = 6 .06 in. 
125 = 7 .07 in. 
126 = 7 .07 in. 
127 = 7 .07 in. 
128 = 7 .07 in. 
129 - 8 .08 in. 
130 - 8 .08 in. 
131 = 8 .08 in. 
132 - 8 .08 in. 
133 = 9 .09 in. 
134 - 9 .09 in. 
135 = 9 .09 in. 
136 = 9 .09 in. 
137 - 10 .10 in. 
138 = 10 .10 in. 
139 - 10 .10 in. 
140 s 10 .10 in. 
141 = 11 .11 in. 
142 = 11 .11 in. 
143 = 11 .11 in. 
144 = 11 .11 in. 
145 - 11 .11 in. 
146 = 12 .12 in. 
147 = 12 .12 in. 
148 = 12 .12 in. 
149 - 12 .12 in. 
150 = 13 .13 in. 
151 i 13 .13 in. 
152 = 13 .13 in. 
153 - 13 .13 in. 
154 = 14 .14 in. 
155 = 14 .14 in. 
156 = 14 .14 in. 
157 = 14 .14 in. 
158 = 15 .15 in. 



159 - 15 .15 in. 
160 - 15 .15 in. 
161 - 15 .15 in. 
162 - 16 .16 in. 
163 - 16 .16 in. 
164 - 16 .16 in. 
165 - 16 .16 in. 
166 - 16 .16 in. 
167 - 17 .17 in. 
168 - 17 .17 in. 
169 - 17 .17 in. 
170 - 17 .17 in. 
171 - 18 .18 in. 
172 - 18 .18 in. 
173 - 18 .18 in. 
174 - 18 .18 in. 
175 - 19 .19 in. 
176 - 19 .19 in. 
177 - 19 .19 in. 
178 - 19 .19 in. 
179 - 20 .20 in. 
180 - 20 .20 in. 
181 - 20 .20 in. 
182 - 20 .20 in. 
183 - 21 .21 in. 
184 - 21 .21 in. 
185 - 21 .21 in. 
186 - 21 .21 in. 
187 - 21 .21 in. 
188 - 22 .22 in. 
189 - 22 .22 in. 
190 - 22 .2.2 in. 
191 - 22 .22 in. 
192 - 23 .23 in. 
193 - 23 .23 in. 
194 - 23 .23 in. 
195 - 23 .23 in. 
196 - 24 .24 in. 
197 - 24 .24 in. 
198 - 24 .24 in. 
199 - 24 .24 in. 
200 - 25 .25 in- 

0 - 0 no data 
1 thru 100 - 0 in. 

245 
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Table Name: crops 
Description: general crop information 

C-tumn name 
--------- 

Type Nulls Description 

crop_code 
---- 
char(2) 

----- 
no 

----------- 
alpha crop code 

crop_ncode smallint yes numeric crop code 
crop_description char(20) yes crop description 
gul_day smallint yes 1st greenup day 
gu2_day smallint yes 2nd greenup day 
gu3_day smallint yes 3rd greenup day 
fcl_day smallint yes 1st full cover day 
fc2_day smallint yes 2nd full cover day 
fc3 day smallint yes 3rd full cover day 
hl_day smallint yes 1st harvest day 
h2 day smallint yes 2nd harvest day 
h3 day smallint yes 3rd harvest day 
a bfc 2 decimal(14,13) yes a - before full cover constant 
a_afc 2 decimal(14,13) yes a - after full cover constant 
b_bfc 2 decimal(14,13) yes b - before full cover constant 
b_afc_2 decimal(14,13) yes b - after full cover constant 
c_bfc_2 decimal(14,13) yes c - before full cover constant 
c afc 2 decimal(14,13) yes c - after full cover constant 
d_bfc_2 decimal(14,13) yes d - before full cover constant 
d afc 2 decimal(14,13) yes d - after full cover constant 
min coef bfc decimal(4,2) yes minimum before full cover coef. 
max coef_bfc decimal(4,2) yes maximum before full cover coef. 
min coef afc decimal(4,2) yes minimum after full cover coef. 
max_coef_afc decimal(4,2) yes maximum after full cover coef. 



Table Name: cropet 
Description: daily crop et values 

247 

P-tumn name Type  

crop_ncode smallint 
doy smallint 
key_code integer 
r_val_2 decimal(14,11) 

kc val 2 decimal(14,11) 
kc val_2a decimal(14,11) 

Val et_val 2 -2 decimal(14,11) 
et 3 decimal(14,11) 
et code 2 integer 
et—code-3 integer 

Nulls Description 

yes numeric crop code 
no day of year 
yes crop_ncode I doy 
yes r value used in crop coefficient 

computation 
yes crop coefficient (using KPEN etref) 
yes crop coefficient (using PMON etref) 
yes crop et value in inches (using KPEN) 
yes crop et value in inches (using PMON) 
yes crop et value in 100's inches (KPEN) 
yes crop et value in 100's inches (PMON) 
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Table Name: ndvi tab 
Description: ndvi generated crop coefficient values 

C-tumn name Type Nulls Description 
--------- ---- ----- ----------- 

ndvi smallint no ndvi value (0-255) 
et_kc decimal(14,11) yes crop coefficient 
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Table Name: ndviet 
Description: ndvi generated et values 

C - l.umn name Type Nulls Description 

ndvi 
doy 
key_code 
et_kpen 
e t_pmon 
et_pmon_int  

smallint no ndvi value (0-255) 
smallint no day of year 
integer no ndvi I doy 
decimal(14,11) yes et value (using KPEN etref) 
decimal(14,11) yes et value (using PMON etref) 
integer yes integer value of et_pmon 

J 
n 
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n 
I. Introduction 

The Poudre River Basin Evapotranspiration (ET) Modeling system was designed as a research 

tool combining a Geographical Information System and 4th Generation Language to manage 

and manipulate data associated with ET modeling. The goals of the model were to provide a 

computer based system to easily and quickly transform/combine map layers and produce 

summary reports of the results. 

The purpose of this document is to describe the database and programs used in the model and 

the steps involved in running the programs. 

A basic working knowledge of Informix SQL, Grass 4.0, Unix, Dos and QuattroPro is 

assumed., Refer to the appropriate technical documentation if more detailed information on 

these packages is required. 

r~ 
l 

J 



253 

H. Hardware and Software 

The model utilizes the following hardware equipment and software systems: 

Operating Applications 
Hardware Svstem Software Pumose 
HP9000 ?? ERDAS 7.5 Image Processing and crop classification 

Sun Sparc 10 SunOS 4.1 GrassWorks Map algebra 

Informix Map attribute management 

IBM PC DOS Word Perfect Report writing 

QuattroPro Statistical analysis 

Freelance Slide presentation 

REFET compute daily reference ET 

A diagram showing the linkages between the software packages is shown in figures 1 and 2. 

The image data is first loaded and manipulated with the ERDAS software to generate the crop 

classified map. The maps are then transferred to the GrassWorks GIS system to allow map 

manipulation and interface to the Informix database for et calculation. 
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Satellite daily weather data RefET 
digital computes daily 

imagery reference Et 

crop coefficents 
weather data, soils 
attributes, NOVI-Vc 

tables 

ERDAS 
Ver 7.5 INFORMLT 

Ver 5 

QuattroPro 
Ver 5 

redass tables 
intermediate 
processing 

graphs, tables 

GRASS 

crop-vegetation maps 
Ver 40 

histograms, 
charts, 
figures, I QuattroPro 

text Ver 5 - 
tab~es & rectass 
reports mans 

Wordperfect Freelance 
for Windows Graphics for slides 

ver 5.2 windows P
L-~~ 

Figure-I., Schematic of Software Linkages 
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Classify Imagery into Compute Crop 
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Daily and May, July,Sept Tables 

Annual ET Maps Daily ET Maps Annual Basin ET 

from Crop (NDVI Based Daily Basin ET 

Coeff. Veg. Coef.) 

Figure Z Flow Chart 
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M. Informix System 

All of the Informix programs developed for the etmodel resides in the etmodel.prgs 

directory. Naming conventions were standardized as follows: 

*.ace report programs - source code 

*.arc report programs - compiled code 

*.frm forms - compiled code 

*.per forms - source code 

*.pf ascii print files 

*.rf ascii reclass files used in Grass 

*.sql query programs 

cr *.sql create table programs 

ld *.sql load programs 

r#.*.sql report generation programs 

Sig_*.*  GIS link programs 

up_*.sql update programs 

The Informix system is used to manage the attribute data required for the model. The 

programs are divided into 2 groups: reporting and computational. 
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Reporting Programs 

Reports were developed using the Informix report writer (ACE). They are run from the 

Informix Report Menu. Output is placed in the etmodel.prgs directory and given the same 

name as the program except with a .pf or a .rf extension denoting it as a print file or a reclass 

file. The reports produced are used for verification and management purposes. 

Computational Programs 

Two major programs were developed to perform the et calculations: 

- up_ndviet.sgl computes the daily vegetation et value based on the daily reference et 

and the vegetation coefficient. 

- up_et2.sg1 computes the daily crop et based on daily reference et, time in crop 

growth cycle and crop coefficient. 

Database 

The ET model database holds the attribute data associated with computing daily et. The 

database consists of 5 Informix tables: 

cropet daily et values for each crop. data is updated by running the up_et2.sg1 

program. 

crops contains crop information such as crop codes, crop description, 

green-up/full cover dates, crop coefficients. one record for each crop. 

ndviet daily et values for each ndvi value. data is updated by running the 

up_ndviet.sql program. 
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H 
ndvi tab ndvi vegetation coefficients. one record for each ndvi value. 

weather daily weather data loaded from the NCWCD weather data files. 

Contains maximum/minimum air temperature, precipitation, reference 

et values, etc. 

The data dictionary for each is listed in Appendix A. The user may note additional data 

columns in the actual table listings in the database. These columns were used for alternative 

model scenarios investigated during the research effort. The columns used in the final model 

are those reported in the Appendix. 
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IV. Grass System 

The Grass software system is used to create the et output maps. Naming conventions were 

standardized as follows: 

b.* base maps (ie full raster images) 

r.* reclass maps (ie reclassed from full raster images). 
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V. Modeling Procedures 

The following procedures are detailed in this section: 

1. Generating NDVI ET Maps 

2. Generating CROP ET Maps 

3. Calculating the etref-pemmn and etref kpen Reference ET values 

4. Generating ET Reports 

5. General Procedure for Unloading Informix Data to QuattroPro 

6. Loading ndvi_tab Table into Informix. 

J 

-/ 
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1. Generating NDVI ET Mans 

This procedure is a 2 step process. 

1) Calculate NDVI coefficients (not described in this document). 

2) Calculate NDVI et values. 

The vegetation coefficients can be either enetered by hand (using the ndvi_tab form) or 

loaded automatically by running the ld_ndvi_tab.sgl program. 

1. Calculate the ndvi et values 

Within the Informix environment: 

1. Run the up_ndviet.sgl program. Use the query/choose/run options within Informix. 

The program will take a few minutes to update the ndviet table. The status at 

the bottom of the screen will read 'Table dropped' when the program has 

finished. 

2. Run the sql report program to generate the Grass reclass file. Reports are run using 

the Informix reports/generate function. Report programs to generate reclass 

files are: 

r_july91ndvi.ace - to generate the july 91 reclass file 

r may9lndvi.ace - to generate the may 91 reclass file 

r sept%ndvi.ace - to generate the september 91 reclass file 

r annualndvi.ace - to generate the annual 91 reclass file. 
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Within the UNIX environment: 

3. Files generated by the report programs are: 

r july%ndvi.rf - reclass file for july 91 

r may9lndvixf - reclass file for may 91 

r sept9lndvi.rf - reclass file for september 91 

r annualndvi.rf - reclass file for annual 91. 

Check at bottom of file to ensure range for zero values is correct. Replace the 

sign with the highest ndvi value which should be classed as zero. 

Within the GrassWorks environment: 

3. Use the reclass function to generate the ndvi et map. eg. to reclass the july crop et 

map enter: 

r.reclass input=b.julyndvi output=r.ndvijuly9l < r_julyndvi9l.rf 

u 

is 
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2. Generating CROP ET Maps 

The crop maps are generated using a combination of the ERDAS, Informix, and Grass 

software systems. 

The general sequence for generating the Crop et maps is: 

1. Classify the raw Landsat imagery into crop categories using the ERDAS system. 

2. Calculate the crop et values using the Informix system. 

3. Convert the original crop map into an et map using the Grass system. 

Only steps 2 and 3 will be covered in this documentation. 

1_. Calculate the crop et values 

Within the Informix environment: 

1. Run the up_et2.sg1 program. Once all crop green-up/full-cover/harvest dates and 

the crop coefficient data have been entered the up_et2.sgl program is run. Use 

the query/choose/run options within Informix. The program will take 

approximately 40 minutes to update the cropet table if all of the crops are to be 

updated. -However, the program can be modified in the last section to update 

only specific crops. A single crop update should take approximately 5 minutes. 

The status at the bottom of the screen will read 'Table dropped' when the 

program has finished. 
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2. Run the sql report program to generate to Grass reclass file. Reports are run using 

the Informix reports/generate function. Report programs to generate reclass 

files are: 

rjuly9l.ace - to generate the july 91 reclass file 

r may%.ace - to generate the may 91 reclass file 

r sept9l.ace - to generate the september 91 reclass file 

r annual91.sgl - to generate the annual 91 reclass file. 

Within the UNIX environment: 

3. Edit the reclass files to add sequential category numbers necessary for reclassing 

operations. Files generated by the report programs are: 

rjuly9l.rf - reclass file for july 91 

r may%.rf - reclass file for may 91 

r sept9l.rf - reclass file for september 91 

r annual.rf - reclass file for annual 91. 

Replace all '#' signs with sequential numbers. ie  first '#' change to 'I', second 

change to '2', etc. 

Note: the annual reclass file is generated by running the r annual91.sgl program within 

Informix. Edit the file to the same format as the daily reclass files (et. r_july 91.rf) by 

manually entering numbers into r annual.rf. 
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Within the GrassWorks environment: 

3. Use the reclass function to generate the crop et map. eg. to reclass the july crop et 

map enter: 

r.reclass input=b.is1991.final output=r.etjuly9l < rjuly9l.rf 
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3. Calculating Reference ET values 

The refet program was developed and documented by the Utah State University. Refet is a 

PC program used to calculate the penmon-montheith (etref Amon) and kimberly penmon 

(etref kpen) reference et's stored in the weather table. Refer to 'REF-ET, Reference 

Evapotranspiration Calculator Ver 2.1' for detailed information. 

Within the SUNPC environment: 

1. Run refet using the following header information: 

anemometer height 3 meters 

temperature/rh height 1.68 meters 

station elevation 1500.15 meters 

latitude 40.54 

longitude 0 

reference alfalfa 

english units 

2. Delete the header information from the output file. 

3. Use QuattroPro to add comma delimiters between columns. Save as text file. 

Within the UNIX environment: 

4. Convert the output file from DOS to UNIX format. 
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Within the INFORMIX software: 

5. Run the up_weather.sgl program to load the etref-pemmn and etref-kpen column 

data into the weather table. 



4. Generatiniz ET Reports 

1. Resample r.*cropnumber* (eg r.10) with mask (studyarea.mask) to 

r.*cropnumber*.r (eg. r.10.r) 

2. Copy r.*cropnumber*.r to MASK. 

3. Run report on map required (eg b.julyndvietwater). 

QuattroPro was also used to generate output reports and graphs. The QuattroPro files include: 

et_data.wbl 1991 crop ET Summary Report (Annual) 

etrefwbl etref comparison kpen-haise, kpen-pmon 

kc_data.wbl generic vs NCWCD crop coefficient graphs (corn, alfalfa, etc.) 

kc_data2.wbl graphs of all crop coefficient versus DOY for each crop 

and crop et versus DOY for selected crops (ml-m4) 

rp_all.wbl et Summary Report - for each image day 

rpl_all.wbl ET Summary Report - for overhead 

t_dayet.wbl alfalfa daily et - 1991, total daily et 1991 graphs 

t weath.wbl average daily temperature 1991, average daily solar 

radiation 1991 graphs. 
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5. General Procedure for Unloading Informix Data to OuattroPro 

Within the Informix software: 

1. Use unload command to save table data in ascii file format. Sample sql programs 

are saved under the name format of unl_*.sql. 

Within the UNIX environment: 

2. Use text editor to replace all instances of '„' (ie no data) with '," ",'. 

3. Convert file from unix to dos format. 

Within the SUNPC/QuattroPro environment: 

4. Use tooWimport function with comma and "" delimited options to import data. 
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6. Loading ndvi tab Table into Informix 

Within QuattroPro software: 

1. Save the file as comma delimited into file pc/et/et_ndvi.dos. 

Within UNIX environment: 

2. Convert et ndvi.dos to UNIX format as pc/et/et_ndvi.unx. 

Within Informix software: 

3. Run ld_ndvi tab.sgl program to load data into informix ndviet table. Note: ensure 

path and file name are appropriate in the program. 

in 

II 
ui 

I 
v 

III 
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APPENDIX A. ETMODEL Data Dictionary 

Table Name: cropet 
Description: daily crop et values 
Column name Type Nulls 
crop_ncode smallint yes 
doy smallint no 
key_code integer yes 
r val_2 decimal(14,11) yes 

kc_val_2 decimal(14,11) yes 
kc_val_2a decimal(14,11) yes 
et_val_2 decimal(14,11) yes 
et_val_3 decimal(14,11) yes 

code et_code_2 integer yes 
et integer yes 

Description  
numeric crop code 
day of year 
crop_ncode ; doy 
r value used in crop coefficient 
computation 
crop coefficient (using KPEN etref) 
crop coefficient (using PMON etref) 
crop et value in inches (using KPEN) 
crop et value in inches (using PMON) 
crop et value in 100's inches (KPEN) 
crop et value in 100's inches (PMON) 

Table Name: crops 
Description: general crop information 

Column name Tyne Nulls Description 
crop_code char(2) no alpha crop code 
crop_ncode smallint yes numeric crop code 
crop_description char(20) yes crop description 
gul_day smallint yes 1st greenup day 
gu2_day smallint yes 2nd greenup day 
gu3_day smallint yes 3rd greenup day 
fc 1 _day smallint yes 1 st full cover day 
fc2_day smallint yes 2nd full cover day 
fc3_day smallint yes 3rd full cover day 
h 1 _day smallint yes 1st harvest day 
h2_day smallint yes 2nd harvest day 
h3_day smallint yes 3rd harvest day 
a_bfc_2 decimal(14,13) yes a - before full cover constant 
a_afc_2 decimal(14,13) yes a - after full cover constant 
b_bfc_2 decurial(14,13) yes b - before full cover constant 
b_afc_2 decimal(14,13) yes b - after full cover constant 
c_bfc 2 decimal(14,13) yes c - before full cover constant 
c_afc 2 decimal(14,13) yes c - after full cover constant 
d bfc 2 decimal(14,13) yes d - before full cover constant 
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d afc_2 decimal(14,13) yes d - after full cover constant 
min _coef bfc decimal(4,2) yes minimum before full cover coef. 
max coef_bfc decimal(4,2) yes maximum before full cover coef. 
min_coef_afc decimal(4,2) yes minimum after full cover coef. 
max—coef afc decimal(4,2) yes maximum after full cover coef. 

Table Name: ndvi tab 
Description: ndvi generated crop coefficient values 

Column name Type Nulls Description 
ndvi smallint no ndvi value (0-255) 
et kc decimal(14,11) yes crop coefficient 

Table Name: ndviet 
Description: ndvi generated et values 

Column name Tyne Nulls Description 
ndvi smallint no ndvi value (0-255) 
doy smallint no day of year 
key_code* integer no ndvi ; doy 
et kpen decimal(14,11) yes et value (using KPEN etref) 
etjmon decimal(14,11) yes et value (using PMON etref) 
et_pmon_int integer yes integer value of et_pmon 

Table Name: weather 
Description: daily weather data 

Column name Type Nulls Description 
station _code char(2) no station code (=—basin average) 
doy smallint yes day of year 
MM smallint no month 
dd smallint yes day of month 
yy smallint no year 
atemp_max decimal(8,1) yes maximum air temp. 
atemp_min decimal(8,1) yes minimum air temp. 
atemp_avg decimal(8,1) yes average air temp. 
dewpt_avg decimal(8,1) yes average dew point 
sat vapor_press decimal(16) yes saturation vapor pressure I 

11 
n 

In 



273 

vapor_press_avg decimal(8,3) yes average vapor pressure 
precip decimal(8,2) yes precipitation (blank = 0) 
wind _travel decimal(8,1) yes wind travel 
solar _rad decimal(8,1) yes solar radiation 
etref_haise decimal(8,2) yes et reference - haise 
etref pemmn decimal(8,2) yes et reference - penmon montieth 
etref Amon decimal(8,2) yes et reference - penmon montieth 

calculated from refet program 
etref_kpen decimal(8,2) yes et reference - kimberly pen. 

calculated from refet program 
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APPENDIX B. UP_ET2.SQL and UP NDVIET.SQL PROGRAM 
LISTINGS 

E 

51 

Ft 

Fill 

0 

0 

I I 

ii i 



275 

{ Name : up_et2.sg1 
Purpose compute r_val 2, kc_val 2, et val_2, et_code_2, 

et val 3, et code 3 columns 
using NCWCD algorithm 

Database etmodel 
Table : cropet 
Mod. Journal: 8/20/93 - add et val_3, et_code_3 calculations 

{set - explain - on-} ------------ -create temporary table-------------------------- --- } 
select cropet.key_code, cropet.crop_ncode, cropet.doy, 

gul_day, gu2_day, gu3_day, 
fcl_day, fc2_day, fc3_day, 
hl_day, h2_day, h3_day, 
a bfc 2, a afc 2, b bfc 2, b afc 2, 
c bfc 2, c afc 2, d_bfc 2, d_afc 2, 
min _coef_bfc, min_coef_afc, max coef_bfc, max coef_afc, 
r val 2, kc val 2a, kc_val_2, et_val_2, et_code_2, 
et val 3, et_code 3, 
etref haise, etref_pem=, etref_kpen, etref_pmon 

from crops, cropet, weather 
where cropet.crop_ncode = crops.crop_ncode 

and cropet.doy = weather.doy 
and station code = "z" 

order by cropet.key_code 
into temp et_temp2; 

create unique index e2-code-ix on et_temp2 (key_code); 

{ ----------------------------- initialize --------------------------------------} 
update et_temp2 set (r val 2, kc val 2, kc val_2a, et val_2, et_code_2, 

et val_3, et code _3) _ 
(null, null, null, null, null, null, null) 

where key_code is not null; 

{ ---------------------------------- compute r value----------------------------} 
update et_temp2 set r_val_2 = ((doy - gul_day) / (fcl_day - gul_day)) * 100. 

where doy >- gul_day 
and doy < fcl_day; 

update et_temp2 set r val_2 - ((doy - gu2_day) / (fc2_day - gu2_day)) * 100. 
where doy >= gu2_day 

and doy < fc2_day; 
update et_temp2 set r val_2 - ((doy - gu3_day) / (fc3_day - gu3_day)) * 100. 

where doy >- gu3_day 
and doy < fc3_day; 

update et_temp2 set r val_2 - doy - fcl_day + 1 
where doy >- fcl day 

and doy <= hl-day; 
update et_temp2 set r val_2 = doy - fc2_day + 1 

where doy >= fc2_day 
and doy <- h2-day; 

update et_temp2 set r val_2 - doy - fc3_day + 1 
where doy >- fc3_day 

and doy <- h3_day; 

-- --- -- - compute crop coefficient -------------------------- -- --- ---- ---------- 
----------------------using before full cover constants --------------------- 

update et_temp2 set kc_val_2 
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a bfc 2 + b bfc _2 * r val _2 
c_bfc 2 * c yal 2 * c_val_2 

where day >= gul_day 
and day < fcl day; 

update et_temp2 set kc-val-2 - 
a bfc 2 + b bfc _2 * r val _2 
c_bfc 2 * c val 2 * 3;_val_2 

where day >- gu2_day 
and day < fc2_day; 

update et tempt set kc val 2 = 
abfc 2 +b_bfc2*rval 2 
c_bfc 2 * r val 2 * r_val_2 

where day >= gu3_day 
and day < fc3_day; 

+ d bfc 2* r val 2* r val 2* r val 2 

+ d bfc 2* r val 2* r val 2* r val 2 

+ d bfc 2* r val 2* r val 2* r val 2 

-- - - --- compute crop coefficient ------------------------- -- - ---- - ----------- 
----------------------using after full cover constants ---------------------- 

update et_temp2 set kc-val-2 = 
a afc 2+ b afc _2 * r val 2+ 
c afc 2* c - val  - 2* r val-2 + d-  afc - 2* r-  val - 2* r-  val - 2* r-  val- - 2 - - - - where day >- fcl day 

and day <- hl_day; 
update et_temp2 set kc-val-2 - 

a afc 2 + b afc 2 * r val _2 + 
c afc 2 * c_val 2 * r_val_2 + d_afc_2 * r_val_2 * r_val 2 * r_val_2 

where doy >- fc2_day 
and day <= h2-day; 

update et_temp2 set kc-val-2 - 
a afc 2 + b afc 2 * r val _2 + 
c afc 2 * r_val 2 * c_val_2 + d_afc_2 * r_val_2 * r_val_2 * r_val_2 

where doy >- fc3 day 
and day <- h3_day; 

-- modify crop coefficient ----------------------------- 
-------------------- using minimum bfc constants ---------------------------- 

rpdate et_temp2 set kc-val-2a - kc-val-2 
where kc-val-2 is not null; 

Update et_temp2 set kc-val-2a - min_coef_bfc 
where kc val 2 < min coef_bfc 

and doy >= gul_day 
and day < fcl_day; 

Update et temp2 set kc-val-2a min_coef_bfc 
where kc val 2 < min coef_bfc 

and day >- gu2_day 
and day < fc2_day; 

Update et_temp2 set kc val 2a - min_coef_bfc 
where kcval 2 < min coef_bfc 

and_ doy >- gu3_day 
and day < fc3_day; 

----modify crop coefficient--- 
------------------- using maximum bfc constants-- ---------------------------- 

Update et_temp2 set kc-val-2a - max_coef_bfc 
where kc val 2 > max coef_bfc 

and doy >- gul_day 
and day < fcl day; 

Update et_temp2 set kc-val-2a - max_coef_bfc 
where kc-val-2 > max coef bfc 
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and doy >= gu2_day 
and doy < fc2_day; 

Update et_temp2 set kc -val 2a = max_coef_bfc 
where kc val 2 > max coef_bfc 

and-doy->= gu3_day 
and doy < fc3_day; 

-- :-modify crop coefficient ------------------------------ 
using minimum afc constants ------------------------------- 

rpdate et_temp2 set kc val 2a = min-coef_afc 
where kc val 2 < min coef_afc 

and doy >= fcl_day 
and doy <= hl day; 

Update et_temp2 set kc_ val _2a = min-coef_afc 
where kc-val-2 < min coef_afc 

and doy >= fc2_day 
and doy <- h2_day; 

Update et_temp2 set kc val 2a = min-coef_afc 
where kc-val-2 < min coef_afc 

and doy >= fc3_day 
and doy <= h3_day; 

-- - - modify crop coefficient ------------------------------- ------ -- ------- 
--------------------  using maximum afc constants ------------------------------ 
rpdate et_temp2 set kc val 2a = max coef_afc 

where kc val 2 > max coef_afc 
and-doy->- fcl_day 
and doy <= hl day; 

Update et_temp2 set kc val 2a - max coef_afc 
where kc-val-2 > max coef_afc 

and doy >= fc2_day 
and doy <- h2_day; 

Update et_temp2 set kc val 2a - max-coef_afc 
where kc val 2 > max coef_afc 

and doy >= fc3_day 
and doy <= h3_day; 

{ ---------------------------------compute et-val ----------------------------- 
update et_temp2 set et val 2 = 

kc val 2a * etref_kpen 
where kc val 2a is not null; 

Update et_temp2 set et-val-3 
kc-val-2a * etref_pmon 

where kc-val-2a is not null; 

{-----------------------------------compute et_code --------------------------} 
update et_temp2 set et code -2 = trunc((1000. * et-val-2),-l)/10. 

where et-val-2 is not null; 

update et_temp2 set et code _3 - trunc((1000. * et-val-3),-I)/10. 
where et-val-3 is not null; 

{ ------------------ update cropet table ---------------------------------------- } 

update statistics; 
update cropet set (r val 2, kc val 2, kc_val_2a, et_val_2, et_val_3, 

et code 2, et code 3) _ 
((select r val 2, kc val 2, kc_val_2a, et_val_2, et_val_3, 

et code 2, et code 3 
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from et_temp2 
where et_temp2.key_code - cropet.key_ccde)) 

{ use the following 'where' statement to update only 1 particular crop } 
where crop_ncode - 23; 

{ use the following 'where' statement to update all crops } 
{ where cropet.key_code in (select key_code from et temp2);} 

{------------------drop temporary table ---------------------------------------} 
drop table et_temp2 

{set explain off} 

pi 

JIM 

u 

fl 
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{ Name : up_ndviet.sgl 
Purpose compute et_kpen, et_pmon columns 
Database etmodel 
Table : ndviet 
Mod. Journal: 10/11/93 created 

} 

set explain on;} 
--- ------------- ------------- create temporary table--------------------------} 

select ndviet.key_code, ndviet.doy, et_pmon, et_kpen, et_kc, 
etref_kpen, etref_pmon 

from ndvi tab, ndviet, weather 
where ndviet.ndvi - ndvi tab.ndvi 

and ndviet.doy - weather.doy 
and station code = °z° 

order by ndviet.key_code 
into temp tempi; 

create unique index e2-code-ix on tempi (key_code); 

{ ----------------------------- initialize --------------------------------------} 
update tempi set (et_pmon, et_kpen) = (null, null) 

where key_code is not null; 

{---------------------------------compute et value----------------------------} 
update tempi set et_pmon = etref_pmon * et_kc 

where et kc is not null; 

update tempi set et_kpen = etref_kpen * et_kc 
where et_kc is not null; 

{------------------update cropet table ----------------------------------------} 

update statistics; 
update ndviet set (et_kpen, et_pmon) _ 

((select et_kpen, et_pmon 
.from tempi 
where templ.key_code = ndviet.key_code)) 

where ndviet.key_ccde in (select key_code from tempi); 

{------------------drop temporary table ---------------------------------------} 
drop table tempi 

{set explain off} 
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APPENDIX C. Grass Maps Used in the ET Model 

Grass Mapsets used: 
aqu 
dat 
et 

Maps within each Mapset: 
aqu: b.lsl991.fmal_color crop classed map, used to print fmal color plates 

dat: puzzle rds2 roads 

et: b.basins.mask mask of 3 basin areas 
b.basinsl.mask b.basins.mask and study area 
b julyndvi july ndvi map imported from ERDAS 
b.julyndvi.nowater july ndviet map without water 
b.julyndvietwater july ndviet map with water 
b.ls1991.fma1 final crop classed map 
b.mayndvi may ndvi map imported from ERDAS 
b.mayndvi.nowater may ndviet map without water 
b.mayndvietwater may ndviet map with water 
b.septndvi sept ndvi map imported from ERDAS 
b.septndvi.nowater sept ndviet map without water 
b.septndvietwater Sept ndviet map with water 
b.studyarea.mask study area mask 
b.studyarea2.mask study area mask without water 
b.water.mask water mask 
b.1s1991 crop map imported from ERDAS 
ncwcd.mask ncwcd mask 
r.* reclassed maps 



Table 4.1 Recavitulation of crov and vezetation coefficients. 

Sample Sizes 
Category Description 1 cell = 0.2007 acres I  I """"»""*""'"May+++++.,.+»+****. ~.».»**.****»....July.»*»,.......+».... I **""***'September********** I 

No. Kc Vc Vc Kc Vc Vc Kc Vc Vc 
n cells n cells Polynomial Crop Map Test Polynomial Crop Map Test Polynomial Crop Map Test 

Crop Map Test Polygons Polygons Polygons 
Polygons 

1 Water (1) 57930 1786 0.85 0.83 0.84 
2 Roads (5) 13760 757 0.10 0.04 0.03 
3 not used (6) 
4 Shrub-Herb. Range (5) 16719 3121 0.60 0.54 0.39 
5 Medium Range (5) 50899 454 0.38 0.40 0.18 
6 Short Range (5) 182716 
7 not used (6) 
8 Non-agric. grass (3) 285122 2394 0.42 0.40 0.39 0.39 0.36 0.33 0.64 0.39 0.35 
9 Non-agric. soil (5) 114634 991 0.20 0.02 0.15 0.00 0.15 0.00 

10 Riparian Wetland (3) 41764 488 0.54 0.45 0.44 0.52 0.55 0.52 0.44 0.58 0.38 
11 Perennial Wetland (3) 43991 475 0.58 0.58 0.56 0.57 0.55 0.62 0.56 0.59 0.55 
12 Urban High Veg. (3) 37487 1995 0.65 0.66 0.58 0.61 0.55 0.55 0.96 0.77 0.54 
13 Urban Med Veg. (3) 76589 3639 0.50 0.50 0.52 0.39 0.43 0.46 0.48 0.53 0.46 
14 Agric. bare soil (5) 128383 3413 0.16 0.21 0.09 0.12 0.12 0.15 
15 Alfalfa (2) 276825 6166 1.00 0.79 0.93 0.35 0.72 0.84 1.00 0.83 0.73 
16 Corn (2) 432483 9018 0.38 0.12 0.14 0.96 0.82 0.90 0.96 0.68 0.74 
17 Sugar beets (2) 62302 4081 0.35 0.13 0.14 0.96 0.69 0.85 0.92 1.11 1.03 
18 Pinto beans (2) 114669 4010 0.00 0.13 0.13 1.00 0.42 0.37 0.84 0.14 0.18 
19 Onions (2) 6915 724 0.65 0.14 0.12 0.78 0.35 0.37 0.00 0.77 0.45 
20 Irrig. grass/hay/sod (4) 2110 0.57 0.60 0.54 
21 Irrig. barley/wheat (2) 24806 1346 1.00 0.76 0.77 0.96 0.46 0.58 0.24 0.21 0.13 
22 Dryland Wheat (2) 62664 1488 1.00 0.54 0.68 0.74 0.13 0.14 0.00 0.19 0.12 
23 Field/ road borders (3) 68921 156 0.31 0.29 0.29 0.48 0.48 0.59 0.48 0.50 0.50 
24 Clouds (5) 27007 
25 Squash/pumpkins (4) 181 0.14 0.24 0.44 
26 Carrots (4) 4603 132 0.09 0.46 1.10 
27 Trees (3) 66358 0.65 0.65 0.61 0.65 0.60 0.67 

(1) Water evaporation can not be computed from NDVI-Vc relationships 
(2) Kc Polynomial coefficients and growth dates furnished by NCWCD 
(3) Crop Coefficients (Kc) computed from linear regression of Kc-polynomial expression using NDVI-Vc Data for May 25, July 12, and Sept 14 
(4) Test polygons existed but the class was not included in the basin crop map 
(5) Vegetation class considered as "precipitation only" class and not included in basin Et computations 
(6) These categories were combined into other range categories 
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MODEL OUTPUT FOR ANNUAL BASIN Et  

Basin Water Balance:  A full report of the development of the basin water 
balance is found in Appendix 1 of this dissertation. A Ph.D. graduate 
student had been employed to gather data, analyze the information and 
generate an import-export water balance for the calendar year 1991 for 
another related project. A wide variety of data sources were used 
including contacts with the State of Colorado Water Engineers personnel 
and employees of Greeley, Windsor and Fort Collins municipal water and 
waste treatment facilities. Table 4.2 provides a listing of the import and 
export components of the basin balance. 

The basin study area contains 175,986 ha (434,857 acres). Of this total 
area, 133,719 ha. (330,415 ac.) have vegetation or open water surfaces that 
are furnished with irrigation water and precipitation. In some cases, 
wetlands and sub-irrigated phraetophytic vegetation receive indirect 
benefits of irrigation, and are included within the irrigated area. The 
balance of the area fell into bare ground, impervious surfaces such as roads, 
parking lots, and quarries, or rangeland. These areas comprise about 25 
percent of the study area and receive only precipitation. These areas are 
assumed to have evapotranspiration equal to the precipitation. They do not 
contribute to the water balance either positively or negatively. These areas 
on the Et  maps of the basin are considered as "not modeled" or "no-data." 
They are not included in estimates of consumptive water use. 

Precipitation on the "irrigated lands" is considered to add to the basin 
water balance in the amount of 308 mm/year (12.13 inches/year) 
distributed evenly over the study area. Thunderstorm events were 
considered to unevenly impact the basin, but over the period of a year, the 
events were assumed to be evenly distributed and included within the 
overall precipitation average for the year. The 95 percent confidence 
interval assigned to the precipitation values reflect this increased variance 
in the data. 

Irrigation reservoirs comprise almost all the open water surface in the 
study area. Changes in the volume of the reservoirs from January 1 to 
December 31, 1991, were computed from data provided from the river 
commissioner. The volume of ground water in the aquifers is sufficiently 
uncertain that the estimated outflow at the mouth of the Poudre River into 
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the S. Platte aquifer was estimated at 12.3*106  m3  (10,000 ac. ft.) with a +/-
100% accuracy (95 percent confidence interval). 

Table 4.2 1991 Poudre basin annual water balance. 

Approximate 
Volume Accuracy 

Inputs Considered (ac-ft) (95% conf. 
interval) 

Poudre - Mouth of Canyon 205,500 +/- 0.10 
Irr. Div. Upstream of M.o.C. 84,690 +/- 0.10 
FCWTP#1 14,430 +/- 0.05 
Small Tributaries below M.o.C. 1,000 +/- 1.00 
CBT to Poudre (Hanson Canal) 46,603 +/- 0.05 
CBT to FCWTP#2 13562 +/- 0.05 
CBT to Bellvue T.P. (Greeley) 3,371 +/- 0.01 
CBT to Soldier Canyon 13,963 +/- 0.02 
Windy Gap Imports 6,102 +/- 0.05 
Big T. to Boyd Lake T.P. (Greeley) 7,155 +/- 0.01 
Greeley contracts for irrigation 2,661 +/- 0.10 
Surplus Greeley water to irrigation 1,056 +/- 0.50 
Loudon Ditch Imports 6,000 +/- 0.25 
Res. Storage Decrease 4,639 +/- 0.10 
Precipitation 333,995 +/- 0.20 

Total Inputs 744,727 

Outputs Considered 

Poudre at Greeley 83,240 +/- 0.10 
L.T.Creek at Mouth 10,000 +/- 0.50 
Ground Water Outflow 10,000 +/- 1.00 
PRPA (Rawhide) exports 4,200 +/- 0.05 

Total Outputs 107,440 

E.T. Estimate 637,287 

U1 
I 
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The net balance between basin water imports and precipitation and 
basin exports including net alluvial aquifer losses to the South Platte basin 
aquifers is 7.861*106  m3  (637,290 ac. ft.). This is the annual basin Et  value used 

to validate the model. The statistical analyses of the components of the water 
balance is discussed in the last section of this chapter. 

Modeling Outputs - Annual Basin Et_ The use of crop coefficients in 
conjunction with daily reference Etr  computed from either the 1982 
Kimberly-Penman or Penman-Monteith combination methods allows the 
computation of the total consumptive water use for the study area. The 
study area is composed of both "precipitation only" and irrigated lands as 
described in the previous section describing the development of the basin 
water balance. The simulation model uses the same area for computing the 
daily and annual Et  as the computation of the basin water balance. Unless 

noted, the 1982 Kimberly-Penman combination Etr  is used as the basis for 
computing Et  in the following sections. 

The GIS uses a remotely sensed crop map as one of the data layers. 
With the daily KC  and Etr  stored in the RDBMS, and the crop map stored 
in the GIS, the model can compute the annual Et  for each of the pixels of 
the vegetation categories shown in Table 4.3a,b. Although the crop map has 
25 categories, only 15 of the categories of Table 4.3 are used to compute Et. 
The "precipitation only" category includes the balance of the vegetation, 

bare soil and roads categories that do not contribute the basin Et. Table 4.3 

shows the computed annual Et  for each of the vegetation and crop 
categories using crop coefficients. It is important to note that the category 
annual Et  is for the total area of each of the categories. The summation of 
the category annual Et  gives the total annual basin Et. The two highest 
ranking categories are corn, contributing 27 percent to the basin total Et, 
and alfalfa contributing 21 percent to the total annual basin Et. 
Approximately half of the total basin Et  is from corn and alfalfa. Color 
Plate 4.4, located at the end of the chapter, shows the annual basin Et. 

Summary (Basin Water Balance and Model Output- Annual Et) The total 

annual study area consumptive water use (Et) is 752.768*106  m3. (610,270 

ac. ft.). This value is compared to the basin water balance of 786.093*106 
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Table 4.3a Annual comparison by category using, Kc, (English units). 

Description Category Annual ET Acres Annual ET. 
inches ac.ft. 

Precip only 0 0 135280 0 
water 1 44.3 11627 42923 
non-agric grass 8 14.1 57226 67241 
riparian wetlands 10 17.7 2171 3203 
perennial wetlands 11 19.5 8829 14348 
high veg urban 12 24.3 7524 15236 
med veg urban 13 19.4 15372 24851 
alfalfa 15 27.7 55561 128253 
corn 16 23 86802 166371 
sugar beets 17 26.3 12504 27405 
dry beans 18 22.2 23015 42578 
onion sets 19 25.8 1388 2984 
irrig barley/wheat 21 29.3 4979 12156 
winter wheat 22 22.5 12577 23582 
field borders 23 14.6 13833 16830 
trees 27 20.1 13319 22309 

Total (no Precip only area) 326727 610269.01 
Total in study area 462007 

Table 4.3b Annual comparison by category using, Kc, (metric units). U 

Description P Category K ~' Annual ET Area Annual ET. 
mm ha cu.m. 

Precip only 0 0 54748 0 
water 1 1125 4705 5.295E+07 
non-agric grass 8 358 23159 8.294E+07 
riparian wetlands 10 450 879 3.950E+06 
perennial wetlands 11 495 3573 1.770E+07 
high veg urban 12 617 3045 1.879E+07 
med veg urban 13 493 6221 3.065E+07 
alfalfa 15 704 22486 1.582E+08 
corn 16 584 35129 2.052E+08 
sugar beets 17 668 5060 3.380E+07 
dry beans 18 564 9314 5.252E+07 
onion sets 19 655 562 3.681E+06  
irrig barley/wheat 21 744 2015 1.499E+07 
winter wheat 22 572 5090 2.909E+07 
field borders 23 371 5598 2.076E+07 u 
trees 27 511 5390 2.752E+07 

Total (no "Precip only" area) 132226 7.528E+08 
Total in study area 186974 4~ 
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M3 (637,290 ac.ft.). The difference between the model output and the basin 

water balance is 4.23 percent. 
Using the propagated error analysis described in Chapter 3, the 

standard error and the 95 percent confidence interval were computed for 

the water balance and the model annual Et  estimate. With these data, the 

standard error of the difference and a t statistic can be computed. If the t 
statistic is less than the t statistic for the 95 percent confidence interval, 
thedifference between the validating water balance and the model estimate 
may be considered to be statistically insignificant. The t statistic computed 
for the standard error of the difference between the model output and the 
validating water balance is 0.72. This is less than 1.96 (t statistic for 95 
percent confidence interval). In conclusion, the difference between the 
model annual Et  estimate and the validating water balance is considered to 

be statistically insignificant. A more detailed explanation and tabular 
results of the statistical treatments model outputs are presented later in this 
chapter. 

MODEL OUTPUT - DAILY Et  AND PEAK DAY Et  

Modeling Outputs - Daily Et_ Satellite data sets were available for May 25, 

July 12, and September 14, 1991. The use of vegetation indices as a 
surrogate for crop coefficients was discussed in earlier chapters. The linear 
relationship was previously established between NDVI and a vegetation 

coefficient, Vc  (a "crop coefficient"). This Vc  can be used as a surrogate 

crop coefficient with the Kimberly-Penman or the Penman-Monteith Et, 

allowing total daily Et  to be computed for each vegetation category. For 

each category, a total daily Et  can be computed using 1) crop coefficients 

(Kc), and 2) reflectance based vegetation coefficients (Vc). Table 4.4a,b 

shows the total basin Et  computed from Kc  and for Vc  for the three dates. 

Tables 4.5a,b, 4.6a,b, and 4.7a,b show the daily basin Et  for each category 

for each of the three dates; May 25, July 12, and September 14, 1991. 
In Table 4.4, the differences between the daily basin Et  computed 

using crop coefficients and reflectance-based vegetation coefficients are 

tabularized for each of the three dates that satellite data are available. The 
crop coefficients for various crops and vegetation categories are listed in 
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Table 4.4a Basin total daily Et for three dates (English units). 0 

Kc_et Method Vc-ET method Area Difference (% of Kc_Et) 
ac.ft. ac.ft. acres 

May 25, 1991 3756 2984 434852 20.55 

July 12, 1991 4138 3811 434852 7.90 

Sept 14, 1991 5259 4549 434853 13.50 

Table 4.4b Basin total daily Et for three dates (metric units). 

Kc_Et Method Vc-ET method Area Difference (% of Kc_Et) 
cu. M. cu. M. ha. 

May 25, 1991 4633026 3680764 175985 20.55 

July 12, 1991 5104223 4700869 175985 7.90 

Sept 14, 1991 6486977 5611192 175985 13.50 

H 
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Tables 4.5, 4.6 and 4.7, for May 25, July 12, and September 14, 1991. 
Examination of the crop coefficients for the May 25 date indicate that there 

are values that signal significant vegetation presence at a date when the 
crops have just been planted and bare soil is more likely to be present. The 

daily basin Et  for May 25 shows a 20 percent difference with the Kc  -Et  

computation method having the highest value. The 20 percent difference 
may be partially explained by the arbitrarily set larger crop coefficients for 
irrigated crops than the remotely sensed reflectance-based vegetation 
coefficients. The remotely sensed vegetation indices may react more 
strongly to the soil reflectivity and the lack of vegetation before the crop 
germinates thus lowering the vegetation coefficients to below actual 
conditions. Crop coefficients are set at planting based on the assumption of 
moist ground from irrigation and residual soil moisture. The Vc  

established from satellite data may be much more accurate in predicting the 
actual Et  of the newly planted fields at the time of satellite overpass. 

The September basin Et  difference is explained differently. The harvest 

sequences for major agricultural crops are not reflected in the crop 
coefficients until the crop coefficient for the total basin for the specific crop 
is terminated on the assumption that the crop is totally harvested on a 
specific day. This means that the basin is assumed, for any crop, to be 
transpiring at the rate set by the crop coefficient until the harvest day. In 
actual practice, the satellite data on September 14 obtained data which 
reflected the actual percentages of harvested crops on that day, thus 

allowing the Et  for the basin to be determined on the actual land surface 
with photosynthetically active vegetation. The difference between the 
September 14 Et  computed using Kc  and Vc  is larger than the July 

difference due to the impact of unaccounted partial crop harvest. 
Figure 4.11 shows a plot of the daily total basin Et  for 365 days of 

1991. Since computed crop coefficients do not become •effective until after 

greenup and Kc  , by tradition, does not reflect soil evaporation until the Kc  

is initiated, soil evaporation is not a component of the total basin daily Et  

until after spring green-up. The daily Et  for January, February, October, 

November and December is the result of reservoir evaporation. The 

computation of Kc  for open water was discussed in the section on 

methodologies. A constant Kc  of 0.85 was used for all open water 

evaporation computations with the 1982 Kimberly-Penman Etr. Two points 
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Table 4.5a Daily basin Et by category (~ 

May 25,1991 (English units). LJ 

K-Pen Ref Et = .26 
Kc - ET Vc - Et 

Description Acres Daily ET Kc Daily ET. Vc Daily ET. 
inches ac.ft. ac.ft. 

Precip only 135280 0.00 0 
water 11627 0.22 0.85 213 0.85 213 
non-agric grass 57226 0.11 0.42 525 0.40 499 
riparian wetlands 2171 0.14 0.54 25 0.55 99 
perennial wetlands 8829 0.15 0.58 110 0.58 110 
high veg urban 7525 0.17 0.65 107 0.66 107 
med veg urban 15372 0.13 0.50 167 0.50 166 
alfalfa 55561 0.26 1.00 1204 0.79 952 
corn 86802 0.10 0.38 723 0.12 233 
sugar beets 12504 0.09 0.35 94 0.13 35 
dry beans 23015 0.00 0.00 0 0.13 65 
onion sets 1388 0.17 0.65 20 0.14 4 
irrig barley/wheat 4979 0.26 1.00 108 0.76 82 
winter wheat 12577 0.26 1.00 273 0.54 146 
field borders 13833 0.08 0.31 92 0.29 86 
trees 13319 0.17 0.65 189 0.65 187 

Total 326728 3848 2984 

Table 4.5b Daily basin Et by category 
May 25,1991 (metric units). 

K-Pen. Ref Et = 6.6 mm 
Kc - ET Vc - Et 

Description Area Daily ET Kc Daily ET. Vc Daily ET. 
ha mm cu.m ac.ft. 

Precip only 54748 0.00 0.000E+00 0.000E+00 
water 4705 5.59 0.85 2.629E+05 0.85 2.627E+05 
non-agric grass 23159 2.79 0.42 6.471E+05 0.40 6.155E+05 
riparian wetlands 879 3.56 0.54 3.125E+04 0.55 1.221E+05 
perennial wetlands 3573 3.81 0.58 1.361E+05 0.58 1.357E+05 
high veg urban 3045 4.32 0.65 1.315E+05 0.66 1.320E+05 
med veg urban 6221 3.30 0.50 2.054E+05 0.50 2.048E+05 
alfalfa 22486 6.60 1.00 1.485E+06 0.79 1.174E+06 
corn 35129 2.54 0.38 8.923E+05 0.12 2.874E+05 
sugar beets 5060 2.29 0.35 1.157E+05 0.13 4.317E+04 
dry beans 9314 0.00 0.00 0.000E+00 0.13 8.018E+04 
onion sets 562 4.32 0.65 2.425E+04 0.14 4.934E+03 
irrig barley/wheat 2015 6.60 1.00 1.331E+05 0.76 1.011E+05 
winter wheat 5090 6.60 1.00 3.361E+05 0.54 1.801E+05 
field borders 5598 2.03 0.31 1.138E+05 0.29 1.061E+05 
trees 5390 4.32 0.65 2.327E+05 0.65 2.307E+05 

Total 132227 4.747E+06 3.681E+06 
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Table 4.6a Daily basin Et by category 
July 12, 1991 (English units). 

K-Pen Ref Et =.23 inches Kc - ET Vc - ET 
Description Acres Daily ET Kc Daily ET. Vc Daily ET. 

inches ac.ft. ac.ft. 

Precip only 135280 0 0 
water 11627 0.19 0.83 184 0.83 184 
non-agric grass 57226 0.09 0.39 429 0.36 395 
riparian wetlands 2171 0.12 0.52 22 0.55 88 
perennial wetlands 8829 0.13 0.57 96 0.55 93 
high veg urban 7525 0.14 0.61 88 0.55 78 
med veg urban 15372 0.09 0.39 115 0.43 125 
alfalfa 55561 0.08 0.35 370 0.72 762 
corn 86802 0.22 0.96 1591 0.82 1361 
sugar beets 12504 0.22 0.96 229 0.69 165 
dry beans 23015 0.23 1.00 441 0.42 185 
onion sets 1388 0.18 0.78 21 0.35 9 
irrig barley/wheat 4979 0.22 0.96 91 0.46 44 
winter wheat 12577 0.17 0.74 178 0.13 30 
field borders 13833 0.11 0.48 127 0.48 127 
trees 13319 0.14 0.61 155 0.65 165 

Total (no precip only area) 326728 4138 3811 

Table 4.6b Daily basin Et by category 
July 12, 1991 (metric units). 

K-Pen. Ref Et = 5.84 mm Kc - ET Vc - ET 
Description Area Daily ET Kc Daily ET. Vc Daily ET. 

ha mm cu.m. cu.m. 

Precip only 54883 0.00 0.000E+00 
water 4840 4.83 0.83 2.271E+05 0.83 2.270E+05 
non-agric grass 23294 2.29 0.39 5.294E+05 0.36 4.872E+05 
riparian wetlands 1014 3.05 0.52 2.678E+04 0.55 1.085E+05 
perennial wetlands 3708 3.30 0.57 1.180E+05 0.55 1.147E+05 
high veg urban 3180 3.56 0.61 1.083E+05 0.55 9.621E+04 
med veg urban 6356 2.29 0.39 1.422E+05 0.43 1.542E+05 
alfalfa 22621 2.03 0.35 4.569E+05 0.72 9.399E+05 
corn 35264 5.59 0.96 1.963E+06 0.82 1.679E+06 
sugar beets 5195 5.59 0.96 2.828E+05 0.69 2.035E+05 
dry beans 9449 5.84 1.00 5.441E+05 0.42 2.282E+05 
onion sets 697 4.57 0.78 2.568E+04 0.35 1.110E+04 
irrig barley/wheat 2150 5.59 0.96 1.126E+05 0.46 5.427E+04 
winter wheat 5225 4.32 0.74 2.198E+05 0.13 3.701E+04 
field borders 5733 2.79 0.48 1.564E+05 0.48 1.567E+05 
trees 5525 3.56 0.61 1.917E+05 0.65 2.035E+05 

Total (no precip only area) 132362 5.105E+06 4.701E+06 
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Table 4.7a Daily basin Et by category 
Sept.14,1991 (English units). 

K-Pen. Ref Et =.25 inches 

Description Acres Daily ET 
inches 

Kc 
Kc - ET 

Daily ET. 
ac.ft. 

Vc 
Vc - ET 

Daily ET. 
ac.ft. 

Precip only 135280 0.00 0.00 0 
water 11627 0.21 0.84 203 0.84 203 
non-agric grass 57226 0.16 0.64 763 0.55 650 
riparian wetlands 2171 0.11 0.44 20 0.58 100 
perennial wetlands 8829 0.14 0.56 103 0.59 108 
high veg urban 7525 0.24 0.96 150 0.77 121 
med veg urban 15372 0.12 0.48 154 0.53 169 
alfalfa 55561 0.25 1.00 1158 0.83 957 
corn 86802 0.24 0.96 1736 0.66 1237 
sugar beets 12504 0.23 0.92 240 1.11 288 
dry beans 23015 0.21 0.84 403 0.14 67 
onion sets 1388 0.00 0.00 0 0.77 22 
irrig barley/wheat 4979 0.06 0.24 25 0.21 21 
winter wheat 12577 0.00 0.00 0 0.19 50 
field borders 13833 0.12 0.48 138 0.50 142 
trees 13319 0.15 0.60 166 0.67 184 

Total (no precip only area) 326728 5259 4319 

Table 4.7b Daily basin Et by category 
Sept. 14, 1991 (metric units). 

K -Pen Ref Et = 6.35mm Kc - ET Vc - ET 
Description Area Daily ET Kc Daily ET. Vc Daily ET. 

ha mm cu.m. cu.m. 

Precip only 54748 0.00 0.00 0.000E+00 0.000E+00 
water 4705 5.33 0.84 2.510E+05 0.84 2.504E+05 
non-agric grass 23159 4.06 0.64 9.412E+05 0.55 8.018E+05 
riparian wetlands 879 2.79 0.44 2.455E+04 0.58 1.234E+05 
perennial wetlands 3573 3.56 0.56 1.271E+05 0.59 1.332E+05 
high veg urban 3045 6.10 0.96 1.856E+05 0.77 1.493E+05 
med veg urban 6221 3.05 0.48 1.896E+05 0.53 2.085E+05 
alfalfa 22486 6.35 1.00 1.428E+06 0.83 1.180E+06 
corn 35129 6.10 0.96 2.141E+06 0.66 1.526E+06 
sugar beets 5060 5.84 0.92 2.956E+05 1.11 3.552E+05 
dry beans 9314 5.33 0.84 4.968E+05 0.14 8.264E+04 
onion sets 562 0.00 0.00 0.000E+00 0.77 2.714E+04 
irrig barley/wheat 2015 1.52 0.24 3.071E+04 0.21 2.590E+04 
winter wheat 5090 0.00 0.00 0.000E+00 0.19 6.168E+04 
field borders 5598 3.05 0.48 1.706E+05 0.50 1.752E+05 
trees 5390 3.81 0.60 2.054E+05 0.67 2.270E+05 

Total (no precip only area) 132227 6.487E+06 5.327E+06 
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Basin Total Daily Evapotranspiration 

(English Units) Based on Crop Coefficients 
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Figure 4.11 Basin total daily Et for Kimberly-Penman 
and Penman-Montieth methods. 
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are often brought forth regarding evaporation from irrigation reservoirs: 1) 
the area is variable due to large fluctuations in water level, and 2) open 
water surfaces are ice covered during the winter months, reducing 
evaporation. Examination of the 1982 Kimberly-Penman Et, (KP-Et.)  and 
the Penman-Monteith (PM-Etr) during winter months shows daily Et, 
values: 0.7, 1.8, 3.3, 1.27, and 1.0 mm/day for January, February, October, 
November and December, respectively. Note that the February Et, values 
are almost twice that of January due to weather conditions, yet the daily Et  
is insignificant in contributing to basin Et  because of the lack of biomass. 
Reservoir evaporation is the most significant. Evaporation from snow is 
not a contributing factor since the moisture is not considered to reach the 
soil profile, nor is it counted in the precipitation measurements. Many of 
the reservoirs are shallow and capture significant solar energy during 
winter months. Field visits to study area reservoirs indicate that ice free 
conditions are prevalent during much of the winter months. 

The variable surface area of the reservoirs is visible from examination 
of the satellite imagery for the three dates, however, the classification of the 
satellite data sets yields a crop map with a water category that is the 
average surface area during the growing season. The reason that each date 
of satellite imagery is not used separately to account for the varying water 
surface area is that the three dates of satellite data are classified as a 
multitemporal data set yielding a single crop/landcover map. The use of 
each date separately complicates the computation without adding 
significant increased accuracy for reasons stated below. Although reservoir 
evaporation has the highest annual Et  rate of any category, the total annual 
basin Et  contributed by reservoir evaporation is 7 percent. The reservoir 
surface area is about 4705 ha. (11,600 acres). Assuming that the reservoir 
area may be estimated too high by 25 percent, the impact on the total 
reservoir annual Et, 52.95*106  m3  (67241 ac.ft.), would be 20.7*106  m3. 
(+16,000 ac.ft.) or 2.7 percent of the total annual basin Et. 

The actual result of overestimating reservoir area is to underestimate 
the area of bare soil shoreline surrounding the reservoir. Saturated bare 
soil may have a Kc  ranging from 0.25 to 0.4, or higher, if cattails or 
standing water conditions exist. Consequently, the actual overestimation, 
or underestimation of reservoir area is partially compensated by the 
evaporation of wet soil on reservoir beaches. Color Plates 4.5, 4.6 and 4.7, 
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located at the end of the chapter, show the daily Et  maps generated from Kc  

values for May 25, July 12 and September 14, 1991. 

Summary: (Model Output - Daily Et) Using the total basin daily Et  

generated from KC  , the May 25, basin total daily Et  is 4.63.106  m3. (3756 

ac.ft). The Vc  -generated basin Et, for that date, is 3.68*106  m3  (2983 ac.ft.), 

a difference of 20 percent. The Vc  -based data suggested that irrigated 

fields of the classified crop/land cover map had bare soil on May 25, 
whereas the KC  -based data suggested greater amounts of vegetation were 

present. The higher Kc  values were arbitrarily set by irrigation managers 

based on the assumption that farmers were in the process of irrigating the 
newly planted fields and the soil surfaces were higher in moisture content. 
Kc-based study area Et  for July 12, is 5.10*106  m3  (4138 ac .ft). VC-based Et  

is 4.70*106  m3  (3811 ac.ft) for a difference of 7.9 percent. September 14, 

Kc-based Et  is 6.48*106  m3. (5259 ac.ft.) and VC-based Et  is 5.61*106  (4559 

ac.ft.) for a difference of 13.5 percent. Considering the variability in 
biomass and the ability of the satellite to sample 100 percent of the study 
area with an NDVI index, the differences suggest that the Kc  and Vc-based 

basin total Et  are within the same range for each of the three days that were 

compared. 
Each of the three dates, May 25, July 12, and September 14, were 

evaluated separately for statistical comparisons between the Kc-based daily 

basin Et  and the VC-based basin daily Et. Statistical comparisons were not 

done on a crop-by-crop comparison for each of the three dates. For May 
25, 1991, the t statistic for the standard error of the difference between the 

KC  and the VC  computations was 1.17 which was less than the 1.96 t statistic 

for the 95 percent confidence interval. The difference between the two 

computations was statistically insignificant. The t statistic for the 
differences of the two methods for July 12 was 0.38 and the t statistic for 
the method differences for September 14 was 1.21. Each of the three dates 

of computed basin daily Et  has statistically insignificant differences for Et  

computed using either Kc  or Vc  coefficients. The important conclusion 

derived from comparison of Et  computation methods on a daily basis is 

that reflectance-based vegetation coefficients can be substituted for crop 

coefficients for different times during the growing season and used to 
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compute basin daily Et  from a variety of irrigated crops and non- 
agricultural vegetation/bare soil types. 

Basin Peak Day Demand: Figure 4.11 shows the daily basin total Et  plot 
for each day of 1991. This data were stored as separate values within the 
RDBMS and when the data were sorted by daily Et, June 30 had the highest 
daily Et  of 8.03*106  m3  (6510 ac.ft.) for the basin. The Penman-Monteith Et  
for the basin on this day was 7.787*106  m3  (6313 ac.ft.). Over the 134,735 ha 
(332,926 ac.) of the irrigated study area, the average Et  rate was 5.96 
mm/day (0.23 in./day). Two factors influenced this peak day: weather 
conditions and the overall basin crop coefficient. Figure 4.12 shows a basin 
"crop coefficient" developed from the weighting of each vegetation category (~ 
crop coefficient by the percentage of vegetation/crop area in the study area.  
On June 30, the basin KC  was approaching a peak and weather conditions 
were optimum for maximum Etr. Daily temperatures were: high - 88.7 F 
and low-58.5 F; ave. dewpoint was extremely low - 38.7 F; wind travel - 160 
miles (daily average for the month was 120 miles) and solar radiation was 
686 ly (compared to a daily average of 554 ly for the month). The 
Kimberly-Penman Etr  for the day was 10.4 mm (0.41 in.), compared to 6.6 
mm (0.26 in.) for the monthly average. and the basin KC  was 0.71. About 
12 days later, the basin overall Kc  peaked at 0.76, however the weather had 
cooled down with rain and the Etr  decreased to monthly average levels. 

MODEL ACCURACY AND STATISTICAL ANALYSIS OF OUTPUT 

Differences in Kimberly-Penman and Penman-Montieth Methods: 
Figure 4.11 shows the plot of total basin daily Et  for both the Kimberly- 
Penman Et  (KP-Et) and the Penman-Monteith Et  (PM-Et). Due to the daily 
variation, the plot shown is the aggregated average for a week. The data 
are smoothed to show daily trending. As can be seen from the plots, the  
differences between KP-Et  and PM-Et  for the total basin are negligible on a 
daily basis. Table 4.8 summarizes the differences by vegetation/crop 
category annual Et  for both KP-Et  and PM-Et. The Jensen-Haise daily Etr  (J- 
Etr) was computed from the weather data but not included in the modeling 
activities. The total yearly Etr  for the three methods were: 1) 1339 mm 
(52.74 in.) - KP-Etr; 2) 1527 mm (60.15 in.) - PM-Etr;  and 1254 mm (49.38 
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Table 4.8 1991 Crov ET and reference Et summary revort. 

Crop Crop Description Annual Annual Annual (Keen-Pmon) 
Category KPen Pmon JHaise Kpen 

Crop Et Crop Et Et 

1 water 44.30 50.53 0.1405 

10 riparian wetlands 41.51 43.47 0.0472 

11 non riparian wetland 27.93 28.24 0.0111 

12 high veg residential 37.33 38.08 0.0201 

13 med. veg residential 35.08 37.30 0.0632 

15 alfalfa 27.70 28.10 0.0148 

16 com 23.02 22.63 0.0168 

17 sugar beets 26.32 26.55 0.0085 

18 dry beans 22.16 21.78 0.0172 

19 onions - sets 25.84 26.31 0.0182 

20 irr. grass/hay/sod 27.93 28.24 0.0111 

21 irr. barley/wheat 29.32 29.63 0.0109 

22 winter wheat 22.51 23.43 0.0405 

Reference Reference Et 52.74 60.15 49.38 0.0323 
Average 
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in.) - JH-Etr.  From Table 4.8, the average annual Et  differences between 

KP-Et  and PM-Et  for the 13 vegetation and water categories was 3.2 percent 
of the KP annual Et. Corn and alfalfa, responsible for almost 50 percent of 
the basin annual Et, have differences between annual KP Et  and annual PM 

Et  of 1.69 and 1.44 percent. The small differences indicate both combination 
methods give approximately the same result when computing total basin 
annual Et. 

Figures 4.13 and 4.14 show the daily differences between the three Et, 
computation methods. Figure 4.13 shows the daily difference between KP-

Etr and  PM-Etr.  Penman-Monteith values trend higher than Kimberly-
Penman values in the spring and fall and lower than the Kimberly-Penman 
during the summer months. Both Figures 4.13 and 4.14 have the daily 
differences aggregated by 7 day averages on the daily values to indicate 
trends in the values. Figure 4.14 shows the differences between Kimberly-
Penman and Jensen-Haise Etr. In contrast to Figure 4.13, the Jensen-Haise 
values are lower than the Kimberly-Penman in the spring and fall and are 
close to the Kimberly-Penman values during the summer. The difference in 
annual total Etr  values for both Kimberly-Penman and Jensen-Haise have a 
spread of only 6.4 percent. 

Remote Sensing Crop Map Accuracy Assessment:  The image processing 

activities used in preparing the basin land use/land cover map, the "crop 

map," was described in Chapter 3. The method of digitizing test polygons 
in the satellite data set and the use of the test polygons was described in 
previous sections. 

The accuracy of classification of the crop map is computed by an 
accuracy contingency table. The preparation of this table was also 
described in Chapter 3 and illustrated in Figure 3.2. The descriptive 
statistical method used to assess the overall and categorical accuracy of the 

data set classification is the generation of the accuracy contingency table. 
The accuracy contingency table for the 1991 satellite data set classification is 

shown as Table 4.9. 
The accuracy contingency table is the result of a cross-tabulation 

operation and compares the total number of pixels in the category test 
polygons against the number of correctly identified pixels in each category. 

In effect there are two maps being compared, the test polygon map and the 
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Table 4.9 Accuracy contingency table for calibrated 1991 multitemporal data set. 

Class 
No. 

Information 
Classes 

Number Percent 
Of Pixels Correct 

1 2 4 5 6 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 
1 Water 1882 99% 1869 0 0 0 0 1 1 0 0 1 1 0 0 0 0 3 0 0 0 0 6 0 0 0 
2 Roads 757 67% 0 506 0 1 57 19 106 0 0 0 0 56 0 0 0 0 0 0 0 0 12 0 0 0 
4 Shrub/grass range 3121 1% 0 0 18 54 34 962 3 6 580 34 675 10 183 4 0 7 0 0 2 4 22 0 0 0 
5 Medium grass range 454 1% 0 0 0 3 213 230 0 0 0 0 1 6 0 0 0 1 0 0 0 0 0 0 0 0 
6 Short grass range 0 0°/G 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
8 Non-agric.grass 2394 86% 0 0 0 24 144 2068 8 0 0 0 62 15 0 0 0 0 0 0 0 13 53 0 0 0 
9 Non-agric. bare soil 991 62% 0 175 0 13 20 63 616 0 6 1 0 70 0 10 0 3 0 0 0 0 8 0 0 0 

10 Riparian wetland 489 20% 100 1 1 1 8 100 41 11 92 9 10 0 13 7 0 15 0 0 0 0 21 0 0 0 
11 Perennial wetland 475 38% 0 0 0 8 0 63 0 0 181 24 28 0 5 0 0 0 0 0 0 0 3 0 0 0 
12 High veg. residential 1995 11% 1 32 0 5 12 357 19 20 79 217 604 2 107 1 0 2 0 0 6 3 82 0 0 0 
13 Med. veg. residential 3639 47% 0 18 0 17 110 685 91 6 36 315 1699 17 317 1 2 2 2 0 44 32 41 0 0 0 
14 Agric. bare soil/fallow 3413 28% 0 3 0 21 1594 10 800 0 0 4 0 953 0 0 0 5 0 0 0 12 11 0 0 0 
15 Alfalfa 6152 89% 0 0 33 5 9 31 17 19 19 71 35 15 5466 102 76 52 0 0 22 76 41 0 0 0 
16 Corn 9018 83% 0 0 7 44 12 168 1 0 27 4 1 0 260 7451 861 72 3 0 31 0 62 0 0 0 
17 Sugar Beets 3946 76% 0 0 0 0 15 6 0 0 0 0 0 34 36 449 3004 41 0 0 89 0 31 0 0 241 
18 Pinto beans 3887 37% 0 0 3 25 102 143 398 0 5 1 4 796 147 663 57 1419 1 0 1 1 120 0 0 0 
19 Onions 724 11% 0 0 0 0 126 72 22 0 1 1 6 14 3 77 29 229 81 0 0 0 61 0 0 0 
20 Irrig. grass/hay/sod farms 2110 0% 0 0 85 1 52 142 71 7 15 52 43 271 1083 211 4 2 0 0 11 1 12 0 0 0 
21 Irrig. barley/wheat 1322 51% 0 0 41 4 20 96 10 0 9 1 17 4 169 75 0 86 0 0 672 96 15 0 0 0 W 
22 Dryland wheat 1488 60% 0 0 0 2 16 101 155 0 0 0 0 65 5 0 0 1 0 0 252 890 1 0 0 0 N 

23 Field borders 156 30% 0 0 0 0 1 22 0 0 0 0 0 0 25 46 8 5 2 0 0 0 47 0 0 0 
24 Clouds 9424 100% 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9424 0 0 
25 Squash/Pumpkins 181 00% 0 0 0 83 70 0 0 0 0 0 0 0 2 3 23 0 0 0 0 0 0 0 0 0 
26 Carrots 132 1%1 0 0 0 0 1 1 0 0 0 0 0 0 1 4 115 0 0 0 0 0 9 0 0 1 

Total Pixels 58150 

Average Performance by Class 38% 
Overall Classification Accuracy 63% 

Notes: No test pixels for categories 6, 7, and 27 
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crop map. The matrix of rows and columns of the cross-tabulation output 

allows the individual category accuracies to be computed for the classified 
map. The ration of total number of correctly identified pixels within all the 
test polygon boundaries to the total of all test polygon pixels is defined as 
the overall classification accuracy. The overall classification accuracy of the 

crop map used in this research is 63 percent, and the average of the 
individual category accuracies is 38 percent. 

A problem encountered in the classification is the non-uniform 
characteristic of the vegetation classes. Agricultural crops have a high 
uniformity across a number of pixels. Non-agricultural vegetation has high 
variability and heterogeneous biomass within small areas, leading to 
difficulty in identifying test polygon areas. The accuracy contingency table 
by its construct cannot relate the similarity in biomass or LAI in 
misclassified pixels in the category of interest. 

The average of the classification accuracies for each of the 25 categories 

is 39 percent, due to the low accuracies in identifying range and grass 
categories. The overall accuracy is the ratio of all the correctly identified 
pixels to the total number of cells in the test polygons. This is the more 
important value as it reflects a weighting based on the number of cells in 

each category. 
Since corn and alfalfa are the most predominant categories in the data 

set and the test polygons, high classification accuracies of 89 percent for 
alfalfa and 83 percent for corn account for the increase on overall accuracy. 
The use of the accuracy contingency table is demonstrated in the next 

section. where the relationship between the accuracy of Et  estimation to the 

classification accuracy is the topic. Figure 4.15 is a bar chart that shows the 
percent of correctly identified pixels within the boundaries of the test 
polygons for each of the categories of the classified map 

Remote Sensing Misclassification Effects on Et  Computations:  The matrix 

of categories with the correct and misclassified pixels in each category in 

the accuracy contingency table provides the analyst a tool to determine the 
effects of misclassification on the computation of Et. 

Figure 4.15 and Table 4.9, in addition to showing the percent correctly 

identified pixels (cells) data, also give an indication of the relative area of 
each category by cell count. The area weighting of category accuracy as 
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well as the effect of misclassification of pixels into similar biomass 
categories has a great impact on the computation of study area Et. For 

example, if a category with a very small percentage of the study area has a 
low accuracy, the effect of misclassification would not impact the study 
area Et  greatly; but if alfalfa or corn were misclassified into a significantly 
different biomass class, the accuracy of the study area Et  would be 
decreased significantly. The effects of misclassification of the crop map on 
the study area Et  estimation is discussed in the following pages. 

Referring to Table 4.9, the overall classification accuracy for the crop 
map for the basin is 63 percent. That means that only 63 percent of the 
58,150 pixels in the total of all test polygons are correctly identified. The 
major crops have accuracies as follows: alfalfa-89%; corn-83%; sugar beets-
76%; and dryland wheat-76%. Water and non-agric grass have accuracies 

of 99% and 86%. Although trees are present in the study area, no areas of 
uniform tree stands of sufficient size were present to establish test polygons 
for that category. 

One important question is: to what effect does misclassification have on Et  

computation? Since each pixel in the data set is classified into one of 25 
categories based on spectral characteristics, one of the decision tools used 
by the analyst is to make decisions on the identification of the vegetation 
category based on NDVI and location in the study area in addition to pixel 
spectral characteristics. Biomass, or NDVI histogram slicing," was used as 
one of the means of identifying crop or vegetation categories. Pixel 
identification is partly based on vegetation index (which is related to LAI 
and biomass). The identification and misclassification of pixels is affected 

so that pixels, if not correctly identified, will be placed in a companion 
vegetation class most probably similar in biomass and reflective characteristic to 
the correct category. Using these classification rules, if a pixel is not 
classified correctly, it will most probably be placed in a category that has 

similar NDVI (and Et  characteristics). For example, a road pixel, if 
misclassified, would probably be classified as bare soil or short range. A 
Pinto bean pixel, having greater bare soil showing than alfalfa, would be 

misclassified into an onion or urban medium vegetation. The effect of this 
misclassification of pixels into classes of similar biomass or LAI, is to 

reduce the Et  computation error because a misclassified pixel may still have 
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almost identical reflective characteristics—thus similar Et—as  the correctly 

a identified pixel. 
The accuracy contingency table can be used to assess this effect, by 

replacing the matrix of cell counts in individual categories with cell Et  
values. The cell counts in the contingency table matrix are replaced with 
the cell Et  values. Using a spreadsheet program, the transformation from 
the contingency table cell matrix to the Et  table can be seen in Tables 4.9, 
the accuracy contingency table, and 4.10, the transformed matrix table, for a 
May 25, 1991. There are three separate transformed matrix tables 
developed, for May 25, July 12, and September 14, 1991, each using the a 
same accuracy contingency table, but with different VC  and KC  values used 
for the individual dates. When the category lines are horizontally summed, a 
the total Et  for each category for all correct and incorrectly identified pixels 
is computed. The interesting result is that, even for low classification 
accuracy categories, the difference in Et  between the test polygon Et  and the 
crop map Et  is reduced. 

Referring to Table 4.9 and 4.10 as an example, onions have a 
classification accuracy of 11 percent, yet the difference in computed Et  for 
the test polygon (543 m3) and the same pixels in the crop map with only 11 
percent of the pixels correctly identified (611 m3) is only 12.5 percent. The 
conclusion is that misclassification of categories has very little effect on 
computed Et  for that category. The three transformed tables, one for each 
date, are provided in Appendix 3. 

Tables 4.11, 4.12, and 4.13 show the summary results of the 
transformation of the accuracy contingency tables into Et  contingency 
tables. These "map comparison tables" can be used to compare the Kc  
values in the test polygons against the VC  values used in the crop map, as 
well as the reverse. There are three combinations of interest; 1) test 
polygon VC-Et  to crop map V.-Et; 2) test polygon Kc-Et  to crop map Kc-Et; 
and 3) test polygon KC-Et  to crop map VCEV Evaluation of the three 
tables indicates that misclassification inaccuracies in the crop map are 
mitigated in the Et  computation. Using KC  values, the difference in 
computed Et  for the test polygons (100 % accurate) and the crop map (69% 
accurate) for May is 4.3%; for July, 10%; and for September, 0.19%. Using 
VC  values in the transformed Et  contingency table, the differences in total 
Et  between test polygons and the crop map are 4.8% for May, 3.7% for July 



Table 4.10 Transformed accuracy contingency table showing Et values in matrix cells. 

Class 
No. 

Information 
Classes 

Ref ET 
CUM 

Ref ET 
Cu.m. 

1 2 4 5 6 8 9 10 11 12 13 
category number -----> 
14 15 16 17 18 19 20 21 22 23 24 25 26 27 

1 Water 8576 8537 8516 0 0 0 0 2 1 0 0 4 3 0 0 0 0 2 0 0 0 0 9 0 0 0 0 
2 Roads 0 192 0 0 0 2 0 41 85 0 0 0 0 45 0 0 0 0 0 0 0 0 19 0 0 0 0 
4 Shrub/grass range 10039 8642 0 0 58 101 0 2063 2 18 1803 120 1809 8 775 3 0 5 0 0 8 12 34 0 0 0 1822 
5 Medium grass range 852 507 0 0 0 6 0 493 0 0 0 0 3 5 0 0 0 1 0 0 0 0 0 0 0 0 0 
6 Short grass range 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
8 Non-agric. grass 5133 4809 0 0 0 45 0 4434 6 0 0 0 166 12 0 0 0 0 0 0 0 38 82 0 0 0 24 
9 Non-agric, bare soil 797 775 0 0 0 24 0 135 495 0 19 4 0 56 0 6 0 2 0 0 0 0 12 0 0 0 21 

10 Riparian wetland 1442 1394 456 0 3 2 0 214 33 32 286 32 27 0 55 5 0 10 0 0 0 0 33 0 0 0 206 
11 Perennial wetland 1477 1467 0 0 0 15 0 135 0 0 563 85 75 0 21 0 0 0 0 0 0 0 5 0 0 0 568 
12 High veg. residential 7058 5658 5 0 0 9 0 766 15 59 246 768 1619 2 453 1 0 1 0 0 24 9 127 0 0 0 1554 W 
13 Med. veg. residential 9754 9780 0 0 0 32 0 1469 73 18 112 1114 4554 14 1342 1 1 1 2 0 179 93 64 0 0 0 711 V 
14 Agric. bare soil/fallow 2744 1540 0 0 0 39 0 21 643 0 0 14 0 766 0 0 0 3 0 0 0 35 17 0 0 0 0 
15 Alfalfa 26054 24564 0 0 106 9 0 66 14 56 59 251 94 12 23148 66 53 36 0 0 90 220 64 0 0 0 220 
16 Corn 5801 7385 0 0 23 83 0 360 1 0 84 14 3 0 1101 4793 600 50 2 0 126 0 96 0 0 0 49 
17 Sugar Beets 2750 3144 0 0 0 0 0 13 0 0 0 0 0 27 152 289 2093 29 0 0 363 0 48 0 0 129 0 
18 Pinto beans 2709 3629 0 0 10 47 0 307 320 0 16 4 11 640 623 427 40 989 1 0 4 3 187 0 0 0 3 
19 Onions 543 611 0 0 0 0 0 154 18 0 3 4 16 11 13 50 20 160 61 0 0 0 95 0 0 0 7 
20 Irrig.grass/hay/sod farms 6787 6178 0 0 273 2 0 304 57 21 47 184 115 218 4586 136 3 1 0 0 45 3 19 0 0 0 164 
21 Irrig. barley/wheat 5386 4321 0 0 132 8 0 206 8 0 28 4 46 3 716 48 0 60 0 0 2738 278 23 0 0 0 24 
22 Dryland wheat 4307 4024 0 0 0 4 0 217 125 0 0 0 0 52 21 0 0 1 0 0 1027 2576 2 0 0 0 0 
23 Field borders 243 266 0 0 0 0 0 47 0 0 0 0 0 0 106 30 6 3 2 0 0 0 73 0 0 0 0 

24 Clouds 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

25 Squash/Pumpkins 126 182 0 0 0 156 0 0 0 0 0 0 0 0 8 2 16 0 0 0 0 0 0 0 0 0 0 
26 Carrots 71 104 0 0 0 0 0 2 0 0 0 0 0 0 4 3 80 0 0 0 0 0 14 0 0 1 0 

27 Trees 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Total Et in test polygons 102648 97704 
Test Crop 

Polygons Map 
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Table 4.11 Comvarison of Kc-Vc effects of misclassification on Et. 

May 25, 1991 Data Set 

Class Information No. of Kc Vc Kc Test Kc Crop Vc Test Vc Crop 
No. Classes Cells Cells Map Cells Map 

ET ET ET ET 
cu.m Cu.m. cu.m Cu.m. 

1 Water 1882 0.85 0.85 8576 8539 8576 8537 
2 Roads 757 0.00 0.00 0 195 0 192 
4 Shrub/grass range 3121 0.60 0.60 10039 8972 10039 8642 
5 Medium grass range 454 0.35 0.35 852 532 852 507 
6 Short grass range 0 0.00 0.00 0 0 0 0 
8 Non-agric. grass 2394 0.42 0.40 5390 5068 5133 4809 
9 Non-agric. bare soil 991 0.15 0.15 797 798 797 775 

10 Riparian wetland 489 0.54 0.55 1416 1435 1442 1394 
11 Perennial wetland 475 0.58 0.58 1477 1478 1477 1467 
12 High veg. residential 1995 0.65 0.66 6952 5830 7058 5658 
13 Med. veg. residential 3639 0.50 0.50 9754 10343 9754 9780 
14 Agric. bare soiVfallow 3413 0.15 0.15 2744 1573 2744 1540 
15 Alfalfa 6152 1.00 0.79 32979 31187 26054 24564 
16 Corn 9018 0.38 0.12 18370 19178 5801 7385 
17 Sugar Beets 3946 0.35 0.13 7404 7616 2750 3144 
18 Pinto beans 3887 0.20 0.13 4167 5352 2709 3629 
19 Onions 724 0.65 0.14 2523 1077 543 611 
20 Irrig. grass/hay/sod farms 2110 0.60 0.60 6787 7727 6787 6178 
21 Irrig. barley/wheat 1322 1.00 0.76 7087 5761 5386 4321 
22 Dryland wheat 1488 1.00 0.54 7977 6560 4307 4024 
23 Field borders 156 0.31 0.29 259 383 243 266 
24 Clouds 9424 0.00 0.00 0 0 0 0 
25 Squash/Pumpkins 181 0.20 0.13 194 216 126 182 
26 Carrots 132 0.20 0.10 142 248 71 104 
27 Trees 0 0.65 0.65 0 0 0 0 

Totals 58150 135884 130066 102648 97704 

a 

III 
A 

14 
J 
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Table 4.12 Comparison of Kc-Vc effects of misclassification on Et. 

Julv 14. 1991 Data Set 

Class 
No. 

Information 
Classes 

No. of 
Cells 

Kc Vc Kc Test 
Cells 
ET 

cu.m 

Kc Crop 
Map 
ET 

Cu.m. 

Vc Test 
Cells 
ET 

cu.m 

Vc Crop 
Map 
ET 

Cu.m. 

1 Water 1882 0.85 0.83 7410 7394 7410 7385 
2 Roads 757 0.00 0.00 0 174 0 172 
4 Shrub/grass range 3121 0.60 0.53 7846 6795 7846 7019 
5 Medium grass range 454 0.35 0.40 861 441 861 407 
6 Short grass range 0 0.00 0.00 0 0 0 0 
8 Non-agric. grass 2394 0.42 0.36 4429 4183 4088 3868 
9 Non-agric. bare soil 991 0.15 0.14 658 711 658 690 

10 Riparian wetland 489 0.54 0.55 1206 1274 1276 1229 
11 Perennial wetland 475 0.58 0.55 1284 1227 1239 1210 
12 High veg. residential 1995 0.65 0.55 5773 4402 5205 4559 
13 Med. veg. residential 3639 0.50 0.43 6732 7088 7422 7571 
14 Agric. bare soil/fallow 3413 0.15 0.15 2428 1365 2428 1319 
15 Alfalfa 6152 1.00 0.72 10214 11313 21011 20311 
16 Corn 9018 0.38 0.82 41065 39446 35077 33557 
17 Sugar Beets 3946 0.35 0.69 17969 17267 12915 12860 
18 Pinto beans 3887 0.20 0.42 18438 11710 7744 7529 
19 Onions 724 0.65 0.35 2679 2193 1202 1305 
20 Irrig. grass/hay/sod farms 2110 0.60 0.58 5805 4009 5805 5703 
21 Irrig. barley/wheat 1322 1.00 0.46 6020 4837 2885 2965 
22 Dryland wheat 1488 1.00 0.13 5223 4626 918 1445 
23 Field borders 156 0.31 0.48 355 466 355 448 
24 Clouds 9424 0.00 0.00 0 0 0 0 
25 Squash/Pumpkins 181 0.20 0.23 197 260 197 251 
26 Carrots 132 0.20 0.68 426 569 426 421 
27 Trees 0 0.65 0.61 0 0 0 0 

Totals 58150 147018 131750 126968 122223 



140 

Table 4.13 Comparison of Kc-Vc effects of misclassification on Et. 

September 14, 1991 Data Set 

Class Information No. of Kc Vc Kc Test Kc Crop Vc Test Vc Crop 
No. Classes Cells Cells Map Cells Map 

ET ET ET ET 
cu.m Cu.m. cu.m Cu.m. 

1 Water 1882 0.83 0.84 8057 8040 8154 8125 l  
2 Roads 757 0.00 0.00 0 219 0 211 
4 Shrub/grass range 3121 0.35 0.35 5634 9466 5634 9257 

a 5 Medium grass range 454 0.18 0.18 421 773 421 663 
6 Short grass range 0 0.00 0.00 0 0 0 0 
8 Non-agric. grass 2394 0.64 0.55 7902 7173 6791 6250 
9 Non-agric. bare soil 991 0.15 0.15 767 874 767 821 a 

10 Riparian wetland 489 0.44 0.58 1110 1554 1463 1476 
11 Perennial wetland 475 0.56 0.59 1372 1464 1445 1501 
12 High veg. residential 1995 0.96 0.77 9878 6203 7923 6076 
13 Med. veg. residential 3639 0.48 0.53 9009 10689 9947 10336 
14 Agric. bare soil/fallow 3413 0.15 0.15 2640 1477 2640 1464 
15 Alfalfa 6152 1.00 0.83 31730 30334 26336 25310 
16 Com 9018 0.96 0.66 44651 43575 30698 32343 
17 Sugar Beets 3946 0.92 1.11 18724 18441 22591 20497 
18 Pinto beans 3887 0.84 0.14 16840 12214 2807 5944 
19 Onions 724 0.00 0.77 0 1972 2875 1348 
20 Irrig. grass/hay/sod farms 2110 0.58 0.58 6312 8158 6312 6797 
21 Irrig. barley/wheat 1322 0.24 0.21 1636 2985 1432 2364 
22 Dryland wheat 1488 0.00 0.19 0 850 1458 1628 
23 Field borders 156 0.48 0.50 386 605 402 505 
24 Clouds 9424 0.00 0.00 0 0 0 0 
25 Squash/Pumpkins 181 0.40 0.40 373 211 373 228 
26 Carrots 132 1.10 1.10 749 602 749 708 
27 Trees 0 0.60 0.67 0 0 0 0 

Totals 58150 168193 167880 141220 143853 
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and 1.8% for September. Using Kc  in the test polygons and Vc  in the crop 

map, differences are: 24.5% for May; 13.6% for July; and 16.0% for 

September. 

Summary: (Remote Sensing Misclassification Effects on Et  
Computations) Misclassification of individual pixels in the classification 
procedure places the misclassified pixels into categories of similar biomass 
to the correctly identified pixels, because one of the decision rules used in 
the classification of a pixel is the vegetation index (a biomass/LAI/Et  

related index). The effects of misclassification on the accuracy of Et  

computation using the crop map are reduced, because the misclassified 

pixels are often placed in a similar biomass category. The differences in Et  

between a 100 percent accurate crop map as defined by test polygons, and 
the classified crop map, with misclassification errors, are less than 10 
percent when KC  values are used. When VC  values are substituted for KC  

values, the differences between a 100 percent accurate crop map and the 
classified crop map, are less than 4.8 percent. 

Two conclusions are: 1) misclassification effects on computation of Et  

using either KC  or VC  values with a crop map, as input to a GIS model, are 
minimal; and 2) VC  values can be substituted for KC  values using Kimberly-

Penman or Penman-Monteith Etr  methods with minimal effects on the 

accuracy of estimating basin Et. 

Statistical Analysis of Et  Computations and KC  N, Development: 

Standard statistical treatment of data is more effective in the analysis of 

samples from large populations, since they are not able to be efficiently 
analyzed as a total population. The ability of large computers and hard 
drive storage coupled with RDBMS and GIS, allows large amounts of data 
to be processed and analyzed to the extent that population statistics rather 

than sample estimates can be used. For the majority of data in this study, 
populations are analyzed. In many of the activities and computations, the 
use of propagated error analysis and population descriptive statistics such 

as weighted means and standard errors of the estimate or mean are more 

effective in providing an estimate of the accuracy of the techniques. 
In many of the NDVI or Et  histograms, the shapes of the distributions 

are skewed. Even though the individual distributions are not characterized 
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from their shape, due to the large numbers of data, and the numbers of 
sequential computations leading to the basin Et  values, final model output 
values for Et  are assumed to approach normality. This assumption is 
supported by the Central Limit Theorem which holds that when n is large, 
probabilities involving x can be computed as in the normal case if the 
qualifier approximate is appended to each probability calculated. In this 
research, even though some of the vegetation histogram distributions are 
not normal, the total number of data values in the histograms are 
sufficiently large that the population standard deviations calculated will be 
treated as approximately normal. 

Table 4.14 lists the elements making up the basin water balance. In 
this table, the approximate accuracy estimates for each of the components is 
given as a 95% confidence interval. Considering that the data n are large, 
approximate normality was assumed for the propagated error analysis. The 
standard deviation for the population, 6, can be estimated from the 95% 
confidence interval = 1.96. 

The variance for the basin water balance Et  estimate, shown in Table 
4.14, is the sum of the variances of the individual line items. The variance 
about the Et  estimate is 1.9*109  and the 6 is 4.5*107  m3  (36,652 ac.ft.) The 
95% confidence interval is 69.7*107  < Et  estimate< 87.5*107  m3  (565,448 ac.ft. 
< Et  estimate< 709,126 ac.ft.). The mean Et  estimate is 7.86*108  m3  (637,287 
ac.ft.). 

The estimation of the annual Et  computed from the model for the 
study area is the sum of the daily Et, which in turn is the sum of the daily 
Et  for each of the 25 vegetation classes. During winter, spring and autumn 
months, only open water evaporation is responsible for the daily basin "Et" 
value, (more accurately, basin evaporation value) but as vegetation enters 
the greenup phase and the agricultural crops enter the full cover phase, the 
full number of vegetation classes is contributing to the daily basin Et  value. 
The computation of daily Et  has a variable n throughout the year with n 
being the number of pixels contributing to Et. The minimum n for open 
water is over 57,000. The computation of annual Et  for the basin is based 
on KC  values, as VC  was computed for only three dates of the year. Neale 
(1987), Neale et al. (1989) and Bausch (1993) have established relationships 
between KC  and NDVI, (and by default to Vc  ). Bausch (1993) established 
direct relationship between NDVI and SAVI to the basal crop coefficient 



Table 4.14 1991 Poudre basin annual water balance. 

Approximate 
Volume Accuracy 

Inputs Considered (ac-ft) (95% conf. interv.) Source Variance Std Dev 

Poudre - Mouth of Canyon 205,500 +/- 0.10 USGS 1.10E+08 10485 
Irr. Div. Upstream of M.o.C. 84,690 +/- 0.10 USGS 1.87E+07 4321 
FCWTP#1 14,430 +/- 0.05 City of Fort Collins 1.36E+05 368 
Small Tributaries below M.o.( 1,000 +/- 1.00 Estimation from incomplete 1993 data 2.60E+05 510 
CBT to Poudre (Hanson Cana 46,603 +/- 0.05 NCWCD 1.41E+06 1189 
CBT to FCWTP#2 13,562 +/- 0.05 City of Fort Collins 1.20E+05 346 
CBT to Bellvue T.P. (Greeley) 3,371 +/- 0.01 NCWCD 2.96E+02 17 
CBT to Soldier Canyon 13,963 +/- 0.02 NCWCD 2.03E+04 142 
Windy Gap Imports 6,102 +/- 0.05 NCWCD 2.42E+04 156 
Big T. to Boyd Lake T.P. (Gree 7,155 +/- 0.01 City of Greeley 1.33E+03 37 
Greeley contracts for irrigatio 2,661 +/- 0.10 City of Greeley 1.84E+04 136 
Surplus Greeley water to irrip 1,056 +/- 0.50 City of Greeley 7.26E+04 269 
Loudon Ditch Imports 6,000 +/- 0.25 Loudon Ditch Co. 5.86E+05 765 
Res. Storage Decrease 4,639 +/- 0.10 River Commisioner 5.60E+04 237 
Precipitation 333,995 +/- 0.20 Calculation (12.13 in on 330,416 acres) 1.16E+09 34081 

N 
Total Inputs 744,727 W 
Outputs Considered 

Poudre at Greeley 83,240 +/- 0.10 USGS 1.80E+07 4247 
L.T.Creek at Mouth 10,000 +/- 0.50 Estimated from incomplete 1993 data 6.51E+06 2551 
Ground Water Outflow 10,000 +/- 1.00 Poudre Basin Report 2.60E+07 5102 
PRPA (Rawhide) exports 4,200 +/- 0.05 City of Fort Collins 1.15E+04 107 

Total Outputs 107,440 
95% 

conf. int. 
E.T. Estimate 637 287 ac.ft. Variance of the ET estimate ac.ft 1.34E+09 

7.861E+08 cu.m Std Dev. of the Estimate ac.ft 3.67E+04 7.18E+04 
Std Dev. of the Estimate cu.m 4.52E+07 8.86E+07 
COV 5.75E-02 

Inputs Known to Exist but not Considered Outputs Known to Exist but Not Considered 

G.W. Inflow - Probably less than G.W. outflow Crow Creek Outlet to Platte - less than 10,000 ac-ft 
G. W. Storage Gains G. W. Storage Reductions 



Kcb. It is then a valid assumption that the NDVI histograms discussed and 
presented in this research provide an estimate of the variability of KC  for 
each of the agricultural crops and the histograms can be used to estimate 
an approximate a for each of the KC. Since the 6 was calculated for each 
histogram for each of the three dates, a Gave  of the three umay,  6july, and 

6sept is used for each vegetation category as the standard deviation, 6Kc. [ J 
Jensen, et al. eds. (1990) gives a standard error of the estimate for both the 
Kimberly-Penman and the Penman-Monteith Et  computation methods. The 
weighted SEE for the 1982 Kimberly-Penman is 0.85 mm/day. The 
Penman-Monteith method weighted SEE is 0.74 mm/day. The weighted 

a SEE is a combination of the peak month SEE and the annual SEE. With 
the 6Kc  and the 6Etr  estimates established, the daily vegetation/crop 
category variance can be computed. Summation of the daily category 
variances gives the total daily basin Et  variance. Summation of the daily 
basin Et  variance over 365 days gives the total annual basin Et  variance. 
The 6 for the annual total basin Et  is 8.087*106 Cu.  M. (6,556 ac.ft). The 95% 
confidence interval is 736.95*106 Cu.  M. < Et  estimate< 768.65*106  m3. 

(597,420 ac.ft < Et  estimate< 623,118 ac.ft.). The mean total annual basin Et  
is 752.8*106 m3. (610,270 ac.ft.). Using the approximate annual mean values 
for the basin water balance and the basin model output, there is a 4.2 
percent difference between the two values (based on the water balance 
value). 

Figure 4.16 is a plot of the daily basin standard deviations and a plot 
of the coefficient of variation (std. dev./mean daily basin Et). Because of 
the transformation from NDVI to VC  and approximate estimates for 6Kc  for 
water, during the winter and spring the COV exceeds 1.0. The COV for the 
basin during the peak of the growing season in the minimum range of 0.11 
to 0.15. Table 4.17 shows the Standard Error for both English and Metric 
units. 

Table 4.15 provides the V~ values for each vegetation category 
established from test polygon histograms. Three values are given: for May 
25, July 12 and September 14. The standard deviations are given and the 
coefficient of variations area provided for each category. Because of the 
NDVI to VC  transformation in the ranges for bare soil, the COV exceed 1.0 
and are not reported. 

J 
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Figure 4.16 Standard error of the daily basin Et. 



Roads 
Shrub Range 
Med. Range 
Non-ag. Grass 
Non-ag. Bare Soil 
Riparian Wetland 
Perennial Wetland 
High v. Urban 
Med V. Urban 
Ag. Bare Soil 
Alfalfa 
Corn 
Sugar Beets 
Pinto Beans 
Onions 
Irrig. Grass Hay 
Irrig. Barley/Wheat 
Dryland Wheat 
Field Borders 
Squash/Pumpkins 
Carrots 

0.10 0.04 0.03 
0.60 0.54 0.39 
0.38 0.40 0.18 
0.39 0.33 0.35 
0.02 -0.00 -0.01 
0.44 0.52 0.38 
0.56 0.62 0.55 
0.58 0.55 0.54 
0.52 0.46 0.46 
0.21 0.12 0.15 
0.93 0.84 0.73 
0.14 0.90 0.74 
0.14 0.85 0.89 
0.13 0.37 0.09 
0.12 0.37 0.45 
0.51 0.60 0.54 
0.77 0.58 0.13 
0.68 0.14 0.12 
0.29 0.59 0.50 
0.14 0.24 0.44 
0.09 0.46 0.95 

757 
3121 
454 
2394 
991 
488 
475 
1995 
3639 
3413 
6166 
9018 
4081 
4010 
724 
2110 
1346 
1488 
156 
181 
132 

0.18 0.19 0.27 
0.08 0.10 0.16 
0.18 0.18 0.18 
>1 >1 >1 

0.73 0.76 0.86 
0.16 0.16 0.21 
0.31 0.33 0.39 
0.38 0.40 0.44 
0.27 0.32 0.41 
0.27 0.31 0.38 
>1 0.31 0.25 

0.61 0.27 0.30 
0.83 0.72 0.56 
0.66 0.60 0.33 
0.73 0.57 0.60 
0.28 0.48 0.94 
0.37 0.44 0.92 
0.52 0.27 0.29 
0.40 0.23 0.16 
0.47 0.46 0.19 

rn 

0.369 •0.452 0.408 
0.019 -0.004 -0.010 
0.933 0.899 0.948 
0.253 0.247 0.269 

0.145 0.175 0.154 0.158 
0.030 0.038 0.028 0.033 
0.370 0.390 0.330 0.347 
0.091 0.102 0.086 0.083 

0.371 0.355 0.393 
0.000 0.000 0.000 
0.833 0.756 0.945 
0.240 0.196 0.257 

avg 
min 
max 
std 

Table 4.15 Computation of standard deviations for Vc test polygon histograms for 
weighted mean Vc values computed from mean NDVI values. 

May July Sept May July Sept 
Its I Vc (mean) I Std, Deviations  

Average May July Sept 
std dev I COV 

0.10 0.09 0.10 0.10 
0.11 0.10 0.11 0.11 
0.03 0.04 0.03 0.03 
0.07 0.06 0.06 0.06 
0.13 0.14 0.14 0.14 
0.32 0.39 0.33 0.35 
0.09 0.10 0.12 0.10 
0.18 0.18 0.21 0.19 
0.20 0.18 0.20 0.19 
0.06 0.04 0.06 0.05 
0.25 0.26 0.28 0.26 
0.16 0.28 0.18 0.21 
0.09 0.23 0.27 0.20 
0.11 0.27 0.05 0.14 
0.08 0.22 0.15 0.15 
0.37 0.35 0.32 0.35 
0.21 0.28 0.12 0.20 
0.25 0.06 0.11 0.14 
0.15 0.16 0.15 0.15 
0.06 0.06 0.07 0.06 
0.04 0.21 0.18 0.14 
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Summary: (Statistical Analysis of Et  Computations and K, Nc  

Development) Tables 4.16 and 4.17 contain summaries of the statistical 
tests conducted for validating the model. The basin water balance estimate 
of the approximate mean is 7.861 .106  m3  (637,287 ac.ft.) and the 95 percent 

confidence interval is 697*106  to 875*106 Cu.  m (565,448 to 709,126 ac.ft). 

The model output for the annual basin Et  estimate of the approximate mean 
is 752.8*106  m3  (610,270 ac.ft). The 95 percent confidence interval is 
736.9*106  to 768.6*106  m3  (597,420 to 623,118 ac.ft.). The conclusion is that 
the model falls within the water balance confidence interval and the model 
output is confirmed by the basin water balance. The difference between the 
approximate means of the water balance and the model output is 4.2 percent. 
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Table 4.16 Summary of statistical test data for model validation. 

Item Approximate Standard error t statistic 95 percent 
estimate of of the confidence 
the mean estimate (SEE) interval 

(ac.ft.) (ac.ft.) (ac.ft.) 

Annual basin 637,290 36,652 1.96 565,448-709,126 
water balance 

Model basin 610,270 6,556 1.96 597,420-623,118 
annual Et  

difference of 27,020 37,233 0.72 
the estimates 

Table 4.17 Comparison of basin daily Et  - Kc  vs. V, Et  estimates. 

Item Approximate Standard error of t statistic 
estimate of the the estimate comparison to 95 
mean (ac.ft.) (SEE) (ac.ft.) percent 

conf. interval 
May 25, 1991 
Kc'- Et  3,756 436 
V - Et  2,984 488 
difference 772 654 1.17 < 1.96 

July 12, 1991 
KC-Et 4,138 540 
V - Et 3,811 644 
difference 327 840 0.38 < 1.96 

Sept. 14, 1991 
KC-Et 5,259 214 
V - Et 4,549 546 
difference 710 586 1.21 < 1.96 

!a 

it 
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APPENDIX 
4A 

MODEL INPUT AND OUTPUT DATA CHARTS 
AND TABLES 

ACCURACY CONTINGENCY TABLES AND 
TRANSFORMATION MATRIX WITH Et VALUES IN 

MATRIX CATEGORY CELLS 
FOR EVALUATION EFFECTS OF MISCLASSIFICATION ON 

CATEGORY DAILY Et 



ri 

r 

ri 
r, 
I 
H 

I 
II 
I 

H 
I 
I 



x
 
~
 

v m
 
a
 

m 

V
 

P
 
W
 
i
J
 
N
+
 
t
l
 
O
 
V
 
P
 
W
 
A
N
N
 
+
 
p
 
t
l
 
O
 
O
 
W
 
A
 
N
+
 
O
 
P
 

~
i

W
y34y
S

 ~
~

3
'~

~
~

o
 T
,i
y
i2

0
8

 
S

s 
9~

~
~

`S
~

oo
 c

l3
 

.
 
F
'
g
 
o
 
o
 
w
 
0
 
3
$
 n  

c 
So

  E
$  
a
=
 

 
o

 
I
 

_ 
s
~
s
 

ys 
S
 
o
 

w 
n 

n 

Y
 
N
 
N
 
O
 
+
 
W
 
N
 
N
 
N
 
m
 
W
 
P
.
 
0
 
a
 
W
 
N
 
O
.
 p
  
O
 
W
 

• 
r
 

r
 

~ 
S

 

f 
 

fo
o
 o

 r
A u
 a

 o
 o

 V
 V

 V
 v

 v
 n

 o
 c

 a
 a

 N
 V

 o
 V

 o
 o

 n
Wi
 
n
 
o
 
w
 
3
 m
  

n
 

 
c
$

 o
 

a
~

 
m

a
o

 N
 V

  t
0

1
~

+
V

 m
 V

 a
4

0
i~

4
A

im
0

 f
d

 V
 m

(J
  

N
—
 

=
.r

c
~

o
g
c
l~

~
y
a

~
s

c
c
~

=
s
~

o
g

z
 

 

•
F

o
a
~

P
~

3
$
g
a
o
e
~

~
s
o
g
' 
m

e
S

 
Sr 

•
 

~
Q

 
eS

 
s
~

o
o
n
~

m
`1

~
'E

 
n

_
 

cw
 

a 
~

 •
 

P .  

n
 ~

• 
e
Q
 

0
 

o 
e

 e
e

 
o 

0
m

~
0
 0

 0
 

0 
• 

N
 N

 N
 O

+
+

 0
 N

 N
 Y

O
I 
m

+
 W

 W
 N

 D
 A

 W
 N

 O
 {

O
Ii
 P

 O
 N

 

(P
J
O

N
 

t
l 

f• ~
0
0
D

 O
 ~

O
P

m
 y

 m
 4

N
i 

"
 
~

~
 

O
m
 

O
 
.
.
.
 
 
.
.
.
.
.
.
.
.
.
 

V
P

p
O

N
A

—
.
 
.
.
 

oe
 a

~a
~a

e  
ve

  a
g
o
 2

f 
o

a~
o
 a

e
X

 a
e
~

~
~

a
~

o
f 
a
~

3
e
 v

e
 b

e
 a

e
 2

3
 

D
 

c
 

m
~
 

m
 `c

 
2
0
 

~
 
Q
 

3
 

C
D
 

w
 
~
 

N
 
~
 

w
 
v
 

o'
 m
 

7
 
0
 

m
m
 

~
d
 

~ 
w 

CD
 a

 
a
 
1
 

0
 
~
 

y
 
~
 

O
 
~
 

w 
~ 

N
 
~
 

vi
 w
  

m
o
w
'
  

C
0
 

2 
CD
 

O
 
O
 
O
 
O
 
O
 
O
 
N
 
V
 
.
.
.
.
.
.
.
.
.
.
.
.
 O
 
O
 O
  
O
 
O
 
A
 
p
 

O
 

W
 

0
 

fJ
 ~

J
 

N
 A

 
O

 
V

 
O
 
O
 
p
 
O
 
0
 
A
 
0
 
N
 
0
 
~
 
0
 
t
o
 
t
l
 
t
l
 
N
 
:
D
 
W
 
N
 
A
 
W
 
O
 
P
 
—
N
O
W
 
O
 

0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
f
+
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 o
 

O
 
N
 
0
 
0
 
0
 
V
 
G
O
N
N
A
 
0
 
0
 
f
.
~
 
N
 
A
 
N
 
N
 
N
 
P
 
0
 
0
 
0
 m
 
N
 
O
 
.
0
 

0
 

—
 

AW
 

o
3
 

0
0
0
 
O

O
N

O
 
V

 
0
0
0
—

A
(
J
.
 
W

 
.
.
.
 
G

O
O

N
 
4
.
.
.
 {
O
{

n
~
 
•
 

.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
 
Z
9
 
.
..
.
.
.
.
 V
 
O
 
O
 
O
 
A
 

+
 

o
8m 

0
0

0
 0

0
0

0
 V

 f
J
P

O
>

m
 O

N
 P

fP
J
O

m
 O

O
O

tO
iI
 O

O
+

m
 ~

j 

O
 

.
.
.
.
.
.
.
.
.
.
.
 
A

 
V

 
A

 
6
 
d
»
 
V

 
O

O
O

O
O

I
i 
N

{
0
i1

 
p
 

.
.
.
.
.
.
.
.
.
.
.
 

0
 
0
 
i
J
 
O
 
W
 
O
 
O
 
O
 
P
 
V
 
P
 
W
 
W
 
O
 
A
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
V
 
N
 

N
 
N
 
A
 
V
 
W
 

N
 

N
 
G
 

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
P
 

W
 
V
 

N
 

O
 
O
 
O
 
O
 
O
+
N
 
O
 

N
 
m
 
O
 
W
 
V
 
0
 
W
+
  

0
 
.
.
.
 
 
0
 

 

N
 
N
 O
 

W
 
O
 
N
 
W
 
N
 
W
 
N
 
t
l
 
Y
 
O
 
N
 
O
 
P
 
O
 
A
 
0
 
V
 
A
 
V
 
O
 
P
 
O
 

0
+

0
0

 N
~

®
N

N
 f

A
J
 W

 
m

+
O

N
  V

 O
0
4
W

i 
m

 O
O

N
tl
 —

0
N

 

W
 

O
O

O
O

O
IW

ii
 O

+
N

 0
O

+
 V

 0
0

 m
 O

.O
 W

 O
O

I
i 

q
—

O
{W

~
~

 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
V
 
O
 
O
 
O
 
O
 
m
 
0
 
P
 
0
 
0
+
 
0
 
0
 
0
 
O
 
P
 
O
 
O
 
O
 
A
 

O
 
O
 
O
 
O
 
O
 
O
 
t
l
 
W
—
 
W
 
O
 
V
 
t
l
 
O
 
P
 
m
 
m
 
N
 
W
 
0
 
0
 
0
 
0
 
0
 
0
+
 
m
 

f
J
 
N
 

O
 

V
 

O
 
O
 
O
 
O
 
O
 
O
 
V
 
4
A
i
 
W
 
A
 
O
+
 
N
 
O
 
m
 
A
 
m
 
O
 
O
 
N
 
0
+
 
W
 
O
 
V
 
W
 

~
 

w
 

O
 O

 O
 O

 O
 (

W
i 
A

 A
 W

 P
 O

 W
 f
J
 V

 N
 0

 0
 0

 W
 O

 W
 O

 Q
 O

 A
 4

r 

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 0
 
0
 
0
 
O
 
A
 
0
 
0
 
W
 
q
 

O
 W

 f
N

i~
0
0
0
0
 A

 m
 V

 8
a

 O
~

 
O

N
 
0
0
0
0
0
0
0
0
0
0
 
V

 
N

 

0
 
N
 
+
 
V
 
W
 

0
 

~
 

O
 
O
 
O
 
O
 
N
 
O
 
0
 
0
 
+
 
O
 
f
J
 
O
 
O
 
N
 
.
.
.
.
.
.
.
.
.
.
 tl

 Y
pi
 

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 

N
.
 
0
 
0
 
0
.
 
0
 
0
►
  
O
 
O
 
N
+
 

O
 
O
 
O
 
i
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
.
.
.
.
.
.
 
 
0
 
0
 
0
 
.
.
.
 
 
T
o
 

O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
O
 
{
N
j
i
 
N
 

P
 

O
+
 
0
 
0
 
0
 
O
 
O
 
O
 
O
 
O
 
r
 
O
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
g
 
N
 

W
 

0
 
0
 
0
 
0
 
0
 
0
 
V
 
J
 
N
+
 
O
 
A
 
f
p
d
 
0
 
.
.
.
.
.
.
.
.
.
.
 
V
 
u p

i 

N
O-
T
O
 



9
:
 

o
 0
0
0
e
o
e
a
e
e
e
e
 
~
o
e
e
0
0
0
0
e
.
o
 

N
 
O
 
a
 
0
 
0
 
0
 
0
 
e
 
G
 
O
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 

O
 
N
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 O
 a
  

V
 
e
 
e
 
O
 

P
 

e
 

9  n
 
n
 

o m e 

O
 
N
 
O
 
O
 
O
 
O
 
e
 
e
 
b
 
a
 
O
N
O
 
m
 

0
 
0
 
0
 
0
 

e
 
o
e
e
e
c
0
0
0
0
e
e
0
0
0
e
o
e
e
e
e
o
o
e
v
o
 

N
 

.
.
.
.
.
.
.
.
.
.
.
 

N
 
O
 
e
 
m
 
O
 
w
 
e
 

e
 

m
~
w 

r
 

T
 

o
l
e
o
 
e
P
r
 
~
 
w
o
v
e
n
v
o
 

$ N 

w
 
w
 
e
 
V
 
w
 
e
 
V
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
 
-
 
0
 

'c
s
 

r
T

r
~

tg
a
'X

~
a
'a

'a
'a

'a
'a

ta
'a

'a
'e

 a
: a

t a
:a

t$
a~

'g
 

D U 

1
0
 

x
 
n
e
e
 
n
e
v
i
 
n
o
r
 

~
S
~
 

E
a
 

w 
1o` 

n
o
N
a
O
m
'
N
~
~
m
w
 
b
b
~
m
m
o
^
m
o
 
m
 

9
 

C
Ie

O
C

IC
I
.
IC

C
iC

iO
 C

C
IC

C
O

 
.
.
 

.
.
.
 
o
 
m
 
P
 
w
 

f
 
.
 

>
Y

 o
 e

   

~a 
Y
 

-
8
a
 
3
9
 

° 5 
8
 

3 0` c c 5 5
L
 b
 
7
 
E
 

 
O

~
 •

 
O

 L
 °

 L
 O

 G
°
 P

 
O

 
 

e
 

U
 

;
 
C
 
m
=
 
m
 
Z
 
Z O

 
C
 
Y
 
3
 
C
 
O
 
w
 
E
 O t E G 

m
 
U
 
m
 
U
 
f
 
7
.
 

Y
 
.
 .
 
v
 
w
 
b
 
m
 o ~ ~ ~ V ~ e ~ ~ ~ :

!
.1
  a n 

p
 
e
f
i
 
H
 
d
 
f
<
;
 

a
 
 

~
H
e
o
ei
o
o
'
n
~
n
n
 

m'f eNb 
a
o
o
e
o
o
 

e
 

.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
o
 e o 0 0 o e w e 

.
.
.
.
.
.
.
.
.
.
 
 
=
.
.
o
 
 
.
.
.
.
.
.
.
.
.
.
.
 

ci 

O
 
N
 
O
 
O
 
O
 
O
 
O
 
O
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 

!1
 V

 P
O

O
 ~

 m
m

p
P

 A
w

!! r
 w

 P
f N

 P
 O

O
N

O
 

o e
H
e
o
'
o
e
~
e
e
o
~
 
N
p
o
e
V
e

♦
 
v
o
e
e
o
e
 

e
e
 
r
 
e
 
o
 
e
 
e
 
e
 
e
 
C
 

0
 
0
 
0
 
0
 

e
 
e
e
e
e
o
e
e
e
e
e
e
o
.
0
0
e
e
e
o
o
e
o
o
 

ci 

O
v
o
e
o
o
e
.
a
r
o
o
'
o
f
e
 
o
o
n
o
e
o
e
 

o
 

w
e
 

O
 

V
 
w
 
G
 
O
 
e
 
C
 

~
'
 
o
0
0
0
0
0
0
e
v
o
c
~
~
n
N
P
 

n
 
'
w
 

ci 

a
~
 
~
 
o
 
e
n
e
w
w
e
~
~
f w
'
 
o
~
e
e
o
~
m
o
 

f
 
a
 

w
 

N 
~ N 

o
w
o
o
 
0
o
 
N
m
m
 

N
e
 
m
~
 
e
n
N
e
 

w
 
f
 
f
o
'
w
e
o
r
 

e
v
m
a
w
o
~
a
e
a
a
c
 

m
 
0
 
0
 
N
 
P
 
N
 
w
 
N
 
O
 
w
 
N
 
e
 
n
 
e
 
0
 
0
 
0
 
0
 
e
 

N
~
o
o
 
o
e
o
b
m
 
n
o
~
w
o
f
n
 

o
o
e
o
o
 

O
 

N
 

N
 
O
 
N
 
o
 

w r 
r
 
V
 
N
 

0
 
0
 

V
 
w
 
p
 
p
 
w
 
O
 
O
 
G
 
e
 
e
 

r
 

r
 
b
 
N
 
r
 

O
 
O
 

e
 

w
 Y

 N
 

w
 

N
 

r
 

c
n

 .-
~

 
w

 N
_
N

 _
P

 

o
e
e
e
e
e
o
o
e
o
e
 
o
 
e
e
e
e
e
o
e
o
v
a
e
e
.
 

ci 

o
w
 
o
 
m
 
O
 
f
 
H
 
N
'
 
m
 
r
 m
  
m
 
~
 
•
 
O
 
N
 
r
 
M
 
O
 o ~ 0 0 

e v o w f .
.
.
.
.
.
.
.
.
 

m o a w o o e o 0 0 
o

 
m 

o
 

N
~
 

O
e
 
N
 
G
 
O
 
O
 
O
 
O
 
O
 
p
 
O
 
0
 
0
 
0
 
0
 
0
 
o
 
.
.
.
.
.
.
.
.
.
.
.
 

e
 
e
e
e
 

o
f
 
e
e
 
o
o
 
e
o
e
e
e
e
e
o
 
o
o
e
 

O
 
m
 
P
 
f
 
n
 
N
 
m
 
w
 
n
 
b
~
 
e
 
o
 
e
o
 
P
 
b
 
b
 
O
 
0
 
e
 
0
 
0
 

o
e
 

e
e
i
w

 
b

 
N

 
°
 

~
e
~
m
 
N
 

e
r
n
 
w
v
~
o
~
v
e
 
m
 

v
 
i
O
~
~
w
m
 
~
v
~
~
  
w
b
w
 

^
x
y
 

f 8 
w

 o
 e i 

ci li a 
o
 

^
 l i e e

  
o
e
e
a
o
o
e
 
o
o
 
e
 

a
 

e
o
 

3
 

ee 
t4

i b
l ~

ii~
s'c o

 0
3

.  m
B

 ~
 o

~
v
 y

o
b
 ~

L
 

w
 

$
 
O
 
C
 
O
 
L
 
O
 
O
 
n
 
i
 
0
 
0
Ti ?

 
O
 

 
5
u
 
3
x
m
~
m
z
z
¢
o
.
~
3
t
~
u
0
 
o
S
E
n
¢
u
m
u
~
 

0 Z 
 



~
rm

m
~

u
rwa

+
o

e
 m

~
 m

 u
.~

u
 v

+
o

 o
m

m
 m

a
w

+
 

Z!
2 

F 
0

»
 

L
:r

 w
.wi.

iu
 r

wa
+

o
e

m
.'i

 m
 °

'.a
 u

w
+

o
o

m
 m

m
a

w
+

 
z
2

 
x 

f
l'
 

v
 

L
>
;
~
 
O
~

'
~
 

'1 '
~
'p,
  ~

•
~

>
>

o
9
c
 •y

g
 

f
l
 
j
 

`
O  

2
 
9
 

Z
 

=
1

 
g
a
i
g

a
~

P
6

0
0

:3
c
`
n

 9,
 

4
>

 ?
o
4
c
y
g
 

.ter
°
c
m

 

=
 

o
m

w
ri
a

o
~

+
 

m
e
e
 

+
 m

m
w

u.
m

 
m

m
.mi.

m
L
"i

 N
e
.u ,.

w
e
m

 
e 

o 
0
o
 
a 
.
.
.
.
.
 
a 

 
S 

Y
 

w
+

ie
m

e
im

e
P

w
o

 
m

m
o

emi
=

o
,$

'e
m

.wi.
e

u
 

9
3
 0

 

c
g
m  

j

m
m

±
'
 

Pe
w

 
iv

 
m

o
 

M
W
M
 
+
 
P 

'
~
~
m
w
 
~
Y
w
+
.
.
.
.
 
a
~
 

 
i
 

o
 

o
 n
 
o
 

. 
. 

. 
. 

. 
m

N
+

w
m

q
~

 
~ o+'

o 
w
 
o
 
o
 
+
:
 
+
 

e
 
o
 
m
 
w
 
o
 

 
N

m
 

m
o
m
 

m
 
N
 
m
 

V
 
O
 

'
 
V
 

n
a
 

8
 d

$
e
Q

X
  
0 t
0

0
 

0
e
 

g
;e

 
- 

e
e

0
 

V
 -e
-
-
-
 

 
e 

e
w

+
e
m

e
m

m
w

: 
~

a
~

m
w

A
A

.~
e

eY
S

a
N

 
0
  

0
  

0
 

o
 c
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
a
-
9
 

o
 e
 
v
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
 
:
-
a
 

A
 

an
d 

0
 
0
 
0
 
o
 
e
 
e
 
e
 
o
 
e
 
v
 
o
 
v
 
o
 
v
 
e
 
o
 
0
 
0
 
o
 
e
 
e
 
o
 
e
 
e
 
o
 
w
 o
 

e
 
e
 
a
 
e
 
e
 
e
 
o
 
e
 
e
 
e
 
e
 
e
 
v
 
w
 
m
 
w
 
o
+
 
. ri
g
 
e
 
e
 
m
 
e
.
 
e
 w
 
e
 

r
y
)
 

A
 

o
 

o
..

..
..

r 
a

..
o

 
e
 o

0
 o

 v
 o

A
w

 e
m

 a
..
..
 

e 
w

 
a

 e
..

. 
e

~
um
.o

u
e
..
 v

 o
 o

e
..
..
 o

o
m

 o
e
 

a
 

a
.u i.

 
~+

 C
) 

9
 

O
 

M
 

O
 
O
 
V
 
o
 
O
 
w
 
.
.
 
O
 
w
 
O
+
 
m
 
O
 
m
 
m
 
V
 

w
 
w
 
O
 
w
 
0
 

O
 
N
 N
 

O
 
O
 
w
 
O
 
O
 
w
.
+
 
O
 
N
 
O
 
Y
 
m
+
 V
  
m
 
m
+
 
w
 
P
 
O
 
w
 
P
+
 
O
 
N
 
O
 

0
 
U
3
 

S
 

p
 
j
 

0
0
0
0
.
 
o
 
e
 
o
 
o
 
v
 
v
 
o
.
 
e
 
e
 
e
 
e
 
e
 
e
 
e
 
o
 
e
 
m
 
o
 
.
.
 0
 

r
 

m
 

0
 S

U 
o
 w

o
o

r~
iv

v
o

m
r".

ro
 °m

. r
vr
u
+'

m
m

o
m

o
e
o
m

w
w

m
w

 
a

+
e

e
w

A
.

nar
u

u
m

m
 

v
m

~
w

o
w

m
o
e
r°.
io

 
m

a
 
~
 

D7
 
T
f
 

0
0

0
0

0
o

m
m

..
m

o
+

m
o

a
.'n

 o
rw,
r~

o
e
a
w

w
+

e
u
, 

o
o
 a

 o
..
..
..
m

 o
+

v
o
+

o
 a

.m
 m

 e
 e

 w
 m

+
o
.'
i.
 

~
 

¢
 

O
 ~

 
O

 
o
 

C
)
 

.
.
.
.
.
.
.
.
.
.
.
 
w
e
.
m
e
m
e
e
e
e
a
e
e
o
l
 

e
e
e
e
e
e
e
~
e
e
e
e
e
e
m
e
e
+
e
e
e
e
m
e
e
e
.
 

m
~
 

e
 e

e
e

e
e

m
.Aa

w
te

o
.mi.

e
~

m
u

m
..

e
e

e
m

e
e

+m
 

v ~ 
a•
 

o
 

e
e

e
e

e
a

m
m

 
m

e
.,
e
e
m

e
+

w
m

e
e
e
e
e
e
+

m
 

8 
~

 
N

p
+

  
n
 

O
. 

m
 

0
 
0
 
0
 
0
 
0
 
o
 
m
 
v
 
m
 
m
 
e
 
o
 
w
 
o
 
o
 
a
 
o
 
m
 
m
 
e
 
e
 
o
 
m
 
e
 
m
.
 m
 

e
.
 
e
 
e
 
e
 
o
 

w
 

+
 
o
 
.
.
.
 
v
.
 
v
.
 
e
+
 
v
 
e
.
 
a
 
v
 

w
 m
 

O
 

'0
 

-0
 
6
D
 

tD
 

0
 
r
 

v
 o

0
 o

e
 e

w
 vm

 .'
no

 o
 w

.oi
O

 m
. on

 m
 uw
, 

o
 v

 o
w

e
 o

w
 u

e
 

o
0
0
0
 o

 v
. 
.A.r

m
a
o
 

o
f 

e
m

. 
m

 o
 v

 w
 a

 
m

 o
+

m
'm

 
tr 

~
 

m
 
N
^
 

O
 
O
 
O
 
O
 
O
 
O
 
w
 
0
 
m
 
m
 
O
 
.
.
.
.
.
.
.
.
.
.
.
 
V
 
O
 
A
 

w 
m
 

O
 
O
 
O
 
O
 
O
 
m
 
A
+
  
A
 
m
>
 
O
 
m
 
V
 
V
 
N
 
O
 
O
 
O
 
N
 
O
 
m
 
O
 
m
 
O
 P
 
m
 

f
~
 

o
'3

 
e
m
e
e
.
.
.
.
.
.
 
m
~
N
e
m
w
m
 
.
.
.
.
.
e
e
m
e
 
I
  

o
+
w
e
m
m
m
w
w
~
~
o
 
e
m
~
e
e
v
e
~
e
a
N
+
 
f
  
y
o
 

g
 

-0O
 O

 

.wi
o
m

m
r w.
.r

o
a

 
+

w
 

O
o
m
o
m
o
 

m 
w
w
w
m
e
m
m
e

w
o
o
e
0
0
0
0
m
m
 

a
 

.w.
 

°
'

A
.A

n
e

 
e
.
w
e
m
o
n
+
~
m
e
+
w
e
+
+
e
 
e
e
e
e
a
e
e
a
~
 

Z
 

CD
 3
 j

u 

.
.
.
.
.
.
.
.
.
.
 
m

+
0

0
0

0
0

0
0

0
0

0
o

v
:i
 .ui,

 
w
 

e
u
, 
r
e
o
m

o
e
a
o
..
 .
..
..
..
..
..
..
. 
o
~
H
 

v
 € 
~
 

a
 

a
 

F
.
 

+
N
+
 

r
 
e
 
o
 
e
 
e
 
e
 
e
 
w
 
o
 
e
+
 

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 

 
w
 

e
 w

o
e

m
w

 
..

 .
.w

w
 V

.vr
 r

o
 .
.w

o
+

e
 e

~
o
m

w
+

 

0
 
0
 
o
 
e
 
o
 
v
 
o
 
0
 
0
 
0
 
0
 
o
 
a
 
o
 
0
 
o
 
v
 
e
 
o
 
o
 
e
 
o
 
0
 
0
 
o
 
A
 

.
.
.
 
0
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
o
 
0
 
0
 
.
.
.
.
.
.
 

o
 

o
 

o
 

e
 
e
 
e
 
o
 
o
 
w
 
w
+
 

 

e
 
.
.
.
.
.
..
.
.
.
.
.
..
 

e
e
e
o
 

m
w

 
o
 

w 
w

w
+

m
~

ro
o

w
w

m
w

m
 

P
 

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 A
 

~
 

.
.
.
.
.
.
.
.
.
.
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 o
 

 
v
 

o
+
 
o
 
0
 
o
 
e
 
.
.
.
.
.
.
.
.
.
 
 
o
 
.
.
.
.
.
.
.
.
.
.
.
 

I
 



„
e
e
n
o
e
~
.
$
B
S
E
o
Q
s
e
-
«
~
,
.
e
o
e
o
e
e
 

~
e
a
m
e
e
H
H
~
~
~
~
o
r
e
e
w
~
.
a
n
o
e
e
e
e
e
 

e
 
o
.
.
.
.
.
.
.
.
e
e
 
«
 
.
.
.
.
.
.
.
.
 

,
m
„
 
e
 
o
 
o
 
o
 
o
 
e
 
o
 
e
 
e
 
o
 
o
 
o
e
 
-
 
o
o
 
o
 
e
 
e
 
o
 
o
.
e
 

e
.
 
o
.
 
o
 
o
 
o
 
o
.
.
.
 
a
 
e
.
 
o
 
o
.
 
e
 
e
 
e
.
.
.
.
 

e
 
e
 
e
 
o
 
o
 
o
 
o
 
o
.
 
o
 
o
 
o
 
o
 
o
 
e
 
e
 
o
 
o
 
o
 
o
e
o
e
o
o
 

e
 
o
 
o
 
o
 
o
 
o
.
.
.
.
.
 
e
.
 
e
 
e
 
e
.
.
 
a
 
e
.
 
e
 
e
 
e
 

~
+
,
~
 
e
 
e
 
e
 
e
 
o
 
o
 
o
 
o
 
o
.
 
o
 
o
 
o
 
o
 
o
 
e
0
0
0
0
0
0
0
0
0
 

«
o
o
.
e
e
«
e
e
e
^
,
~
«
,
+
,
.
.
_
.
_
;
8
e
e
o
e
e
 

„
o
o
r
o
e
n
e
e
e
e
"
d
 
"
a
 
t
i
o
e
e
i
o
.
t
i
N
o
e
o
e
e
 

„
.
.
.
.
.
.
.
.
.
r
 

.
.
.
.
.
.
.
.
.
~
p
o
g
~
~
+
o
f
f
 
e
e
e
e
o
o
 

0 .. o e o o .. e e e e o o e e e o e e e e e 
o
 
.
.
.
 
o
 
e
 
o
 
e
 
e
 
e
 
o
 
.
.
.
 
o
 
e
 
o
 
e
 
e
 
o
 
0
 
0
 
0
 
0
 
0
 
0
 

e
 
o
 
o
.
 
e
 
e
 
e
 
e
 
o
«
 
e
 
.
.
.
 

e
 
o
«
 
e
 
e
 
e
 
e
 

•
 
o
.
 
o
 
e
 
e
 
e
 
e
 
o
 
e
 
e
 
n
 
o
 
o
.
 
e
 
m
 
e
 
o
 
o
 
n
 
o
 
0
 
o
 
e
 

y
 

n
 

e o o e e o e e e« 
o
 
0
 

 

.
.
.
 
o
.
.
.
.
.
.
.
$
~
m
e
„
$
_
e
o
q
 
n
s
~
e
 

c
 

o
,g

y
.e

y
y
e

e
 «

"~
e

e
y
8

3
~

.y
e

e
e

e
o

 
~

 
$
~

m
~

 b
 -,'O

o
o
n
$
p
~

o
~

^
,~

~
~

H
.~

w
0
0
0
0
0
 

io
 E

 
-
 

R
 

F
 
t
a
e
  
.
y
0
0
0
~
.
~
~
~
.
«
 

„
 
.
.
.
.
.
e
 

~
v
o
«
e
e
e
.
,
n
,
$
$
^
~
 
g
e
.
v
~
r
o
o
e
o
o
e
 

.
$
o
.
o
 

r
 

e
0
0
0
e
.
 

W
 
g
~
S
 

_
R
e
y
„
o
 
~
 

C
 

~
a
o
m
e
o
a
g
t
i
~
a
^
o
N
~
o
g
n
e
, m„
e
o
o
e
o
o
 

p
`o

~
6
 

.
»

.
.
.
 
s
 
„
 
e

-
  e

o
 e

,.e
0
0
0
0
e
e
 

'3
 

0
0

0
m

0
0

0
e
p
 b

-
e

N
 0

0
0

N
 0

0
0

e
e

o
 

o
~

~
~

e 
g

 
-0

0
8

.0
. o

 "
S

$
A

 e
~

«
„«

e
e

e
e

. 
s
 

P
g

n
e

e
m

'Br
$
 -

n
a

3
-o

~
m

b
.e

3-
o

e
o

e
o

 

2
>
>

aR.
 

o o o o o o e o o o o o o e e e e o e o o e oe 

~
«
 
.
 
«
 
-
.
«
e
o
$
e
.
 

C
 

-
.
e
",
j
n
n
 

n
a
s
',
j
 
o
.
o
.
.

o
 

a
o
o
^
o
o
 

_
~
 

o
 
_
 
0
0
0
«
o
.
o
e
y
-
e
.
e
y
s
 
D
e
e
s
e
 

G
 

v
e
 
o
.
o
 
a
 
e
.
.
o
 
e
.
.
 

-
 
n
'
0
0
0
0
0
e
 

o 0 0 0 0 0 0 0. o 0 0 0 
•C
 

. o o e e o e e e e e e e e e o. 0 0 o e e e e e o 
W

 
«
 

Q
 

0
0
0
0
0
e
8
.
.
 
e
.
.
 
o
.
.
.
.
.
 
e
.
.
.
 
o
.
 

v
 

.-,f̂
i
e
 
o
 
o
 
o
 
o
o
 
o
b
0
0
0
e
e
e
o
e
0
0
0
0
0
0
e
 

E
f
t
«

~
t

r
6

~
o

fu
 

m
F

~
 r'g

e
s

e
m

~
.`a

~
~

g
~o e

 a
 u

S
S

P
'.n

-N
 

 

8
x
z
a

 
 

4
 

y
~
'
o
e
'
o
y
e
y
'
0
0
0
`
o
a
'
m
~
o
e
a
'
a
 

E
 

5
5
&
 

S 

a 
Xoyy 

{~a a
 

a
a
~

 
c
s

o  L
a
 

E
a

2
S

~
 

S
,

o
7
s
~

a
a
5
 

9
~

5
 

x 
3

'a
,n

s
m

iia
3

a
i~

u
P

'~
s
o

E
s
c
a

u
 

3
¢
e
7
»
S

x
~

iic
~

iP
'S

o
:S

c
¢
S

$
c
7
i$

 
WW

 

F
 
<
 
O
 

P
 
S
 

F
 

r
-
 

0
 



1
 

Z
 
O
 

m
 

C
3
 
y
n
~
m
a
e
~
q
 
3
$
~
~
c
c
1•
>
~
'
~
va
e
>
;
~
v
 
T
o
f
 
n
o
 

i 
=

~
 

c
n
 p

1p
c
o

i3
! •
~

P
~
. 

Q
4
'c

w
~

 ~
3
 

v
 
~
S
~
'
~
$
n
Q
'
R
w
S
m
 
'
p
i
o
'
-
5
~
~
4
~
~
 

=
6
 

.
n 

F
!
!
 

g
g
 

.
.
.
.
.
.
.
.
.
.
.
.
.
 
 
o
.
.
.
.
.
.
.
.
 

m
 

N
 

O
 
N
 
p
 
O
 
m
 
N
 
L
 
N
 
(
N
A
 
A
 
O
 
V
 
V
 
V
 
O
 
O
 
m
+
 
m
+
 
O
 
w
 
w
 

N
 
m
 

p
 o

o
p
o
u
 V

 v
Y

r
A

O
 

+
~

''o
w

p
 V

 O
m

o
p
N

p
 e

 

o
 o
p
o
o
p
o
m
o
o
a
o
o
p
m
N
0
0
0
0
0
0
e
i
o
0
e
 

N
 
w
 

O
 
O
 
O
 
O
 
O
 
O
 
w
 
e
 
w
 
w
 
O
 
0
 
0
 
0
 
A
 
C
O
i
 
N
 
O
 
m
 
0
 
0
 
0
 
U
 
0
 
0
+
 

O
 
O
 
p
 
O
 
.
.
.
.
.
.
.
.
.
.
.
.
.
 
V
 
w
 
O
 
O
 
O
 
0
 
0
 
U
 
N
 

O
 
O
 
p
 
0
 
0
 
0
 
t
o
 
m
 
N
 
m
 
O
 
N
+
 
o
 
N
 
N
 
V
 
O
 
O
 
m
 
O
 
N
 
V
 
O
 
N
 
U
 

e
 
o
 
e
 
o
 
o
 
m
 
w
 
w
 
o
 
m
 
a
 
p
+
 
m
 
N
 
p
 
o
 
o
 
p
 
a
 
V
 
o
 
o
 
a
 

w 
o
 w
 

p
 w

.~
o
 m

.i 
.1

e
o
w

fN.r
m

m
p

w
~

n
v
 o

e
o

e
m

e
o

m
 

m
 
u
~
r
 

O
 
e
 
N
 
O
 
o
 
O
 
N
+
 
O
 
O
 
m
 
N
 
V
 
O
 
a
 
a
 
o
 
V
 
e
 
0
 
0
 
0
 
m
 
O
 
O
 
m
 

pm
 m

e 
m

 e
 e

 i:
. u e
iv

 i
a

m
o

..
 .

..
..

..
..

. 
V

 

p
0
0
0
w
0
0
0
i
N
o
m
o
o
w
0
0
0
0
p
o
o
p
0
0
0
 

p
o
p
p
o
o
m
a
o
N
a
m
m
p
m
u
p
e
e
e
p
p
a
e
e
+
 

.
.
.
.
.
.
.
.
.
.
 O
 
O
 
V
 
V
 
O
 
N
 
p
 
p
 
p
 
m
 
p
 
p
 
N
 
O
 
O
 
N
 

V
 
P
 
e
 

0
0
0
0
.
1
N
a
.
i
e
u
+
+
w
N
U
V
V
m
m
+
a
o
p
v
a
w
 

O
»
 

Z
 O

 A
 

c
 
N
 
a
 

a
3

 
g
~

~
n
v
S

Q
e
~

 o
:~

~
~

~
'~

3
5

.>
?

o
 g

~
°. a
s
 o

g
6

m
 a

 
Q

3 
G

~
.o

a
1
R

.g
m

 
io

n
 l
S

 s
in

 §
3

N. ~
n
 

a
 

f
i
t
 

~
g
 

m
 

n
 
n
 
=
 

D
 o

 e
 

e 
e

 
m

 
e

 
o

 0
 o

 p
 

S
t 
j 

+
m

 a
n
o
vv

 am
 m

 uwi
 r'

ae
 w

w
 r'

. fa
a
N

m
u
.im

 o
 ao

 ~
+o

 v
 

~
 ~

a  
O
 

Et
be'
.mm.
 
.
..

.
.
.
.
.
.
.
..e

~
Y

.̀ 'o
~

. 
 

X
 
X
 
O
 
O
 
N
+
.
 
N
 
m
 
N
 
O
 

IL
 

V
 
N
 

 

p
 
O
 

4
 

g
;e

~
S

x
S

;e
g

-;
e

e
-7

~
~

;e
~

;;
e

S
 s

a
 

m 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
o
e
o
e
o
e
p
e
e
 
u
 

..
.
.
.
.
.
.
.
.
.
.
.
 

p
 
e
 
e
 
e
 
p
 
e
 
p
 
e
 
e
 
e
 
o
 
0
 
o
 
u
 
m
 

~
 
 
 
 
 
 
 
 
 

e
e

e
p

o
e

+
u

,e
 u

e
.~

u
o

o
e

o
 p

p
o

p
m

p
o

.L
" 

m
 
~
 

o
+

o
o
n
 +

m
N

w
~P

im
m

~
o

u
~

 V
 ~

n
o

vm
o

a
rma

m
 m

m
 

+
 
O
 
o
 

.
.
.
.
.
.
.
.
.
.
.
.
 
 
V
 
.
.
.
.
.
.
.
.
.
.
 
m
 
O
 
A
 

o
 e
 
o
 
0
 
0
 
o
 
p
 
v
 
o
 
p
 
o
 
o
 
e
 
e
 
e
 
e
 
p
+
 
p
 
e
 
e
 
p
 
m
 
e
 
p
 
e
 
m
 

p
 
O
 
O
 
p
 
O
 
p
 
e
 
N
 
N
 
O
 
V
 
e
 
0
 
A
 
0
 
N
 
m
 
0
 
0
 
0
 
p
 
p
 
0
 
N
 

V
 
+
 
N
 

w
 

+
 
A
 

+
 
A
 

p
o
p
p
p
m
.
+
A
m
:
o
m
w
V
N
e
p
p
~
p
m
p
m
p
a
m
 

e
a
w

e
m

O
m

+
.~

fm.+
g 

N
N

o
 

p
 V

 o
p

o
a

a
o

e
 m

N
 

+
 
v
 

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 p
 
o
 
p
 
o
 
0
 
0
 
o
 
e
 
e
 
m
 

P
 

.
.
.
.
.
.
.
.
 

 
o
 
o
+
 
N
 
.
.
.
.
.
.
.
.
.
.
.
.
 
m
 

+
 
U
 

+
 

.
.
.
.
.
.
.
.
.
.
.
.
 

 
W
 
N
 
N
 
w
 
O
 
0
 
o
 
0
 
.
.
.
.
.
.
 

N
 
w
 

+
 
e
 
N
 

e
 
p
 
e
 
i
 
e
 
e
 
e
 
o
 
e
 
e
 
e
 
o
 
0
 
o
 
p
 
.
.
.
.
.
.
.
.
.
.
 
e
 

o
 p
 
p
 
p
 
o
 
0
 
o
 
p
 
o
 
0
 
0
 
o
 
e
 
p
 
o
 
0
 
o
 
p
 
o
 
p
 
p
 
o
 
p
 
o
 
o
 
m
 
N
 

o
+
 
p
 
p
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
p
 
p
 
p
 
p
 
o
 
m
 
m
 

o
.
m
 

.
.
.
.
.
.
.
.
.
 

9
 

O
 
O
 
m
 
V
 
O
 
m
 
m
 
N
 
[
n
 
N
 
m
 
V
+
 
m
 
N
 
N
 
m
 
m
 
m
 
0
+
 
0
 
0
 

A
 
+
 

N
 

~
'' 

a
+

+
a

 Pm
 m

m
w

u
.0

0
V

 o
+

o
p

e
o

m
p

.,
e

N
m

 

u
 

u
 

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
.
.
.
.
.
.
m
+
 

O
N
 



0)
..
.

4 
z
 n

 
x 

~
 

~a
v_  ~~
~
m
e
~
~
v
-
a
o
v
_
m
~
Z
>
;
~
e
s
z
z
w
;
m
~
f
 
t
>
>
a
o
 

z
•
i
e
.
a
n
S
P

4P-
~
e
:
3
g
a
~

~
>
?
o
° ~
c
a
s 

n
m
 

E
 

O
 

O
 
O
 
O
 
p
 
O
+
 
p
 
O
 
p
 
p
 
e
 
0
 
0
 
F
.
 
F
.
 
p
 
F
.
 
O
 

Q
 

v
'+

jo
in

®
+

m
v
a
 :
 m

~
i 
f+n

 ~
i :

ie
m

N
N

 o
 m

u 
o 

O
 

O~
 

m
 

f
d
 

_
 
S
 

a
w w
f
 
O
 
a
 
A
 
O
 
V
 
t
a
n
 
N
 
M
 
m
 
9
 
s
 

0
0
 
.
.
.
.
.
.
.
.
.
.
 
 
V
 
w Aw
 
.
.
.
.
.
.
.
.
 

A
 
9
 

o
°
 

o
e
o
e
e
o
e
o
o
e
o
 
e
0
e
e
+
o
o
p
o
e
o
e
e
e
+
~
 

e
e
e
e
e
e
+
t
n
o
w
.
V
w
o
o
e
e
+
e
e
o
o
m
o
e
a
w
 

e
 
e
 
w
 
.
.
.
.
.
.
.
.
  
e
 
.
.
 

 

+
w
w
 

o
 
e
p
 
w
p
N
m
N
w
w
m
a
o
f
i
p
m
e
 AA
e
w
a
J
e
w
e
 

w
 
N
 

m
 

o
+
 
p
 
p
 
N
+
 
m
 
N
 
N
 
V
 w
 
m
 w
  
p
 
w
 
V
 V
 
O
 
w
 
m
 
O
  
O
 
N
 
m
 
m
 
m
 

O
 

p
 
p
 
p
 
p
 
O
 
m
 
0
+
 
N
 
m
 
0
+
 
V
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 

+
 
w
 

O
 
p
 
O
 
p
 
p
 
O
 
p
 
V
 
O
 
p
 
O
 
e
 
0
 
0
 
w
 
O
 
O
+
 
0
 
o
 
O
 
p
 
w
 
O
 
O
 
p
 0

 
O
 
O
 
O
 
O
 
O
 
o
 
0
 
f
n
 
w
 
0
 
V
 
O
 
O
 
g
 
O
+
 
N
 
w
 
e
 
O
 
e
 
0
 
0
 
0
+
 
0
 

~
 
N
 

0
0
0
0
0
0
+
N
 
+
o
a
~
a
m
V
i
O
+
o
e
e
o
o
 
N
+ J

i 

O
 
O
 
O
 
O
 
O
 
B
 
V
 
w
 
w
 
P
 
0
+
 
N
 
O
 
O
 
a
 
m
 
O
 
O
 
N
 
O
 

0
 
0
+
 
w
 
V
 

p
 o

 p
 o

o
 u

.a
+

a
m

a
o
 N

in
 .+

iN
e

 e
o

tn
o

 w
o

 w
 e

 a
 v

e
 

o
 f+i
tu

e
m

e
e

a
e

wi
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 

D
e
e
s
.
 
w
N
o
e
 
N
N
w
N
N
e
f
+n
w
e
o
+
J
e
w
m
a
 

m
 

e
 
o
e
o
N
e
e
O
+
+
o
w
o
p
N
O
o
p
o
o
p
p
e
0
0
0
~
 

o
 o
p
0
0
0
0
0
0
0
o
0
0
0
0
e
e
a
o
o
p
o
p
0
0
0
w
 

N
w
 

m
w
N
 

O
 
O
 
O
 
O
 
O
 
N
 
N
 
O
 
m
+
 
N
 
O
 
A
 
m
 
B
 
0
 
0
 
0
 
o
 
p
 
N
 
0
 
0
+
+
 

m
 

O
 
A
 

A
+
  
N
 

+
 

N
 

O
 
O
 
O
 
O
 
O
 

0
+
 
0
 
0
 
N
 
w
 
0
 
0
 
0
 
w
 
O
 
0
 
a
 
0
 
0
 
N
 
0
 

0
0
0
0
 V

+
m

N
+

O
w

N
 

+
+

N
w

+
m

 f
w

d
 O

O
N

N
 m

 f
N

d
 i
n
 

S
 

N
 

e
e
e
a
e
p
e
p
o
o
p
p
o
p
o
p
p
o
e
e
e
e
e
o
e
a
e
 

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
 
O
 
.
.
.
.
.
.
 
 
0
 
0
 
0
 
m
 
a
 

V
 

V
 

c
 a 

° 
.Ni
e

N
~

u
w

i~
 a

 e
m

J
w

 f+
n

 ~
f.

+
w

~
 o

o
 m

w
m

a
N

 
~

" 
m
 g
 -

~
tf
m

t»
o
-g

o
~

m
c
~

Z
>

;~
v
g
z
z
m

;m
s
f 
~

g
 

S
 

=
c
v
n

'y
a

~
=

g
m

3
C

~
p
4
 l
S

~
i 
~

.~
~

~
•

6
 ~

c
  

V
o
 

a
 

i
~
c
 

s
 

7
C

 <
 

A 
A 

0
 

o
 

p
 
o
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 

0
 

o
N

twi
t
 
r
y
 
m

+
+

+
.
twi

t 
N

 tw
it
.
 
m

f
n
 
fw n

m
 `

~
 t+
it
 N

o
 .
6
—

M
w

    

=
 

O
 

0
 

p
 
N
 

w
 

m
 
N
 
N
 
m
 
V
+
 
m
 
w
 
p
 
V
 
w
 
w
 
w
 
V
+
 

O
 
O
 
V
 

a
8
m
 

w
o
N
N
+
e
w
+
+
 

w
 

m m 
v
 

o
 

e
o
e
0
e
e
e
e
0
0
0
0
0
0
0
a
o
w
O
0
0
0
0
0
J
 

0
0
0
0
p
p
p
p
e
e
o
e
0
0
0
0
e
o
e
e
e
e
e
o
.
.
 

1
_ 

o
 0
 
0
 
0
 
0
 
o
 
a
 
w
 
o
 
m
 
o
 
u
 
e
 
e
 
0
 
0
 
o
 
N
 
p
 
p
 
o
 
o
 
rwo
 
e
 
o
 
a
 

o
 o
p
o
o
p
p
o
p
e
e
p
p
.
.
.
.
.
 

O
 
e
 
0
 
0
 
N
 
V
 
N
 
O
 
N
 
A
 
J
 
J
 
m
 

o
 
o
 

A
 
o
 
w
 
o
 
N
 
o
 

p
 
w
 
0
 

w
 
A
 
T
 

m
 
w
 
w
 
0
 

s
 
w
 
m
 

w
 

_
 

p
0
0
0
O
m
N
V
 
m
 
0
+
 
w
 
O
 
O
 
1
n
 
O
 
N
 
V
 
w
 
o
 
p
 
N
 
N
+
 
O
 

.
.
.
.
.
.
.
.
.
 

O
 
O
 
O
 
O
 
p
 
O
 
O
+
 
0
 
0
 
0
 
0
 
V
 
O
 
m
 
0
 
0
 
f
w
d
 
O
 
O
 
O
 
O
 
m
 
0
 
0
 
0
 

o
e

o
o

p
o

.N i
m

 w
f+it

p
N

m
o

e
e

+
o

m
o

e
o

fn
e

e
+

 

e
 p

o
o
p
 o

a
o i
a
a
 e

m
 N

 m
+

N
 toi

tw
 A

o
e

e
 fw n

e
 a

N
 

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 

"'■■■ SCS~,~
~~

 

r
 

r
 

6
 

O
 
O
 
O
 
p
 
O
 
o
 
w
 
B
 
w
 
w
 
O
 
N
 
V
 
.
.
.
.
.
.
.
.
.
.
.
 
a
 

+
 

w
a

ve
 
+
+
m
o
V
m
 

w
 

V
 

N
 

ut
v~

+ 
N

w
 

a
 
1
.
e
e
J
e
m
m
N
J
m
a
J
o
w
w
p
a
a
p
p
p
a
e
e
w
 

e 
m

ww,
e

w
o

 
m

 .
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 

 w
   

  
J
 

e
 i
d
w

 

P,
 

p
 
e
 
e
 
o
 
a
+
 
N
 

w
 
w
 
a
 
N
 
m
 
a
+
 
o
 r
 
N
 
p
 
o
+
 
m
 
e
 
N
 
m
 

.
.
.
.
.
.
.
.
.
.
.
 

 
p
 
p
 
o
 
e
 
p
 
e
 
.
.
.
.
.
.
.
.
 0
 

N
 
J
 

0
 

0
 
0
 
0
 
0
 
0
 
V
 
m
 
N
 
0
 

m
 
a
 
a
 
0
 

w
 
O
 
0
 
p
 
0
 
p
 
O
 
N
 
0
 
0
+
 

d
 

.
.
.
.
.
.
.
.
.
.
.
.
.
 

O
 V
  
O
 

+
 
w
 
m
+
 
V
 
O
p
p
 
w
 

m
 
P
+
 

w
 

o
 .
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
a
 

p
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
.
.
.
.
.
.
.
.
.
.
.
.
 
w
 

A
 

p
 
w
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
0
 
V
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 

e
p
p
p
p
p
a
N
J
w
o
m
m
o
u
t
+
w
a
+
a
e
e
J
e
O
J
 

u 
G
8
Z
 



APPENDIX 
4B 

MODEL INPUT AND OUTPUT DATA CHARTS 
AND TABLES 

CROP COEFFICIENT CHARTS 
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MODEL INPUT AND OUTPUT DATA CHARTS 
AND TABLES 

DAILY Et  FOR CATEGORIES AND PLOTS 
OF 
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CHARTS OF NDVI HISTOGRAMS 
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NDVI vs Area of Category vs Vc 
Trees May 25,1991 
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NDVI vs Area of Category vs Vc 
Non-agric. Bare Soil, May 25, 1991 
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NDVI vs Area of Category vs Vc 
Aoc. Bare Soil, May 25,1991 
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NDVI vs Area of Category vs Vc 
Sugar Beets May 25,1991 
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NDVI vs Area of Category vs Vc 
Dryland Wheat May 25,1991 
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NDVI vs Area of Category vs Vc 
Onions May 25,1991 
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NDVI vs Area of Category vs Vc 
Riparian Wetlands May 25,1991 
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NDVI vs Area of Category vs Vc 
Riparian Wetlands July 12,1991 
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NDVI vs Area of Category vs Vc 
Urban High Veg. May 25,1991 
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Evapotranspiration from Vegetation Coefficients 
for Kimberly Penman Reference Et 

Histograms from 100 Percent of Pixel Population in Category 
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Evapotranspiration from Vegetation Coefficients 
for Kimberly Penman Reference Et 

Histograms from 100 Percent of Pixel Population in Category 
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Evapotranspiration from Vegetation Coefficients 
for Kimberly Penman Reference Et 

Histograms from 100 Percent of Pixel Population in Category 

Urban High Veg. Evapotranspiration 
May 25,1991 Gamma Correlation 
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Evapotranspiration from Vegetation Coefficients 
for Kimberly Penman Reference Et 

Histograms from 100 Percent of Pixel Population in Category 
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APPENDIX 
4G 

MODEL INPUT AND OUTPUT DATA CHARTS 
AND TABLES 

CHARTS OF NDVI HISTOGRAMS FROM NDVI IMAGE 
MASKED BY TEST POLYGONS 
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Abstract: 

This research uses remotely sensed satellite data sets and aerial 
photography in a geographic information system to model the daily and 
seasonal evapotranspiration (ET) within a 187,000 ha (462,000 acre) river 
basin in north-central Colorado. The remotely sensed data sets were computer 
classified into both agricultural crops, urban and riparian vegetation types, 
bare soil, and open water. Crop coefficients (K,,) appropriate for the Penman 
combination method were applied to each of the land cover types to simulate 
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the study area evapotranspiration on a daily basis. Annual ET was 
summarized from daily estimates. A correlation was made between the 
Normalized Difference Vegetation Index (NDVI) and ET to develop a surrogate 
crop coefficient, a "vegetation coefficient (Vd." This V, was used in the GIS 
with a transformed NDVI map of the satellite data sets to simulate daily river 
basin ET. The GIS was used to compute daily Penman reference ET. The GIS 
simulation provided daily and annual urban ET for three cities within the 
study area. GIS simulations computed the agricultural ET from surface 
irrigation, and the changes in river basin ET for conversion of surface 
irrigation to SURGE and sprinkler irrigation. Riparian and perennial 
vegetation ET was computed for all identified wetlands and river flood plains 
within the study area. An automated crop and turf irrigation information 
system (CTIIS) was developed using the telephone network within.the study 
area to provide weather and ET information to the public. 
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ABSTRACT 

The lower Poudre River Basin has been chosen for this research study. 
There are potentials for increasing application efficiencies in converting to 
sprinkler or drip irrigation systems. The regional impact of selective 
conversion from surface to sprinkler irrigation techniques is conditional on 
consumer preferences, value of crops grown, soil types, field size and a variety 
of other factors that make regional adaptive analysis extremely difficult 
without the use of GIS technology. 

SURGE irrigation uses automated valves controlled by microprocessor 
timers to send programmed pulses or surges of water down furrows. Timer 
programming controls the on time and the off time for the main diversion valve 
supplying water typically to gated pipe. The intermittent timing effectively 
provides an increased ability of the furrow irrigation water to reach or advance 
to the end of the furrow in a shorter length of time that would be experienced 
with continuous flow of water in furrows. 

In river basins undergoing rapid population growth such as the 
north Front Range of Colorado including the Poudre River Basins, the need for 
reliable municipal water supplies has resulted in purchase of agricultural 
water supplies by municipalities. As the population growth needs the 
additional water (having been rented back to the farmers during the 
intervening period), the agricultural land is taken out of production and the 
irrigation water diverted to the municipality. This "water conservation 
technique" although not a technology, is simulated to evaluate the impact of 
taking land out of production to reduce water demand during drought periods, 
or during the expansion of urban areas into the rural areas, or due to the need 
of urban populations for additional water supplies. 

Fort Collins is expected to grow by 64 percent by 2010. Windsor is 
expected to grow 136 percent, and Greeley is expected to grow by 81 percent. 
The growth will take place both in the riparian zones of each of the three cities 
and also in agricultural areas. The irrigated crop land taken out of production 
as the three cities expand presently consume about 25,000 AF of irrigation 
water supplies and precipitation. 



Total agricultural cropped lands outside of the existing city limits total 
183,500 acres and result in approximately 252,000 AF of irrigation water 
consumptive use. including precipitation. Of the 326,728 acres contained within 
the study area, there are nine irrigation companies providing irrigation water 
supplies to these 183,500 acres. The largest four companies provide service to 
144,837 of the total irrigated acres. 

WCT 2 is a study of the potential to impact consumptive water use by 
converting surface irrigated lands to sprinkler irrigation. The two sprinkler 
irrigation types considered are center pivot and side roll sprinkler systems. 
Using GIS filtering techniques, the potential areas that could be converted to 
center pivot sprinkler irrigation were approximately 18,600 acres. The annual 
consumptive water use of the crops that could be serviced by these potential 
center pivots is estimated at 35,500 AF. Considering potential conversion to 
side-roll sprinkler systems on  minimum  40 acre fields (1/4 mile by 1/4 mile field 
size), approximately 89,600 acres could be converted. The existing crops under 
these potential sprinklers now account for 175,700 AF consumptive water use. 

The study area overall irrigation. application efficiency is about 92 
percent. Consideration of all the river diversion flows compared to the total 
irrigation demand on irrigation water supply would imply that the water 
balance for irrigation supply compared to irrigation demand is well balanced for 
the study area. If wetlands are considered as existing on return flow from 
irrigation, the overall water balance for the total irrigated crops based on river 
diversions versus ET demand is 96 percent. 

For WCT No. 2, converting from surface to center pivot for all potential 
convertible lands would reduce annual total irrigation demand on irrigation 
water supplies by 27,700 to as much as 40,000 AF. If all potentially convertible 
lands were converted to side-roll sprinkler systems, the annual irrigation 
demand reduction would be from a  minimum  of 95,100 AF to a maximum of 
150,600 AF. For WCT No. 3, the conversion to SURGE irrigation minimum 
irrigation demand water savings range from a low of 191,081 AF to a high of 
368,500 AF. WCT No. 4 considers the removal of irrigated land from 
production. Complete removal of irrigated agriculture from the lands under the 
jurisdiction of the WSSC would result in a net reduction of 53,047 AF of 
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irrigation demand on basin water resources. 

Total evapotranspiration of agricultural crops, wetlands and open water 
surfaces (mostly reservoirs supplied by river diversions) is met by river surface 
water diversions and by precipitation. The total supply river diversion and 
precipitation to the study area for 1991 was 417,000 AF. The Total ET for the 
study area is made up of wetlands (17,500 AF), reservoirs (approx. 40,000 AF) 
and irrigated cropland (377,500 AF) for a total ET for the study area (not 
including urban areas) of 435,000 AF indicating a balance exists between the 
supply and ET demand by ALL vegetation living in the non-urban portions of 
the study area. The general conclusion is, then, that any water conservation at 
the level of the study area must come from a reduction of living vegetation 
biomass existing within the basin. Conversely, an increase in study area "leaf 
area" or reservoir capacity must be met with an increase in retained water 
supplies to meet the increased evaporation or transpiration demand. 

Current irrigation efficiencies cannot be estimated with the data 
available. An estimate of the well pumping and return flows needed to 
maintain an overall surface irrigation efficiency of 40 percent would suggest 
that an additional 200 percent of the surface diversions is needed to supplement 
the river water supplies to irrigated agriculture. This well pumping is only 
internal to the study area, modifying the recirculation through the soil layers, 
but does not impact the overall study area water balance. 

Conclusions. The study area is a delicately balanced natural/artificial system, 
and is physically driven by nature. Any redistribution of water to irrigated 
agriculture must result in either 1) a physical redistribution plan to make up 
for decreased or increased deep percolation to the aquifer and 
increased/decreased return flows to surface water courses. Any removal of 
irrigated crop land to furnish water to urban inhabitants will impact the 
internal distribution to basin aquifers and to water rights holders, which in 
turn affects additional aquifer storage and surface water return flows. Any 
decrease or redistribution in the vegetation leaf area in the study area must be 
met with a corresponding increase of water resources available that must be 
consumed (or stored in a reservoir) over a reasonable period of time or be lost to 
downstream users. 
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INTRODUCTION 

For the Colorado Front Range, where population growth is applying 
pressure on irrigated agriculture for urban development and for water supplies, 
the scarcity of water is increasing yearly. Unless new storage facilities are 
constructed, the supply of water is essentially fixed. Water is valuable and 
necessary for the maintenance of Colorado agribusiness and for the 
development and growth of Colorado Front Range urban areas. The mix of 
agriculture, urban municipal water usage and industrial water needs is in 
transition from a formerly agricultural based economy in the first half of the 
1900's to an urban-rural residential based economy supported by increasing 
industrialization. Yet, the quality and the economy of the environment are 
enhanced by an agricultural presence, and if agribusiness and a viable 
agricultural influenced economic base is to coexist with rural residential and 
urban development, the irrigation water traditionally relegated to irrigated 
farming must be better managed in application, distribution based on need, 
and in a multiple use concept. Conjunctive use of water is an emerging trend -
using ground and surface water supplies in a rational and efficient manner. 

Water conservation is a concept easily misunderstood, as any 
modification of the methods and spatial distribution patterns of irrigation 
water affects not only deep percolation through the root zone and subsequently 
to the alluvial aquifer, but also to the surface runoff patterns which affect 
wetlands and downstream water users who may have filed for water rights on 
the return flows in excess of the waters used to meet soil evaporation and plant 
transpiration needs. Conservation then may have positive effects for the 
farmer practicing conservation toward increasing on-farm water use efficiency, 
but devastating effects on downstream wetlands or other water users. For this 
reason, application efficiency or diversion application efficiency increases may 
have negative external effects. 

With the development of satellite platforms for remote sensing of 
vegetation, weather, and soil characteristics, and the development of 
Geographical Information Systems (GIS), the ability to acquire spatially 
distributed information about crops, weather, and water resources, and to 
compute spatially distributed evapotranspiration (ET) is now available. The 
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development of low cosVhigh powered computer systems have provided a tool 
for: 1) processing remote sensed data from satellite imaging systems; 2) spatial 
modeling of river basins for improved management of small and large scale 
irrigation systems; and 3) for managing conjunctive use of basin water 
resources. The use of relational data base management systems (RDBMS) 
allows the efficient storage of large amounts of data characterizing the variety 
of attributes of vegetation, weather, and soil characteristics. The first Water 
Conservation Technology, WCT No. 1, is described in Volume 1 of this report, 
and describes the GIS model which uses remotely sensed data to compute 
spatially distributed ET in the study area and shown in Figure 1. 

The Poudre River Basin, the largest tributary of the South Platte, 
contains many characteristics of the South Platte basin that supplies the 
Colorado Front Range with most of the domestic, industrial and agricultural 
water supplies. The Poudre Basin comprises two distinct regions, the upper 
basin which is characterized by almost pristine waters and wilderness areas in 
the Rocky Mountains, and the lower basin, located within the study area, 
covered with irrigated agriculture and undergoing rapid urbanization. The 
lower Poudre River Basin is the area which characterizes many of the problems 
facing the river basin water resources managers of today and the future. 

A river basin of moderate size and with the historical data base available 
to validate modeling of consumptive water use, such as the Poudre River, is 
ideal for generating models using remote sensed data and geographical 
information systems (GIS) linked to relational data base management systems 
(RDBMS). For these reasons, in part, the lower Poudre River Basin has been 
chosen for this research study. The model simulation runs for WCT 2, 3, and 4 
area described in this report section and use the model described in WCT No. 
1. 

In the following sections, the problems motivating the model simulations 
are described and the methodologies and the assumptions used to set up the 
model runs are presented. The results of each of the model runs are given and 
both tables and maps are provided to show the model results. 
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Colorado , 

Figure 1. Study area. 



PROBLEM DEFINITION AND JUSTIFICATION 

A review of the research objectives that resulted in the development of 
the spatially distributed GIS-based ET model is appropriate to set the stage for 
the simulation runs which constitute the three water conservation technologies, n 

WCT Nos. 2, 3 and 4, described in this section of the report. 

RESEARCH OBJECTIVES 

The research objectives for WCT 1 involved the development and testing U 
of an effective methodology for computing the spatially distributed daily and 
seasonal evapotranspiration of irrigated cropland and nonagricultural Q 
vegetation within the Cache la Poudre River (Poudre River) Basin. 

Specific WCT No. 1 research objectives investigated: 

1. To identify the characteristics and computational methodologies required 
to estimate river basin evapotranspiration. These methodologies should 
be capable of computing spatially distributed seasonal and daily Et  using 
a combination method (Penman-Monteith or Kimberly-Penman) for 
irrigation supplied agricultural crops and nonagricultural vegetation. 

2. To program and test a geographic information system based on the 
Penman-Monteitb/Kimberly-Penman combination Et  computation 
method. This GIS would use satellite remotely sensed and classed crop 
maps and vegetation indices as input data for the computation of river 
basin evapotranspiration rates. This model will be used as the 
foundation of an integrated river basin water quality and hydrologic 
water balance tool for investigating various consumptive water use 
scenarios using satellite data and aerial photography remote sensing 
techniques and geographic information system modeling techniques. For 
the initial development of the model, remotely sensed and classified crop 
maps from other research projects for irrigated agricultural crops 
growing within the Poudre River, Lone Tree Creek and Crow Creek 
basins will be used. 

a 
A 
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3. To compare the river basin daily and seasonal Et  volumes computed by a 
geographical information system modeling the Penman-
Monteith/Kimberly-Penman Combination Method using two different 
crop coefficient schemes: 1) spatially distributed crop species-based crop 
coefficients; and 2) surrogate vegetation indices based on the NDVI index 
derived from multitemporal Landsat TM data. The crop species-based 
crop coefficient assumes biomass homogeneity for any identified crop 
species. The surrogate vegetation index (normalized difference vegetation 
index or NDVI) assumes variable biomass indexed to remote sensed solar 
reflectance from the vegetation that is correlated to leaf area index (I.AI) 
and to evapotranspiration. The crop maps and the multitemporal NDVI 
vegetation indices used for verifying the model and computing daily and 
seasonal Et  values were derived from a three-date multitemporal 
Landsat TM image obtained in May, July and September 1991. 

DESCRIPTION OF WATER CONSERVATION TECHNOLOGIES 

This report section covers the model simulations for evaluating the 
impact on river basin consumptive water use resulting from modifications to 
the irrigation methods or modifications to the amount of crop land put into 
production within the study area. The three different scenarios are described 
in the following sections. 

WCT No. 2 - CONVERSION FROM SURFACE IRRIGATION TO SPRINKLER 
M10103(. 9to)Z 

Many agricultural areas of the western United States are irrigated by 
flood, furrow or basin irrigation methods. There are potentials for increasing 
application efficiencies in converting to sprinkler or drip irrigation systems. 
Much data has been derived from experimental investigations of these 
irrigation methods in a variety of locations, and on a variety of soil types that 
this data can be used for this study without reproducing the experiments. The 
regional 'impact of selective conversion from surface to sprinkler irrigation 
techniques is conditional on consumer preferences, value of crops grown, soil 
types, field size and a variety of other factors that make regional adaptive 
analysis extremely difficult without the use of GIS technology. Existing studies 
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using GIS analytical techniques are building the basic data layers to facilitate 
this proposed sprinkler irrigation implementation within the Poudre River 
Basin. Field sizes, soil types, water distribution systems, well locations and 
topography for the Poudre River basin have been identified and this data can 
be used to evaluate the amount of irrigated land within the river basin that 
can be converted, and the impact on water demand that results from this 
implementation. Landsat TM satellite imagery is being used as the remote 
sensed data with field investigations (for developing ground reference data) to 
verify the land cover classifications. The application of sprinkler irrigation 
within the basin will not consider the consumer preference nor economic 
considerations, but will be limited to the technical application to the agronomic 
and topographic limitations of the technique. Physical implementation of 
sprinkler technology to applicable lands within the basin will require socio-
economic studies. 

WCT No 3 - USE OF SURGE IRRIGATION TECHNIQUES 

Surge flow in irrigation was introduced by Stringham and Keller in the 
1979 Irrigation and Specialty Conference of the American Society of Civil 
Engineers. The report provided a preliminary discussion of a promising 
automating technique for achieving cutback in furrow irrigation (Walker and 
Skogerboe, 1987). SURGE irrigation uses automated valves controlled by 
microprocessor timers to send programmed pulses or surges of water down 
furrows. Timer programming controls the on time and the off time for the 
main diversion valve supplying water typically to gated pipe. The intermittent 
timing effectively provides an increased ability of the furrow irrigation water to 
reach or advance to the end of the furrow in a shorter length of time that 
would be experienced with continuous flow of water in furrows. In some cases, 
where continuous flow would result in water never reaching the end of the 
field, the pulsing or "bumping" of the flow get the water to the end of the 
furrow. The physical effect of the pulsing and stopping of the furrow flow 
allows the fine sediment suspended in the furrow irrigation water to seal off 
the bottom of the furrow during the non-flow period of the surge program and 
the negative pore pressure in the upper surface of the soil due to the draining 
of the soil water pulls the sediment into the surface pores, thereby providing a 
furrow seal and when the next pulse of water comes, the furrow exhibits 

0 

Page 6 



decreased infiltration, thus allowing the water to progress further down the 
furrow compared to the continuous flow regime. 

Increased application efficiency, (ratio of water stored in the root zone 
that is available for evapotranspiration to water applied to the field) has been 
demonstrated on many soil types. Surge flow provides furrow irrigation 
agriculture a means to significantly improve irrigation efficiency, and as a 
result lowers water, energy, fertilizer and labor costs. Surge flow can be used 
in both cut-back and non-cut back mode for crops requiring surface irrigation 
or where sprinkler irrigation is not applicable. In cut-back mode, once the 
furrow has been wetted the full length, furrow flow is reduced due to the 
reduced soil infiltration of a saturated upper soil layer in the furrow bottom. 
The reduction of furrow flow in proportion to the reduction of infiltration 
results in a lowering of the furrow tailwater or surface runoff from the lower 
end of the furrow, thus increasing water application efficiency. In cut-back 
mode, depending of required depth of application to the root zone, SURGE 
efficiencies have been measured at 70-85% application efficiency compared to 
continuous flow application efficiencies of 30-70% for the equivalent flow range. 

WCT No. 4 - CROP CONVERSION (REMOVING LAND FROM 
PRODUCTION) 

In river basins undergoing rapid population growth such as the north 
Front Range of Colorado including the Poudre River Basins, the need for 
reliable municipal water supplies has resulted in purchase of agricultural 
water supplies by municipalities. As the population growth needs the 
additional water (having been rented back to the farmers during the 
intervening period), the agricultural land is taken out of production and the 
irrigation water diverted to the municipality. This "water conservation 
technique" although not a technology, is simulated to evaluate the impact of 
taking land out of production to reduce water demand during drought periods, 
or during the expansion of urban areas into the rural areas, or due to the need 
of urban populations for additional water supplies. With data obtained from 
the Larimer and Weld County land planners, future growth patterns can be 
brought into the GIS data base and the impact of growth and conversion to 
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urban water supplies on the irrigation water delivery system be determined in 
the future. 

METHODOLOGIES USED IN THE COMPUTER MODEL SIMULATIONS 

Cities on the Front Range of the Rocky Mountains are undergoing rapid 
growth. As the cities within the study area expand, irrigated crop land is 
gradually converted in agricultural areas to rural subdivisions. The adjacent 
areas next to the urban boundaries gradually change from irrigated agriculture 
to land where the city has not yet fully expanded but where land has been to 
some extent, (often 100 percent) taken out of production. This transition or 
expansion land is characterized by farmers selling irrigation water rights to 
cities or water rights speculators and also by developers purchasing the land 
for future development. This "urban fringe" characterizes the urban growth 
area. In some localities, the urban planners have defined an urban growth 
area so large that many square miles of currently productive irrigated crop 
lands are considered to be in the urban growth area. For the purposes of this 
study, the urban growth areas for each city are defined by the areas on a map 
prepared by the Municipal Planning  Organization for Weld and Larimer 
Counties. The current political boundaries and the urban growth areas for the 
year 2010 for the cities of Loveland, Greeley, Fort Collins and Windsor, 
Colorado, were developed in a vector GIS and used as a GIS data layer for 
urban growth area definition for this study. 

The base map for the simulation of each of the three WCT's is Map No. 
1, the 1991 crop map for the Poudre River basin, showing 27 classes of land 
cover/land use for the study area. All maps are located in Appendix 1. 
Cropping patterns for the year 2010 are not known, but due to irrigation 
restrictions, no new land is expected to be put into production, therefore the 
primary assumption is that irrigated agriculture cropping patterns will either 
remain the same or the land will be converted to another use or another 
irrigation method. The GIS analysis uses the 1991 base map and combinations 
of masks and filtering to generate new maps showing the various current and 
future land use and irrigation method scenarios. The GIS tabular outputs then 
uses the GIS reporting function to quantify the amount of land under each use 
in the scenarios. 
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In Water Conservation Technology No. 5, Urban Water Metering and 
Conservation Programs, the 1991 urban developed areas were digitized, the 
1993 urban political city limits and the 2010 urban growth area boundaries 
were generated in the GIS as separate data layers. In contrast, for these 
agricultural WCTs, the analysis is constrained to the areas either outside of 
the 1991 urban city limits (political boundaries) or the 2010 urban growth 
planning  boundaries. Map 2 shows the urban growth areas and the 1991 city 
limits for Windsor, Loveland, Greeley and Fort Collins, Colorado. Loveland 
boundaries are shown as the City of Loveland may expand into the study area 
in the future and portions of the city are located within the hydrologic basin of 
the Poudre River basin. 

Several GIS data layer maps were developed for implementing the WCT 
simulation and modeling. Using GIS reclass techniques, Map No. 1, the crop 
and land cover classification map was converted into a new irrigated 
agriculture map(Map No. 3) showing only irrigated acreages for use in selecting 
portions of the study area that could be converted under the three WCTs. 
Existing center pivots were added to Map No. 3 using screen digitizing and 
visual inspection of the original Landsat TM map to identify the extent and 
number of center pivots existing in the study area in 1991. 

Map No. 4 adds urban growth areas of Map No. 2 to the irrigated 
agriculture and existing center pivot map (Map No. 3). Map No. 1 is used as 
the base map for a majority of the model simulations. 

The study area contains four large irrigation companies in addition to a 
number of smaller ditch and irrigation companies. The four that were selected 
for additional analysis include the North Poudre Irrigation Company (NPIC), 
the Water Supply and Storage Company (WSSC), the Larimer and Weld 
Irrigation Company (LWIC) and the New Cache la Poudre Irrigation Company 
(NCIC). Together, these four companies cover 144,830 acres of the 183,500 
acres (79 %) of the study area's irrigated cropland. During the first year of the 
project each of the four irrigation companies were contacted for information 
regarding the diversions from each of the headgates on their supply canals for 
delineation of the service area for each headgate. Records for the NPIC were 
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most complete and headgate service areas were considered to be readily 
identifiable from the Landsat image and from NPIC district maps. 

The State of Colorado River Commissioner supplied river diversion data 
for the 1991 growing season for the Poudre River. From the supplied (~ 
information, diversions were derived for each of the irrigation companies' lJ 

supply canals in the study area. Based on a list of adjudicated wells and a 
springs provided by the State Engineer's office, a count was made of the 
number of irrigation wells in each of the four irrigation companies' service n 
areas. Unfortunately, the actual flow records for each of the wells is not 
available. The approximate number of wells for the NPIC, WSSC, LWIC and 
the NCIC are 111, 131, 130, and 137 respectively. There are approximately 
509 wells within the four irrigation companies. The effect of these wells on 
irrigation efficiency is discussed in the Results and Discussion section of this 
report. 

A. GIS data layer was generated from screen digitizing the major 
boundaries of the four irrigation companies listed above from the satellite 
image. The companies' service areas could be located as much of the land is 
surface irrigated by gravity from major supply canals above the elevation of the 
irrigated lands. The irrigated lands are themselves above the elevation of the 
next lower major irrigation canal of the adjacent irrigation company. Return 
flow from the higher elevation irrigated lands is caught by the lower irrigation 
canal and is therefore an added supply to the river diversion for that canal. 
Map No. 5 shows the areas serviced by the four major irrigation companies. 
Map No. 6 was generated by screen digitizing the headgate service areas over 
the Landsat TM image of the NPIC. Based on interviews with the 
superintendent of the NPIC, the irrigation canal headgates serving the major 
laterals were located and the irrigation service areas for the laterals were 
polygonized. 

The NPIC provided monthly 1991 flow records for each of the lateral 
headgates so that irrigation application efficiencies could be computed based on 
surface flow diversions through the headgate. These efficiencies would be the 
maximum that could be expected if no additional well or other supplies were 
made available to the crops. Map No. 7 shows the NPIC headgate service 
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areas with the existing center pivots added so that service areas showing 
higher than expected application efficiencies because of sprinkler irrigation 
could be examined. 

Two approaches have been taken in simulating WCT Nos. 2,3 and 4. 
The first approach is to evaluate current ET and current irrigation efficiencies 
outside of the urban city limits based on major irrigation districts (NPIC, 
WSSC, LWIC, and NCIC) and based on headgate service areas in the NPIC. 
This approach has been described in the previous paragraphs. The second 
approach is to use the study area outside of the urban city limits as an integral 
analysis area (without identifying individual irrigation companies for the 
purposes of computing the effects of water conservation under the three 
different WCT scenarios for both the present and for the year 2010. The three 
WCT scenarios were described in the introduction of this report, and the 
methodologies for simulating these WCT scenarios are described in the 
following sections. 

METHODOLOGY FOR WCT NO. 2 

The conversion from surface to sprinkler irrigation offers potential 
increases in efficiency of water use. Map No. 1 was used as the base map for 
developing the maps showing the conversion of surface irrigated lands to 
sprinkler irrigation. Map No. 3 was used to mask out the lands already 
converted to center pivot sprinkler irrigation. Map No. 8 shows the land area 
and location of irrigated crop land that would fully encase full circle 126 acre 
center pivot sprinklers. Certain assumptions were made in preparing the 
study area crop map for the GIS filtering operation that yielded Map No. 8. 

1. No roads would be permitted in the potential center pivot irrigated lands. 
2. Field borders, irrigation ditches, field access roads would be crossed by 

the center pivot and included within the parcels. Farmsteads would not 
be considered to be an obstacle to a full center pivot 360 degree sweep. 

3. The parcel shown may be larger than a full circle pivot and the standard 
126 acre pivot could be located anywhere within the parcels shown in 
Map No. 8. 

4. No consideration was made for pivots with corner sweeps that would 
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increase the pivot swept acreage above the 126 acres. In actuality, 
corner sweeps can increase the swept area of a standard quarter section 
center pivot to almost 150 acres. 

The GIS has a vector data layer with roads. Roads were buffered to 100 
feet (2 pixels total width) and rasterized. The roads raster was used to mask 
the crop map so that no center pivot would cross a road. Field boundaries and 
irrigation ditches were converted to agricultural irrigated land for filling in 
irrigated parcels. GIS filtering was used to locate the potential locations of the 
centers (CENTERS MAP) of standard center pivots and an intermediated map 
of center pivot centers was made. Then a 1320 feet buffer was made around 
the CENTERS MAP for a POTENTIAL CENTER PIVOTS MAP which was 
masked to be outside of the urban city limits area. Map No. 8 shows the 
irrigated land in the study area that could be potentially converted to quarter-
section center pivots. The map also shows the existing center pivots, and 
urban/urban growth areas. 

Another type of sprinkler irrigation commonly used for smaller areas or 
for irregular fields where center pivots are not applicable is a movable line or 
side-roll system. These straight lengths of irrigation sprinkler pipe are 
commonly seen with large steel wheels at the pipe joints and a power unit at 
the center of the string of pipe. Sprinkler heads are placed at regular locations 
along the pipe sections, equidistant between the wheels. The conversion of 
surface irrigated crops to side-roll sprinklers was based on assumptions as 
follows. 

1. Individual parcels that could be irrigated were 40 acres and were 1/4 
mile by 1/4 mile square. 

2. Parcels could have multiple fields but could not contain any roads. Field 
borders, irrigation ditches (no large canals or river. /streams) were able to 
be crossed by the sprinkler. 

The filtering methodology used was to use a GIS filter to identify the 
SIDEROLL CENTER OF FIELD MAP. The SIDEROLL CENTER OF FIELD 
MAP was then buffered to the full extent of the 40 acre parcel. The filtering 
area was constrained to the area outside of the 2010 urban growth area and 
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not in any area where existing pivot sprinklers were located. Map No. 9 shows 
the amount and location of parcels where sideroll sprinklers could potentially 
be used. 

Map 10 shown a more realistic scenario where the study area is first 
optimized to the maximum possible extent with center pivots, then the balance 
of the agricultural lands are converted to sideroll sprinklers. Existing center 
pivots are also shown. 

METHODOLOGY FOR WCT NO. 3 

SURGE irrigation processes are described in other publications and in 
the description of the WCT No. 3. SURGE irrigation can be used almost any 
where that furrow irrigation is practiced, with the provision that gated 
irrigation pipe and the SURGE valve must be substituted for the irrigation 
head ditch and siphon tubes. The assumptions for evaluating the area that 
could be transformed to SURGE irrigation are as follows: 

1. All surface furrow irrigated fields can be converted to SURGE irrigation. 
2. Alfalfa fields that are flood irrigated can be corrugated and irrigated with 

gated pipe and SURGE valves. 
3. Existing side-roll irrigated crops in the study area have not been 

identified and are assumed to be insignificant in acreage. The NPIC is 
known to have a moderate number of sideroll irrigation systems, but the 
acreage is small in comparison to the study area. 

Map 11 shows the irrigated land within the study area outside of the 
2010 urban growth area and not including the existing center pivot sprinkler 
systems. 

METHODOLOGY FOR WCT NO.4 

The WCT is a study of the effects of taking specific sections of land out of 
agricultural production. A significant amount of the WSSC has been purchased 
by the City of Thornton, Colorado (See Map No. 5). At present, the land is still 
in agricultural production, however, at some unspecified time in the future, a 
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significant amount of the agricultural lands may lose surface water supplies. 
The overall study area impact from taking the total WSSC system out of 
commission can be quantified only to the extent of the quantification of 
reduction of ET from the irrigated crops. With the amount of data available in 
the GIS, deep percolation effects, surface returns to other irrigation companies 
such as the LWIC and the NCIC cannot be quantified and are the subject of 
future research. At present, there are estimates of over 130 adjudicated wells 
in the WSSC and the impact on reduced deep percolation on the alluvial 
aquifer supplying the wells is beyond the scope of this study. 

The City of Fort Collins owns a significant number of shares of the 
NPIC. These water supplies may comprise the water supplies for the future 
growth of the city. The reader is referred to WCT 5 for an in depth analysis on 
the future consumptive uses for the urban growth areas of the cities in the 
study area. The following section of this report will provide sufficient 
information for an analysis of the impact of removing the NPIC and the WSSC 
from agricultural production and using the irrigation water supplies in other 
areas outside the study area. There are many scenarios that could be 
examined using the GIS and the remotely sensed data that form the WCT 
modeling effort that cannot be examined in this report. The reader is able to 
extract the maps and tabular information from this report and arrive at many 
other conclusions from specific scenarios. 

RESULTS OF THE MODEL SIMULATIONS 

This section reports the results of the evaluations of the three WCTs and 
an estimate of the existing irrigation efficiencies for the study area and the 
'four major irrigation companies. Tables 1 through 20 and Figure 2, located in 
Appendix 1, contain in tabular form and graphical form, the results of the GIS 
analysis. Further discussion will be found in the section SUAUVIARY AND 
CONCLUSIONS. 

GENERAL DATA ABOUT THE STUDY AREA 
To assist the reader, a listing of the tables is provided: 
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General Tables Characterizing the Study Area. 

Table 1 1994 City Limits & 2010 Urban Growth Area Statistics 
Table 2 Urban Growth Area Crop Statistics 
Table 3 Irrigated Crops ET (with City Limits Masked Out) 
Table 4 Irrigated Crops ET (Urban Growth Area and City Limits Masked 

Out) 

Irrigation Company Service Area: Irrigated crops and ET statistics. 

Table 5 North Poudre Irrigation Company (Irrigated Crops ET list) 
Table 6 Water Supply and Storage Company (Irrigated Crops ET list) 
Table 7 Larimer and Weld Canal Co. (Irrigated Crops ET list) 
Table 8 New Cache la Poudre Irrigation Co. (Irrigated Crops ET list) 

Irrigation Company Service Areas: Full land cover category ET list. 

Table 9 North Poudre Irrigation Company (Land Cover ET list) 
Table 10 Water Supply and Storage Company (Land Cover ET list) 
Table 11 Larimer and Weld Canal Co. (Land Cover ET list) 
Table 12 New Cache la Poudre Irrigation Co. (Land Cover ET list) 

WCT 2, Conversion to sprinkler irrigation studies. 

Table 13 ET list by landcover for existing center pivot sprinkler systems. 
Table 14 ET list of study area irrigated crops outside of urban areas and 

outside of existing center pivot sprinkler systems. 
Table 15 ET list for crops under existing center pivot irrigation systems 
Table 16 ET list by landcover under potential center pivot sprinkler systems. 
Table 17 ET list by landcover under potential sideroll sprinkler systems 

Fisting Irrigation Efficiency Computations by Irrigation Company, Headgate 
Service Areas and for the Total Study Area. 

Figure 2 Graph of Overall and Individual Irrigation Company Irrigation 
Efficiencies 
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Table 18 North Poudre Irrigation Company Lateral Service Area Existing 
Irrigation Efficiencies 

Table 19 Existing Irrigation Efficiencies for Study Area Irrigation Companies 
and for the Overall Study Area 

Table 20 Assumed Potential Irrigation Efficiencies for GIS WCT Simulations 
by Management Application 

Projected Irrigation Efficiency Scenarios for WCT 2 and 3 (sprinkler and 
SURGE conversion). 

Table 21 Water Savings for Surface to Center Pivot Irrigation Conversion 
Table 22 Water Savings for Surface to Sideroll Sprinkler Irrigation 
Table 23 Water Savings for Surface to SURGE Irrigation 

DISCUSSION OF RESULTS 

Deep Percolation and Soils Data. The primary, secondary and derived GIS 
data layers are shown in this report as hardcopy maps, however the true value 
of the maps are that they exist as digital data layers in the GIS. The data 
layers can be used as inputs for additional studies to meet the specific needs of 
the user. The results of these studies are only the beginning  of exploration of 
the potential of the GIS (and the stored digital data layers) to model and 
simulate the effect of ET and consumptive water use in the study area. In the 
proposal from which this study was funded, the proposal addressed the use of 
the GIS to estimate deep percolation from the cropped areas throughout the 
study area. Over the period of time of the project, an attempt was made to 
acquire sufficient information about soils and irrigation application to specific 
fields. The difficulty in obtaining well production data from the Poudre River 
Groundwater Users Association precluded the requirement of computing a good 
estimate of well and surface water application to irrigated crops. The Soil 
Conservation Service did provide some soil. types (SSURGO) for portions of the 
study area, but a full digital soils data layer is still some months away from 
being available. Additional effort over the next few years may make sufficient 
well pumping data available that the GIS model can be used to get an estimate 
of ET, deep percolation and surface runoff from the agricultural fields in the 
study area. J 
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General Study Area Characteristics. The Methodologies Section described the 
derivation of the urban and urban growth area boundaries. The results for 
both the 1991 and the 2010 study periods are evaluated based on the 
assumption that basic cropping patterns for the typical crops in the basin 
remain unchanged. Table 1 shows the areas contained within the current city 
limits for Fort Collins, Windsor and Greeley, Colorado. Fort Collins is expected 
to grow by 64 percent from 27,185 acres to 44,764 acres by 2010. Windsor is 
expected to grow 136 percent, from 4,464 to 10,560 acres, and Greeley is 
expected to grow by 81 percent from 17,637 to 31,914 acres by 2010. The 
growth will take place both in the riparian zones of each of the three cities and 
also in agricultural areas. Table 2 shows that the growth areas include over 
2,270 acres of perennial and riparian wetlands and also 12,000 acres of 
presently irrigated cropland. The riparian and perennial wetlands will consume 
or ET about 3,700 acre feet of water supplies of the study area. The irrigated 
crop land taken out of production as the three cities expand presently consume 
about 25,000 AF of irrigation water supplies and precipitation. See the WCT 5 
Evaluation report for additional information on the urban and urban growth 
area, a separate report provides an intensive evaluation on the consumptive 
water uses within the urban growth area. 

Table 3 indicates that the total agricultural cropped lands outside of the 
existing city limits total 183,500 acres and result in approximately 377,500 AF 
of consumptive water use including precipitation and irrigation water. 
Precipitation results in approximately 125,000 AF of the consumptive use and 
the balance of 252,000 AF is irrigation water. Table 4 provides the same data 
but with the urban growth area and the existing city limits masked out of the 
study area. There is a difference of approximately 25,000 AF of total - 
consumptive water use. 

Tables 5, 6, 7, and 8 document the crop mix of the irrigated lands 
portions of the four major irrigation companies of the study area. Of the 
326,728 acres contained within the study area (from WCT No. 1 report), there 
are approximately 183,500 acres under irrigation with nine irrigation 
companies providing irrigation water supplies to these acres. The largest four 
companies provide service to 144,837 of the total irrigated acres. The four 
companies include the North Poudre Irrigation Company with approximately 
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18,500 acres under irrigation, Larimer and Weld Canal Company with 
approximately 54,200 acres serviced, the Water Supply and Storage Company 
with 39,200 acres and the New Cache la Poudre Irrigation Company with 
approximately 32,700 acres serviced. Tables 9, 10, 11, and 12 document the 
land cover types and the total annual ET for the lands within the approximate 
service boundaries, including non-agricultural land cover. 

The study area contains irrigated crops serviced by various types of 
irrigation methods. Irrigation types include surface (furrow and flood), side 
roll, center pivot and linear move sprinkler systems, and SURGE irrigation. 
Table 13 shows the land cover categories currently irrigated by center pivots. 
In some cases, the satellite imagery indicates irrigation of non-agricultural L 
vegetation. In the study area, some lands are left in fallow for various reasons, 
some are abandoned and others may indicate non-agricultural crops because of 
misidentification of the land cover from the remotely sensed image processing. u  U 

Of the total land cover under the existing center pivots in the study area, only a 
1,336 acres (7.3%) of the 18,138 acres of pivot irrigated lands are not in 
agricultural crops. Seventy five percent of the current center pivot irrigated (~ 
land is in alfalfa and corn. Land cover under the current center pivot irrigated l_J 
land consumes 36,700 AF of the consumptive use of the study area crops. The 
balance of the irrigated crops outside of the current city boundaries, and not 
pivot irrigated, cover 167,700 acres. These crops are responsible for consuming 
344,400 AF of the study area's water resources including precipitation and 
irrigation water supplies (surface and well supplies). The center pivot 
sprinkler irrigated crops consume 9.6 percent of the total irrigated crop 
consumptive water use in the study area including precipitation on the crop 
lands. 

WCT 2 is a study of the potential to impact consumptive water use by 
converting surface irrigated lands to sprinkler irrigation. The two sprinkler 
irrigation types considered are center pivot and side roll sprinkler systems. 
These methods were described earlier in this report. Using GIS filtering 
techniques, the potential areas that could be converted to sprinkler irrigation 
were shown in Map No. 8. Table 16 provides a tabular listing of the crops and 
land cover that would be affected if ALL of the potential pivot sprinkler sites 
were converted to pivot irrigation. Approximately 18,600 acres of surface 
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irrigation could be converted. The annual consumptive use of the crops is 
estimated at 35,500 AF. Converting to sprinkler irrigation would not change 
the consumptive use, but would change the amount of water applied to the field 
with a resulting change in deep percolation and surface runoff. The majority of 
cropland that would be converted to sprinkler irrigation is corn (57 %) which 
presently consumes 56 percent of the annual consumptive water use for all 
crops growing within the potential conversion lands. 

Considering potential conversion to side-roll sprinkler systems on 
minimum 40 acre fields (1/4 mile by 1/4 mile field size), approximately 89,600 
acres could be converted. The existing crops under these potential sprinklers 
now account for 175,700 AF consumptive water use. 

Existing Agricultural Irrigation Efficiencies in the Study Area. Because well 
pumping information is difficult to obtain, the estimation of existing irrigation 
efficiencies will be addressed as a potential maximum, with a range of expected 
efficiencies at different well pumping rates. The well pumping rates will be 
quantified as a percentage of the surface supply of irrigation water to the areas 
within the four major irrigation companies identified above. In addition, 
irrigation efficiencies are estimated for the headgate service areas for the 
North Poudre Irrigation Company. 

Table 18 provides a tabular listing of the major laterals and headgate 
identification for the NPIC. These service areas are shown on Map No. 6 and 
Map No. 7. Map No. 6 shows the headgate service areas, and Map No. 7 shows 
the same service areas but with the locations of existing center pivot sprinklers 
overlaying the service areas. Table 18 shows the results of an attempt to 
compute service area application efficiencies. The 1991 annual precipitation for 
the NPIC was approximately 12.07 inches, measured at the CSU Horticulture 
Farm on I-25 about 4 miles north of Fort Collins. Eliminating the effective 
precipitation (estimated at 70% of the total annual precipitation), monthly 
headgate diversions from the NPIC were converted into annual headgate 
diversions to the headgate service areas. No records of wells for each of the 
service areas is available. Table 18 shows that the irrigation efficiency for each 
of the service areas, not including any irrigation well supplement, ranges from 
22 to 270 percent, with an average of 64 percent for the weighted total area. 
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As described in previous sections of this report, there are an estimated 111 
adjudicated irrigation wells of varying capacity in the NPIC service area. 
Inspection of individual headgate service areas with existing center pivot 
sprinkler pivots in the service areas indicate above the expected 35-45% 
application efficiencies. The presence of wells would lower the calculated 
efficiencies. The presence of well supplied center pivots would also lower the 
application efficiencies. 

.Table 19 and Figure 2 provide an estimate of the existing irrigation 
efficiencies for the four major irrigation companies. Table 19 lists all the 
irrigation companies in the study area and the river surface diversions to the 
main supply canals furnishing irrigation water to the service areas. Map No. 5 
shows the irrigation company service areas. When effective precipitation is 
deducted from the annual ET from the irrigated crops in the service areas, and 
the annual diversions from the Poudre River (249,500 AF for the Big Four and 
273,000 AF for the total study area) are considered as the sole source (with no 
irrigation wells providing additional supply), maximum potential irrigation 
efficiencies based on existing conditions can be computed. Table 19 shows the 
range of 53 to 115 percent maximum efficiencies for the major irrigation 
companies. These values are obviously too high given that there are over 500 
irrigation wells also supplying the service areas. Figure 2 provides an 
indication of the potential pumping from the wells if an average irrigation 
efficiency for surface irrigated fields is assumed to be 40 percent. 

Based on examination of Figure 2, the well pumping rate from the Water 
Supply and Storage would be approximately 200 percent of the river diversion. 
With an assumption of 131 wells of equal size and an approximate capacity of 
400 gpm, each of the 131 wells could be expected to pump about 199 days a 
year. This is not realistic but considering that a significant amount of surface 
return flow is generated by the adjoining irrigation companies and is 
intercepted by the main canals, significant amounts of return flow provides the 
make-up supply not provided by irrigation wells. This example illustrates the 
complexity of estimation of actual irrigation efficiencies when irrigation well 
pumping rates and when surface return flows are unknown. 

0 
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But Figure 2 illustrates a significant confirmation of the ability of the 
ET-GIS to accurately model ET and the spatial distribution of the remotely 
sensed crop map. Examination of the graph of Overall Irrigation Application 
Efficiencies with Well/return flow of zero indicates that the study area overall 
efficiency is about 92 percent. Consideration of all the river diversion flows 
compared to the total irrigation demand on irrigation water supply (this is 
after effective precipitation is deleted from the study area total ET) would 
imply that the water balance for irrigation supply compared to irrigation 
demand is well balanced for the study area. If wetlands are considered as 
existing on return flow from irrigation, (and by implication, creating a demand 
on irrigation waters) the overall water balance for the total irrigated crops 
based on river diversions versus ET demand is 96 percent! Without confirming 
data to evaluate the accuracy of this value statistically, the implication is that 
the study area agricultural ET is met by river diversions and by precipitation 
and are closely matched as a mass balance. In WCT No. 1, the statistical 
validation of the model was presented and water balance data on basin inflows 
and outflows was given. The study area has essentially no or little outflow 
from the study area from irrigated crops irrigation return flow. 

Table 20 lists the assumed irrigation efficiencies by irrigation types that 
were used for the modeling of WCT Nos, 2, 3 and 4. 

Results of Modeling WCT 2 and 3. Tables 21, 22 and 23 present the tabular 
results of converting the study area total irrigated lands from surface to center 
pivot and from surface to side roll irrigation. Estimates are given for 2010 
outside of the urban growth areas. In all cases, the area of existing center 
pivot irrigation systems have been excluded from the study area. For WCT No. 
2, converting from surface to center pivot for all potential convertible lands 
would reduce annual total irrigation demand on irrigation water supplies by 
27,700 to as much as 40,000 AF. If all potentially convertible lands were 
converted to side-roll sprinkler systems, the annual irrigation demand 
reduction would be from a minimum of 95,100 AF to a maximum of 150,600 
AF. These values are given at the field level and assume the irrigation 
application efficiencies at the field headgate. Irrigation system efficiencies at 
the main canal diversion points or at the canal lateral demand points would 
have to be lowered due to "shrink" or seepage from the bottoms and sides of the 
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canals. Return flow capture by main canals and laterals complicate the 
estimation of irrigation company system efficiencies based on river diversion 
headgate structures. Nevertheless, these field irrigation application efficiencies 
would represent true water savings if water could be delivered to the fields at 
the correct time to meet crop needs. 

For WCT No. 3, the conversion to SURGE irrigation assumes that all 
current surface irrigated acreage can be converted to SURGE through the 
addition of gated irrigation pipe and a SURGE valve. Table 23 is a tabular 
summary of the GIS operation using a range of SURGE irrigation field 
application efficiencies in the range of 60 to 80 percent. The  minimum  
irrigation demand water savings range from a low of 191,081 AF to a high of 
368,500 AF. The total diversions from the Poudre River do not exceed 273,000 
AF. 

a 

WCT No. 4 considers the removal of irrigated land from production. The 
a tabular information has been presented from (1) the aspect of development of 

the baseline data, (2) from the aspect of the GIS modeling and (3) from the 
D aspect of the impact on the river basin by irrigation companies. To speculate 

on the impact from removing any one or more of the irrigation companies from 
operation as a supplier of irrigation water is beyond the capability of this 
report. A significant percentage of the shares of the WSSC has been purchased 
by the City of Thornton, Colorado, and the reader is referred to the many court 
documents relating to the water court hearings on the transfer of water out of 
the Poudre River basin to the South Platte basin. Table 19 shows that 
complete removal of irrigated agriculture from the lands under the jurisdiction 
of the WSSC would result in a removal of 80,011 AF of total ET and the 
addition of 26,964 AF of effective precipitation for a net reduction of 53,047 AF 
of irrigation demand on basin water resources. For additional scenarios, the 
reader is encouraged to develop any number of possible scenarios of interest 
and by referring to the various tables in this report, the question of the effect of 
taking land out of production can be answered. 

The main result derived from the development of the GIS-remote sensing 
model of WCT No. 1, and the simulation of the scenarios of WCT Nos. 2, 3 and 
4 is a subtle conclusion perhaps overlooked by researchers in water 
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conservation at the agricultural field level. The study area used in this report 
was chosen because it represented a closed basin, both in ground water 
aquifers and in surface water diversions, where a mass balance could be 
accurately determined. The amount of water leaving the study area in the 
underground aquifer is considered to be negligible in comparison the mass 
flows into and internal to the study area. The implication contained in Table 
19 is that the total evapotranspiration of agricultural crops, wetlands and open 
water surfaces (mostly reservoirs supplied by river diversions) is met by river 
surface water diversions and by precipitation. The open water of the plains 
reservoirs contributes approximately 35,000 to 42,000 AF of evaporation to the 
study area ET demand. The total river diversion in 1991 was 273,000 AF and 
the effective precipitation on the irrigated crop land, wetlands and reservoirs is 
144,000 AF for a total supply to the study area of 417,000 AF. The Total ET 
for the study area is made up of wetlands (17,500 AF), reservoirs (approx. 
40,000 AF) and irrigated cropland (377,500 AF) for a total ET for the study 
area (not including urban areas) of 435,500 AF. There is a net deficit of only 
18,500 AF. This is only 4.25 percent of the total ET which is considered to be 
statistically insignificant and within the margin of error. There is essentially a 
balance between the supply and ET demand by ALL vegetation living in the 
non-urban portions of the study area. The general conclusion is, then, that any 
water conservation at the level of the study area must come from a reduction of 
living vegetation biomass existing within the basin. No amount of 
implementation of any water conservation measures can affect the balance or 
reduce ET demand unless the amount of vegetation is modified. Implementing 
water conservation measures within the basin can reallocate water resources, 
but reducing or modifying any of the internal distribution of irrigation water 
may affect the amount of water stored within the ground water aquifer, with 
the attendant redistribution of surface runoff and deep percolation that 
maintains the aquifer. Modification of the distribution of irrigation water may 
directly impact return flows and directly modify the delicate balance of riparian 
and perennial wetlands as well as the water table of the aquifer within the 
study area. Irrigated agriculture is to a large extent a large "sponge" or 
capacitor which acts to retain and evapotranspire water from an artificially 
maintained reserve of retained water in above and below ground reservoirs. 
The irrigated agricultural system operating in the study area acts as an 
artificially maintained system in which the amount and surface area of "green 
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growing leaves" will expand to meet the amount of retained water supplies, 
and over a longer time period the total leaf area will expand or contract in 
order to consume entirely, the available water delivered to the system. An n 
artificially induced decrease in study area "leaf area" will serve to increase 
liquid water supplies that if not evaporated, must increase the aquifer storage, 
be stored in reservoirs, or leave the system. The model provides conclusive 
proof of this operating system. Conversely, an increase in study area "leaf 
area" or reservoir capacity must be met with an increase in retained water 
supplies to meet the increased evaporation or transpiration demand. 

SUMMARY AND CONCLUSIONS 

In summary, WCT Nos. 2, 3, and 4 have been modeled by using the GIS- n 
remote sensing model described in WCT No. 1, Volume 1 of this report. ~J 
Significant water savings are potentially available by implementing center (~ 
pivot sprinkler systems (27,700 - 40,000 AF), by implementing side-roll Ll 
sprinkler systems (95,100 - 150,000 AF) or by implementing SURGE irrigation 
systems to all of the current surface irrigation crop land within the study area 
(191,000 - 368,000 AF). Sufficient tabular information is made available in 
this report to evaluate almost any scenario that takes irrigated land out of U 
production. In addition, the GIS model may be used to more accurately assess 
the impact of removing land from production in any defined area. a 

Current irrigation efficiencies cannot by estimated with the data (~ 
available. An estimate of the well pumping and return flows needed to ~J 
maintain an overall surface irrigation efficiency of 40 percent would suggest (1 
that an additional 200 percent of the surface diversions is needed to LJ 
supplement the river water supplies to irrigated agriculture. This well 
pumping is only internal to the study area, modifying the recirculation through 
the soil layers, but does not impact the overall study area water balance. 

Conclusions. The most significant conclusion resulting from this study in not 
about implementing any water conserving technology, but that the study area ] 
is a delicately balanced natural/artificial system, intricate and complex in 
nature, constructed over a period of 100 years, artificially maintained by the 1 

J 
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economic, physical, geopolitical and recreational nature of the inhabitants of 
the study area, and physically driven by nature. The implication is that any 
redistribution of water to irrigated agriculture must result in either 1) a 
physical redistribution plan to make up for decreased or increased deep 
percolation to the aquifer and increased/decreased return flows to surface water 
courses. Any removal of irrigated crop land to furnish water to urban 
inhabitants will impact the internal distribution to basin aquifers and to water 
rights holders, which in turn affects additional aquifer storage and surface 
water return flows. Any increase in the total vegetative leaf area of the study 
area must in general be met with an increase in precipitation or surface water 
supplies to the study area. Any decrease or redistribution in the vegetation 
leaf area in the study area must be/will be met with a corresponding increase 
of water resources available that must be consumed (or stored in a reservoir) 
over a reasonable period of time or be lost to downstream users. The decision 
of water distribution or leaf area management is a management decision, but 
natural processes will dictate the study area's system response to the 
management initiative. 
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Figure 2. Irrigation Efficiencies for Irrigation Companies in the Study Area 



Table 1. 1994 City Limits & 2010 Urban Growth Area Statistics. 
94_city_lim 2010 UGA tot area 

city acres acres acres 
Greeley 17,637 14,277 31,914 
Fort Collins 27,185 17,579 44,764 
Windsor 4,464 6,096 10,560 
TOTAL 49,286 37,952 87,238 

Table 2. Urban Growth Area Crop Stats 
category tot ET(in) 

-- 
acres ET AF 

dry beans 22.2 1051 1944 
corn 23.0 5682 10891 
onions -sets 25.8 60 129 
sugar beets 26.3 482 1056 
alfalfa 27.7 4227 9756 
irr. barley/wheat 29.3 529 1292 
water 44.3 2065 7621 
roads 
shrub/herb range 

0.0 
0.0 

594 
21 

0 
0 

med range 0.0 412 0 
short range 0.0 2616 0 
non-ag grass 14.1 6738 7918 
non-ag bare soil 0.0 2122 0 
riparian wetland 17.7 552 815 
perennial wetland 19.5 1710 2778 
high veg urban 24.3 1616 3273 
med veg urban 19.4 2882 4659 
ag bare soil 0.0 1813 0 
winter wheat 22.5 1086 2035 
field/road borders 14.6 1273 1548 
trees 20.1 3046 5102 
Annual Total 40575 60816 

Note: Annual Et are computed as if receiving 

irrigation primary or secondary supplies 



Table 3. Irrigated Crops ET. 

City Limits Masked Out 
category tot_ET(in) AF/acre/yr acres ET AF 
dry beans 22.2 1.85 23,667 43,784 
corn 23.0 1.92 87,349 167,419 
onions -sets 25.8 2.15 1,356 2,916 
sugar beets 26.3 2.19 12,454 27,295 
alfalfa 27.7 2.31 53,901 124,421 
irr. barley/wheat 29.3 2.44 4,779 11,668 

nnua 

Table 4. Irrigated Crops ET. 

Urban Growth Areas & City Limits Masked Out 
category tot ET in AF/acre/vr acres ET AF 
dry beans 22.2 1.85 22,616 41,840 
corn 23.0 1.92 81,667 156,528 
onions -sets 25.8 2.15 1,297 2,788 
sugar beets 26.3 2.19 11,972 26,239 
alfalfa 27.7 2.31 49,674 114,665 
irr. barley/wheat 29.3 2.44 4,250 10,376 
Annual Total 171,475 352,435 



Irrigation Service Areas: Irrigated Crops & ET Statistics 

Table 5. North Poudre Irrigation Company 

category tot ET(in) AF/acre/yr acres ET AF 
dry beans 22.2 1.85 1,588 2,939 
corn 23.0 1.92 6,860 13,148 
onions -sets 25.8 2.15 141 303 
sugar beets 26.3 2.19 1,669 3,659 
alfalfa 27.7 2.31 7,597 17,537 
irr. barley/wheat 29.3 2.44 717 1,750 
Annual Total 18,573 39,336 

Table 6. Water Sum& and Storaae Corn 

category tot_ET(in) AF/acre/yr acres ET AF 
dry beans 22.2 1.85 6,339 11,726 
corn 23.0 1.92 19,022 36,458 
onions -sets 25.8 2.15 348 747 
sugar beets 26.3 2.19 2,501 5,480 
alfalfa 27.7 2.31 10,001 23,085 
irr. barley/wheat 29.3 2.44 1,029 2,514 
Annual Total 39,239 80,011 

Table 7. Larimer and Weld Canal 
Irrigated Crops ET 
category tot_ET(in) AF/acre/yr acres ET AF 
dry beans 22.2 1.85 6,268 11,595 
corn 23.0 1.92 27,361 52,442 
onions -sets 25.8 2.15 409 879 
sugar beets 26.3 2.19 4,600 10,081 
alfalfa 27.7 2.31 14,803 34,171 
irr. barley/wheat 29.3 2.44 803 1,961 
Annual Total 54,244 111,130 

Table 8. New Cache La Poudre Irrigation Company 
Irrigated Crops ET 
category tot_ET(in) AF/acre/yr acres ET AF 
dry beans 22.2 1.85 5,072 9,384 
corn 23.0 1.92 18,550 35,554 
onions -sets 25.8 2.15 288 618 
sugar beets 26.3 2.19 2,693 5,903 1 
alfalfa 27.7 2.31 5,699 13,156 
irr. barley/wheat 29.3 2.44 445 1,086 
Annual Total 32,747 65,701 d 

In 

n 



Table 9. North Poudre Irrigation Corn 
is 

category tot_ET(in) AF/acre/yr acres ET AF 
dry beans 22.2 1.85 1,588 2,939 
corn 23.0 1.92 6,860 13,148 
onions -sets 25.8 2.15 141 303 
sugar beets 26.3 2.19 1,669 3,659 
alfalfa 27.7 2.31 7,597 17,537 
irr. barley/wheat 29.3 2.44 717 1,750 
water 44.3 3.69 19 70 
roads 0.0 0.00 13 0 
shrub/herb range 0.0 0.00 603 0 
med range 0.0 0.00 911 0 
short range 0.0 0.00 1,795 0 
non-ag grass 14.1 1.18 2,826 3,320 
non-ag bare soil 0.0 0.00 999 0 
riparian wetland 17.7 1.48 68 100 
perennial wetland 19.5 1.63 360 585 
high veg urban 24.3 2.03 272 552 
med veg urban 19.4 1.62 662 1,070 
ag bare soil 0.0 0.00 347 0 
winter wheat 22.5 1.88 170 319 
field/road borders 14.6 1.22 825 1,004 
carrots 0.0 0.00 198 0 
trees 20.1 1.68 305 512 
Annual Total 28,947 46,867 



Table 10. Water Supply and 
is 

category tot_ET(in) AF/acre/yr acres ET AF 
dry beans 22.2 T.85 6,339 11,726 
corn 23.0 1.92 19,022 36,458 
onions -sets 25.8 2.15 348 747 
sugar beets 26.3 2.19 2,501 5,480 
alfalfa 27.7 2.31 1,174 2,709 
irr. barley/wheat 29.3 2.44 1,029 2,514 
water 44.3 3.69 18 67 
roads 0.0 0.00 3 0 
shrub/herb range 0.0 0.00 102 0 
med range 0.0 0.00 197 0 
short range 0.0 0.00 972 0 
non-ag grass 14.1 1.18 3,858 4,533 
non-ag bare soil 0.0 0.00 1,177 0 
riparian wetland 17.7 1.48 89 131 
perennial wetland 19.5 1.63 551 895 
high veg urban 24.3 2.03 278 562 
med veg urban 19.4 1.62 635 1,027 
ag bare soil 0.0 0.00 1,174 0 
winter wheat 22.5 1.88 10,001 18,752 
field/road borders 14.6 1.22 2,292 2,789 
carrots 0.0 0.00 188 0 
trees 20.1 1.68 744 1,246 
Annual Total 52,689 89,636 

,A 

a 



Table 11. Larimer and Weld Canal 
Crop Stats 
category tot_ET(in) AF/acre/yr acres ET AF 
dry beans 22.2 1.85 6,268 11,595 
corn 23.0 1.92 27,361 52,442 
onions -sets 25.8 2.15 409 879 
sugar beets 26.3 2.19 4,600 10,081 
alfalfa 27.7 2.31 14,803 34,171 
irr. barley/wheat 29.3 2.44 803 1,961 
water 44.3 3.69 72 267 
roads 0.0 0.00 18 0 
shrub/herb range 0.0 0.00 28 0 
med range 0.0 0.00 125 0 
short range 0.0 0.00 887 0 
non-ag grass 14.1 1.18 4,198 4,933 
non-ag bare soil 0.0 0.00 850 0 
riparian wetland 17.7 1.48 223 329 
perennial wetland 19.5 1.63 565 917 
high veg urban 24.3 2.03 479 971 
med veg urban 19.4 1.62 917 1,482 
ag bare soil 0.0 0.00 1,552 0 
winter wheat 22.5 1.88 410 769 
field/road borders 14.6 1.22 3,167 3,853 
carrots 0.0 0.00 351 0 
trees 20.1 1.68 831 1,391 
Annual Total 68,917 126,043 



Table 12. New Cache La Poudre Irrigation Company 
Crop Stats 
category tot_ET(in) AF/acre/yr acres ET AF 
dry beans 22.2 1.85 5,072 9,384 
corn 23.0 1.92 18,550 35,554 
onions -sets 25.8 2.15 288 618 
sugar beets 26.3 2.19 2,693 5,903 
alfalfa 27.7 2.31 5,699 13,156 
irr. barley/wheat 29.3 2.44 445 1,086 
water 44.3 3.69 54 198 
roads 0.0 0.00 36 0 
shrub/herb range 0.0 0.00 3 0 
med range 0.0 0.00 62 0 
short range 0.0 0.00 278 0 
non-ag grass 14.1 1.18 2,127 2,500 
non-ag bare soil 0.0 0.00 316 0 
riparian wetland 17.7 1.48 141 209 
perennial wetland 19.5 1.63 501 814 
high veg urban 24.3 2.03 277 560 
med veg urban 19.4 1.62 309 500 
ag bare soil 0.0 0.00 503 0 
winter wheat 22.5 1.88 74 138 
field/road borders 14.6 1.22 1,797 2,187 
carrots 0.0 0.00 139 0 
trees 20.1 1.68 640 1,072 
Annual Total 40,005 73,879 
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Table 13. Only Current Center Pivot Irrigation ET: 
City Limits Masked Out 
category tot_ET(in) AF/acre/yr acres ET AF 
non-ag grass 14.1 1.18 696 818 
field borders 14.6 1.22 337 410 
riparian wetlands 17.7 1.48 14 21 
med. veg resident 19.4 1.62 101 163 
non ripar. wetland 19.5 1.63 70 114 
trees 20.1 1.68 84 142 
dry beans 22.2 1.85 1,168 2,161 
winter wheat 22.5 1.88 423 793 
corn 23.0 1.92 7,418 14,218 
high veg resident 24.3 2.03 27 54 
onions -sets 25.8 2.15 54 116 
sugar beets 26.3 2.19 1,415 3,102 
alfalfa 27.7 2.31 6,178 14,261 
irr. barley/wheat 29.3 2.44 147 358 
water 44.3 3.69 7 26 
Annual Total 18,138 36,755 

Table 14. Irrigated Crops ET. 

City Limits & Current Pivot Irrigation Masked Out 
category tot_ET(in) AF/acre/yr acres ET AF 
dry beans 22.2 1.85 22,517 41,656 
corn 23.0 1.92 80,406 154,111 
onions -sets 25.8 2.15 1,303 2,801 
sugar beets 26.3 2.19 11,049 24,215 
alfalfa 27.7 2.31 47,806 110,351 
irr. barley/wheat 29.3 2.44 4,633 11,312 
Annual Total 167,712 344,445 



Table 15. Current Center Pivot Irrigation ET: 
City Limits & Non-Pivot Crops Masked Out 
category tot_ET(in) AF/acre/yr acres ET AF 
dry beans 22.2 1.85 1,168 2,161 
corn 23.0 1.92 7,418 14,218 
onions -sets 25.8 2.15 54 116 
sugar beets 26.3 2.19 1,415 3,102 
alfalfa 27.7 2.31 6,178 14,261 
irr. barley/wheat 29.3 2.44 147 358 
Annual Total 16,380 34,215 

Table 16. Potential Center Pivot Irrigation 
Urban Growth Areas Masked Out 
category tot_ET(in) AF/acre/yr acres ET AF 
no data 0.0 0.00 124 0 
non-ag grass 14.1 1.18 116 136 
field borders 14.6 1.22 348 423 
riparian wetlands 17.7 1.48 11 17 
med veg resident 19.4 1.62 16 27 
non ripar wetland 19.5 1.63 8 13 
trees 20.1 1.68 8 13 
dry beans 22.2 1.85 2,458 4,548 
corn 23.0 1.92 10,692 20,493 
high veg resident 24.3 2.03 8 15 
onions -sets 25.8 2.15 73 158 
sugar beets 26.3 2.19 1,856 4,067 
alfalfa 27.7 2.31 2,780 6,418 
irrig barley/wheat 29.3 2.44 81 199 
water 44.3 3.69 0 1 
Potential Center Pivot Area 18,580 36,526 
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Table 17. Potential Side-Roll Irrigation (field size: 40-acres) 
Urban Growth Areas Masked Out 
category tot_ET(in) AF/acre/yr acres ET AF 
no data 0.0 0.00 1,163 0 
non-ag grass 14.1 1.18 1,239 1,456 
field borders 14.6 1.22 2,148 2,613 
riparian wetlands 17.7 1.48 60 89 
med veg resident 19.4 1.62 232 376 
non ripar wetland 19.5 1.63 118 192 
trees 20.1 1.68 115 193 
dry beans 22.2 1.85 10,535 19,490 
winter wheat 22.5 1.88 27 51 
corn 23.0 1.92 47,705 91,435 
high veg resident 24.3 2.03 106 215 
onions -sets 25.8 2.15 493 1,060 
sugar beets 26.3 2.19 7,619 16,699 
alfalfa 27.7 2.31 16,932 39,084 
irrig barley/wheat 29.3 2.44 1,126 2,749 
water 44.3 3.69 1 4 
Potential Sideroll Irrigation Area 89,620 175,706 



Table 18. North Poudre Irrigation Company Lateral Service Area Efficiencies 

Lateral Name Total Pivot Total ET Effective Total Diver Irrig Efficiency 
[Map Attribute] Acres Acres AF Precip AF AF Percent 
111#1 Lateral 200 413 142 1240 22% 
1291#2 Lateral with Wells 1271 2631 905 1831 94% 
131#3 Lateral 977 133 2082 695 1724 80% 

1 41#4 Lateral 434 929 309 1160 53% 
1321#6 Lateral with wells 232 465 165 715 42% 
151#7 Lateral 583 43 1185 415 920 84% 
161#9 Lateral 15 33 11 64 35% 
1 7JUpper #10 Lateral 133 276 95 270 67% 
181 Lower #10 Lateral 329 716 234 852 57% 
1 916oxelder Ditch 471 122 1056 336 1244 58% 
110113uckeye Lateral 1481 640 2798 1039 1682 105% 
111 (Buckeye Main 1760 1638 3139 1108 3980 51% 
1121Cactus Hill 1932 133 4094 1375 3262 83% 
1131Cemetery Lateral 430 92 905 306 859 70% 
1141Cheyenne Lateral 784 896 1608 558 2007 52% 
1151Cowan Lateral w/wetlands 1022 2167 727 2805 51% 
1161Grey Lateral 575 4 1312 409 335 270% 
1171Hinckley Lake 905 1852 644 1625 74% 
11811ndian Creek 95 132 185 68 187 63% 
119IWaverly Main 774 283 1586 550 2672 39% 
120IMunroe (nodatarth Poudre Supply Canal 381 213 878 271 545 111% 
1211Railroad Lateral 290 638 206 578 75% 
1221Ridge Lateral 150 326 106 1107 20% 

Lateral 137 122 294 98 453 43% 
otal for all laterals 4665 4451 30869 10437 32116 

Note: Irrigation Efficiency is the Total ET minus Effective Precipitation/Total Diversion 



Table 19. Irrigation Efficiencies for the Study Area 
Name of Total Acres total AF Effective Total ET Irr Irr Efficienc Number 
Irrigation Company Under Irrigatio Diversions Precipitation ET Demand w/no Wells Wells 

AF AF 
POUDRE VALLEY CANAL not modeled 263 
PLEASANT VALLEY LAKE CNL not modeled 10397 
LARIMER COUNTY DITCH (WSS) 39273 46237 26964 80011 53047 115% 131 
DRY CREEK DITCH not modeled 3574 
LARIMER COUNTY NO 2 D not modeled 7711 
CACHE LA POUDRE DITCH not modeled 1624 
LARIMER WELD IRR CANAA 54244 93417 37243 111130 73887 79% 130 
NEW CACHE LA POUDRE CO D 32747 59636 22484 65701 43217 72% 137 
NORTH POUDRE CANAL 18573 50219 12752 39336 26584 53% 111 
Big 4 (subtotal of 4 Irrig. Cos) 144837 249510 99443 296178 196735 79% 509 
Basin Total 183506 273078 125992 377504 251512 92% 509 

Note: Irrigation efficiencies for total study area if wetlands are included 96% 



HI 
Table 20. Assumed Irrigation Efficiencies by Management Application. 

application min%effic max%effic ave%effic 
furrow/surface 35% 40% 37.5% 
SURGE 60% 80% 70.0% 
center pivot 75% 85% 80.0% 

Projected Irrigation Efficiency Scenarios 

Table 21. Conversion of Furrow to Potential Center Pivot 

Potential Center Pivot Area 18,580 12,756 75% 36,526 31,693 
Minimum Water Savings (AF) 27,731 

Scenario B. 
Current Surface Irrigation Area 18,580 12,756 35% 36,526 67,913 
Potential Center Pivot Area 18,580 12,756 85% 36,526 27,964 
Maximum Water Savings (AF) 39,949 
' 1991 effective precipitation (70% of total) was based on Poudre River basin average of 11.77 inches. 

Table 22. Conversion of Furrow to Potential Sideroll Irriaation. 0 
Scenario A. acres 91 eff_pre efficiency ET AF irrig_demand 
Current Surface Irrigation Area 89,620 61,532 40% 175,706 285,435 
Potential Sideroll Area 89,620 61,532 60% 175,706 190,290 
Minimum Water Savings (AF) 95,145 

Scenario B. 
Current Surface Irrigation Area 89,620 61,532 35% 175,706 326,212 
Potential Sideroll Area 89,620 61,532 65% 175,706 175,652 
Maximum Water Savings (AF) 150,559 
` 1991 effective precipitation (70% of total) was based on Poudre River basin average of 11.77 inches. 

Table 23. Conversion of Furrow to Potential SURGE Irrigation. 
Scenario A. acres 91e re efficiency ET AF irrig_demand 
Current Surface Irrigation Area 167,712 115,148 40% 344,445 573,243 
Potential SURGE Area 167,712 115,148 60% 344,445 382,162 
Minimum Water Savings (AF) 191,081  

Scenario B. 
Current Surface Irrigation Area 167,712 115,148 35% 344,445 655,135 
Potential SURGE Area 167,712 115,148 80% 344,445 286,621 
Maximum Water Savings (AF) 368,513 

1991 effective precipitation (70% of total) was based on Poudre River basin average of 11.77 inches. 
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Map 2. City limits and 2010 urban growth boundaries. 
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Map 4. City limits, 2010 growth area, surface irrigation, and current center pivot irrigation. 



1 ! ;forth Youdre Irrigation C'cm~vanv
21 Wafer Supple  and Storage 

a j 31 New Cache la Poudre Irrigation Con-Vans- 
41 Larimer and Held Canal 

0 S 10  
7r KILOMETERS 

a t I I 

LEGEND 
N 

h 
W- 

s i I 
0 

i 

1 ; 

Map 5. Big Four Irrigation Companies. 
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Map 10. 2010 Urban growth area, city limits, current and potential pivot irrigation, and potential sideroll irrigation. 
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ABSTRACT 

Daily and annual evapotranspiration (ET) estimates were computed for 
three separate cities along the Front Range of the Colorado Rocky Mountains. 
Estimates were derived using two different methods; 1) a traditional crop 
coefficient method and, 2) a reflectance-based vegetation coefficient index in 
order to simulate both present and future urban water requirements. 

For the first method, an urban area land use and land cover 
classification was derived using a combination of video rasterized National 
Aerial Photography Program (NAPP) data and Landsat Thematic Mapper (TM) 
data sets. NAPP color infrared transparencies were video rasterized at 7.125 
meter ground resolution as RGB separates (visible green, red, and near 
infrared) and then combined with multi-date TM satellite imagery into a single 
data set. This multi-temporal and high spatial resolution data set was used as 
input to an unsupervised classification algorithm. The resulting classification 
map was transferred into a geographic information system (GIS) in order to 
model 1993 annual evapotranspiration (ET) for the community of Greeley, 
Colorado. 

The second method used a linear correlation between the Normalized 
Difference Vegetation Index (NDVI) and crop coefficients to relate a reflectance-
based vegetation coefficient (V,) to NDVI. Landsat-5 Thematic Mapper 
imagery was transformed into three spatially distributed ET maps using the VC  
and reference ET in a GIS environment. Irrigated areas subject to water 
conservation management were extracted from the ET maps using a GIS 
masking technique. Each map was used to generate a volume estimate of daily 
ET within each city. System irrigation efficiencies were then determined using 
a water balance approach so that simulations could be performed for the 
irrigated zones under the control of city water managers. The linear 
transformation (V,) model output was in close agreement with the daily 
estimates calculated using traditional crop coefficients for both irrigated turf 
and tree canopies. 

As a result of this research, an urban land use crop coefficient curve was 
developed that may be useful for predicting seasonal and annual consumptive 
water requirements for a typical city in the semi-arid western United States. 
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INTRODUCTION 

Ever since the dawn of the industrial revolution there has been a 
progressive increase in the migration of people from agricultural regions 
towards the ever burgeoning metropolis. This phenomena of urbanization 
strains the limits of city planners and local resource managers in meeting the 
need to expand infrastructure, land for growth, and the demand for natural 
resources. With respect to future development, perhaps the most precious 
natural resource of all here in the semi-arid western United States is water. 

Aerial photography and satellite remote sensing data have frequently 
been used to monitor urbanization in many parts of the world (Mahavir and 
Galema, 1991; Jensen et al., 1994; Colwell, 1985; Jensen and Toll, 1982). The 
primary purpose of these studies has been the detection of the transitional 
areas of growth, otherwise known as the 'urban fringe', in order to predict the 
direction of future expansion and the rate at which it is occurring (Jensen and 
Toll, 1982). For instance, the U.S. Bureau of the Census must perform a 
decennial update of several hundred Standard Metropolitan Statistical Areas in 
order to define the outer limit of urbanized land use. One of the goals 
of this study was to demonstrate the usefulness of video rasterized NAPP color 
infrared (CIR) photos for producing a highly detailed classification of urbanized 
lands. Although the most common applications of aerial photography have 
been for either visual interpretation or for digitizing land use boundaries, it 
has only recently been recognized as a potential source of data for use in a 
geographic information system (GIS). 

Light (1993) has demonstrated that the effective ground resolution that 
can be achieved by digitally scanning NAPP aerial photography can be as good 
as 1.0 to 1.5 meters, depending upon scene contrast. Studies by the United 
States Geological Survey have shown that all of the information content of a 
1:40,000 scale NAPP photo can be preserved in digital format (Light, 1993). 
Because the color infrared (CIR) film used for NAPP photography records 
reflectance in the green (0.5 to 0.6µm), red (0.6 to 0.7µm), and the near-infrared 
(0.73 to 0.88µm) portions of the spectrum, a representation of this multispectral 
information may also be captured digitally using the red, green, and blue 
detectors of a video camera. However, the spectral information contained 

Page 1 



within a NAPP CIR photo can be highly variable depending upon film quality, 
exposure, sun angle, and vignetting effects. While calibration of this digital 
data would be a difficult task, it is unnecessary if the data are spectrally 
clustered and classified. Spectral variability is reduced to a user-defined 
number of statistically similar clusters that can be assigned meaningful 
category names by the analyst. For this reason, NAPP CIR photography can 
be used in combination with data that are calibrated (such as Landsat) to 
improve the results of an automated land use classification. 

A second major goal of this study was to utilize this land use 
classification output to model annual evapotranspiration (ET) within an urban 
environment. Urban land use classification has often proved difficult due to a 
lack of sufficient ground resolution. It was hoped that the added spatial 
resolution of the rasterized NAPP would improve the land use classification so 
that a more accurate estimate of urban ET could be achieved. One accepted 
method of estimating ET is made possible through the use of crop coefficients, 
which are derived by calculating the ratio of a reference ET rate to the actual 
observed ET rate. While crop coefficient data are readily available for 
agricultural crops, only recently have crop coefficients been derived for both 
urban and riparian vegetation. Wagner (1994) utilized a linear relationship 
between the Normalized Difference Vegetation Index (NDVI) and reflectance-
based crop coefficients to produce an annual ET curve of individual urban 
vegetation types (see appendix 413, Wagner 1994). These curves were derived 
using a combination of field radiometer measurements and the NDVI images of 
three different dates of Landsat-5 TM data. Annual estimates of urban ET 
were made possible through the use of these urban vegetation coefficients. 

By using the same linear transformation from an NDVI image to a 
reflectance-based crop coefficient (V,) image, another approach to modeling ET 
within the urban environment was performed and compared to the results of 
the latter method. Using reflectance-based crop coefficients, we may bypass a 
detailed classification of individual land cover types altogether and simply 
convert the entire satellite image into a continuous matrix of pixels containing 
daily ET values. 
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One of the more intriguing results of this research was the development 
of a reflectance-based urban crop coefficient curve that has the potential to be 
applied to any typical city in the semi-arid western United States. Using the 
urban curve in conjunction with satellite data, estimates of daily, weekly, and 
annual consumptive water use may be calculated for an entire urbanized area. 
The development and validation of this curve will be presented in a later 
section of this report. 

The last portion of this research was to estimate both present and future 
consumptive water use and then make predictions as to the impact of water 
conservation. Daily and annual ET estimates for 1993 and the year 2010 were 
then extrapolated based on current irrigation system efficiencies in order to 
simulate the various water conservation scenarios. 

STUDY AREA 

The Cities of Greeley, Fort Collins, and Windsor, are located in the 
northern portion of the state of Colorado just east of the Rocky Mountains 
(Figure 1). These urban areas are situated within the South Platte River basin 
and are primarily surrounded by irrigated agriculture. Corn, alfalfa, and sugar 
beets are the predominant crops of this region. The City of Greeley occupies 
about 12,000 acres of urbanized land while Fort Collins and Windsor have 
about 23,000 and 1000 acres, respectively. The climate of this region is typical 
of a semi-arid rangeland and receives approximately 12-14 inches of 
precipitation annually. 

ULVA MT_ • 

The techniques used to develop a quantitative estimate of urban 
evapotranspiration are threefold. First, a data set that contained the necessary 
spectral, spatial, and temporal resolutions had to be compiled. This is 
especially important given the high-texture and spatial frequency that are 
characteristic of an urbanized area. Lack of both spectral and spatial detail 
are especially problematic in accurately classifying urban land use categories. 
Second, the methods of modeling evapotranspiration using urban crop 
coefficients (K,) and a computer classified urban land use map are presented. 
This effort was based on the use of categorical urban K. values for turf, trees, 
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and water in conjunction with a daily reference ET value. Thirdly, another 
method of quantifying urban ET was performed that does not require a land 
use classification. This third procedure applies a linear transformation to a 
NDVI satellite image in order to convert each pixel into a vegetation coefficient 
value (V,). The resulting GIS data layer (transformed from the NDVI image 
into a Vc  image) can then be multiplied by the appropriate reference ET value 
to produce a daily map of ET. These output maps were then used as the a 
baseline from which various water conservation scenarios could be simulated. 

DATA SET DERIVATION 

The process of video digitizing the NAPP-CIR aerial photos was made a 
possible through the use of ERDAS 7.4 image processing software within a PC-
based environment. This software has a routine known as 'VIDDIG', which 
allows a Charged Coupled Device (CCD) video camera to interface with the 
software. The output file produced is a typical 3-band ERDAS '.lan' format and 
can be further processed, enhanced, and classified using the software. The 
CCD color video camera used for this study was a JVC TK870U with an 
effective pixel resolution of 756 horizontal by 486 vertical. The camera was 
mounted on an adjustable stand in order to test the effect of varying camera 
height on the output image characteristics. NAPP color infrared 
transparencies at 1:40,000 scale taken July 5, 1988 were acquired for the study 
area. The transparencies were placed over a light table that was underneath 
the video camera in order to capture the green, red, and near infrared response 
of the film. Clear plate glass was placed over the transparencies in order to 
hold the them flat upon the image plane and to minimize distortion effects. 
Two 15-Watt, full-spectrum florescent lamps were installed in the light table in 
order to equalize the transmission of the visible light spectrum through the 
three dye layers of the film. In this way, the individual RGB detectors of the 
CCD array should be exposed to approximately equal amounts of incident 
energy. Many common florescent lamps exhibit pronounced peak outputs in 
either the visible blue or red portion of the spectrum. The statistics and 
frequency histograms of the 3-band output file were analyzed in order to 
determine the optimal combination of camera height, tint, and f-stop. The best 
combination included an f-stop of 11.0, tint set to mid-range, and a camera 
height of 37.5 cm. This combination yielded the best overall capture of the 
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spectral information contained within the three dye layers of the film. At this 
camera height, the effective ground resolution of the digitized images was 
approximately 7.0 meters, or about one-fourth the ground resolution of Landsat 
TM. In effect, these digitized images contained about sixteen times more 
spatial information per band than a single Landsat TM band at 28.5 meter 
resolution. 

Due to the scale at which the transparencies were captured, six separate 
images had to be mosaiced together in order to sufficiently cover the area of 
one 1:40,000 scale photo. A network of ground control points were digitized 
from several USGS 7.5 minute quadrangles so that the individual pieces could 
be georectified to the UTM coordinate system. The images were resampled to 
7.125 meter resolution (exactly one-fourth the resolution of TM data) using the 
nearest-neighbor algorithm and then mosaiced together into a single image, 
shown in Figure 2. 

Georectified Landsat TM data had previously been obtained for three 
dates during the growing season of 1993. Image dates were May 30, July 1, 
and September 3, 1993. Each of the three 7-band TM images were merged into 
a single, 21-band data set. Using ERDAS IMAGINE 8.1 software, the 3-band 
NAPP '.Ian' image was converted into IMAGINE format and subsequently 
merged with the TM data to produce a single 24-band data set for the city of 
Greeley, Colorado. From this data set, a screen digitized mask was applied in 
order to extract only the areas containing urban land use. A complete flow 
chart of the data set derivation is presented in Figure 3. 

Unsupervised classification of the 24-band data set was performed by 
running the ISODATA clustering algorithm in IMAGINE 8.1 using 100 cluster 
classes at a 98% convergence threshold. The resulting signature file was then 
used as input to the maximum likelihood classifier to produce an output file 
containing 100 spectrally unique classes. A spreadsheet application was used 
to extract the raw digital number (DN) signature means for each of the 100 
classes to aid in the analysis. For example, by calculating a NDVI within the 
spreadsheet, signature means could be sorted for each TM image date in order 
to get an indication of the temporal biomass change of each cluster class within 
the scene. In this way, assigning informational category names to each class is 
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made more efficiently and should be more objectively repeatable. Using both 
ground reference data (the NAPP-CIR aerial photos) and the DN signature 
means of each cluster, the 100 classes were then coded to the appropriate land 
use or land cover category (Figure 4). This crop map was subsequently 
imported into the GRASS 4.1 GIS format using the command i.in.erdas. 
Finally, the accuracy of the classification output was tested against a set of 
polygons of known cover type by using the ERDAS 7.5 SLTMMARY module. 

Kc- BASED ET MODELING 

The method of computing ET values using crop coefficients is based on 
relating the actual daily crop ET to a reference ET crop. The crop for this area 
of Colorado is alfalfa, and is assumed to be of uniform height throughout the 
field (8 to 15 cm tall), actively growing, completely shading the ground, and not 
short of water (FAO 24, 1977). Using daily weather data, an ET value is 
computed for the reference crop based upon one of several established 
equations. These equations include the Blaney-Criddle, Penman, Jensen-
Haise, Hargreaves, the Radiation method, the pan evaporation method, and a 
number of Penman combination equations (Allen et al., 1989; Doorenbos & 
Pruitt, 1977; Wright, 1982; Penman, 1956). This research utilized the 
Kimberly-Penman and Penman-Montieth combination equations for computing 
daily reference ET. After calculating a reference ET value from a series of 
daily weather data, the next step was to multiply the reference ET value by the 
appropriate crop coefficient. This allows ET calculations to be made for any 
desired time step, given the necessary weather data. 

The foundation of this ET modeling effort is based upon the dissertation 
work by Wagner (1994), "Determination of Consumptive Water Use by Remote 
Sensing and GIS Techniques for River Basins." For a detailed description of the 
ET model validation, see the previously mentioned reference. The general 
sequence of the modeling procedure is shown in Figure 5. After obtaining 1993 
weather data for the study area, the actual daily reference ET calculation was 
performed using the REFET software program (Allen, 1993). This software 
allows the user to calculate reference ET based upon one of several accepted 
equations. The Kimberly-Penman combination equation was chosen for this 
study because it was considered to be one of the top-ranking methods of 
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computing reference ET within a semi-arid climate (Jensen et al., 1990). Once 
daily reference ET values were calculated for 1993, the results were input to 
INFORMIX, a relational database management system (RDBMS). Within the 
RDBMS, individual crop ET values were calculated based on the urban 
vegetation crop coefficients proposed by Wagner (1994). Daily totals for 1993 
were summed and a GIS reclass file was generated via a Structured Query 
Language (SQL) script. Once the final urban area crop map had been imported 
into the GRASS 4.1 GIS, this reclass file was applied to the crop map to 
produce a 1993 annual ET map (Figure 6). 

DEVELOPMENT OF ANNUAL Kc  CURVE 

Estimates of annual ET for the complete urban areas were calculated by 
developing a weighted area average crop coefficient curve based on the 
classified image of Greeley. A GIS operation was used to recode individual 
categories within the Greeley city limits according to their respective crop 
coefficients. and the total area of each class was computed. Daily crop 
coefficient values that had been calculated previously within the RDBMS were 
then exported for every day of the growing season. Using a spreadsheet, the 
annual trace of crop coefficient values for each land use category in 1993 were 
plotted throughout the growing season and weighted according to the 
proportional area in each category. A spline function was used to fit a curve to 
this data to produce an annual crop coefficient curve representative of all 
urban land use categories combined (Figure 10). 

Within the spreadsheet, the daily weighted crop coefficient values (from 
spline curve daily values) were multiplied by the daily reference ET values for 
the appropriate weather station nearest each city to produce daily estimates of 
total urban ET. The summation of the output column in the spreadsheet 
provided an estimate of annual urban ET for the entire area of each city (all 
land use categories combined). Total annual ET due only to irrigated areas 
was calculated by simply omitting all impervious and non-irrigated categories 
from the spreadsheet summation (to be described in a later section). It was 
necessary to separate the irrigated areas from the complete urban area in order 
to simulate various water conservation management scenarios. These water 
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conservation simulations would only be appropriate for those areas under the 
direct control of city residents and water managers (i.e., turf grasses). 

Vc- BASED ET MODELING 

For this portion of the modeling effort, a subset of the 21-band, 3-date 
Landsat TM image was extracted. This subset contained all three of the cities, 
Greeley, Fort Collins, and Windsor in order to process all urban areas 
simultaneously. The basic procedure for modeling ET using reflectance-based 
crop coefficients is to transform each radiometrically corrected satellite image 
into single band NDVI images, then apply the linear transformation to convert 
the NDVI images to vegetation coefficient (Vd images, and lastly multiply 
these images by the appropriate reference ET value for the day. First, a series 
of radiometric corrections were applied to the 3-date raw image by creating a 
graphically-based executable script. Using the SPATIAL MODELER module 
available in IMAGINE 8.1, a sequence of operations involving multiple image 
files with multiple bands can be incorporated into a single graphical model that 
can be executed with a click of the mouse button (Figure 7). These radiometric 
corrections were necessary in order for the linear transformation to hold 
between NDVI and V, because this relationship was developed using 
radiometrically corrected Landsat-5 TM data sets (see Wagner, 1994). 

Once the corrections were made, the next step was to convert the data 
into a 3-band NDVI image (one band for each date of imagery). This 
transformation was also performed using IMAGINE'S graphically-based 
module, as illustrated in Figure 8. The linear transformation from NDVI to a 
VC  image was simply a matter of applying the following empirically-based 
equation to each of the three bands of the NDVI image: 

Vc  = (1.13333 * NDVI) + 0.036667 (Wagner, 1994). 

At this point, each of the three bands in the V, output image is 
multiplied by the reference ET value appropriate for each of the three dates of 
the satellite overpass. The resultant 3-band ET image could then be masked so 
as to contain only the urban areas of interest (Figure 9). The total daily ET for 
each city was calculated by multiplying each ET pixel value by the area (in 
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acres) of each pixel element. The summation of these elements were used to 
generate estimates of total daily consumptive water use within the total 
urbanized area of each city. 

IRRIGATED AREA MASKING TECHNIQUE 

In order to estimate ET for the irrigated urban zones that are managed 
for application of irrigation water, a GIS masking technique was utilized. 
Areas subject to irrigation management were assumed to correspond to both 
turf grasses and tree canopies. Maximum likelihood classifications of both 
Greeley and Fort Collins were aimed at identifying these areas in order to 
account for the quantity of annual ET that must be supplied directly by city 
residents. Areas classified as either irrigated turf grass or trees were given a 
binary value of one and then used as masks to extract these areas separately 
from both the V, and ET images. All other zones were recoded to null values. 
Using these new V,, images, weighted area vegetation coefficients were 
calculated for both Greeley and Fort Collins for these two most prominent 
urban vegetation types. 

For example, in each city a 3-date weighted average V. value for turf was 
calculated as the summation of all Vc  pixels (classified as turf ) occurring 
within the V, image, divided by the total number of classified turf pixels. In 
this case, a population mean would be statistically equivalent to a weighted 
mean because every unique pixel VC-value is proportionally weighted according 
to both its total area within the image (i.e., the number of corresponding turf 
pixels) and within the VC  .frequency histogram itself. This weighted mean crop 
coefficient value was calculated for all three dates of V,-imagery for both turf 
and trees in Greeley as well as Fort Collins (Table 1). 

For each city, the three separate dates of VC  values were averaged and 
then multiplied against daily Kimberly-Penman reference ET values for every 
day throughout the growing season, beginning with the full cover stage of 
growth. Full cover is the stage where the crop is intercepting as much solar 
energy as it will ever experience during the season, whereas green-up is the 
stage of plant growth where the green leaves first emerge (Duke et al., 1987). 
In this region of the country, crop green-up and full cover dates for turf grasses 
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usually occur around March 15 and April 1, respectively (Ainsworth, 1994). 
For trees, these dates are usually May 1 and May 15, respectively. Crop 
senescence, or the termination of the growing season, occurs by about October 
15 for both crops. 

By multiplying the Kimberly-Penman reference ET by the resulting VC  
coefficients on each day of the growing season, both a total daily ET estimate 
as well as an annual ET estimate for all turf and tree pixels may be calculated 
within each city (which may also be validated against the Kc  estimates of ET). 
The summation of these daily ET values during the growing season resulted in 
an estimate of annual ET demand due only to areas of irrigated turf and trees 
(Table 2). Again, it was necessary to calculate the total ET volumes for the 
irrigated vegetation separately in order to focus our water conservation 
simulations on these particular zones. 

The reason that a three-date average Vc was applied for every day of the 
growing season is that once green-up and full cover stages are achieved, both 
trees and turf experience a very stable rate of ET throughout the rest of the 
growing season. The assumption of a stable ET rate for turf and trees is 
supported by the fact that all three dates of weighted V. calculations in both 
cities remain quite consistent (see Table 1). 

One advantage of using reflectance-based vegetation coefficients to 
estimate ET is that the spatial variability of plant biomass and vitality (and 
thus ET rates) are taken into account throughout the entire area of interest. 
In this way, a more representative estimate of ET may be calculated based on 
the full range of vegetation health, rather than assuming a homogenous 
biomass by applying a single crop coefficient (i.e., a K.-value) throughout an 
entire area. Another advantage is that the use of vegetation coefficients 
eliminates the need to perform a time-consuming image classification (and 
verification). Instead, only a radiometrically-corrected NDVI image and the 
appropriate reference ET values are needed for the task. 
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DERIVATION OF SYSTEM IRRIGATION EFFICIENCY 

System irrigation efficiencies were estimated using a water balance 
approach. In order to simplify this portion of the analysis, several key 
assumptions regarding the dynamics of water movement within an urban 
environment had to be made: 

1. Irrigation-  system efficiencies will be most meaningful if based solely 
upon the water requirements of irrigated turf grass. 

2. The ET demand for urban trees is assumed to be provided exclusively by 
excess irrigation water (i.e., deep percolation) applied to areas of turf 
grass. Due to this excess water application, an artificially elevated water 
table exists within the city and provides a significant source of water 
which most urban trees depend on (in addition to annual precipitation 
inputs). 

3. The use of remotely-sensed imagery to classify areas of turf limits our 
calculation of irrigation efficiency to only those areas classified as turf 
(i.e., we cannot consider the small fraction of turf that occurs beneath 
tree canopies or other such obstructions). 

4. Given the total amount of precipitation incident upon classified turf 
pixels, only 70% is assumed to be effective and infiltrate to the root zone. 
The remaining 30% is assumed to be lost to deep percolation, canopy 
interception, and surface runoff. 

After defining all assumptions, all documented water treatment plant 
inputs and sewage treatment plant outputs for the cities of Greeley and Fort 
Collins were obtained for 1993 (Table 3). The difference between inputs and 
outputs reveals the total un-accounted water, or the change in storage 
component of the water balance. Essentially, this is the quantity of water that 
was manually applied to the urban vegetation. The vast majority of this un-
accounted water will then be consumed as ET, while the remaining portion will 
become deep percolation (excess irrigation water lost below the root zone) and 
surface runoff. Therefore, the ratio of the total annual turf ET to the total un-
accounted water provides an estimate of a city-wide system irrigation efficiency 
for turf grass. For an example, if our irrigation system were 100% efficient, 
then our un-accounted water would exactly match the ET demand of the turf. 
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Since irrigation systems are always less than 100% efficient, the amount of un- 
accounted water should be larger than the ET demand. The smaller the 
difference between these two quantities, the greater the efficiency of our 
irrigation system. 

It must be noted that a certain proportion of the total annual turf ET 
vapor would have been supplied by precipitation events incident upon the turf (~ 
itself at various times during the year. The amount of precipitation that LJ 

effectively infiltrated the turf areas was approximated to be 70%, based on an 
estimated 30% loss due to a combination of surface runoff, deep percolation and 
tree canopy interception (Clark and Bode, 1994). This volume of precipitation 
water must first be subtracted from the annual ET demand of the turf areas. a 
In this way, the remaining quantity of water applied to the turf would have 
been provided exclusively by city residents. This additional supplied irrigation a 
water would essentially be all that the turf requires to exactly meet the annual 
ET demand. Anything above and beyond this amount results in system losses 
and reduced system efficiency. 

Finally, system efficiencies were calculated by taking the amount of ET 
demand met by supplied irrigation, and then divide it by the total un-accounted a 
water. Once these present-day efficiencies were determined, then the future 
water needs for each city may be predicted on the basis of a number of 
different management scenarios. 

SIMULATION OF CONSERVATION SCENARIOS 

Present day system efficiencies were applied to each of the future urban 
growth areas to predict future water needs under two basic assumptions: 1) 
Conservation practices are not implemented, and 2) Different levels of 
conservation practices are implemented. In the latter case, a series of 
alternate system efficiencies may be simulated based on reasonably achievable 
efficiency goals. For example, with conservative water use practices and 
partial xeriscaping (landscaping with drought-tolerant species), one may 
achieve a substantial water savings. If the implementation of xeriscaping is 
compared against a typical Kentucky Bluegrass landscape, the water 
requirements of a completely xeriscaped area may be reduced by as much as 
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60% (Clark and Bode, 1994). This sort of reasoning was applied for the 
simulations of water conservation for all three urban environments, both 
present and future. 

RESULTS AND DISCUSSION 

The procedures and the computer model simulation runs described above 
generated several categories of results that may be broken down as follows: 1) 
Urban land use classification using a combination of video rasterized NAPP 
and TM data sets 2) Kc-based model results 3) V,-based model results, and 
4) Water conservation simulation results. 

URBAN CLASSIFICATION RESULTS 

A series of test polygons of known cover type were first screen digitized 
from the georectified NAPP CIR image in order to perform the accuracy 
evaluation. The high resolution of the on-screen NAPP image was such that 
the screen digitizing was a straightforward task. Certain test categories of 
closely grouped pixels (such as roads) were digitized more easily by first 
zooming in on the area of interest. These polygons were then cross checked 
against the NAPP-TM classified image using the ERDAS 7.5 SUMMARY 
module. 

Classification accuracies using the NAPP-TM combination procedure 
were relatively high (Table 4). The cross-tabulation procedure indicated an 
overall classification performance of 96.7%. Average performance by class was 
96.2%. 

The accuracy evaluation reveals that the majority of classification errors 
were with categories that are frequently located immediately adjacent to one 
another. This type of misclassification may thus be viewed as a spatial effect 
of the combined data set rather than a more typical misclassification due to a 
spectral similarity between two different categories. In other words, the lower 
resolution TM pixel may have produced a spatial classification bias near its 
outside edges where the two data sets would overlap. This effect would also be 
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skewed in favor of the TM reflectance data due to the fact that 21 bands of 
data would statistically override only 3 bands of NAPP. 

Kc  MODEL RESULTS 

The Kc-based model output for annual ET within the 12,000 acres of 
urbanized land in Greeley totaled approximately 21,100 acre feet. The annual 
ET map representing each land use category in Greeley was presented 
previously in Figure 6. Summary statistics for this image were output in the 
form of a GRASS GIS report to present annual ET estimates for each category 
in Greeley (Table 5). 

On a per-unit-area basis, the entire city of Greeley requires an annual 
average of 1.8 acre feet per acre of urbanized land. This number represents 
the annual average consumptive water demand within the city for all 
categories combined. The calculation includes both vegetated (ET > 0) and 
non-vegetated surfaces such as asphalt or concrete (ET = 0). If we may assume 
that a fully developed urban landscape would not include transitional land-use 
categories on the periphery of the city limits (such as bare soil and non-
agricultural grasses), then the annual average ET demand increases to 2.0 
acre-feet per acre. These transitional zones, otherwise known as the 'urban 
fringe', are the most active areas of urban expansion. 

V. MODEL RESULTS 

An example of a single-date ET image of Greeley that was produced 
using the VC-modeling technique is shown in Figure 11. Comparisons of daily 
and annual ET estimates for both irrigated turf areas and the fully urbanized 
areas within Greeley and Fort Collins are presented in Tables 6 and 7, 
respectively. The sum of daily turf ET for each day of the growing season were 
based on the turf KC  values from Wagner (1994). The daily VC-based estimates 
of total ET in the city of Greeley were in close agreement with the traditional 
Kc-based totals (compare with values in Tables 6 and 7). For example, the 
differences between V,-based and Kc-based ET estimates for the complete 
urban area of Greeley varied between 6% and 11%. Annual estimates for each 
city in Table 7 were based strictly on the application of the weighted average 
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Kc-curve, as discussed previously. Figure 12 shows the annual weighted K,, 
values with the VC values superimposed. 

Both KC  and VC  model calculations agree with current knowledge that 
open water surfaces exhibit the greatest amount of water loss due to 
evaporation (Penman, 1956). The ET for all impervious surfaces was assumed 
to be zero, and were thus excluded from the Kc-model calculations. Using the 
VC-transformation, impervious areas will tend to have such low coefficients that 
ET is also essentially zero. 

It was determined that the VC-based estimates were consistently lower 
than the Kc-based estimates. The fact that the linear relationship between 
NDVI and actual ET has previously been validated (Wagner, 1994) may 
suggest that traditional polynomial crop coefficients may be overestimating ET. 
In this case, ET is assumed to be occurring at a uniform rate across a 
particular cover type, whereas in reality, there is a large degree of spatial 
variability with respect to ET rates. 

WATER CONSERVATION SIMULATIONS 

Present-day irrigation system efficiencies were used to estimate 1993 
daily and annual ET demands for each city. Assuming present-day system 
efficiencies and no conservation practices, ET estimates and consumptive water 
demand are shown for both current and future scenarios in Table 8 (digital 
data for the 2010 urban growth areas for all cities was obtained from the City 
of Greeley Planning Department). Consumptive water demand is defined as 
the amount of water supplied by city residents and water managers after 
accounting for 1993 precipitation inputs. When considering the scenarios for 
the year 2010, the percentage of irrigated turf grass within the future urban 
growth area was assumed to be similar to the present situation (about 15% and 
19% for Greeley and Fort Collins, respectively). 

Increasing levels of irrigation system efficiencies were simulated with 
respect to what were believed to be reasonably achievable goals. The amount 
of total water savings was simulated by increasing irrigation system 
efficiencies, improving the soils, and the implementation of xeriscaping 
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(presented in Tables 9 and 10). For each scenario, it is assumed that the 
conservation measures are implemented on a city-wide basis. Table.9 
illustrates the 1993 situation in which scenario levels one to five show a 
gradual increase in the amount of water savings. The first level represents 
present-day watering practices, 75% irrigation system efficiency, and a 
conventional landscape area of about 90% Kentucky Bluegrass (based on 
figures from Clark and Bode, 1994). The second level represents the same 
traditional landscape with a moderate degree of water conservation practices, 
such as timed sprinkler systems and/or soil improvement through mulching or 
composting, and 85% irrigation efficiency. Level three assumes moderate water 
conservation, 95% efficiency, and approximately 50% of the landscape area 
managed as xeriscape using either native or drought-tolerant species. Level 
four is essentially the same as level three, except that there is a higher degree 
of water conservation (more efficient sprinkler systems, greater degree of soil 
improvements), and about 75% xeriscaped area. The last scenario assumes full 
xeriscaping wherever possible, improved soils, limited turf areas, low water-use 
plants, efficient watering and good landscape maintenance. Levels one to five 
for the year 2010 are equivalent to those of the 1993 scenarios, given that the 
future areas of irrigated turf in each city are proportional to the present-day 
situation. 

Total water savings can become quite significant as Kentucky Bluegrass 
landscapes are gradually replaced by more drought-tolerant species. Buffalo 
grass only requires a average of about 12 to 14 inches of water annually, 
whereas Kentucky Bluegrass may consume over 35 inches. Additional savings 
may also be achieved by implementing city-wide irrigation scheduling 
programs. 

Irrigated urban turf was found to be the most significant consumptive 
user of water, followed by the treeWshrubs category. These two categories have 
a combined annual average water demand of 3.5 acre feet per acre of coverage. 
At this rate, irrigated turf requires 40% more water per acre annually than 
alfalfa, which is the highest water-consumptive agricultural crop in this region. 
Although alfalfa has higher peak water demands during the summer months, 
the extended growing season of irrigated urban turf requires that a greater 
volume of water be supplied on an annual basis. As such, the conversion of a 
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traditional Kentucky Bluegrass landscape into a more water-efficient landscape 
using both native and drought-tolerant species shows the greatest promise for 
significant water savings. 

SLTAEMEARY 

The close agreement of daily ET estimates using the Vc-based modeling 
technique when compared to the traditional K,,-based approach shows promise 
for the application of reflectance-based vegetation coefficients for computing 
urban consumptive water use. This approach has already been validated at the 
river basin scale and thus may prove to be a valuable method for regional scale 
water resources management (Wagner, 1994). This method also has an 
economic advantage over more traditional calculations of ET because it does 
not require the tedious digitizing of individual field plots from aerial 
photography. In addition, the V,-based method takes into account the spatial 
variability of both biomass and ET rates whereas traditional crop coefficients 
must be applied uniformly throughout individual fields. 

Classification of urban land use has often proved difficult due to a lack of 
sufficient ground resolution. As higher resolution data sets become more 
available, classification of increasingly more detailed land use categories 
should be made possible. The process of video rasterizing CIR aerial 
photography appears to be a viable method of capturing such a high resolution 
data set. The results of this procedure suggest that NAPP CIR photography 
can be used effectively to obtain a highly accurate and detailed classification of 
an urban landscape. As urbanization proceeds, detailed patterns of 
development should become more evident to land use planners through the 
continued application of remotely sensed data. As the population of the 
western U.S. continues to escalate, economic development may soon become 
completely limited by the efficiency of water resource use. Computer 
simulation of various water conservation strategies are now made possible 
using improved GIS-based models. It is hoped that the application of these 
technologies will provide the information necessary to optimize water resources 
use in an ecologically sustainable manner. 
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CONCLUSIONS 

1. The combination of video rasterized NAPP CIR aerial photography and 
Landsat TM provide a data set that is effective for highly detailed and 
accurate urban land use classification. 

2. Comparison of daily urban ET computed using reflectance-based crop a 
coefficients (V,) were in close agreement with polynomial-based estimates 
(Kc)• n 

3. Reflectance-based crop coefficients provide a more simple and economic 
approach for estimating daily urban consumptive water use than a 
traditional polynomial-based crop coefficients with approximately equal 
accuracy. 

4. The weighted mean KC  curve may be a valuable tool for predicting urban 
consumptive water use for many municipalities along the Front Range of 
Colorado with similar vegetative characteristics. 

5. Implementing intense or moderate water conservation technologies may 
result in a significant decrease in the number of trees supported by  
excess irrigation water. 

n 
U 
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Figure 1. Study area. 
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Table 1. Weighted average vegetation coefficients (Vc). 

Fort Collins, 1993 Greeley, 1993 

TURF TREES TURF TR 

may 30 0.732 0.612 0.812 0.553 -.. 
july 01 0.699 0.597 0.780 0.548 
sept 03 0.733 0.623 0.822 0.584 

AVE 0.721 0.611 0.805 0.562 
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Table 2. Classified urban turf, trees, and Vc-based ET estimate 

Fort Collins, 1993 

category acres wt aye Vc grow season tot REFET(in) tot ET(AF) 

TURF 4450 0.721 apr 1 - oct 15 43.4 11614 
TREES 6336 0.611 may 15 - oct 15 35.3 11392 

Greeley, 1993 

category acres wt ave Vc grow season tot REFETfin) to( ET AF) 

TURF 1747 0.805 apr 1 - oct 15 43.4 5092 
TREES 3708 0.562 may 15 - oct 15 35.3 6132 

c:\furaus\bureau\wct5_fig2.wb1  



Table 3. Calculation of system irrigation efficiencies for turf grass. 

City of Fort Collins, 1993 
Irrigation Efficiency (outputs /inputs) 

INPUTS(AF) OUTPUTS(AF) (INPUTS - OUTPUTS) (irrigated area ET / un-accounted water) 
Un-Accounted Water: 

1. *WTP-in 25731 1. *STP-out 18960 11614 turf_ET(AF t.urXwd rurr phr.dv.•REFEn) 

Change in Storage -4501 70% effective nrecio: 
Components: 17.34 (annum precip (in)) 

2. *Raw Water 1871 2. STP -2209 * Evapotranspiration 12.14 (70% is effective precip(h)) 

(pumped alluvial) Infiltration: * Deep Percolation 4450 (total Irrigated turf acres) 

* Surface Runoff 4501 (total effective predp, AF) 

7113 total irrigated turf ET 
I divide by 

10851 un -accounted (AF) 
equals 

Totals 27602 16751 10851 65.6% average turf Irrigation efficiency 

City of Greeley, 1993 
Irrigation Efficiency (outputs/ inputs) 

INPUTS(AF) OUTPUTS(AF) (INPUTS - OUTPUTS) (irrigated area ET / un-accounted water) 
Un-Accounted Water: 

1. WTP-in 23662 1. STP-out 9634 5092 turf_ET(AF pumprd,nr.dWVc'REFEr)) 

Change in Storage -1191 70% effective precio: 
Components: 11.68 (annual predp (in)) 

2. Raw Water 700 2. STP Imports -170 * Evapotranspiration 8.18 (70% Is effective precip(in)) 

(pumped alluvial) from outside city * Deep Percolation 1747 (total irrigated turf acres) 

* Surface Runoff 1191 (total effective predp, AF) 

3. Outside Users -6157 
3901 total irrigated turf ET 

4. System Losses -16 I divide by 

8725 un-accounted(AF) 
equals 

Totals 18189 9464 8725 44.7% average turf Irrigation efficiency 

= Water I rea men Plant; 9 1 P=Sewage I rea men an ; Pumpea AlluvialRaw Water: 1994 data 

c:\furaus\bureau\wct5a-fi.wbl  



Table 4. 1993 Urban classification accuracy evaluation: Greeley, CO. 

category No. of Pixels % correct impervious trees/shrubs turf/lawns water non-ag grass corn bare soil errors of 

omission 

impervious 2495 98.5% 2458 12 0 0 0 0 25 37 
trees/shrubs 903 89.6% 25 809 41 0 2 0 26 94 
turfAawns 1733 98.6% 1 23 1708 0 1 0 0 25 
water 784 99.6% 3 0 0 781 0 0 0 3 
non-ag grass 1483 97.2% 20 22 0 0 1441 0 0 42 
corn 933 94.1% 1 0 0 0 54 878 0 55 
bare soil 1506 95.7% 44 0 0 0 21 0 1441 65 

errors of commission 94 57 41 0 78 0 51 

Overall Performance 96.7% 
Average Performance 96.2% 

cAfuraus\bureau\wct5a fi.wb1 



In 

Table 5. 1993 *Kc-based annual evapotranspiration: Greeley, CO. 

A. All Urban Areas (including transitional zones) 

category tot et(in) acres %tot area AF/acre/yr ET acre ft 

impervious 0.0 2961 24.7% 0.00 0 
bare soil 9.8 1052 8.8% 0.82 859  
non-ag grass 15.1 2365 19.7% 1.26 2975 ' 
com 24.6 91 0.8% 2.05 186 
trees/shrubs 35.5 3712 31.0% 2.96 10983 
turf/lawns 40.5 1752 14.6% 3.38 5913 
open water 44.3 52 0.4% 3.69 191 

Annual Total 169.8 11985 100.0% 1.8 21108 n 

B. Fully Developed Urban Areas (excluding transitional zones) 

category tot et(in) acres %tot area AF/acre/yr ET acre ft 

impervious 0.0 2961 24.7% 0.00 0 
trees/shrubs 35.5 3712 31.0% 2.96 10983 
turf/lawns 40.5 1752 14.6% 3.38 5913 
open water 44.3 52 0.4% 3.69 191 

Annual Total 120.3 8478 70.7% 2.0 17087 
'Crop coefficient c values 5ased on in-situ radiometer data from Wagner 

c:\furaus\bureau\wct5a_fi.wb1  
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Table 6. 1993 ET estimates for irrigated turf areas. 

Greeley % tot Et 
turf area (Gilcrest) due to Vc-based 

Date in acres REFET Ave Vc Ave ET(in) turf Et acre ft turf Kc 

may 30 1,747 0.28 0.81 0.20 23% 30 0.90 
july 1 1,747 0.33 0.78 0.23 23% 34 0.90 
sept 3 1,747 0.25 0.82 0.18 23% 27 0.90 

-ANNUAL (AF) 5,092 

Fort Collins % tot Et 
turf area (Ft. Collins) due to Vc-based 

Date in acres REFET Ave Vc Ave ET(tn) turf Et acrre ft turf Kc 

may 30 4,450 0.24 0.73 0.18 24% 65 0.90 
july 1 4,450 0.28 0.70 0.20 25% 72 0.90 
sept 3 4,450 0.23 0.73 0.17 26% 62 0.90 

*ANNUAL (AF) 11,614 

'Annual irrigated turf estimates were calculated as the sum of weighted average Kc values for turf multiplied by 

daily REFET throughout the growing season. Kc values for turf are from Wagner (1994). 

Table 7. 1993 ET estimates for complete urban areas. 

Greeley 
urban area (Gilcrest) Vc-based 

Date in acres REFET Ave Vc Ave ET[in) Et acre ft urban Kc 

may 30 11,986 0.28 0.57 0.13 131 0.49 
july 1 11,986 0.33 0.57 0.15 148 0.51 
sept 3 11,986 0.25 0.57 0.12 117 0.54 
"ANNUAL (AF) 20,840 

(Kc-Spline) 

Fort Collins 
urban area (Ft. Collins) Vc-based 

Date in acres REFET Ave Vc Ave ETA) Et acre urban K 

may 30 23,130 0.24 0.57 0.14 267 0.49 
july 1 23,130 0.28 0.54 0.15 286 0.51 
sept 3 23,130 0.23 0.58 0.12 238 0.54 

"ANNUAL (AF) 37,984 
(Kc-Spline) 

"Annual totals for full urbanized areas were derived using the weighted average Kc spline curve for all categories 

combined, multiplied by daily growing season REFET. Kc values for urban area are from Wagner (1994). 

c:\furaus\bureau\wct5a_fi.wb1  



Table 8. Annual turf irrigation water demand, no conservation implemented. 

Present 1993 Irrigated Urban: 

1993 urban turf area % irrigation annual 70% effective tot annual turf irrigation 
pity area (acres) in acres % turf area efficieng preco in precip (AF) tur( E demand (AF) 

Greeley 12,276 1,747 14.2% 44.7% 11.68 1,191 5,092 8,728 
Ft. Collins 23,018 4,450 19.3% 65.5% 17.34 4,501 11,614 10,860 
*Windsor 4,464 749 16.8% 55.1% 14.51 634 2,069 2,605 

Projected 2010 Irrigated Urban: 

present urban projected 30-year 
plus 2010 UG total turf area % irrigation climate ave 70% effective tot annual turf irrigation 

y acres in acres %tun` area efficiency re i in) pre& (AF) turf ET demond 

Greeley 26,553 3,780 14.2% 44.7% 12.0 2,646 11,014 18,721 
Ft. Collins 40,597 7,848 19.3% 65.5% 14.0 6,409 20,484 21,488 
*Windsor 10,560 1,772 16.8% 55.1% 13.0 1,344 4,895 6,445 

(*turf area estimate and irrigation efficiency calculated as the average of Ft. Collins & Greeley) 

f:\furaus\bureau\wct5a  fi.wbl 



Table 9. Present irrigated urban simulations, conservation implemented. 

1993 Irrigated Urban Turf: 

1. Kentucky Bluegrass landscape, minimal water conservation: 

75% Irrigation Efficiency 
turf area annual () effective % irrigation tot turf irrig annual water 

►~tY acres turf ET nrecig (AE) efficieng deman savings (AID 

Greeley 1,747 5,092 1,191 75% 5,201 3,527 
Ft. Collins 4,450 11,614 4,501 75% 9,484 1,376 
Windsor 749 2,069 634 75% 1,913 692 

2. Kentucky Bluegrass landscape, moderate water conservation: 

85% Irrigation Efficiency 
turf area annual (-) effective % irrigation tot turf irrig annual water 

acres turf ET nrecip (AF) efficienc deman savings (A19 

Greeley 1,747 5,092 1,191 85% 4,589 4,139 
Ft. Collins 4,450 11,614 4,501 85% 8,368 2,492 
Windsor 749 2,069 634 85% 1,688 917 

3. Partial Xeriscape, moderate water conservation: 
95% Irrigation Efficiency 

turf area annual (-) effective % irrigation tot turf irrig annual water 
acres turf ET 12recip(AF) efficienc demand savings (AID 

Greeley 1,747 5,092 1,191 95% 4,106 4,622 
Ft. Collins 4,450 11,614 4,501 95% 7,487 3,373 
Windsor 749 2,069 634 95% 1,511 1,094 

4. Partial Xeriscape, moderate/intense water conservation: 

turf area annual H effective % irrigation tot turf irrig annual water 
9y acres turf ET preciQ(AF) efficienc deman savings (AD 

Greeley 1,747 5,092 1,191 120% 3,251 5,477 
Ft. Collins 4,450 11,614 4,501 120% 5,928 4,933 
Windsor 749 2,069 634 120% 1,196 1,409 

5. Full Xeriscape, moderateTntense water conservation: 

turf area annual (-) effective % irrigation tot turf inig annual water 
9A-v acres turf ET pregip (AF) efficieric deman savings (AFB 

Greeley 1,747 5,092 1,191 150% 2,601 6,127 
Ft. Collins 4,450 11,614 4,501 150% 4,742 6,118 
Windsor 749 2069 634 150% 957 1,648 

fAfuraus\bureau\wct5a fi.wb1 



Table 10. Future irrigated urban simulations, conservation implemented. 

Projected2010 Irrigated Urban Turf.,  

1. Kentucky Bluegrass landscape, minimal water conservation: 
75% Irrigation Efficiency 

tun` area annual () effective % irrigation tot turf irrig annual water 
i& acres turf ET preci AF) efficieng deman savings (AFl 

Greeley 3,780 11,014 2646 75% 11157 7,564 
Ft. Collins 7,848 20,484 6409 75% 18767 2,721 
Windsor 1,722 4,895 1344 75% 4735 1,710 

2. Kentucky Bluegrass landscape, moderate water conservation: 
85% Irrigation Efficiency 

turf area annual (-) effective % irrigation tot turf brig annual water 
rte►  X acres turf ET precip (AF) efficienc deman savings (AF) 4 

Greeley 3,780 11,014 2646 85% 9845 8,876 
~1 

Ft. Collins 7,848 20,484 6409 85% 16559 4,929 
Windsor 1,722 4,895 1344 85% 4178 2,267 

3. Partial Xeriscape, moderate water conservation: 
95% Irrigation Efficiency 

turf area annual (-) effective % irrigation tot turf irrig annual water 
9y acres turf ET precip (AF) efficienc deman savings (AFB 

Greeley 3,780 11,014 2646 95% 8808 9,913 l 
Ft. Collins 7,848 20,484 6409 95% 14816 6,672 
Windsor 1,722 4,895 1344 95% 3738 2,707 

4. Partial Xeriscape, moderate/intense water conservation: 

turf area annual () effective % irrigation tot turf irrig annual water 
ay acres turf ET gregip OF,) efficienc demand savings (AF2 

Greeley 3,780 11,014 2646 120% 6973 11,748 
Ft. Collins 7,848 20,484 6409 120% 11729 9,759 
Windsor 1,722 4,895 1344 120% 2959 3,486 

5. Full Xeriscape, moderate/intense water conservation: 

turf area annual (-) effective % irrigation tot turf irrig annual water 
y acres tun` ET precip(AF) efficienQ deman savings (AF2 

Greeley 3,780 11,014 2646 150% 5579 13,142 
Ft. Collins 7,848 20,484 6409 150% 9383 12,105 
Windsor 1,722 4,895 1344 150% 2367 4,078 

fAfuraus\bureau\wct5a fi.wb1 



Table 11. Simulation of present and future irrigation demands. 

Present 1993 turf and trees irrigation demand. 

1993 effective net turf water surplus (+ 
turf+trees turf+trees precip (AF) ET demand supplied OR deficit H 

City acres total ET turf+trees turf+trees irrigation for *TREES 

Greeley 5,459 16,896 3,719 13,177 8,725 (4,452) 
Ft. Collins 10,786 33,383 10,910 22,473 10,851 (11,622) 
"Windsor 2,038 6,309 1,725 4,584 n/a n/a 

Turf and trees imoation demand under conservation scenarios. 

i. Kentucky Bluegrass landscape, minimal water conservation: 

75% Irrigation Efficiency 
1993 effective net turf water surplus (+ 

turf+trees turf+trees precip (AF) ET demand supplied OR deficit H 
City acres total ET turf+trees turf+trees irrigation for *TREES 

Greeley 5,459 16,896 3,719 13,177 5,201 (7,975) 
Ft. Collins 10,786 33,383 10,910 22,473 9,484 (12,989) 
"Windsor 2,038 6,309 1,725 4,584 1,913 (2,670) 

2. Kentucky Bluegrass landscape, moderate water conservation: 
85% Irrigation Efficiency 

1993 effective net turf water surplus (+ 
turf+trees turf+trees precip (AF) ET demand supplied OR deficit H 

City acres total ET turf+trees turf+trees irrigation for *TREES 

Greeley 5,459 16,896 3,719 13,177 4,589 (8,587) 
Ft. Collins 10,786 33,383 10,910 22,473 8,368 (14,105) 
-Windsor 2,038 6,309 1,725 4,584 1,688 (2,896) 

3. Partial Xeriscape, moderate water conservation: 
95% Irrigation Efficiency 

1993 effective net turf water surplus (+ 
turf+trees turf+trees precip (AF) ET demand supplied OR deficit (-) 

city acres total ET turf+trees turf+trees irrigation for *TREES 
Greeley 5,459 16,896 3,719 13,177 4,106 (9,070) 
Ft. Collins 10,786 33,383 10,910 22,473 7,487 (14,986) 
"Windsor 2,038 6,309 1,725 4,584 1,511 (3,073) 

4. Partial Xeriscape, moderate/intense water conservation: 

1993 effective net turf water surplus (+ 
turf+trees turf+trees precip (AF) ET demand supplied OR deficit (-) 

city acres total ET turf+trees turf+trees irrigation for *TREES 

Greeley 5,459 16,896 3,719 13,177 3,251 (9,926) 
Ft. Collins 10,786 33,383 10,910 22,473 5,928 (16,546) 
"Windsor  2,038 6,309 1,725 4,584 1,196 (3,388) 

5. Full Xeriscape, moderate/intense water conservation: 

1993 effective net turf water surplus (+ 
turf+trees turf+trees precip (AF) ET demand supplied OR deficit (-) 

city acres total ET turf+trees turf+trees irrigation for *TREES 

Greeley 5,459 16,896 3,719 13,177 2,601 (10,576) 
Ft. Collins 10,786 33,383 10,910 22,473 4,742 (17,731) 
" V indsor 2,038 6,309 1,725 4,584 957 (3,627) 

Turf grass is assumed to meet its consumptive water demand by supplied irrigation water before the 
trees do. The remaning amount of water (if any) is then available for the consumptive demand of trees. 
Estimates for Windsor were based on the average proportions of turf and tree acreages within the 
urban limits of Greeley and Fort Collins. 
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Figure 2. NAPP color infrared mosaic of Greeley, CO: July 5,1988. 
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ABSTRACT 

AUTOMATED TELEPHONE RESPONSE SYSTEMS FOR 

DISSEMINATING EVAPOTRANSPIRATION INFORMATION 

TO RURAL AND URBAN WATER USERS 

Water Conservation Technology No. 6. Irrigation Scheduling Using Automated 
Telephone Response Systems. The application of this water conservation 

technology is to provide irrigation ETcrop  to telephone customers throughout the 
river basin for the present day's weather conditions and for predicted weather 
conditions for the next 4-5 days. Voice messaging services have been used with 
success by both industry and private consumers to store and retrieve messages 
automatically, virtually replacing the more traditional answering machines. Using 
only the keypads of touch-tone telephones and V-tree computer voice query 
routines to query the caller, the caller is given specific information related to the 
callers specific needs. These needs are derived from the automated voice query 
generated from the message or "voice mailbox" system. The application of voice 
messaging query routines is used to evaluate a caller's needs for irrigation 
scheduling information and using the caller's telephone keypad, the voice 
messaging service can provide specific irrigation scheduling information for a 
caller's specific geographical location, specific crop and specific irrigation system. 
The applicability of this service is to provide information through automated 
systems that do not require computer modems and computer expertise for 
retrieving computer-based irrigation information. 

The voice messaging service hardware technology includes a computer bus 
card for a PC-based computer that allows the voice query "V-tree" routines to 
interface with computer data bases maintained at the Northern Colorado Water 
Conservancy District through modem communication routines, to data bases 
maintained in the PC-computer linked directly to the voice messaging service. 
The customer would be queried for watering location, types of crops (or turf) to be 
irrigated and an estimate of soil moisture. Both urban and agricultural water 
users were the target market for this service. The premise of this water 
conservation technology is that an informed caller can make decisions for 
scheduling and for water amounts needed for a future period of 4-7 days 
(depending on the data base operators' weather gathering and forecasting abilities) 
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that will result in water conservation. The voice messaging hardware and 
software was supplied by a local vendor with established voice messaging service 
expertise. 

In conjunction with the information provided by the automated telephone 
response system, an extension outreach to the water user was provided to provide 
information on implementing a "checkbook" record keeping system for soil 
moisture balance so that irrigation scheduling can be implemented. The level of 
sophistication varied from an unsophisticated urban resident who only wanted 
sufficient information to water a yard to the large scale farmer growing a number 
of crops with specific water needs. 
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The application of this water conservation technology is to provide irrigation 
ET,.p  rates to telephone customers throughout the river basin for the current 
weather conditions and for predicted weather conditions for the next 4-5 days. 
Voice messaging services have been used with success by both industry and 
private consumers to store and retrieve messages automatically, virtually 
replacing the more traditional answering machines. The applicability of this 
service is to provide information to the public through automated systems that do 
not require the public to have computer modems and computer expertise for 
retrieving computer-based irrigation information. 

The voice messaging service hardware technology includes a computer bus 
card for a PC-based computer that allows the voice query "V-tree" routines to 
interface with computer data bases either through modem communication routines 
or to data bases maintained in the PC-computer linked directly to the voice 
messaging service. The customer was queried for watering location, types of crops 
(or turf) to be irrigated and an estimate of soil moisture. Computer data bases 
had crop ET data for a number of local cities and locations in Weld and Larimer 
Counties, and ET for crop types for specified weather. The premise of this water 
conservation technology is that an informed caller can make decisions for 
scheduling and for water amounts needed for a future period of 4-7 days 
(depending on the data base operators' weather gathering and forecasting abilities) 
that will result in water conservation. The potential data base operator for this 
technology was the Northern Colorado Water Conservancy District. 

This report describes the hardware, software and the use of the system in 
Larimer and Weld Counties during the 1994 growing season. The appendix 
includes a list of the inquiries to the system and other related information. (~ 

DESCRIPTION OF THE SYSTEM IN OPERATION 

Figure 1 shows schematically the general arrangement of the system. The 
Northern Colorado Water Conservancy District (NCWCD) provided modem access 
to their evapotranspiration (ET) data base via modem from the computer and 
voice messaging hardware in the author's home. A dedicated telephone line is 
required for access to the voice messaging service (the automated telephone 
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GENERAL STRUCTURE OF THE 
CROP AND TURF IRRIGATION INFORMATION SYSTEM 
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Figure 1 General Arrangement of CTIIS 



response systems, "the system"), and the cost of a commercial dedicated telephone 
line for the three months of the "system's" use was not justified. A personal line 
was acquired and installed in a private residence for approximately $20 per 

The information provided to the users of the system included four 
geographic location service areas as shown in Figure 2. For each of the geographic 
areas known as Johnstown, Gilcrest, Eaton, or Fort Collins, and identified as such 
by the callers, the callers could get 1) weather, 2) ET information or 3) urban lawn 
watering information. Figure 3 shows a schematic of the query menu available to 
each caller. By listening to the voice prompts provided by the system, the caller 
would be instructed to press different numbers to guide the caller from one menu 
item to another. If the caller first wanted to listen to yesterday's weather data, 
then to get urban lawn watering data for "today", the interactive menuing system 
would allow the caller to go forward or backward at will, or to repeat the message 
until understood. 

Five primary evapotranspiration data were provided: 

1. Today's estimated ET for any one of nine selected crops. 
2. The next 3-day total estimated ET for any one of nine selected crops. 
3. Yesterday's actual ET with reference ET for any one of nine selected crops. 
4. The last 3-day daily actual average ET for any one of nine selected crops. 
5. The last 6-day daily actual average ET for any one of nine selected crops. 

The estimated ET data could be used for irrigation scheduling for the next 
several days. Yesterday's and the past three and six day's actual ET data would 
be used for maintaining a checkbook soil moisture balance. 

The nine crops that are typically grown in the geographic service area 
include alfalfa, corn, sugar beets, dry (pinto) beans, barley, winter wheat 
(irrigated), potatoes, onions and turf (lawn turf farms). The system provided the 
above listed five ET data types for each of the nine crops for each of the four 
geographic service areas. 

The NCWCD updates their central data bases each night between midnight 
and 04:00 AM. A new data base was then generated from NCWCD weather 
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stations and the Kimberly Penman combination method reference ET for each of 
the geographic service areas and for each of the listed crops. The geographic 
service areas were selected based on the location of NCWCD weather stations 
located at Gilcrest, Johnson's Corner (10 miles S.E._of Loveland), Eaton and Fort 
Collins. The weather stations are fully automated and report relative humidity, 
solar radiation, temperature and wind run each 15 minutes of the day. The data 
are tabulated and checked internally at NCWCD and are entered into the central 
data base as noted above. The "system's" primary data base was maintained on 
the NCWCD computer in a format usable by the voice messaging card in the 
personal computer located in the author's home. The voice messaging card is 
capable of being programmed by macro languages (the macro) proprietary to the 
messaging card. 

At 04:30 AM the "system's" macro would instruct the "system's" modem to 
call the NCWCD modem and identify the "system" by a password, allowing access 
to the NCWCD data bases. The "system's" macro would interrogate the NCWCD 
specific data base file maintained specifically for the voice messaging system, and 
then download the new day's information, current to midnight of the previous day. 
This temporary file in the "system" would be available for the caller's use until the 
next updating, at 04:30 AM the next morning. If the NCWCD information or ~! 
weather stations were inoperable, a special code would be sent to the voice U 
messaging system that information was not available for that specific weather 
station for that day. 

Records of each interrogation of the "system" by callers were kept in 
separate usage files, so that statistics could be gathered on the type and frequency 
of information requested by geographic region, type of data requested by crop type. 
A complete log of the calls made to the "system" are found in the appendix. A 
statistical summary of the calls is provided later in this report. 

PROGRAMMING THE SYSTEM 

Word Systems, Inc., (WSI) Greeley, Colorado, was the vendor selected for 
furnishing the system. The 486 DX/2 66 personal computer was purchased by the 
project and furnished to WSI for modification and development of the macro 
languages and programming the modem. The modem was a standard 2400 baud 
modem using PROCOMM as the modem communication language. PROCOMM 
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has a programmable macro provision that can interface with the voice messaging 
card. 

The actual voice messaging protocols were developed interactively between 
the author and WSI's programmers. First, the author developed a general outline 
of the information to be made available to the callers, identifying geographic 
areas, ET types, and crop types as well as a general idea of the perceived needs of 
the callers. Second, a general voice tree was developed by WSI and reviewed by 
the author for correctness of logic of information transfer. Each activity of the 
voice tree was assigned a logic number that would be used by the macro language, 
linking that activity to specific locations in the data base temporary daily 
information files. This initial voice tree logic diagram is included in the appendix. 

The author was requested to provide an initial script for each of the 
responses that the voice messaging system would make in response to the caller's 
inquiries as the caller pressed specific codes on the telephone keypad. The 
author's script was edited and initial readings were made to time the length of the 
"system's" voice responses. Each response was to take no longer than 10 seconds 
except for longer informational instructions. The caller could press "zero" for help 
at any time and longer instructions would be made available. A caller with a 
dialing schematic in hand, could press codes to access any part of the menu within 
a few seconds by bypassing all prompts, or could listen to all prompts as desired. 

After the logic tree was checked and the scripts were edited for conformance 
to the logic tree, the script was read by a professional radio announcer on staff at 
WSI, and converted into digital sound for use by the voice synthesizer board in the 
Personal Computer. A program macro was developed based on the logic tree, the 
location of the data from the NCWCD, and the scripts. When a caller would 
contact the author's dedicated telephone line, the computer modem would 1) 
respond and instruct the caller with the options available and the keypad codes to 
press to obtain the information; 2) the "system's" macro would interpret the 
keypad codes into specific data requests, would interrogate the computer's daily 
information file obtained from NCWCD at 04:00 AM; 3) convert the digital data 
into a synthesized voice; 4) combined with the digitally stored script, the caller 
would hear a digital version of the announcers voice with the desired weather, ET 
or urban lawn watering information. A copy of the script is contained in the 
appendix. 
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MAKING THE PUBLIC AWARE OF THE SERVICE 

The service called the "Crop and Turf Irrigation Information Service" or 
CTIIS was promoted-  through daily and weekly newspapers including the Fort 
Collins Coloradoan, Greeley Tribune, Loveland Reporter Herald, and the Windsor 
Fence Post. A copy of the news release provided to the newspapers is in the 
appendix. In addition to the news release, the CTIIS brochure with dialing guides 
and usage instructions were furnished to the newspapers. 

Letters were written to each of the major irrigation companies and ditch 
companies including multiple copies of the CTIIS brochure. Follow-up telephone 
calls were made to the irrigation and ditch company managers or superintendents. 
Twentyone individual ditch and irrigation companies provide service within the 
CTIIS geographic service area. Eleven of the 21 are considered to be major 
irrigation companies and these were the ones contacted. A list of the companies 
contacted are in the appendix. 

The NCWCD participated by personally informing various customers of the 
service and handing out CTIIS brochures. Turf farmers were especially targeted 
as their irrigation water use is intensive. 

SYSTEM USAGE AND RESPONSES TO THE SYSTEM 

The system was initiated on June 6, 1994 and was terminated on October 3, 
1994, after the last irrigation ditch was shutoff. After consulting with irrigation 
personnel at the NCWCD on October 3, the author determined that no additional 
irrigation would take place. The early and also the first season deep frost had 
occurred which would have stopped significant transpiration of urban lawns. The 
CTIIS was decommissioned at this time and disconnected from the telephone lines. 

A total of 621 individual inquiries were made to the CTIIS based on the 
usage log. Of the 621 individual inquiries, approximately 237 individual telephone 
calls were identified. Individual callers were not identified for privacy 
considerations. Summary statistics are shown in Tables 1,2 and 3 following. 
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Table 1. City vs. Type of Call 
(Numbers of Inquiries) 

City -> Fort Collins Eaton Gilcrest Johnson's Corner Total 
Type of Call 

Weather 125 11 5 353 
ET Information 43 25 211 
Urban Lawns 2f 4 9 51 

Total 190 1 207 1 159 1 59 615 

Table 2. City vs. Type of ET Data Requested 
(Numbers of Inquiries) 

City -> Fort Collins Eaton Gilcrest Johnson's Corner Total 
Type of Call 

Last 3 days Actual 4 1 8 
Last 6 Days Actual 1 2 5 
Next 3 Days Est. 17 5 0 23 
Todays Est 9 5 0 17 31 
Yesterday's Actual 11 7 4 144 

Total 43 81 --6= 25 211 

Table 3. City vs. Type of Crop ET Data Requested 
(Numbers of Inquiries) 

City -> Fort Collins Eaton Gilcrest Johnson's Corner Total 
Type of Call 

Alfalfa 11 17--7—  29 
Corn 10 5 18 

Sugar Beets 1 6 
Dry Beans 4 0 0 0 4 

Barley 1 4 
Winter Wheat 0 1 3 

Potatoes 0 1 1 
Onions 0 0 0 0 

Turf 1 4 146 
Total 4 1 5 211 



SUMMARY AND CONCLUSIONS 

Less than ten individuals wrote in and sent self addressed envelopes for 
dialing guides and additional written irrigation help guides. Of the eleven 
irrigation and ditch companies contacted by letter and by telephone, three 
superintendents and general managers were either hostile or not interested. The ~{ 
balance of the ditch and irrigation company managers were interested and  
indicated that they would promote the use of CTIIS. 

There was not an efficient way to track the individual names and telephone 
numbers of the callers that made telephone inquiries to the CTIIS as privacy 
considerations for the callers were considered important. Only the statistics of the 
logged numbers of inquiries shown in the above tables would indicate that the 
public did use the system. Inspection of the logged calls indicates that turf 
farmers made the most consistent use of the system. The NCWCD cooperates 
with sod/turf farmers with other outreach programs and promoted the use of the 
CTIIS. The increased number of calls for ET for sod/turf is attributed to the 
promotion by NCWCD. Evaluation of the effectiveness of using newspaper news 
releases indicates that this information medium is not effective. 

The NCWCD is interested in implementing this system for use across the 
NCWCD irrigation district during the summer of 1995. They will attempt a 
negotiation with the U.S. Bureau of Reclamation to obtain the equipment and 
software for reprogramming for use in distributing irrigation information across 
the District. 
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DATA FILE FORMAT AND STRUCTURAL SCHEMATIC OF 
THE CROP AND TURF IRRIGATION INFORMATION SYSTEM 



ideal Data Stream for Digital Information System 

Field length is 5 characters, padded with spaces, flush right, no 
(,'R/LF. In the following order, provide: 

LEN. . Item 
s -Johnson's Corner Ref. ET  

-J.C. Today's Estimated ET for alfalfa.-  
-J.C. 3-day estimated avg ET for alfalfa -* = = 

30'--' -J.C. Last 6 days individually for alfalfa. 
calculate averages.) 

r40 -J.C. same as above for corn. 
40 -J.C. same as above for sugar beets. 
40 -Same for dry beans. 
40 -Same for barley. 
40 -Same for winter wheat. 
40 -Same for potatoes. 
40 -Same for onions. 

fl -Same for turf. 
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-J.C. Low Temp. 
-J.C. Precipitation. 
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5 -J.C. Relative Humidity. 
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Prompt # Information 
100 Voice Mail for Brochure request. Need something about 

name, address, city, state, zip. u 

221 Help for ET routing sub menu._ Explain about using the 
"star" Key (_) to go back one level each time it is 
pressed, or by pressing 1, you can jump all the way to 
the top and start over. Pressing 2 gets you weather 
station information, presciAg 3 goto- ye::-Urban turf 
data. 4 or any other number will allow you to leave 
the system altogether. 

n 
222 Same as 221, but for corn instead of alfalfa. (Each ~J 

branch will need its own routing submenu.) 

223 Same as 222. 

"?24 Same. 

225 Same. 

226 Same.  

227 Same. U 

228 Same. 

229 Same. 

231 Help for Johnson's Corner Turf service. 1 for todayrs 
estimated, 2 for 3-day avg. est., 3-fer_ye_sterdayIs 
watering, 4---€or--last 3,-day--average, S f-er—last-se3z n- 

232 Same as 231, but for Ft. Collins. (Each area must have 
its own help block.) 

233 Same. 

234 Same. 

304 Voice Mail for Customer uplalun;~. Need something about 
what you liked, disliked, name and phone number. 

All Help for Today's ET estimated menu. Lists 9 crop types 
available. (This prompt might be longer than 10 
seconds.) 

412 Same as 411, but for Next 3-day ET estimated menu. 
(Each branch needs-a separate help prompt.) 

413 Same. . 

.114 Same. 



415 Same. 

_000 The fi.ret thing the caller hear►  when calling the 
system. Need something about, "if you are a new user 
to this system, press 1, now, or press any other number 
to continue." 

1001 First time user information. Need brief explanation of 
using touch-tone phone, available help by pressing 0 in 
most menus, and informative brochure availability, also 
about using 1 for yes and 2 for no. Ask if they would 
like to order a brochure (1 for yes, 2 for no.) 

_002 Menu to determine if caller will continue after 1001 or 
100. (1 for yes, or 2 for no.) 

:1000 Main Menu. Something about the 3 areas available. (1 
for weather station data, 2 for ET Crop data, 3 fvr 
Urban Turf data.) 

~: t G l Ma.iu Mciiu help. This would he a good time to talk 
about using the "star" key (*) to repeat menu 
information. 

2100 Weather Station Data Service Menu. 1 for Johnson's 
Corner, 2 for Ft. Collins, 3 for Eaton, 4 for 
Gilchrest. 

.'101 WSDS Help. Explain a little more about each of the 4 
areas, and the automated weather station locations. 
Tell them to choose the station closest to the area 
desired. Remind that info. is site specific, and 
updated once a day. 

110 (Macro) Johnson's Corner Weather Station Data. Macro 
will have option to repeat weather info. (1 for yes, 2 
for no.) 

Fill Exiting Weather Menu. All weather reports will branch 
here afterward. Pressing 1-4 will give site-specific 
weather reports, 5 jumps to ET Crop Data, b jumps to 
Urban Turf. Any other number or the "star" key will go 
to system exit. 

2112 Exiting Weather Menu help. Lists info. above. 

2120 (Macro) Same as Johnson's Corner, but Ft. Collins info. 

2130 (Macro) Same. 

2140 (Macro) Same. 

2200 ET Crop Data Service Menu. 1 for Johnson's corner, 2 
for Ft. Collins, 3 for Eaton, 4 for Gilchrest. 



In 
n 1. 

`201 ET crop data service help. Explain prompts, mention 
that pressing the "star" key will always take you back 
one level until you reach this menu. Pressing "star" 
in this menu will repeat the menu options. 

4311 Routing Sub-Menu- 1 takes you to the top, 2 takes you 
to Weather Station Data Services, 3 takes you to Urban 
Turf, 4 or any other number lets you exit the system. 

2221 Same as 2211, but after corn instead of alfalfa. (Each 
branch needs its own routing sub-menu.) 

2231 Same as 2221. 

'::241 Same. 

251 Same. 

z251 Same. 

2271 Same. 

lw2$1 Same. 

2291 Same. 

=330 Urban Turf Data services menu. 1 for Johnson's Corner, 
2 for Ft. Collins, 3 for Eaton, 4 for Gilchrest. 

::341 Urban Turf Data services help. List available areas, 
lvcdLivaivi v1 weaLh,&i stations r  explain that infarmatian 
is gathered daily, eLv. 

10 Johnson's Corner Turf menu. 1 for today's estimated, 2 
for 3 day est. avg. , - ater-Ins-,-4--fob  

rage ~ -s-f n~day-au~a~.- 

(Macro) Today's estimated watering for Johnson's 
Corner. 

:,312 (Macro) Next 3 day est. avg. 

(Macro) Yesterday. 

-111 4 

?320-2325 Same Same as 2319-2315, but for Ft. Collins area. 

1230-2335 Same as above. 

%'340-2345 Same. 

11 

I 
nil 



'000 Exiting System Menu. To comment on system, press 1, 
otherwise, have a nice day_ 

00 Goodbye. TULi i6 whw4a Lhu ayuLt= will hang up. 

I iac7 Onhnson • a c,nrner t,•.r urop menu. ! for Today, t tor next 
3-day, 3 for yesterday, 4 for last 3-day, 5 for last 7-
day. 

101 Johnson's Corner ET crop help. Explain options, re- 
explain about "star" key. 

11110 Today's estimated ET menu. 1 for alfalfa, 2 for corn, 
3 for sugar beets, 4 for dry beans, 5 for barley, 6 for 
winter wheat, 7 for potatoes, 8 for onions, 9 for turf. 

s11 (Macro) Alfalfa ET info, 

.112-4119 SamC cub 4111, for the other crops. 

41.20-4129 Same as 4110-4119, for next 3-day avg. 

same as above, for yesterday. 

4140-4149 Same as above, for 3 days avg. 

;-50-4159 Same as above, for 7 days avg. 

t2'00-4259 Same as 4100-4159, but for Ft. Collins. 

-.~00-4359 Same as above, for Eaton. 

.-400-4459 Same as above, for Gilchrest. 

.,.-l's Notes: You may script all of the prompts .if you desire, 
you really only need to give me the ones that contain 

-ethnical information and sponsorships (ex. intro block 1000, 
,either station help 2101, ET crop data help 2201, etc.) I will 
t  , y to koop all of the blocks dorm to 10 scrnndg nr 7 P45i Parh . 
;.,uestions, call me at 493-6312, or fax at (303) 353-3878. 



INITIAL PROMPT SCRIPTS 



Prompt List 

Subject: Crop and Turf Irrigation Information System 

For: Word Systems, Inc. 

From: David G. Wagner, Department of Agricultural and Chemical 
Engineering, Colorado State University, c/o USDA - ARS, GPSR, 
305 S Howes. Fort Collins, CO, 80521 

Date: May 10, 1994 

Prompt No. Message Information 

100 Brochures explaining the use of the CROP AND TURF IRRIGATION 
INFORMATION SYSTEM will be sent to you if you will leave your 
name, address, city, state and zip code at the sound of the beep. 

221 by Paul 

222-229 by Paul 

231 This information is for lawn and turf watering for the JOHNSON'S 
CORNER weather station service area. Press 1 for today's estimated 
lawn watering requirements. Press 2 for the average daily water 
requirements for the next three days. If you would like more 
technical or historic information on turf ET, please call again and 
enter the menu system for the Crop and Turf ET information. 

232 This information is for lawn and turf watering for the FORT 
COLLINS weather station service area. Press 1 for today's estimated 
lawn watering requirements. Press 2 for the average daily water 
requirements for the next three days. If you would like more 
technical or historic information on turf ET, please call again and 
enter the menu system for the Crop and Turf ET information. 

233 This information is for lawn and turf watering for the EATON 
weather station service area. Press 1 for today's estimated lawn 
watering requirements. Press 2 for the average daily water 
requirements for the next three days. If you would like more 
technical or historic information on turf ET, please call again and 
enter the menu system for the Crop and Turf ET information. 

234 This information is for lawn and turf watering for the GILCREST 



weather station service area. Press 1 for today's estimated lawn 
watering requirements. Press 2 for the average daily water 
requirements for the next three days. If you would like more 
technical or historic information on turf ET, please call again and 
enter the menu system for the Crop and Turf ET information. 

300 We appreciate your opinions about the effectiveness of this 
automated telephone information service. If you have questions or 
suggestions on improving the system we would be happy to talk 
with you. Please leave your name and telephone number at the 
sound of the tone and we will contact you. If you desire, you may 
mail your comments to C T I I S, P.O. Box 636, Fort Collins, 
Colorado, 80522. Please leave your name and telephone number now. 

411 This is today's estimated ET for each of the nine crops listed. It is 
the average of the past three day's actual ET requirements. It is 
computed from the weather data recorded from your service area 
weather station and estimated crop coefficients. The actual ET is 
derived from the Kimberly Penman reference ET and the crop 
coefficient used by the Northern Colorado Water Conservancy 
District for the specific crop of interest. The nine crops you may 
access for information are: alfalfa, corn, sugar beets, dry beans, 
irrigated barley, winter wheat, potatoes, onions and grass turf. 
Please be advised that ET information is provided without warrantee 
and should not override your own better judgement for your own 
irrigation needs. 

412 The daily estimated ET is provided for each of the next three days 
for each of the nine listed crops. It is the historic average from past 
years for the last three days based on actual ET requirements from 
weather and crop data for your service area. The historic actual ET 
is derived from the Kimberly Penman reference ET and the crop 
coefficient used by the Northern Colorado Water Conservancy 
District for the specific crop of interest. The nine crops you may 
access for information are: alfalfa, corn, sugar beets, dry beans, 
irrigated barley, winter wheat, potatoes, onions and grass turf. Please 
be advised that ET information is provided without warrantee and 
should not override your own better judgement for your own 
irrigation needs. 

413 Yesterday's actual ET for each of the nine crops is provided for 
updating your soil moisture records. The actual ET is computed 
from the Kimberly Penman reference ET and the crop coefficient 
used by the Northern Colorado Water Conservancy District. Data for 



computation is from your weather station service area and for the 
specific crop of interest. The nine crops you may access for 
information are: alfalfa, corn, sugar beets, dry beans, irrigated barley, 
winter wheat, potatoes, onions and grass turf. Please be advised that 
ET information is provided without warrantee and should not 
override your own better judgement for your own irrigation needs. 

414 This menu provides the last three day's average daily Et. It is the 
average of the past three day's actual ET. The actual ET is derived 
from the Kimberly Penman reference ET and the crop coefficient 
used by the Northern Colorado Water Conservancy District for the 
specific crop of interest and from your specific weather station 
service area. The nine crops you may access for information are: 
alfalfa, corn, sugar beets, dry beans, irrigated barley, winter wheat, 
potatoes, onions and grass turf. Please be advised that ET 
information is provided without warrantee and should not override 
your own better judgement for your own irrigation needs. 

415 This menu provides the last seven day's average daily Et. It is the 
average of the past seven day's actual ET. The actual ET is derived 
from the Kimberly Penman reference ET and the crop coefficient 
used by the Northern Colorado Water Conservancy District for the 
specific crop of interest and from your specific weather station 
service area. The nine crops you may access for information are: 
alfalfa, corn, sugar beets, dry beans, irrigated barley, winter wheat, 
potatoes, onions and grass turf. Please be advised that ET 
information is provided without warrantee and should not override 
your own better judgement for your own irrigation needs. 

1000 You are connected to the crop and turf irrigation information system. 
It is an automated information telephone response system. Press 1 if 
you are a new user or any other key on you telephone keypad to 
continue. 

1001 This crop and turf irrigation information system is being sponsored 
by the U.S. Bureau of Reclamation as a public service to the farmers 
and urban residents of Larimer and Weld counties, providing crop 
and turf irrigation water requirements. Please be advised that ET 
information is provided without warrantee and should not override 
your own better judgement for your own irrigation needs. The goal 
for this program is to encourage proper application of irrigation 
water to urban lawns and parks, agricultural crops and to 
agricultural turf farms. Weather data from the Northern Colorado 
Water Conservancy District weather stations at Eaton, Gilcrest, 



Johnson Corners and Fort Collins is used for computing the irrigation 
water requirements. Information from these weather stations is 
available to the user of this system. 

A descriptive brochure can be obtained from C T I I S, P.O. Box 636, 
Fort Collins, CO, 80522. Except for using the lawn watering 
information, the proper use of crop and turf irrigation information 
requires the accounting of soil moisture depletions from crop ET and 
additions through irrigation and precipitation. The brochure 
provides a simplified procedure for soil moisture accounting that 
uses the information provided by this automated telephone system. 
The brochure provides a quick guide for entering the telephone 
keypad prompts. The brochure is free if you will provide a stamped 
self addressed envelope with $.29 postage attached. 

(Paul, you can flesh out the instructions for using the l~ 
keypad touch phone system .............) 

1002 By Paul U 

2000 Press 1 for Weather Information, press 2 for agricultural crop and
0 turf ET information, press 3 for urban lawn and park watering 

information, press 0 for help or press * to repeat the menu. 

2001 If you choose weather information, weather data including high and 
low temperatures, precipitation, relative humidity and wind speed 
are available for four weather stations. If you select this option, you 
will be given a choice of two stations in Weld County and two in 
Larimer county. If you choose crop and turf irrigation information, 
evapotranspiration information for nine crops is available. If you 
choose urban lawn and park watering information, estimated 
watering requirements are provided for today and the next three 
days . You will be asked additional questions as you progress 
through this automated query system. Remember that the * key will 
repeat the menu information. You will be returned now to the 
selection menu. The system will continue automatically after 5 
seconds. 

2100 By Paul 

2101 Four service areas are available. For the service area SOUTH of U.S. 
Route 34 and WEST of Johnstown or Weld County Road 17, choose 
the Johnson's Corner menu. If your needs are for the area SOUTH of 
Route 34 and EAST Johnstown or Weld County Road 17, choose the 

I] 

0 
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Gilcrest menu. For the service area NORTH of Route 34 and EAST 
of Windsor choose the EATON menu. For the service area north of 
Route 34 and WEST of Windsor, choose the Fort Collins menu. The 
information is based on weather stations located in each of the four 
service areas at Johnson's Corner, Fort Collins, Eaton and Gilcrest. 
Weather data includes yesterday's high and low temperatures, 
relative humidity and maximum wind gust at the service area 
weather station. The information for this automated telephone 
service is updated once each day at about 3:30 am for the previous 
day's weather data. You will be returned to the main weather data 
menu in 5 seconds, please wait. 

2110 By Paul 

2111 By Paul 

2112 By Paul 

2120 By Paul 

2130 By Paul 

2140 By Paul 

2200 By Paul 

2201 Before the help message begins, remember that pressing the * key 
will always take you back one level until you reach this menu. 
Pressing * will repeat the menu options. ET information for four 
service areas is available. For the service area SOUTH of U.S. Route 
34 and WEST of Johnstown or Weld County Road 17, choose the 
Johnson's Corner menu by pressing 1. For the service area NORTH 
of Route 34 and WEST of Windsor, choose the Fort Collins menu by 
pressing 2. For the service area NORTH of Route 34 and EAST of 
Windsor choose the EATON menu by pressing 3. If your needs are 
for the area SOUTH of Route 34 and EAST Johnstown or Weld 
County Road 17, choose the Gilcrest menu by pressing 4. The 
information is based on weather stations located in each of the four 
service areas at Johnson's Corner, Fort Collins, Eaton and Gilcrest. 
The information for this automated telephone service is updated once 
each day at about 3:30 am for the previous day's weather data. Please 
be advised that ET information is provided without warrantee and 
should not override your own better judgement for your irrigation 
needs.You will be returned to the main weather data menu in 5 



seconds to make your choice, please wait. 

2211 By Paul 

2221, 2231, 2241, 2251, 2261, 2271, 2281, 2291 By Paul 

2300 You are connected the urban turf watering menu. Press 1 for 
Johnson's Corner service area, press 2 for Fort Collins, press 3 for 
Eaton and press 4 for Gilcrest service areas. "Paul, finish this out 
please..., or revise as necessary. " 

2301 Before the help message begins, remember that pressing the * key 
will always take you back one level until you reach this menu. 
Pressing * will repeat the menu options. Urban lawn and turf 
watering information for today and the next three days for four 
service areas is available. For the service area SOUTH of U.S. Route 
34 and WEST of Johnstown or Weld County Road 17, choose the 
Johnson's Corner menu by pressing 1. For the service area NORTH j 
of Route 34 and WEST of Windsor, choose the Fort Collins menu by LJ 
pressing 2. For the service area NORTH of Route 34 and EAST of 
Windsor choose the EATON menu by pressing 3. If your needs are 
for the area SOUTH of Route 34 and EAST Johnstown or Weld 
County Road 17, choose the Gilcrest menu by pressing 4. The 
information is based on weather stations located in each of the four 

a service areas at Johnson's Corner, Fort Collins, Eaton and Gilcrest. 
The information for this automated telephone service is updated once 
each day at about 3:30 am for the previous day's weather data. Please Q 
be advised that this information is provided without warrantee and 
should not override your own better judgement for your irrigation a 
needs.You will be returned to the main weather data menu in 5 
seconds to make your choice, please wait. 

3000 By Paul 

4000 By Paul 

4100 By Paul 

4101 This is a help menu. Please wait to press any selection key until you 
are returned to the selection menu, but you may press the * key at 
any time. The JOHNSON'S CORNER SERVICE AREA crop and turf 
ET menu provides five different types of ET data for nine different 
crops. Before this help menu begins, please remember that pressing 
the * key at any time will back up the system one level for each key 



press and will allow this help menu to be repeated. Lets begin. First 
you select the type of ET data you desire from the ET data selection 
menu. Press 1 for today's estimated ET, press 2 for the next three 
day's average daily ET, press 3 for yesterday's actual computed ET 
from yesterday's weather in the Johnson's Corner service area, press 
4 for the past three day's average daily ET and press 5 for the past 7 
day's average daily ET. Second, after selecting the type of ET data 
from the ET DATA SELECTION MENU, you will be entered into the 
CROP SELECTION MENU where you will select the type of crop. 
There is a crop selection help menu available to give you the keypad 
number for each crop. You will be returned to the ET DATA 
SELECTION menu in 5 seconds. Please wait. 

4200 By Paul 

4201 This is a help menu. Please wait to press any selection key until you 
are returned to the selection menu, but you may press the * key at 
any time. The FORT COLLINS SERVICE AREA crop and turf ET 
menu provides five different types of ET data for nine different 
crops. Before this help menu begins, please remember that pressing 
the * key at any time will back up the system one level for each key 
press and will allow this help menu to be repeated. Lets begin. First 
you select the type of ET data you desire from the ET data selection 
menu. Press 1 for today's estimated ET, press 2 for the next three 
day's average daily ET, press 3 for yesterday's actual computed ET 
from yesterday's weather in the Johnson's Corner service area, press 
4 for the past three day's average daily ET and press 5 for the past 7 
day's average daily ET. Second, after selecting the type of ET data 
from the ET DATA SELECTION MENU, you will be entered into the 
CROP SELECTION MENU where you will select the type of crop. 
There is a crop selection help menu available to give you the keypad 
number for each crop. You will be returned to the ET DATA 
SELECTION menu in 5 seconds. Please wait. 

4300 By Paul 

4301 This is a help menu. Please wait to press any selection key until you 
are returned to the selection menu, but you may press the * key at 
any time. The EATON SERVICE AREA crop and turf ET menu 
provides five different types of ET data for nine different crops. 
Before this help menu begins, please remember that pressing the 
key at any time will back up the system one level for each key press 
and will allow this help menu to be repeated. Lets begin. First you 
select the type of ET data you desire from the ET data selection 



menu. Press 1 for today's estimated ET, press 2 for the next three 

8 day's average daily ET, press 3 for yesterday's actual computed ET 
from yesterday's weather in the Johnson's Corner service area, press 
4 for the past three day's average daily ET and press 5 for the past 7 
day's average daily ET. Second, after selecting the type of ET data a 
from the ET DATA SELECTION MENU, you will be entered into the 
CROP SELECTION MENU where you will select the type of crop. 
There is a crop selection help menu available to give you the keypad 
number for each crop. You will be returned to the ET DATA 
SELECTION menu in 5 seconds. Please wait. 

4400 By Paul 

4401 This is a help menu. Please wait to press any selection key until you 
are returned to the selection menu, but you may press the * key at 
any time. The GILCREST SERVICE AREA crop and turf ET menu 
provides five different types of ET data for nine different crops. 
Before this help menu begins, please remember that pressing the 
key at any time will back up the system one level for each key press 
and will allow this help menu to be repeated. Lets begin. First you 
select the type of ET data you desire from the ET data selection 
menu. Press 1 for today's estimated ET, press 2 for the next three 
day's average daily ET, press 3 for yesterday's actual computed ET 
from yesterday's weather in the Johnson's Corner service area, press 
4 for the past three day's average daily ET and press 5 for the past 7 
day's average daily ET. Second, after selecting the type of ET data 
from the ET DATA SELECTION MENU, you will be entered into the 
CROP SELECTION MENU where you will select the type of crop. 
There is a crop selection help menu available to give you the keypad 
number for each crop. You will be returned to the ET DATA 
SELECTION menu in 5 seconds. Please wait. 
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SPECIFICATIONS FOR VOICE SYNTHESIZER BOARD 



at U °,17004908310 L'~ eez of eez 

INVESTMENT PROPOSAL 

Prepared for: 
David Wanner 

Dept. of Agricultural & Chemical Engineering 
Colorado State Universitv, Ft. Collins, CO 80523 

490-83457  FAX: 490-8310 

l voice, Inc. 

e Information System ?-port setup with software and card$1,890.00 

t ;1-% Baud Internal Modem ......................... $ 60.00 

-Storm Technologies ProComm Plus ............... $ 267.00 

fern Desian/Programming $17 00.00 

--is-:-aliation and Testina .......... I ................. $ 840.00 
AL ...................................... --7.00 

_ ---.neat fissures include a 1-year warranty on hardware. and a 5-month labor warranty. 



Digital Voice Inc. Voice Information System f 1 

Specifications 

Har dwar e 

AT class computer ...........................................  .  - —086/486). 
Memory ................................... ...................... 4 me8 or greater. 
Clock Speed ..................................................... z5 Mhz or greater. 
Buss Speed ...................................................... /0 bihz or less. 
Operating System ........................................... DOS 3.3 or greater. 
Voice Hardware ............................................. Rhetorex. 
Ports................................................................ 2 - 32 / machine. 

Features 

Auto attendant through flash hook transfers. 
Voice Mail System included. 
In bound messaging system. 
Out Bound information provider. 
Single digit selection access. 
Direct selection access. 
Take a voice response . 
Take a touch tone response up to 32 digits. 
Forward to an outside number. 
Te. minate call through hang up. 
Audit trial to line printer. 
Remote access to selections message. 
System usage reports using account information. 
Transcribe voice responses using local phone set. 
User defined max entries per call. 
User defined max errors per call. 
User defined max wait for input. 
Context sensitive help at all screens. 
Macro language supported. 
T1 communications supported. 
Rotary detect using Rhetorex hardware. 

Page 4 
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Digital Voice Inc. Voice Information System 

at the specified time. When the telephone is answered, the special message 
is delivered in the correct language . In the event there is no answer or 
continuous busy signal, the Communi-Care option immediately alerts the 
system administrator through a series of tones and prints out the 
information found in the data base for this person. 

For more advanced users a  Macro LangouaQe  is provided allowing 
greater control. By using the macro language complex interactive voice 
applications may be created that are beyond the scope of the selections 
control form. r 

The general concert of VMS is that of a "selection". A selection controls 
the flow of the calling session by binding a selection to a sequence of touch 
tone keys entered by the caller. 

Each selection in the system may have a voice message assigned to be 
delivered allowing information to be disseminated to the calling party. A 
selection may also be defined to take a voice response or a tone response 
from a caller at any time. If defined, the caller may also forward to an 
extension or an outside phone number through a PBX. Since any selection 
in the system may be bound to any other selection, logical branching is 
supported. 

Statistics may be kept by assigning an account number to the account 
number field of each selection. If this field is defined to be a valid account 
number, then each time a caller accesses a selection, the time of the call 
and other information will be appended to the accounts log file. 

Remote message re-record access is provided to any selection in the 
system by way of the accounts information. This option is passcoae 
protected for each account. Only the selections within the range defined in 
the account information file will be eligible for modification by a remote 
user. 

Pace 3 



Digital Voice Inc. Voice Information System 

VOICE INFORMATION PHONE 
SYSTEM 

Overview and Svstem Rules 

VIPS is a computer-based information system that stores and delivers 
telephone voice information messages, retrieves voice data, automatically 
routes calls, and reports on call activity. One system computer can activate 
up to 32 phone lines simultaneously. The features available are: 

Phone Bulletin Board - You create a greeting and a listing of information 
categories that can be accessed from a touch-tone phone. After listening to 
the greeting, the caller enters a code corresponding to the desired 
information. A message of any length is then spoken back to the caller. 

Remote Control Operation - You may change all Phone Bulletin Board 
selections via a touch-tone phone. This operation is passcode protected 
which ensures that only appropriate callers have access to this feature. 

Voice Mail - Callers may leave voice messages for specific people or 
organizations. You may retrieve your messages from any touch-tone 
phone, as well as change your mail box answer greeting. 

Auto Calling - The system will automatically call a list of phone numbers 
and deliver a pre-recorded voice message. The system retries "busy" and 
"no answer" numbers until the calling sequence is completed. 

Automated Receptionist - Based on the caller's selection, the system will 
automatically route to a pre-defined extension or process. 

On-Line Screen Help - Help is provided throughout the program by 
merely pressing the F1 key. 

Communi-Care Ontion The Communi-Care option to the VIPS system 
automatically calls each person in the Communi-Care Data Base each day 

Pace 



...(your representative) was very helpful in converting these 
Ideas Into a sysler►►  that has increased our efficiency. My first 
quarter report for fiscal year 89/90 verifies this fact. We are 
taking 63% more telephone inquiries with a 60% reduction in 
staff ... 

-- Patty Smith, Colorado Dept. of Revenue, Tax Audit 
and Compliance Division. 303-866-5641 

. Travel Commission calls processed by the atuomated 
allendant were: March, 17,(99); April, 14,1910; and May, 10,319) 
as of May 26th. The Director of the 'Travel Commission has 
been delighted with the results. The machine relieved the load 
on his staff, and enabled thelll to capture more Information than 
they have ever been able to in lire past. 

-- Kent Drummond, Telecommunications Depart-
ment, Wyoming State Government 307-777-7101 

... the long access pause of the xxxxxxxxxx system and the long 
lime it lakes in the hospital xxxxxx transcribing system are not a 
problem with the Digital Voice system. The clarity of the 
Digital Voice system oil dictation backup and on the transcriber 
Is superb ... Word Systems' availability and the technical ability 
of their staff is excellent, and I recommend them without 
reservation. 

-- Dr. Miles Lee, Family Medical Practice, Greeley. 
303-352-3274 

Word 
systems 

Business Solutions Ltd. 

WIIY WORD SYSTEMS What some of our customers say: 

Stability WORD SYSI'EAIS and its' principals 
have been installing voice processing 
systems since 1967, Our staff has had 
over 40 years experience designing, in-
stalling, and servicing voice products and 
systems. 

Quality WORD SYSIEKIS has the experience 
and "know how" to deal with problems 
and pressures inherent in lotdays motels 
business environu►enl. 

Trust WORD SYS'FENIS is concerned about 
cuswnter satisfaction as the basis for 
building future business opportunities. 
Our reputation as a responsible vendor is 
without question. 

111miucls WORD SYSTEMS Is dedicated to provid-
ing only those products that utilize the 
un>st advanced slide-of-the-art lechno- 
logy. Our customers are assured of 
oplinuou perfornance for the quickest 
rclurn oil their illWA1►1C► t1. 

Service WORD SYS I'EMS has a staff of profes-
sional, faclory-trained field engineers that 
take pride in fast, dependable service. 
Out direct VOICE MAIL access to ser-
vice technicians tneat►s you can deliver 
your service request to your lechunician 
in the field, bypassing a dispatcher. 

Support Since we use what we sell, our support 
and training is based on experience, not 
theory. All documentation, training aids, 
and materials are provided at no charge. 
Voice. Mail helps its respond quickly to 
any after-training questions pron►plly and 
effectively. 



APPENDIX 4 
SCRIPTS FOR VOICE SYNTHESIZER ANNOUNCEMENT DATA FILES 



ZERO.PRP General Usage 
ONE.PRP General Usage 
TWO.PRP General Usage 
THREE.PRP General Usage 
FOUR.PRP General Usage 
FTV'F.PF.P Ceneral Usage 
SIX.PRP General Usage 
SEVEN.PRP General Usage 
EIGHT.PRP General Usage 
NINE.PRP General Usage 
TEN.PRP Gonoral Ueago 
ELEVEN.PRP General Usage 
TWELVE . PRP GQnQra T TTRAgP 
THIRTEEN.PRP General Usage 
FOURTEEN_PRP General Usage 
FIFTEEN.PRP General Usage 
SIXTEEN.PRP General Usage 
SEVENTEN.PRP General Usage 
BIGHTBBN.PRP Gencral Usage 
NINETEEN.PRP General Usage 
TWENTY.PRP General Usage 
THIRTY.PRP General Usage 
FOURTY.PRP General Usage 
FIFTY.PRP General Usage 
SIXTY.PRP General Usage 
SEVENTY.PRP General Usage 
EIGUTY.PRP General Usage 
NINETY.PRP General Usage 
HUNDRED.PRP General Usage 
THOUSAND.PRP General Usage 
MILLION.PRP General Usage 
BILLION.PRP General Usage 
TRILLION.PRP General Usage 
PLUS.PRP General Usage 
MINUS.PRP General Usage 
POINT.PRP General Usage 

1.PRP general usage 
"Enter Account Number." 

2.PRP General Usage 
"Enter Passcode." 

3.PRP General Usage 
"Enter Selection Number." 

4.PRP General Usage 
"Invalid Account Number." 

5.PRP General Usage 
"Invalid Entry. Tzy Again." 

6.PRP General Usage 
"Invalid Passcode. Try Again." 



7.PRP General Usage 
"To play selections, press 1. To record selections, press 2. For 
the next selection, press 3. To aeLlvaLe rexc;Le IuncL. ovs, pz•ass 
the pound kajr_ " 

B.PRP General Usage 
"No Response. Allowed." 

9 . PRP 0=11Ci. cal U.Vay= 

"For selections, press 1. To transcribe responses, press 2." 

10.PRP General Usage 
"ffuLvc Lhr 1auaLwl' Plu3 tl2e line number. The line number 
must be two digits." 

11.PRP General Usage 
"Invalid Response Number." 

12.PRP General Usage 
"For the previous response press 1. To replay the current 
response, press 2. For the next response, press 3. For the 
first response, press 4. For the last response, press 5. For 
selection number, press 6. For the phone number, press 7. For 
the total number of responses, press 8. To delete all responses, 
press the star key. For remote access, press the pound key. 
Pressing 0 will give you this help menu." 

13.PRP Coneral Usage 
"Last Response." 

14.PRP General Usage 
"Access Denied. You must be at the end of the response file, to 
delete it." 

15.PRP General Usage 
"Access Dented . " 

16.PRP VoiceMail 
"Enter Mailbox I.D." 

17.PRP VoiceMall 
"Invalid Mailbox I.D." 

18.PRP General Usage 
"Operation Complete." 

19.PRP VoiceMail 
"The Mailbox Is Full." 

20.PRP General Usage 
To play the previnrrs message, press 1. To rgp3ay the current 

message, press 2. To play the next message, press 3. To play 
the first message, press 4. To play the last message, press 5. 
To record the peroonal greeting, press 6_ To turn notification 



on, press 7. For the tame-date stamp, press 8. To forward the 
current message to another mailbox, press 9. To delete the 
ourront moDD-ego, prosy the .star key_ To exit voice mail, Press 
pound-pound." 

21.PRP VoiceMail 
"There Are No Messages." 

22.PRP VoiceMail 
"Message Recorded On... 

23.PRP VoiceMail 
"...At..." 

24.PRP General Usage 
"...A.M." 

25.PRP General Usage 
If. *P *M. 

26.PRP VoiceMail 
"You have received a message in your Voice Mailbox." 

27.PRP General Usage 
"To review your message, press 1. To rerecord, press 2. To 
delete your message, press 3. To exit VoiceMail, press the pound 
key.„  

28.PRP VoiceMail 
"There Are No Messages." 

29.PRP VoiceMail 
"Entez-  a 111ailbox option now, or press 0 fut,  optiono m4nu. " 

30.PRP General Usage 
"To listen to the current greeting, press 1. To rerecord the 
greeting, press 2. To delete the greeting, press the star key. 
To exit greeting functions, press the pound key." 

CITYMENU.PRP ET CROP MACRO (2200) 
"Please select an area, now, or press 0 for assistance.-, 

JCWX.PRP WX DATA MACRO (2100) 
"This is the Johnson's Corner area fixed weather station report, 
taken for yesterday." 

COLLINWX.PRP WX DATA MACRO (2100) 
"This is tho Fort Collins area fixed weather station report, 
taken for yesterday." 

EWX.PRP WX DATA MACRO (2100) 
This is the Eaton area fixed weather station report, taken for 
yesterday." 



C,WX.PRP WX DATA MACRO (2100) 
"This is the Gilchrest area fixed weather station report, taken 
for yesterday." 

HITEMP.PRP 
"Recorded High Temperature..." 

LOTEMP.PRP 
"Recorded Low Temperature..." 

PRECIP.PRP 
"Precipitation Measurement..." 

WIND.PRP 
"Recorded Wind Speed..." 

RELHUM. FRF 
"Relative Humidity..." 

INCEES.PRP 
DEGREES.PRP 
PERCENT.PRP. 
MPH.PRP 
"...Miles Per Hour." 

WX DATA MACRO (2100) 

WX DATA MACRO (2100) 

WX DATA MACRO (2100) 

WX DATA MACRO (2100) 

SPX rrATA MACRO ( 210 0 ) 

WX DATA MACRO (2100) 
WX DATA MACRO (2100) 
WX DATA MACRO (2100) 
WX DATA MACRO (2100) 

OPREPEAT.PRP WX DATA MACRO (2100) 
"To repeat this information, press 1. Otherwise, stay on the 
line." 

ERROR.PRP ueneral usage 
"We're sorry, the information you requested is not available 
today. Please try again, later." 

ETMENU.PRP ET CROP MACRO (2100) 
"This is the E.T. Crop Data Service. The information provided 
here is based on weather stations, located in each of the four 
aerc*iar arose, at Johnson's Corner, Ft, Colla.ns, F.iqtnn, And 
Gilchrest, and is updated once each day at about 3:30am for the 
previous day's weather data. Please be advised that each 
infomantion iu procridod without warranty, and should not nvPrrirlQ 
your own better judgment for your irrigation needs." 

JOHNSONS.PRP 
"Johnson's Corner" 

FTCOLLIN.PRP 
"Fort Collins" 

EATON.PRP 
"Eaton" 

GILCREST.PRP 
"Gilchrest" 

General Usage 

General Usage 

General Usage 

General Usage 



AREASEL.PRP ET CROP MACRO (2200) 
"The selected area is... 

ETTYPE.PRP ET CROP MACRO (2200) 
".SP 1 pct. the type of FT information  you desire, now. Or, press 
the star key to change locations. If you need assistance, press 
0." 

ETTODAY.PRP 
"Today's Estimated £T" 

ET3DAY.PRP 
"The Three-day Estimated £T Average" 

ETYESTER.PRP 
"Yesterday's ET" 

ETLAST3.PRP 
"The East Three-day Average ET" 

ETLAST7.PRP 
"The last Six-day Average ET" 

FORTHB.FRF 
"For The..." 

AREA. PRP 
YOUSEL.PRP 
"You have selected..." 

ET CROP MACRO (2200) 

ET CROP MACRO (2200) 

ET CROP MACRO (2200) 

ET CROP MACRO (2200) 

ET CROP MACRO (2200) 

ET TROP MArRn ( 77on ) 

ET CROP MACRO (2200) 
ET CROP MACRO (2200) 

ETCROP.PRP ET CROP MACRO (2200) 
": c-le—ct the- type ,af crap you desire, now. Or, prow the star koy 
to change the type of ET information needed. If you need 
assistance, press 0." 
ALFALFA.PRP ET CROP MACRO (2200) 
CORN.PRP ET CROP MACRO (2200) 
SUGARBT.PRP ET CROP MACRO (2200) 
DRYBEAN.PRP ET CROP MACRO (2200) 
BARLEY.PRP ET CROP MACRO (2200) 
WINTERW.PRP ET CROP MACRO (2200) 
POTATOE.PRP ET CROP MACRO (2200) 
ONION.PRP ET CROP MACRO (2200.) 
Turzr.  . MRP RT CROP MACRO ( 3 2 0 0 ) 
TOFIND.PRP ET CROP MACRO (2200) 
"Yuu w&ii t to find..." 

VERIFY.PRP ET CROP MACRO (2200) 
"If this is correct, press 1, now. Otherwise, press the star key 
to change the type of crop, or the pound key to exit." 

FOR.PRP General Usage 
THEREFET.PRP ET CROP MACRO (2200) 
"The Reference ET for..." 



u 
IS. PRP ET CROP MACRO (2200) 
REPEAT.PRP General Usage 
SUBMENU . PRP ET CROP MACRO (2200) 
"2u %wlwL;L a diff,_-r,_Lnt eirzp type, pread t 6 at,a_• key. ~ begi-n 
the ET menus from the start, press 1. For weather station data, 
press 2. For urban turf data, press 3. To exit the ET sytem, 
press 4." 

CITYHELP.PRP ET CROP MACRO (2200) 
"ET information for four service areas is available. For the 
service area south of US Route 34 and west of Johnstown or Weld 
Count Road 17, choose the Johnson's Corner menu by pressing 1. 
For tKe service area north of Route 34 and west of Windsor, 
choose the Fort Collins Menu by pressing 2. For the service area 
north of route 34 and east of Windsor, choose the Eaton Menu by 
pressing 3. If your needs are for the south of route 34 and east 
Johnstown or Weld County Rd. 17, choose the Gilchrest menu by 
pressing 4." 

TYPEBELP.PRP ET CROP MACRO (2200) 
"Please note that pressing the-star key at any time will take you 
back to the previous mf-nrz. 
"The ET Crop data service provides 5 different types of data for 
9 different crops. Since you have already selected a city, you 
will now select one of the 5 types of data available within that 
city. For today's estimated ET, press 1. For the next 3-day 
avorago ootimstod ET, press 3_ For yesterday's actual cnmPuted 
ET, press 3. For the past 3-day average computed ET, press 4. 
For the past six-day average computed ET, press 5." 

CROPHELP.PRP ET CROP MACRO (2200) 
"Please note that pressing the star key at any time will take you 
back to the previous menu. 
"?Inv thart ynn havR sP7nrtnd the type. of information you desire, 
you will.need to enter the type of crop for which you would like 
to hear the information_ For information on alfalfa, press 1. 
For information on corn, press 2. For information on suvarbeets, 
press 3. To hear the information for dry beans, press 4. To 
hear the information for barley, press 5. To hear the 
information for winter wheat, press 6. For potatoes, press 7. 
For onions, press 8. For turf, press 9." 

TITRFDATA.PRP TVpr MACRO (2300) 
"This is the turf data report for the..." 

TURFTDAY.PRP TURF MACRO (2300) 
"For today, your lawn will need an estimated..." 

OFWATER.PRP TURF MACRO (2300) 
"...inches of water." 

TURF3DAY.PRP TURF MACRO (2300) 
"For the next J days, your lawn will need an estimated daily 
average of..." 



COLLINWX.PRP WX DATA MACRO (2100.) 
"This is the Fort Collins area fixed weather station report taken 
for yesterday." 



APPENDIX 5 
PUBLIC ANNOUNCEMENTS, NEWS RELEASES AND PUBLIC RESPONSES 



NEWS RELEASE 

June 14, 1994 - Contact Person: David G. Wagner, 490 8325 Work (Ft. Collins) 

A new crop and turf irrigation information system called C T I I S is now 

available to Northern Colorado farmers and urban residents. The automated 

telephone system uses keypad entries to access weather, urban lawn watering and 

agricultural crop water requirements. 

The U.S. Bureau of Reclamation, Colorado State University, Northern 

Colorado Water Conservancy District, and the USDA-Agricultural Research 

Service are cooperating to develop this innovative method to get irrigation 

information to the public. Water conservation is becoming more important every 

year as cities grow and divert agricultural water away from farmland. In order to 

maintain an active agricultural base in Northern Colorado, water must be more 

efficiently applied to crops and to urban lawns and parks. The C T I I S is 

designed to allow 24 hour access to yesterday's weather for Larimer and Weld 

County weather stations at Fort Collins, Eaton, Johnson's Corner, and Gilcrest 

(south of Greeley). In addition to the weather reports, lawn watering 

recommendations are given for cities and towns in both counties. Larimer and 

Weld County agricultural crop evapotranspiration (ET) rates (estimated) for today 

and the next three days are given. Yesterday's and the past week's actual daily 

ET is also available. ET data is provided for nine different crops. 

To access the free, 24 hour irrigation hotline, dial Fort Collins 224 0262. 

The voice prompts will guide the caller through the system and help menus are 

available by dialing zero at any time while connected to the CTHS. First time 

callers are encouraged to call after 9:00 am. as the system may be busy early in 

the day with farmers getting the day's irrigation data. 

A brochure is available with a complete dialing guide to allow the caller to 

work their way quickly through the system's options to get the desired 

information. To get the brochure, send a stamped self addressed envelope to 

CTUS, P.O. Box 636, Fort Collins, CO, 80522. 



a 
David G. Wagner 

Department of Agricultural and Chemical Engineering 
Colorado State University 

Fort Collins, CO, 80523 

Ma y 17, 1994 

Dr. Darell D. Zimbelman 
Northern Colorado Water Conservancy District 
P.O. Box 679, 
Loveland, CO, 80539 

Dear Darell, 

We are developing an automated telephone response system to disseminate 
evapotranspiration information to farmers and urban turf irrigators, including 
residential lawns. I have discussed this project activity with Mark Crookston and 
Gary Hoffner and have incorporated their comments into the design of the 
telephone system. 

fl 

We request permission to connect to the NCWCD weather and ET 
computer data bank via modem once each day at approximately 3:30 am for 
downloading the past day's weather data for four weather stations, Johnson 
Corners, Gilcrest, Eaton and Fort Collins. In addition to the weather data, ET 
data for nine crops including turf will be downloaded and disseminated to 
telephone queries during the following 24 hours. We believe that this innovative 
system will extend and supplement the IMS program now being run by the r} 
District. There is no cost to the NCWCD except for furnishing data via modem to ~l 
our system. We have voice prompts on the system making "no warrantee" in 
conjunction with providing the weather and ET data. TI 

Mark Crookston needed this letter requesting permission to connect to your 
computer system before he can proceed with the modem dial-in procedure. Paul 
Gage, Word Systems, Inc, Greeley, is the computer systems engineer providing 
support to this activity for the Bureau's project. Paul is working under my 
direction and is coordinating the data transfer with Mark. 

Thanks in advance for your cooperation. 

Dayid G. Wab  r 

Pncipal Investigato ri r 

cc Mark Crookston 



Mr. Joe Lewandowski, 
The Coloradoan Newspaper, 
1212 Riverside Avenue, 
Fort Collins, CO, 80524 

Dear Mr. Lewandowski, 

Enclosed is a news release and a brochure describing a rtew irrigation 
information service being provided to the urban residents and farmers of Larimer 
and Weld Counties. The motivation for this innovative and fairly sophisticated 
yet simple-to-use dial-in service is to help the people conserve water by 
application of the proper irrigation amounts. The trial program is being 
sponsored by the U.S. Bureau of Reclamation, CSU, Northern Colorado Water 
Conservancy District and the USDA-Agricultural Research Service. 

I would appreciate you placing information in your newspaper so that 
readers could at least understand the benefits of accessing the free hotline and 
with enough detail that the readers could call the hotline number. 

I would be happy to answer any questions you have. 

Sincerely, 

David G. Wagner, 
Research Associate, 
Department of Agricultural and Chemical Engineering 



Mr. Phil Tardano, 
The Loveland Reporter Herald, 
P.O.Box 59 
Loveland, CO, 80539 

Dear Mr. Tardano, 

Enclosed is a news release and a brochure describing a new irrigation 
information service being provided to the urban residents and farmers of Larimer 
and Weld Counties. The motivation for this innovative and fairly sophisticated 
yet simple-to-use dial-in service is to help the people conserve water by 
application of the proper irrigation amounts. The trial program is being 
sponsored by the U.S. Bureau of Reclamation, CSU, Northern Colorado Water 
Conservancy District and the USDA-Agricultural Research Service. 

I would appreciate you placing information in your newspaper so that 
readers could at least understand the benefits of accessing the free hotline and 
with enough detail that the readers could call the hotline number. 

I would be happy to answer any questions you have. 

Sincerely, 

David G. Wagner, 
Research Associate, 
Department of Agricultural and Chemical Engineering H 

0 



Mr. Warren Bridges, 
The Windsor Fence Post, 
421 Main Street, 
Windsor, CO, 80550 

Dear Mr. Bridges, 

Enclosed is a news release and a brochure describing a new irrigation 
information service being provided to the urban residents and farmers of Larimer 
and Weld Counties. The motivation for this innovative and fairly sophisticated 
yet simple-to-use dial-in service is to help the people conserve water by 
application of the proper irrigation amounts. The trial program is being 
sponsored by the U.S. Bureau of Reclamation, CSU, Northern Colorado Water 
Conservancy District and the USDA-Agricultural Research Service. 

I would appreciate you placing information in your newspaper so that 
readers could at least understand the benefits of accessing the free hotline and 
with enough detail that the readers could call the hotline number. 

I would be happy to answer any questions you have. 

Sincerely, 

David G. Wagner, 
Research Associate, 
Department of Agricultural and Chemical Engineering 



Mr. Bill Jackson, 
The Greeley Tribune, 
P.O. Box 1138, 
Greeley, CO, 80632 

Dear Mr. Jackson, 

Enclosed is a news release and a brochure describing a new irrigation 
information service being provided to the urban residents and farmers of Larimer 
and Weld Counties. The motivation for this innovative and fairly sophisticated 
yet simple-to-use dial-in service is to help the people conserve water by 
application of the proper irrigation amounts. The trial program is being 
sponsored by the U.S. Bureau of Reclamation, CSU, Northern Colorado Water 
Conservancy District and the USDA-Agricultural Research Service. 

I would appreciate you placing information in your newspaper so that 
readers could at least understand the benefits of accessing the free hotline and 
with enough detail that the readers could call the hotline number. 

I would be happy to answer any questions you have. 

Sincerely, 

David G. Wagner, 
Research Associate, 
Department of Agricultural and Chemical Engineering 



Mr. Brian Werner, 
Northern Colorado Water Conservancy District 
P.O. Box 679, 
Loveland, CO, 80539 

Dear Brian, 

Enclosed are a few copies of the brochure and the news release that are 
being sent to the local newspapers, i.e. Greeley Tribune, Windsor Fence Post, 
Loveland Reporter Herald, and the Fort Collins Coloradoan. 

Sincerely, 

David G. Wagner 
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By Coloradoan staff transporation rates for crops the service, call 224-0262. 

A new crop and turf irriga- and lawn watering. Voice prompts guide callers 

tion-information system is The system is a project of through the system. 

available to help farmers and the . U.S. Bureau of Reclama- To receive a brochure ex- 
homeowners use water more tion, Colorado State Univer- plaining the system, send a 
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Anyone who uses water for Agriculture. 

crops or domestic irrigation in 
Larimer and Weld counties The service is free and 
can call the system for infor- available 24 hours. To access 
mation on weather, evapo- 
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Ditch and Irrigation Companies 

In 

Larimer and Weld Counties 

Arkins Water Association 
Mr, Arthur E, Sweazy, Manager 
P. O. Box 26 
Masonville, CO 80541 
(303) 667-0625 

Big Thompson & P1atLe River Ditch Company 
Mr. Gene Carlson, Superintendent 
4929 65Lh Avenue 
Greeley, CO 60634 
(303) 339-0006 

Home supply Ditch Company 
Mr. Delbert Helzer, 
Secretary-Manager 
1650 West 8th Street 
Loveland, CO 80537 
(303) 667-5567 

J Lake Canal Ditch Company r -~~• _ r- - 
Mr. Roy Roth, SuperiziLendent 

i` 6761 Weld County Road #74 
Windsor, CO 80550 
(303) 686-7823 

Box Elder DiLch Company 
Mr. Jolui Weitzel, President JLartmer & Weld Ditch Company 
P. O. Box 100 Mr. Donn E, Engel, Secretary 
Timna(.h, CO 80547 P. O. box 206 
(303) 482-8075 Eaton, CO 80615 

(303) 454-3377 
Cache la Poudre Irrigating Di Lch Company' 

Mr. Grcg L, Jessen, Superintendent -' Mr, Bill Johnston, Superintendent 
532 North U.S. Highway #287 ~'~~S_ 1605 Lawton Lane 
Fort Collins, CO 80524 Ir " ',' r~> i,, Fort Collins, CO 80524 
(303) 482-7635 i (303) 482-7635 

Ceni,ral Weld County Water District Larinier CounLy #2 Ditch Company 
Mr. John Zadel, General Manager Mr. John Moen. Superintendent 
2235 2nd Avenue 563 North CounLy Road #45E 
Greeley, CO 80631 Virginia Dale, CO 80548 
(303) 352-1284 (303) 482-3309 

Greeley-Loveland Ditch Comp:my Louden Ditch Company 
Mr. Ronald Brinkman, /' , . Mr. Steven T. Dyckman, 
General Manager 

r 
Superintendent 

808 - 23rd Avenue 1606 Abeyta Court 
Greeley, CO 80631 Loveland, CO 80538 
(303) 352-0495 (303) 667-1883 

Handy Ditch Company ' New Cache la Poudre Ditch Company 
Mr. Wayne E. Graham t' = ; Mr. Mike Huni enberg, President 

' ~'f' -~a ..hL SupPriutenclent ~' '~' 32040 Weld County Road #41 
4114 Ebony Court '~ 

_ 
Greeley, CO 80631 

Loveland, CO 80538 (303) 356-7608 
(303) 669-8826 
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New Cache la Poudre Ditch Company (cant.) 
Mr. Don Magnuson, Superintendent 
P. O. Box 104 
Lucerne, CO 80646 
(303) 352-0222 

J North Poudre Irrigation Company 
Mr. Robert L. Stiebezn, 
Water Conunissloner 
P. O. Box 100 
Wellington, CO 80549 
(303) 568-3612 

Northern Colorado Water Association 
Ms. JoAnn Jordan, Manager 
P. O. Box 415 
Wellington, CO 80549 
(303) 568-3975 

Platte Valley Irrigation Company 
Mr, Walter Schlagel, Superintendent 
26256 Sandy Knoll Place 
Kersey, CO 80644 
(303) 353-2168 

Pleasant Valley & Lake Ditch Company 
Mr. Edward Wendel, Superintendent 
3909 Mariah Lane 
Fort Collins, CO 80525 
(303) 226-4795 

Poudre Valley Canal  
Mr. Bill Johnston, Superintendent ~~, ~~ 1  ;; '-•~ 
1605 Lawton Lane 
Fort Collins, CO 80524  
(303) 482-7~ — - 

South Side Ditch Company 
Mr. J nca B. Myers, Superintendent 
500 35th Street S.W. 
t.oveland, CO 80537 
(303) 667-7646 

Water Supply & SloraL,e Ditch Company : n  
Mr. Janes T. McFall, Superintendent - 
5851 North U.S. Highway #287  
LaPorte, CO 80535 
(303) 482.3699 
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David R. Budge - I 
3216 Shore Road 

Fort Collins, Colorado 80524 
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Native Grass A Specialty • All Field Seeds 

SHARP BROS. SEED CO. ~ 
101 East 4th St. Road ~~
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FORT COLLINS,- COLORADO 80521-2297 
(303) 482-7420 

CTIIS 
P.O. Box 636 
Fort Collins, Co. 80522 

Dear Sirs: 

Enclosed is a self addressed stamped envelope. We would appreciate 
receiving a brochure explaining the new crop and turf irrigation-
information system. 

Thank You, 

1 

Millie Vindiola 

11 
9 



Energy Services Division 

FW 
- City of Loveland 

Light and Power Department 
200 North Wilson 

Loveland, Colorado 80537 

To: 



Caller Responses to CTIIS 

Call Call Type Geographic Type ET Crop 
Date Time Data Region Data 
6/6/1994 9:32:54 WX Ft.Collins 
6/7/1994 7:52:47 WX Johnson'sC 
6/7/1994 7:53:12 WX Ft.Collins 
6/7/1994 7:53:47 WX Eaton 
6/7/1994 7:55:4 ET Johnson'sC Today'sEst Alfalfa 
6/7/1994 7:56:1 ET Johnson'sC Yesterdays Alfalfa 
6/7/1994 7:56:50 ET 
6/7/1994 7:56:55 Today's Est Alfalfa 
6/7/1994 7:57:1 ET Johnson'sC Today'sEst Alfalfa 
6/8/1994 6:49:52 WX Johnson'sC 
6/9/1994 5: 4: 6 WX Ft.Collins 
6/9/1994 8: 3:44 WX Ft.Collins 
6/9/1994 9:53:10 WX Ft.Collins 
6/9/1994 9:54:46 ET Ft.Collins Yesterdays Alfalfa 
6/9/1994 9:55: 6 TF Ft.Collins 
6/9/1994 10:16:18 WX Johnson'sC 
6/9/1994 11: 4:49 WX Ft.Collins 
6/9/1994 11: 5:29 WX Eaton 
6/1.0/1994 7:9:57 WX Gilchrest 
6/10/1994 7:10:46 TF Ft.Collins 
6/10/1994 7:15:3 WX Ft.Collins 
6/10/1994 7:15:44 WX Eaton 
6/10/1994 7:32:3 WX Johnson'sC 
6/10/1994 7:32:56 WX Ft.Collins 
6/10/1994 7:33:33 WX Johnson'sC 
6/10/1994 7:33:52 WX Eaton 
6/10/1994 7:34:7 WX Gilchrest 
6/10/1994 7:35:13 ET Eaton Yesterdays Alfalfa 
6/10/1994 7:35:27 ET 
6/10/1994 7:37:00 ET Yesterdays Alfalfa 
6/10/1994 7:40:25 WX Ft.Collins 
6/10/1994 7:41:52 WX Ft.Collins 
6/10/1994 7:42:32 WX Eaton 
6/10/1994 7:43:7 WX Ft.Collins 
6/10/1994 7:43:20 WX Johnson'sC 
6/10/1994 7:43:51 WX Gilchrest 
6/10/1994 8:40:21 WX Ft.Collins 
6/10/1994 8:40:46 WX Eaton 
6/10/1994 8:47:47 WX Eaton 
6/10/1994 8:48:48 WX Ft.Collins 
6/10/1994 
6/10/1994 

8:53:31 
8:54:11 

WX 
TF 

Eaton 
Johnson'sC 

6/10/1994 16:3:19 WX Ft.Collins 
6/10/1994 16:3:53 TF Eaton 
6/10/1994 16:5:20 WX Ft.Collins 
6/10/1994 16:5:37 WX Ft.Collins 
6/10/1994 16:6:37 ET Ft.Collins Yesterdays Barley 
6/10/1994 16:6:47 WX Ft.Collins 
6/10/1994 16:7:32 ET Eaton Next3DyEst WintrWheat 
6/10/1994 16:7:36 WX Ft.Collins 
6/10/1994 
6/10/1994 

16:9:1 
16:9:59 

TF 
WX 

Ft.Collins 
Ft.Collins 
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Caller Responses to MIS 

Call Call Type Geographic Type ET Crop 
Date Time Data Region Data 
6/10/1994 16:10:47 WX Ft.Collins 
6/10/1994 16:10:59 WX Ft.Collins 
6/10/1994 16:11:16 WX Eaton 
6/10/1994 16:11:43 WX Ft.Collins 
6/10/1994 16:15:18 ET Eaton Last3DayET WintrWheat 
6/10/1994 16:15:21 TF Ft.Collins 
6/10/1994 16:15:51 TF Eaton 
6/10/1994 16:16:15 TF Johnson'sC 
6/10/1994 16:19:54 ET Ft.Collins Next3DyEst Corn 
6/10/1994 16:20:12 ET Ft.Collins Next3DyEst Sugar Beets 
6/10/1994 16:20:40 ET 
6/10/1994 16:20:40 ET Next3DyEst Barley 
6/10/1994 16:21:22 WX Ft.Collins 
6/10/1994 16:22:14 ET Ft.Collins Yesterdays DryBeans 
6/10/1994 16:22:27 WX Ft.Collins 
6/10/1994 16:23:13 ET Ft.Collins Today'sEst Turf 
6/10/1994 16:23:28 TF Eaton 
6/10/1994 16:30:35 ET Ft.Collins Next3DyEst Alfalfa 
6/10/1994 16:40:20 ET Ft.Collins Next3DyEst Corn 
6/10/1994 16:41:19 ET Ft.Collins Next3DyEst Corn 
6/11/1994 5:5:51 WX Ft.Collins 
6/11/1994 5:6:29 WX Eaton 
6/11/1994 5:7:10 WX Johnson'sC 
6/11/1994 5:7:48 TF Ft.Collins 
6/11/1994 7:10:43 WX Ft.Collins 
6/11/1994 7:11:15 WX Eaton 
6/11/1994 7:12:7 WX Gilchrest 
6/12/1994 19:28:41 WX Ft.Collins 
6/12/1994 19:29:16 WX Eaton 
6/13/1994 6:33:1 WX Eaton 
6/13/1994 6:33:35 WX Ft.Collins 
6/13/1994 7:24:4 TF Eaton 
6/13/1994 7:25:9 TF Johnson'sC 
6/13/1994 9:39:18 WX Ft.Collins 
6/13/1994 9:40:0 WX Eaton 
6/13/1994 10:7:53 WX Ft.Collins 
6/13/1994 11:0:55 WX Ft.Collins 
6/13/1994 11:1:21 WX Johnson'sC 
6/13/1994 11:2:14 ET Johnson'sC Today'sEst Alfalfa 
6/13/1994 11:2:48 WX Eaton 
6/13/1994 11:3:45 WX Ft.Collins 
6/13/1994 11:4:0 WX Gilchrest 
6/13/1994 11:4:41 WX Ft.Collins 
6/13/1994 11:7:7 WX Ft.Collins 
6/13/1994 11:7:31 WX FtCollins 
6/13/1994 11:8:18 WX Ft.Collins 
6/13/1994 11:9:27 ET Johnson'sC Today'sEst Alfalfa 
6/13/1994 11:9:33 WX Ft.Collins 
6/13/1994 11:10:12 TF Ft.Collins 
6/13/1994 11:11:26 ET Johnson'sC Yesterdays Corn 
6/13/1994 11:21:47 TF Ft.Collins 
6/14/1994 3:44:20 WX Ft.Collins 



Caller Responses to MIS 

Call Call Type Geographic Type ET Crop 
Date Time Data Region Data 
6/14/1994 4:1:59 WX Ft.Collins 
6/14/1994 6:25:20 WX Johnson'sC 
6/14/1994 6:26:22 WX Ft.Collins 
6/14/1994 6:27:19 WX Eaton 
6/14/1994 6:27:55 WX Gilchrest 
6/14/1994 6:28:35 TF Gilchrest 
6/14/1994 13:36:57 WX Eaton 
6/14/1994 13:47:26 WX Eaton 
6/14/1994 13:48:8 TF Gilchrest 
6/14/1994 15:4:50 WX Johnson'sC 
6/14/1994 15:5:53 WX Eaton 
6/14/1994 15:7:38 ET Johnson'sC Today'sEst Corn 
6/14/1994 15:9:11 TF Ft.Collins 
6/14/1994 15:21:24 WX Johnson'sC 
6/14/1994 15:22:13 TF Johnson'sC 
6/14/1994 17:0:13 ET Ft.Collins Last6DayET Barley, 
6/14/1994 17:1:20 WX Eaton 
6/14/1994 17:21:22 WX Johnson'sC 
6/15/1994 5:30:4 WX Ft.Collins 
6/15/1994 8:1:54 WX Ft.Collins 
6/15/1994 8:2:59 WX Eaton 
6/15/1994 8:3:43 WX Gilchrest 
6/15/1994 10:34:29 TF Ft.Collins 
6/15/1994 10:49:45 WX Johnson'sC 
6/15/1994 13:34:9 TF Eaton 
6/15/1994 14:44:4 WX Ft.Collins 
6/15/1994 14:44:42 WX Gilchrest 
6/15/1994 14:46:23 ET Ft.Collins Yesterdays Alfalfa 
6/15/1994 16:26:25 TF Johnson'sC 
6/16/1994 6:41:44 WX Ft.Collins 
6/16/1994 6:42:21 WX Eaton 
6/16/1994 6:42:46 WX Gilchrest 
6/16/1994 7:1:15 WX Ft.Collins 
6/16/1994 7:2:20 ET Eaton Today'sEst Alfalfa 
6/16/1994 7:3:1 ET Eaton Yesterdays Alfalfa 
6/16/1994 7:4:57 ET Eaton Today'sEst Turf 
6/16/1994 7:5:33 ET Eaton Last3DayET Turf 
6/16/1994 7:23:58 WX Gilchrest 
6/16/1994 7:24:34 TF Eaton 
6/16/1994 7:25:41 WX Eaton 
6/16/1994 7:26:16 TF Gilchrest 
6/16/1994 10:1:28 WX Johnson'sC 
6/16/1994 10:3:38 ET Eaton Next3DyEst Corn 
6/16/1994 14:35:23 TF Johnson'sC 
6/16/1994 14:48:48 ET Ft.Collins Next3DyEst Alfalfa 
6/16/1994 14:49:10 ET Ft.Collins Next3DyEst Corn 
6/16/1994 14:49:41 ET Ft.Collins Next3DyEst Corn 
6/17/1994 7:8:33 WX Eaton 
6/17/1994 7:9:9 TF Eaton 
6/17/1994 7:10:26 WX Gilchrest 
6/17/1994 7:12:33 ET Gilchrest Yesterdays Turf 
6/17/1994 7:13:28 ET Eaton Yesterdays Turf 



Caller Responses to MIS 

Call Call Type Geographic Type ET Crop 
Date Time Data Region Data 
6/17/1994 7:14:18 ET Gilchrest Yesterdays Turf 
6/17/1994 7:30:48 WX Ft.Collins 
6/17/1994 7:31:31 WX Eaton 
6/17/1994 7:32:2 WX Gilchrest 
6/17/1994 7:32:45 TF Ft.Collins 
6/17/1994 7:35:27 WX Ft.Collins 
6/17/1994 7:36:1 WX Eaton 
6/17/1994 7:36:26 WX Gilchrest 
6/17/1994 7:54:8 WX Ft.Collins 
6/18/1994 4:32:50 WX Ft.Collins 
6/18/1994 7:2:20 WX Ft.Collins 
6/18/1994 7:3:12 WX Ft.Collins 
6/18/1994 7:3:39 WX Eaton 
6/18/1994 7:4:9 WX Gilchrest 
6/19/1994 5:45:8 WX Ft.Collins 
6/20/1994 6:29:20 WX Ft.Collins 
6/20/1994 6:29:50 WX Gilchrest 
6/20/1994 6:30:22 WX Ft.Collins 
6/20/1994 6:31:13 WX Eaton 
6/20/1994 6:31:41 WX Gilchrest 
6/20/1994 6:32:16 TF Johnson'sC 
6/20/1994 6:42:57 WX Ft.Collins 
6/20/1994 7:9:50 WX Eaton 
6/20/1994 7:10:25 WX Gilchrest 
6/20/1994 7:11:5 TF Eaton 
6/20/1994 7:12:23 TF Eaton 
6/20/1994 7:14:37 TF Eaton 
6/20/1994 7:16:16 ET Eaton Yesterdays Turf 
6/20/1994 7:16:59 ET Gilchrest Yesterdays Turf 
6/20/1994 10:36:58 WX Ft.Collins 
6/20/1994 10:39:11 ET Ft.Collins Next3DyEst Alfalfa 
6/20/1994 10:39:22 WX Ft.Collins 
6/20/1994 12:14:38 WX Ft.Collins 
6/20/1994 12:15:24 WX Johnson'sC 
6/20/1994 12:17:32 ET Ft.Collins Last3DayET DryBeans 
6/20/1994 21:29:54 WX Ft.Collins 
6/21/1994 5:50:4 WX Ft.Collins 
6/21/1994 5:50:33 WX Johnson'sC 
6/21/1994 5:51:4 WX Eaton 
6/21/1994 5:51:33 WX Gilchrest 
6/21/1994 6:35:23 WX Ft.Collins 
6/21/1994 6:35:54 WX Eaton 
6/21/1994 6:36:24 WX Gilchrest 
6/21/1994 8:47:49 WX Johnson'sC 
6/21/1994 8:51:5 ET Johnson'sC Today'sEst Turf 
6/21/1994 8:51:39 ET Johnson'sC Today'sEst Corn 
6/21/1994 8:53:15 ET Ft.Collins Today'sEst Turf 
6/21/1994 10:39:32 WX Eaton 
6/21/1994 10:40:9 WX Gilchrest 
6/21/1994 10:42:13 ET Eaton Yesterdays Turf 
6/21/1994 10:42:52 ET Gilchrest Yesterdays Turf 
6/21/1994 10:56:14 ET Johnson'sC Today'sEst Corn 



Caller Responses to CTIIS 

Call Call Type Geographic Type ET Crop 
Date Time Data Region Data 
6/21/1994 10:56:41 ET Johnson'sC Today'sEst Sugar Beets 
6/21/1994 10:57:1 ET Johnson'sC Today'sEst Barley 
6/21/1994 10:57:2 ET Johnson'sC Today'sEst Alfalfa 
6/21/1994 10:57:26 ET Johnson'sC Today'sEst WintrWheat 
6/21/1994 10:57:44 ET Johnson'sC Today'sEst Potatoes 
6/21/1994 10:58:5. ET Johnson'sC Today'sEst Turf 
6/22/1994 6:38:4 WX Ft.Collins 
6/22/1994 6:38:31 WX Eaton 
6/22/1994 6:39:0 WX Gilchrest 
6/22/1994 6:48:7 WX Ft.Collins 
6/22/1994 6:51:39 ET Ft.Collins Today'sEst Turf 
6/22/1994 6:52:27 ET Ft.Collins Next3DyEst Turf 
6/22/1994 6:53:24 ET Ft.Collins Yesterdays Turf 
6/22/1994 6:54:9 ET Ft.Collins Last3DayET Turf 
6/22/1994 6:54:51 ET Ft.Collins Last6DayET Turf 
6/22/1994 6:56:37 ET Ft.Collins Today'sEst Turf 
6/22/1994 6:56:55 TF Ft.Collins 
6/22/1994 7:1:49 WX Eaton 
6/22/1994 7:2:20 WX Gilchrest 

a 

6/22/1994 7:4:5 ET Eaton Yesterdays Turf 
6/22/1994 7:4:43 ET Gilchrest Yesterdays Turf 
6/22/1994 8:9:58 WX Ft.Collins 
6/22/1994 10:54:31 WX Ft.Collins 
6/22/1994 10:55:11 TF Ft.Collins 
6/22/1994 14:9:45 TF Ft.Collins 
6/22/1994 14:10:43 WX Ft.Collins 
6/22/1994 15:8:43 WX Johnson'sC 
6/22/1994 17:46:21 WX Johnson'sC 
6/22/1994 17:49:27 ET Ft.Collins Yesterdays Sugar Beets 
6/23/1994 7:4:24 WX Eaton 
6/23/1994 7:4:55 WX Gilchrest 
6/23/1994 7:7:2 ET Eaton Yesterdays Turf 
6/23/1994 7:7:39 ET Gilchrest Yesterdays Turf 
6/23/1994 7:8:0 WX Ft.Collins 
6/23/1994 7:8:28 WX Eaton 
6/23/1994 7:9:3 WX Gilchrest 
6/23/1994 7:44:2 ET Ft.Collins Next3DyEst Corn 
6/23/1994 7:44:23 ET Ft.Collins Next3DyEst DryBeans 
6/23/1994 7:44:47 ET Ft.Collins Next3DyEst Alfalfa 
6/23/1994 9:11:5 WX Ft.Collins 
6/23/1994 9:11:51 WX Ft.Collins 
6/23/1994 9:15:12 ET Ft.Collins Last3DayET Alfalfa 
6/23/1994 17:37:31 WX Ft.Collins 
6/23/1994 20:20:32 WX Johnson'sC 
6/23/1994 20:21:44 WX Ft.Collins 
6/23/1994 20:22:23 WX Eaton 
6/23/1994 20:23:2 WX Gilchrest 
6/23/1994 20:24:54 WX Ft.Collins 
6/23/1994 20:26:44 ET Ft.Collins Next3DyEst Barley 
6/23/1994 20:27:20 ET Ft.Collins Next3DyEst Turf 
6/23/1994 20:27:34 WX Ft.Collins 
6/24/1994 6:19:38 WX Ft.Collins 



Caller Responses to CTIIS 

Call Call Type Geographic Type ET Crop 
Date Time Data Region Data 
6/24/1994 6:46:36 WX Ft.Collins 
6/24/1994 6:47:1 WX Eaton 
6/24/1994 6:47:31 WX Gilchrest 
6/24/1994 7:11:20 WX Eaton 
6/24/1994 7:11:50 WX Gilchrest 
6/24/1994 7:13:49 ET Eaton Yesterdays Turf 
6/24/1994 7:14:27 ET Gilchrest Yesterdays Turf 
6/24/1994 9:15:52 WX Ft.Collins 
6/24/1994 10:27:52 WX Ft.Collins 
6/24/1994 10:31:45 ET Ft.Collins Yesterdays Alfalfa 
6/24/1994 10:32:34 ET Ft.Collins Yesterdays Corn 
6/24/1994 11:50:20 TF Ft.Collins 
6/25/1994 8:11:15 WX Ft.Collins 
6/25/1994 22:7:44 TF Eaton 
6/26/1994 5:28:4 WX Ft.Collins 
6/26/1994 15:21:20 WX Johnson'sC 
6/27/1994 6:13:36 WX Ft.Collins 
6/27/1994 7:0:39 WX Eaton 
6/27/1994 7:1:7 WX Gilchrest 
6/27/1994 7: 2:25 ET Eaton Yesterdays Sugar Beets 
6/27/1994 7:3:1 ET Eaton Yesterdays Turf 
6/27/1994 7:3:43 ET Gilchrest Yesterdays Turf 
6/27/1994 10:3:27 WX Ft.Collins 
6/27/1994 10:3:54 WX Eaton 
6/27/1994 10:4:19 WX Gilchrest 
6/27/1994 16:37:50 TF Ft.Collins 
6/27/1994 18:32:31 ET Eaton Next3DyEst Alfalfa 
6/27/1994 18:33:14 ET Eaton Next3DyEst Corn 
6/27/1994 22:34:2 ET Ft.Collins Today'sEst Alfalfa 
6/27/1994 22:35:27 ET Ft.Collins Today'sEst DryBeans 
6/28/1994 14:10:18 WX Eaton 
6/28/1994 14:11:19 WX Gilchrest 
6/28/1994 14:12:37 ET Eaton Yesterdays Turf 
6/28/1994 14:13:22 ET Gilchrest Yesterdays Turf 
6/29/1994 6:46:51 WX Ft.Collins 
6/29/1994 6:47:22 WX Eaton 
6/29/1994 6:47:48 WX Gilchrest 
6/29/1994 7:16:40 WX Eaton 
6/29/1994 7:18:38 WX Eaton 
6/29/1994 7:19:18 WX Gilchrest 
6/29/1994 7:20:44 ET Eaton Yesterdays Turf 
6/29/1994 7:21:24 ET Gilchrest Yesterdays Turf 
6/29/1994 8:26:38 WX Ft.Collins 
6/29/1994 17:49:5 WX Ft.Collins 
6/30/1994 6:59:45 WX Eaton 
6/30/1994 7:1:12 ET Eaton Yesterdays Turf 
6/30/1994 7:1:46 ET Gilchrest Yesterdays Turf 
6/30/1994 7:3:11 WX Gilchrest 
6/30/1994 11:43:31 TF Ft.Collins 
7/1/1994 6:57:54 WX Eaton 
7/1/1994 6:58:24 WX Gilchrest 
7/ 1/1994 6:59:26 ET Eaton Yesterdays Turf 



Caller Responses to MIS 

Call Call Type Geographic Type ET Crop 
Date Time Data Region Data 
7/111994 7: 0: 6 ET Gilchrest Yesterdays Turf 
7/1/1994 7:23:21 WX Ft.Collins 
7/1/1994 22:49:23 WX Ft.Collins 
7/1/1994 22:51:26 ET Ft.Collins Yesterdays Sugar Beets 
7/1/1994 22:52:11 ET Ft.Collins Yesterdays Corn 
7/1/1994 22:53:16 ET Ft.Collins Today'sEst Alfalfa 
7/3/1994 13:26:50 WX Ft.Collins 
7/3/1994 13:27:43 WX Eaton 
7/3/1994 13:28:15 WX Gilchrest 
7/3/1994 13:29:32 ET Eaton Yesterdays Corn 
7/3/1994 13:30:1 ET Eaton Today'sEst Alfalfa 
7/3/1994 13:30:25 ET Eaton Last3DayET Alfalfa 
7/3/1994 13:30:53 ET Eaton Last6DayET Alfalfa 
7/3/1994 13:31:13 TF Ft.Collins 
7/4/1994 16: 0:56 WX Ft.Collins 
7/5/1994 7: 6:53 WX Eaton 
7/5/1994 7: 7:24 WX Gilchrest 
7/5/1994 7: 8:27 ET Eaton Yesterdays Turf 
7/5/1994 7: 9: 9 ET Gilchrest Yesterdays Turf 
7/5/1994 7:57:43 WX Ft.Collins 
7/6/1994 6:59: 8 WX Eaton 
7/6/1994 6:59:38 WX Gilchrest 
7/6/1994 7: 0:37 ET Eaton Yesterdays Turf 
7/6/1994 7:1:16 ET Gilchrest Yesterdays Turf 
7/6/1994 17: 7:42 WX Eaton 
7/6/1994 17:11:12 ET Eaton Today'sEst Turf 
7/6/1994 17:11:46 ET Eaton Today'sEst Alfalfa 
7/6/1994 17:12: 6 TF Eaton 
7/7/1994 7: 2:35 WX Eaton 
7/7/1994 7: 3:30 WX Gilchrest 
7/7/1994 7: 4:28 ET Eaton Yesterdays Turf 
7/7/1994 7: 5: 7 ET Gilchrest Yesterdays Turf 
7/8/1994 6:57: 2 WX Eaton 
7/8/1994 6:57:33 WX Gilchrest 
7/8/1994 6:58:31 ET Eaton Yesterdays Turf 
7/8/1994 6:59: 9 ET Gilchrest Yesterdays Turf 
7/8/1994 15:46:48 WX Ft.Collins 
7/8/1994 15:47:19 WX Eaton 
7/8/1994 15:47:45 WX Gilchrest 
7/8/1994 16:35:40 ET Johnson'sC Today'sEst Turf 
7/8/1994 16:36:23 ET Ft.Collins Today'sEst Turf 
7/8/1994 16:37:11 ET Ft.Collins Yesterdays Turf 
7/8/1994 18:34: 5 WX Ft.Collins 
7/11/1994 6:48:2 WX Ft.Collins 
7/11/1994 6:48:30 WX Eaton 
7/11/1994 6:48:55 WX Gilchrest 
7/11/1994 7:5:19 WX Eaton 
7/11/1994 7:6:37 ET Eaton Yesterdays Turf 
7/11/1994 7:7:20 ET Gilchrest Yesterdays Turf 
7/11/1994 7:8:25 WX Gilchrest 
7/12/1994 11:11:1 WX Eaton 
7/12/1994 11:11:32 WX Gilchrest 



Caller Responses to MIS 

Call Call Type Geographic Type ET Crop 
Date Time Data Region Data 
7/12/1994 11:12:31 ET Eaton Yesterdays Turf 
7/12/1994 11:13:9 ET Gilchrest Yesterdays Turf 
7/13/1994 7:0:40 WX Eaton 
7/13/1994 7:1:9 WX Gilchrest 
7/13/1994 7:2:5 ET Eaton Yesterdays Turf 
7/13/1994 7:2:43 ET Gilchrest Yesterdays Turf 
7/13/1994 7:17:18 TF Ft.Collins 
7/14/1994 7:22:2 WX Eaton 
7/14/1994 7:22:32 WX Gilchrest 
7/14/1994 7:23:38 ET Eaton Yesterdays Turf 
7/14/1994 7:24:15 ET Gilchrest Yesterdays Turf 
7/14/1994 7:49:2 WX Ft.Collins 
7/14/1994 7:50:0 WX Ft.Collins 
7/15/1994 6:56:14 WX Eaton 
7/15/1994 6:56:45 WX Gilchrest 
7/15/1994 6:57:50 ET Eaton Yesterdays Turf 
7/15/1994 6:58:27 ET Gilchrest Yesterdays Turf 
7/17/1994 3:40:5 WX Ft.Collins 
7/17/1994 3:42:45 ET Ft.Collins Next3DyEst Alfalfa 
7/17/1994 3:43:22 ET Ft.Collins. Next3DyEst Corn 
7/17/1994 3:43:39 TF Ft.Collins 
7/17/1994 22:9:33 WX Ft.Collins 
7/18/1994 8:7:29 WX Eaton 
7/18/1994 8:8:5 WX Gilchrest 
7/19/1994 6:56:44 WX Ft.Collins 
7/19/1994 7:9:7 WX Eaton 
7/19/1994 7:9:36 WX Gilchrest 
7/19/1994 7:10:34 ET Eaton Yesterdays Turf 
7/19/1994 7:11:12 ET Gilchrest Yesterdays Turf 
7/20/1994 21:19:31 WX Ft.Collins 
7/22/1994 8:33:49 WX Ft.Collins 
7/22/1994 16:27:23 WX Ft.Collins 
7/22/1994 16:31:55 WX Ft.Collins 
7/22/1994 16:33:52 WX Johnson'sC 
7/22/1994 16:34:30 WX Eaton 
7/22/1994 16:34:59 WX Gilchrest 
7/22/1994 16:35:30 WX Ft.Collins 
7/22/1994 16:36:35 ET Johnson'sC Yesterdays Corn 
7/22/1994 16:37:9 ET Johnson'sC Today'sEst Alfalfa 
7/23/1994 7:53:20 WX Ft.Collins 
7/24/1994 11:16:6 WX Ft.Collins 
7/25/1994 7:5:6 WX Eaton 
7/25/1994 7:5:37 WX Gilchrest 
7/25/1994 7:6:32 ET Eaton Yesterdays Turf 
7/25/1994 7:7:8 ET Gilchrest Yesterdays Turf 
7/25/1994 7:11:7 WX Ft.Collins 
7/25/1994 7:12:17 WX Eaton 
7/25/1994 7:13:20 WX Gilchrest 
7/25/1994 11:58:40 TF Johnson'sC 
7/25/1994 12:1:4 ET Johnson'sC Last6DayET Turf 
7/25/1994 12:1:19 WX Johnson'sC 
7/25/1994 13:0:22 WX Ft.Collins 



Caller Responses to MIS 

Call Call Type Geographic Type ET Crop 
Date Time Data Region Data 
7/25/1994 13:0:50 WX Johnson'sC 
7/25/1994 13:1:10 WX Eaton 
7/26/1994 7:0:13 WX Eaton 
7/26/1994 7:0:44 WX Gilchrest 
7/26/1994 7:1:41 ET Eaton Yesterdays Turf 
7/26/1994 7:2:18 ET Gilchrest Yesterdays Turf 
7/26/1994 15:27:30 WX Ft.Collins 
7/26/1994 17:20:42 TF Ft.Collins 
7/27/1994 7:3:0 WX Eaton 
7/27/1994 7:3:31 WX Gilchrest 
7/27/1994 7:4:28 ET Eaton Yesterdays Turf ry 
7/27/1994 7: 5: 3 ET Gilchrest Yesterdays Turf 11 
7/27/1994 22:46:36 WX Ft.Collins 
7/28/1994 7:34:24 WX Eaton 
7/28/1994 7:34:51 WX Gilchrest 
7/28/1994 7:35:49 ET Eaton Yesterdays Turf 
7/28/1994 7:36:25 ET Gilchrest Yesterdays Turf 
7/28/1994 9:19:16 TF Johnson'sC 
7/28/1994 9:21:11 ET Johnson'sC Last3DayET Turf a 
7/28/1994 9:21:55 ET Johnson'sC Last6DayET Turf 
7/28/1994 9:22:35 ET Johnson'sC Next3DyEst Turf 
7/28/1994 9:23:36 ET Johnson'sC Yesterdays Turf a 
7/29/1994 7:5:58 WX Eaton 
7/29/1994 7:6:26 WX Gilchrest 
7/29/1994 7:7:20 ET Eaton Yesterdays Turf 
7/29/1994 7: 7:55 ET Gilchrest . Yesterdays Turf 
7/31/1994 10:34:31 WX Ft.Collins 
8/1/1994 7: 8:28 WX Eaton 
8/1/1994 7: 9:33 ET Eaton Yesterdays Turf 
8/1/1994 7:10:22 ET Gilchrest Yesterdays Turf 
8/1/1994 7:11:20 WX Gilchrest 
8/7/1994 20:38: 8 WX Ft.Collins 
8/8/1994 7: 0:15 WX Eaton 
8/8/1994 7: 0:44 WX Gilchrest 
8/8/1994 7:1:37 ET Eaton Yesterdays Turf 
8/8/1994 7: 2:13 ET Gilchrest Yesterdays Turf 
8/8/1994 7:36:43 WX Ft.Collins 
8/8/1994 7:37:16 WX Eaton (~ 
8/8/1994 7:38: 3 WX Gilchrest u 
8/8/1994 10: 5:22 TF Gilchrest 
8/8/1994 
8/9/1994 

22:34: 5 
7: 5:30 

WX 
WX 

Ft.Collins 
Eaton 

8/9/1994 7: 6:1 WX Gilchrest 
8/9/1994 7: 6:58 ET Eaton Yesterdays Turf 
8/9/1994 7: 7:34 ET Gilchrest Yesterdays Turf 
8/9/1994 10:40:55 WX Ft.Collins 
8/10/1994 6:59:47 WX Eaton 
8/10/1994 7:0:19 WX Gilchrest 
8/10/1994 7:1:25 ET Eaton Yesterdays Turf 
8/10/1994 7:2:0 ET Gilchrest Yesterdays Turf 
8/10/1994 16:37:4 ET Ft.Collins Today'sEst Turf 
8/11/1994 7:9:31 WX Eaton 



Caller Responses to MIS 

Call Call Type Geographic Type ET Crop 
Date Time Data Region Data 
8/11/1994 7:10:0 WX Gilchrest 
8/11/1994 7:10:58 ET Eaton Yesterdays Turf 
8/11/1994 7:11:34 ET Gilchrest Yesterdays Turf 
8/11/1994 7:45:43 WX Ft.Collins 
8/11/1994 7:46:16 WX Eaton 
8/11/1994 7:46:54 WX Gilchrest 
8/12/1994 7:7:11 WX Eaton 
8/12/1994 7:7:45 WX Gilchrest 
8/12/1994 7:8:47 ET Eaton Yesterdays Turf 
8/12/1994 7:9:22 ET Gilchrest Yesterdays Turf 
8/12/1994 7:24:8 WX Ft.Collins 
8/14/1994 6:8:44 WX Ft.Collins 
8/15/1994 7:41:18 WX Ft.Collins 
8/18/1994 7:3:45 WX Eaton 
8/18/1994 7:4:14 WX Gilchrest 
8/18/1994 7:5:7 ET Eaton Yesterdays Turf 
8/18/1994 7:5:44 ET Gilchrest Yesterdays Turf 
8/19/1994 7:0:38 WX Eaton 
8/19/1994 7:1:9 WX Gilchrest 
8/19/1994 7:1:45 ET Eaton Yesterdays Sugar Beets 
8/19/1994 7:2:19 ET Eaton Yesterdays Turf 
8/19/1994 7:2:57 ET Gilchrest Yesterdays Turf 
8/19/1994 11:35:52 WX Eaton 
8/19/1994 11:36:30 TF Eaton 
8/19/1994 22:30:46 WX Ft.Collins 
8/22/1994 9:53:15 WX Johnson'sC 
8/22/1994 9:53:54 WX Ft.Collins 
8/22/1994 13:59:33 WX Eaton 
8/22/1994 14:0:35 WX Gilchrest 
8/22/1994 14:1:40 ET Eaton Yesterdays Turf 
8/22/1994 14:2:17 ET Gilchrest Yesterdays Turf 
8/23/1994 7:2:12 WX Eaton 
8/23/1994 7:2:42 WX Gilchrest 
8/23/1994 7:3:45 ET Eaton Yesterdays Turf 
8/23/1994 7:4:21 ET Gilchrest Yesterdays Turf 
8/24/1994 6:33:49 WX Ft.Collins 
8/24/1994 6:34:20 WX Eaton 
8/24/1994 6:34:51 WX Gilchrest 
8/24/1994 6:35:54 TF Ft.Collins 
8/24/1994 7:5:57 WX Eaton 
8/24/1994 7:7:20 ET Gilchrest Yesterdays Turf 
8/24/1994 7:7:54 ET Eaton Yesterdays Turf 
8/24/1994 7:11:42 WX Gilchrest 
8/25/1994 5:57:41 WX Ft.Collins 
8/25/1994 7:3:34 WX Eaton 
8/25/1994 7:4:2 WX Gilchrest 
8/25/1994 7:4:58 ET Eaton Yesterdays Turf 
8/25/1994 7:5:33 ET Gilchrest Yesterdays Turf 
8/26/1994 7:4:38 WX Eaton 
8/26/1994 7:5:8 WX Gilchrest 
8/26/1994 7:6:5 ET Eaton Yesterdays Turf 
8/26/1994 7:6:40 ET Gilchrest Yesterdays Turf 



Caller Responses to MIS 

Call Call Type Geographic Type ET Crop 
Date Time Data Region Data 
8/29/1994 7:3:39 WX Eaton 
8/29/1994 7:4:8 WX Gilchrest 
8/29/1994 7:5:8 ET Eaton Yesterdays Turf 
8/29/1994 7:5:42 ET Gilchrest Yesterdays Turf 
8729/1994 12:53:43 TF Eaton 
8/29/1994 12:54:49 TF Ft.Collins 
8/29/1994 21:25:24 WX Ft.Collins 
8/30/1994 7:11:20 WX Eaton 
8/30/1994 7:11:50 WX Gilchrest 
8/30/1994 7:12:49 ET Eaton Yesterdays Turf 
8/30/1994 7:13:24 ET Gilchrest Yesterdays Turf 
8/31/1994 7:8:10 WX Eaton 
8/31/1994 7:8:41 WX Gilchrest 
8/31/1994 7:9:40 ET Eaton Yesterdays Turf 
8/31/1994 7:10:18 ET Gilchrest Yesterdays Turf 
9/1/1994 7:14:43 WX Eaton 
9/1/1994 7:15:14 WX Gilchrest 
9/1/1994 7:16:12 ET Eaton Yesterdays Turf 
9/1/1994 7:16:46 ET Gilchrest Yesterdays Turf 
9/1/1994 7:46:20 WX Ft.Collins 
9/2/1994 10:33: 2 WX Eaton 
9/2/1994 10:33:29 WX Gilchrest 
9/2/1994 10:34:58 ET Eaton Yesterdays Turf 
9/2/1994 10:35:32 ET Gilchrest Yesterdays Turf 
9/6/1994 14:18:59 WX Eaton 
9/6/1994 14:19:29 WX Gilchrest 
9/6/1994 14:20:27 ET Eaton Yesterdays Turf 
9/6/1994 14:21: 2 ET Gilchrest Yesterdays Turf 
9/7/1994 7: 7:27 WX Eaton 
9/7/1994 7: 7:55 WX Gilchrest 
917/1994 7: 8:50 ET Eaton Yesterdays Turf 
9/7/1994 7: 9:23 ET Gilchrest Yesterdays Turf 
9/8/1994 7: 4:21 WX Eaton 
9/8/1994 7: 4:51 WX Gilchrest 
9/8/1994 7: 5:43 ET Eaton Yesterdays Turf 
9/8/1994 7: 6:18 ET Gilchrest Yesterdays Turf 
9/10/1994 21:25:22 WX Ft.Collins 
9/10/1994 21:26:34 ET Johnson'sC Today'sEst Alfalfa 
9/12/1994 7:5:5 WX Eaton 
9/12/1994 7:5:38 WX Gilchrest 
9/12/1994 7:6:36 ET Eaton Yesterdays Turf 
9/12/1994 7:7:14 ET Gilchrest Yesterdays Turf 
9/13/1994 7:18:50 WX Eaton 
9/13/1994 7:19:18 WX Gilchrest 
9/13/1994 7:20:18 ET Eaton Yesterdays Turf 
9/13/1994 7:20:52 ET Gilchrest Yesterdays Turf 
9/14/1994 7:15:34 WX Eaton 
9/14/1994 7:16:6 WX Gilchrest 
9/14/1994 7:17:6 ET Eaton Yesterdays Turf 
9/14/1994 7:17:40 ET Gilchrest Yesterdays Turf 
9/15/1994 7:4:24 WX Eaton 
9/15/1994 7:4:54 WX Gilchrest 
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Caller Responses to CTIIS 

Call Call Type Geographic Type ET Crop 
Date Time Data Region Data 
9/15/1994 7:5:56 ET Eaton Yesterdays Turf 
9/15/1994 7:6:38 ET Gilchrest Yesterdays Turf 
9/16/1994 16:29:3 WX Eaton 
9/16/1994 16:30:17 ET Eaton Yesterdays Alfalfa 
9/16/1994 16:30:45 ET Eaton Next3DyEst Alfalfa 
9/16/1994 16:31:33 ET Ft.Collins Last3DayET Com 
9/19/1994 7:8:20 WX Eaton 
9/19/1994 7:8:48 WX Gilchrest 
9/19/1994 7:9:45 ET Eaton Yesterdays Turf 
9/19/1994 7:10:20 ET Gilchrest Yesterdays Turf 
9/20/1994 11:44:27 WX Eaton 
9/20/1994 11:44:54 WX Gilchrest 
9/20/1994 11:45:48 ET Eaton Yesterdays Turf 
9/20/1994 11:46:28 ET Gilchrest Yesterdays Turf 
9/21/1994 7:7:26 WX Eaton 
9/21/1994 7:7:53 WX Gilchrest 
9/21/1994 7:8:50 ET Eaton Yesterdays Turf 
9/21/1994 7:9:26 ET Gilchrest Yesterdays Turf 
9/23/1994 7:3:25 WX Eaton 
9/23/1994 7:3:52 WX Gilchrest 
9/23/1994 7:4:24 TF Eaton 
9/23/1994 7:5:34 ET Eaton Yesterdays Turf 
9/23/1994 7:6:10 ET Gilchrest Yesterdays Turf 
9/25/1994 16:14:44 WX Ft.Collins 
9/26/1994 7:11:12 WX Eaton 
9/26/1994 7:11:40 WX Gilchrest 
9/26/1994 7:12:39 ET Eaton Yesterdays Turf 
9/26/1994 7:13:16 ET Gilchrest Yesterdays Turf 
9/27/1994 7:1:43 WX Eaton 
9/27/1994 7:2:10 WX Gilchrest 
9/27/1994 7:3:12 ET Eaton Yesterdays Turf 
9/27/1994 7:3:47 ET Gilchrest Yesterdays Turf 
9/28/1994 7:10:46 WX Eaton 
9/28/1994 7:11:12 WX Gilchrest 
9/28/1994 7:12:11 ET Eaton Yesterdays Turf 
9/28/1994 7:12:47 ET Gilchrest Yesterdays Turf 
9/29/1994 7:4:47 WX Eaton 
9/29/1994 7:5:13 WX Gilchrest 
9/29/1994 7:6:13 ET Eaton Yesterdays Turf 
9/29/1994 7:6:47 ET Gilchrest Yesterdays Turf 
9/30/1994 9:45:55 WX Eaton 
9/30/1994 9:46:23 WX Gilchrest 
9/30/1994 9:47:20 ET Eaton Yesterdays Turf 
9/30/1994 9:47:56 ET Gilchrest Yesterdays Turf 
10/3/1994 7: 3:17 WX Eaton 
10/3/1994 7: 3:45 WX Gilchrest 
10/3/1994 7: 4:17 TF Eaton 
10/3/1994 7: 5:27 ET Eaton Yesterdays Turf 
10/3/1994 7: 6: 3 ET Gilchrest Yesterdays Turf 
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The Crop and Turf Irrigation Information System, MIS 
Phone Fort Collins (303) 224 0262 (24 hours) 

A New and Innovative 
Irrigation Service for 
Northern Colorado 
Farmers and Urban 
Residents 

The U.S. Bureau of Reclamation, in 
cooperation with Colorado State 
University, the Northern Colorado Water 
Conservancy District, and the USDA-ARS 
is offering a new crop and turf irrigation 
information service. This f=  service uses 
the telephone keypad similar to 
automated voice-mail. The information 
provides callers with weather, lawn 
watering, and agricultural crop irrigation 
requirements. 

The hotline provides information for 
four service areas covering Larimer and 
Weld County: (1) Loveland-Johnsons 
Corner area, (2) Fort Collins-Wellington-
Buckeye area, (3) Windsor-Lucerne-
Eaton-Ault area, and (4) Greeley-Gilcrest 
area. 

Yesterday's weather data are 
available, including high and low 
temperatures, precipitation, maximum 
wind speed, and average daily relative 
humidity. Lawn watering requirements 
are available for today and for the next 
three days. Crop evapotranspiration (ET) 
rates are listed for eight common crops 
and turf. 

Why Use the CTIIS? 

Colorado water resources are scarce. 
Water conservation is becoming a 
keyword for both urban residents and 
farmers. Application of too much 
irrigation water leaches the fertilizers 
and pesticides applied to lawns and crops 
into the groundwater aquifers. This over-
irrigation contaminates drinking water 
supplies for humans and animals and 
increases the cost of crop production. 
Water conservation increases profitability 
by reducing irrigation pumping and 
fertilizer application. Proper irrigation 
management to match crop ET rates 
becomes more important as water 
conservation efforts increase. The CTIIS 
provides information for increasing water 
conservation. 

What is Provided? 

The CTIIS system provides: (1) 
today's estimated ET rates, (2) the next 
three day's estimated daily ET rates, (3) 
yesterday's actual ET rates based on the 
Penman reference ET and the crop 
coefficients for the specific crops and turf, 
(4) the past three day's actual daily ET 
rate and (5) the past 6 day's actual daily 
ET rate. The historical data is given for 
those farmers who are keeping track of 
their soil moisture balance by estimating  

crop ET, precipitation (from the weather 
data) and their irrigation applications. 

Evapotranspiration rates are given 
for nine crops: alfalfa, corn, sugar beets, 
dry beans, barley, winter wheat, potatoes, 
onions, and turf. Lawn watering rates 
are also listed for urban residents. 

The Northern Colorado Water 
Conservancy District in Loveland 
provides weather data and crop 
coefficients that are updated as the crops 
mature. The ET data are considered to 
be the best and most accurate available 
for Northern Colorado water users. 
Weather data are provided from stations 
located in Fort Collins, Eaton, Gilcrest 
and Johnson's Corners. 

How to Use the System 

Dial the Fort Collins phone number, 
224 0262 and listen to the voice prompts. 
You may follow the keypad prompt guide 
shown on the other side of this page. 
Pressing buttons on your phone keypad 
guides you through the system. You may 
leave a voice mail message with 
comments or a request for help. 

An additional brochure provides the 
basics of irrigation scheduling using the 
CTIIS and soil moisture estimates. For 
additional help or to request an irrigation 
scheduling brochure, contact: 
CTIIS, P.O. Box 636, Fort Collins, CO, 
80522. (303) 490 8345. 



Crop and Turf Irrigation Irrigation System Telephone Keypad Code 

dial Ft. Coll ns 224 0262 
1  

First Time 
Introduction 0 - 

User Information help Zheplp 

WEATHER  
STATION 1 MAIN

DATA SERVICE MENU  
MENU 

2 
1 1 1 JOHNSON'S 

JOHNSON'S CORNER 
CORNER 

CROP AND 
TURF 2 FORT 2 FORT ET MENU COLLINS 

COWNS 

3 O 3 EATON 
EATON 

to main menu help 

4 C 4 GILCREST 
GILCREST 

5 

EXIT VOICE 
VOICE 6 SYSTEM MAILBOX 

MAILBOX * RESELECTION 
MENU TO 

E 

 

LAWN to main menu # 

1 4 2 3 STOP 
JOHNSON'S 

FORT COLLINS EATON GILCREST heI p 
ET MENU ET MENU MENU 

ET MENU 
* 
1t3 45 

TODAY'S NEXT 3-DAY YESTERDAY'S LAST 3-DAY LAST 6-DAY 
ESTIMATED ESTIMATED ET WITH REFET AVERAGE AVERAGE 

ET MENU ET MENU MENU ET MENU ET MENU 

1 
ALFALFA CORN SUGAR DRY BARLEY  POTATOES ONIONS (WINTER) TURF 

ET ET BEETS ET BENS ET ET HEAT ET ET ET 

[?] = any key 

STOP 

I ---- - O~ 
help 

0 
help 

MENU MENU 

1 2 3 
E i~~ 

BACK TO ET
Ji 
 BACK TO WEATHER  I BACK TO LAWN 

to main menu 



• •CclkW 
service m  University 

Cooperative 
Extension 

no. 4.708 

Irrigation scheduling 
Israel Broner (Israeli),  . 

Quick Facts 
Irrigation scheduling is the decision of 

when and how much water to apply to a 
field. 

The purpose of irrigation scheduling is to 
assist the farmer in maximizing irri-
gation efficiencies by applying the exact 
amount of water needed to replenish 
the soil moisture to the desired level. 

Irrigation scheduling saves water and 
energy. 

All irrigation scheduling procedures con-
sist of monitoring some indicators that 
determine the need for irrigation. 

The purpose of irrigation scheduling is to 
determine the exact amount of water to be applied 
to the field and the exact timing for application. 
The amount of water to be applied is determined 
by using a criterion to determine irrigation need 
and a strategy to prescribe how much water to 
apply in any situation. 

Irrigation criteria are the indicators used to 
determine the need for irrigation. The most com-
mon irrigation criteria are soil moisture content 
and soil moisture tension. Different types of irri-
gation scheduling can be defined according to the 
irrigator's goal. Two of the more common types 
are: irrigation scheduling to maximize yield and 
irrigation scheduling to maximize net return. The 
final irrigation decision depends on evaluating 
the irrigation criterion and applying the irriga-
tion strategy according to the irrigation schedul-
ing type. Therefore, for proper irrigation schedul-
ing, the irrigator needs to define a goal and 
establish an irrigation criterion and strategy. 

To illustrate how irrigation scheduling works 
and the use of the terms mentioned above, con-
sider a farmer whose goal is to maximize yield. 
The farmer uses soil moisture content as the irri-
gation criterion. Different levels of soil moisture  

content can be used to trigger irrigation. For 
example, when soil water content drops below 70 
percent of the total available soil moisture, irriga-
tion should be started. 

The level of soil moisture content depends on 
the irrigator's goal and strategy. In this case, the 
goal is to maximize yield; therefore the irrigator 
will try to keep the soil moisture content above a 
critical level. A critical soil moisture level for a 
certain crop is such that below this level, the yield 
will be lower than the maximum potential yield. 
Thus, irrigation will be applied whenever the soil 
water content level reaches the critical level. 

The decision of how much water to apply 
depends on the irrigator's strategy. For example, 
the irrigator can replenish the soil moisture to 
field capacity or apply less. If no rain is expected 
and the irrigator wishes to stretch the time between 
irrigations, it is advantageous to refill the soil 
profile to field capacity. If rain is expected, it may 
be wise not to fill the soil profile to field capacity, 
but leave some room for rain. 

When the irrigator's goal is to maximize net 
return, a different irrigation criterion is needed, 
which is an economic criterion. An economic 
irrigation criterion, such as net return, is the 
income from the crop less the expenses asso-
ciated with irrigation. 

The importance of irrigation scheduling is 
that it enables the irrigator to apply the exact 
amount of water to achieve the goal. By applying 
the exact amount of water, irrigation efficiency is 
increased. A critical element of successful irriga-
tion scheduling and management is the accurate 
measurement of the volume of water applied or 
the depth of application. A farmer cannot manage 
water to maximum efficiency without knowing 
how much has been applied. 

Also, uniform water distribution across the 
field is important to derive the maximum benefits 
from irrigation scheduling and management. The 
importance of accurate water application is in 
prevention of over-irrigation or under-irrigation. 

'Israel Broner (Israeli), Colorado State Univer-
sity Cooperative Extension agricultural engineer 
and assistant professor, agricultural and chemi-
cal engineering (7/89) 

Issued in furtherance of Cooperative Extension work. Acts of May 8 and June 30, 1914, in cooperation with the U.S. Department of Agriculture. Kenneth R. Bolen, 
director of Cooperative Extension. Colorado State University, Fort Collins. Colorado. Cooperative Extension programs are available to all without discrimination. 
To simplify technical terminology, trade names of products and equipment occasionally will be used. No endorsement of products named is intended nor is criti-
cism implied of products not mentioned. 



The disadvantages of over-irrigation are as follows: 
1) Waste of water, energy and labor. 
2) Leaching expensive nutrients below the 

root zone and thereby depriving the plant of its 
nutriment. 

3) Reduced aeration of the soil consequently 
reducing crop yields. 

Under-irrigation stresses the plant and causes 
yield reduction. 

Advantages of Irrigation Scheduling 
Irrigation scheduling has been shown to offer 

seven advantages to the irrigator. 
1) It enables the farmer to schedule water rota-

tion among the various fields to minimize crop 
water stress and maximize yields. 

2) It reduces the farmer's cost of water and 
labor by applying fewer irrigations, thereby mak-
ing maximum use of soil moisture storage. 

3) It lowers fertilizer costs by holding surface 
runoff and deep percolation (leaching) to a mini-
mum. 

4) It increases net returns by increasing crop 
yields and crop quality. 

5) It minimizes water logging problems by 
reducing the drainage requirements. 

6) It assists in controlling rootzone salinity 
problems through controlled leaching. 

7) It results in additional returns by using the 
"saved" water to irrigate non-cash crops that other-
wise would not be irrigated during water-short 
periods. - 

Research in Nebraska, where most water is 
pumped, has shown that irrigation scheduling 
provides an average 35 percent savings in water 
and energy. In fuel costs alone, this is a savings of 
about 550 kwh per acre for a center pivot sprinkler 
or about 200 kwh per acre for a gated pipe per 
season. 

Irrigation Scheduling Methods 
All irrigation scheduling methods consist of 

an irrigation criterion that triggers irrigation and 
an irrigation strategy that answers the question 
of how much water to apply. Irrigation schedul-
ing methods differ by the irrigation criterion or by 
the method used to estimate or measure this cri-
terion. A common and widely used irrigation cri-
terion is soil moisture status. 

Different methods of irrigation scheduling by 
monitoring soil moisture content or tension, are 
compared briefly in Table 1. The methods de-
scribed in Table 1 measure or estimate the irriga-
tion criterion. To complete each of these methods 
to an irrigation scheduling procedure, an irriga-
tion strategy should be defined. 

Table 1: Different methods of irrigation scheduling. 

Method Measured parameter Equipment needed Irrigation criterion Advantages Disadvantages 

Hand feel and Soil moisture con- Hand probe. Soil moisture. Easy to use; simple; Low accuracies; field 
appearance of soil. tent by feel. can improve accu- work involved to 

racy with exper- take samples. 
ience. 

Gravimetric soil Soil moisture con- Auger, caps, oven. Soil moisture. High accuracy. Labor intensive in- 
moisture sample. tent by taking cluding field work; 

samples. time gap between 
sampling and results. 

Tensiometers. Soil moisture Tensionmeters in- 
tension. cluding vacuum 

gauge. 

Electrical resistance Electric resistance Resistance blocks 
blocks. of soil moisture. AC bridge (meter) 

Water budget Climatic param- Weather station or 
approach. eters: temperature, available weather 

radiation, wind, information. 
humidity and ex- 
pected rainfall, de- 
pending on model 
used to predict ET. 

Modified Reference ET Atmometer 
atmometer gauge  

Soil moisture Good accuracy; in- Labor to read; 
tension. stantaneous reading maintenanceisneeded; 

of soil moisture breaks at tensions 
tension. above 0.7 atm. 

Soil moisture Instantaneous read- Affected by soil , 
tension. ing; works over salinity; not sensitive 

larger range of ten- at low tensions; needs 
sions; can be used some maintenance 
for remote reading. and field reading. 

Estimation of soil No field work re- Needs calibration and 
moisture content. quired; flexible; can periodic adjustments, 

forecast irrigation since it is only an 
needs in the future; estimation; cumber- 
with same equip- some calculations if 
ment can schedule computer is not used. 
many fields. 

Estimation of Easy to use, Needs calibration; 
moisture content direct reading it is only an 

of reference ET estimation 
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Estimating 
soil moisture 
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Table 1: Soil moisture interpretation chart. 

Quick Facts 
Soil moisture levels should determine 

timing of irrigation. 
Soil moisture can be estimated by feel and 

appearance of the soil. 
Tensiometers or resistance blocks also 

may be used to estimate soil moisture. 
Moisture should be checked in at least one 

location for each area of the field that 
differs in soil texture and slope from 
other areas. 

Irrigation water must be applied at the right 
time and in the right amount for consistently high 
yields. Excessive water application reduces 
yields by carrying nitrates below depths of root 
penetration, and by displacing soil air for too 
long, causing a lack of oxygen to the roots. Water 
shortage also will reduce yields. The time to 
irrigate and the amount of water to apply can be 
determined by checking soil moisture. 

Soil Moisture Determination 
Feel and appearance of the soil indicates soil 

moisture status. A soil tube, soil auger or tile 
spade can be used to sample soils to determine 
moisture content. Soil samples should be taken at 
intervals throughout the depth of the active root 
zone. An estimate of soil moisture status can be 
made by squeezing a handful of soil firmly and 
comparing results with Table 1. 

To determine the amount of water required to 
refill the root zone, the percent soil moisture 
deficiency is converted by use of Table 2. For 
example, it may be estimated from Table 2 that a 
silty clay loam soil holds 2.0 inches (5 
centimeters) of available moisture per foot (30 
cm) of depth. If the feel test indicates that the 
moisture is 60% depleted in the upper foot, it 
would require 60% of 2.0 inches (5 cm) or 1.2 
inches (3 cm) to refill the top foot. Estimates for 
each foot of the root zone would be added to 
determine the total amount of water needed to 
refill the root zone. 

Soil Moderately Medium Fine and 
moisture coarse texture very fine 
deficiency texture texture 
0% Upon squeezing, no free water appears 
(field on soil but wet outline of ball is left on 
capacity) hand. 

0-25% forms weak forms ball, easily rib- 
ball, breaks very pliable, bons out 
easily when slicks between 
bounced in readily.' thumb and 
hand.' forefinger.' 

25-50% will form ball, forms ball, forms ball, 
but falls apart slicks under will ribbon 
when bounced pressure.' out between 
in hand.' thumb and 

forefinger.' 

50-75% appears dry, crumbly, holds somewhat 
will not form together from pliable, will 
ball with pressure.-  ball under 
pressure.' pressure.- 

75-100% dry, loose, powdery, hard, dif- 
flows through crumbles ficult to 
fingers. easily. break into 

powder. 
'Squeeze a handful of soil firmly to make ball test. 

Table 2: Useable soil moisture capacities. 
Available moisture 

Texture in/ft cm/cm 
Fine and very fine (clay, 1.6 - 2.5 0.13 - 0.21 

silty clay, sandy clay, 
silty clay loam, clay loam) 

Medium (silt loam, sandy 1.4 - 2.4 0.12 - 0.20 
clay loam, loam, very fine 
sandy loam) 

Moderately coarse (fine sandy 1.0 - 1.6 0.08 - 0.13 
loam, sandy loam) 

A tensiometer is a sealed, water-filled tube 
equipped with a vacuum gauge on the upper end 
and a porous ceramic tip on the lower end. 

1113onald L. Miles, CSU extension irrigation 
engineer (revised 6115/80) 

Issued in furtherance of Cooperative Extension Work in Agriculture and Home Economics, Acts of May 8 To simplify technical terminology, trade names of 
and June 31X 1914, in cooperation with the United States Department of Agriculture. Lowell Watts, Director products and equipment occasionally will be used. 
of Extension Service, Colorado State University, Fort Collins, Colorado 80523. By law and purpose, the CSU No endorsement of products named is intended 
Cooperative Extension Service is dedicated to serve all people on an equal and nondiscriminatory basis. nor is criticism implied of products not mentioned. 



As roots remove water from the soil, soil 
moisture tension increases. Water moves out 
through the ceramic tip, creating a partial 
vacuum which registers on the vacuum gauge. 
The ability of the soil to withdraw water from the 
tensiometer increases continuously as a soil 
dries. Irrigation reverses this action. Vacuum in 
the tensiometer draws water from the soil into the 
instrument. 

Electrical resistance block systems use small 
gypsum blocks and a portable resistance meter to 
measure soil moisture content. When the blocks 
are placed in contact with the soil, the moisture 
content of the gypsum block tends to equal the 
moisture content of the soil. Measurement of 
electrical resistance by a meter is a good 
indication of the soil moisture content. The drier 
the soil, the greater the electrical resistance. 

Either tensiometers or resistance blocks 
should be installed in pairs with the location of 
the ceramic tips or blocks dependent on the crop 
root zone. For gravity irrigation, one pair of these 
moisture sensors should be located near the upper 
end of the field and another pair should be near the 

Table 3: Recommended depths for tensiometers 
and electrical resistance blocks. 

Crop Shallow sensor Deep sensor 
Alfalfa 
Corn 
Sorghum 18" (45.7 cm) 36" (91.4 cm) 
Sugar beets 
Tomatoes 
Field beans 
Potatoes 12" (30.5 cm) 24" (60.9 cm) 
Small grain 
Pasture 12" (30.5 cm) 18" (45.7 cm) 

lower end. There also should be measurement 
locations for each area of the field that differs in 
soil texture and slope from other moisture sensor 
locations. Sensors should be placed at the depths 
shown in Table 3. 

Tensiometer tips and resistance blocks 
should be soaked in water and then dipped in a 
mud slurry before installation. A soil tube or 
probe can be used to make a hole slightly deeper 
than the tensiometer or resistance block is to be 
installed. A handful of pulverized soil should be 
placed in the hole and followed with about one-
third cup (80 milliliters) of water. The tensiometer 
or block is removed from the slurry and pressed 
down to the desired level in the hole. The hole is 
then filled with soil, making a slight mound so 
that surface water will not enter. 

Use of Moisture Sensors 
Readings should be taken frequently enough 

so that the change from one reading to the next is 
not greater than 0.1 atmospheres. Irrigations are 
timed by the reading on the shallow tensiometers 
or blocks and are started at some predetermined 
reading. (See Table 4.) 

Full benefit from use of moisture sensors is 
obtained only by recording and, preferably, by 
plotting readings on a chart. This information 
enables the irrigator to see mistakes in previous 
irrigations and to predict future irrigation needs 
from trends. 

Early in the growing season irrigation should 
be stopped when reading for the shallow sensor 
indicates the soil is at field capacity. Later in the 
season, if the deep sensor readings indicate that 
the roots have extracted considerable moisture 
and irrigation is needed, fields may be irrigated 
until the deep sensor meter readings approach 
field capacity. 

n 

Table 4: Interpretation of readings of tensiometers and electrical resistance blocks. 
Soil moisture Soil Moisture 
tension (atm.)* texture** status 
0-0.05  coarse nearly May occur for a day or two following irrigation in 
0-0.10  moderate saturated moderate and fine textured soils. Danger of poor soil 
0-0.20  fine aeration if reading persists. 

0.10 coarse field capacity Discontinue irrigations when upper block or tensiometer 
0.20 moderate reaches this range to prevent deep percolation except 
0.30-0.40 fine when moisture measurements have indicated that the 

.previous irrigation has failed to refill the root zone. 

0.30-0.50 coarse irrigation Usual range for starting irrigations. Starting irrigations 
0.40-0.80 moderate range in this range assures soil aeration and insures maintain- 
0.50-1.50 fine ing readily available soil moisture at all times. 

*For tensiometers, atmospheres of tension are multiplied by 100 to obtain corresponding tensiometer readings. 
For resistance blocks, atmospheres of tension are converted to meter readings by referring to a calibration chart 
for the models of blocks and meter being used. Resistance blocks are less accurate than tensiometers for 
tensions of less than 0.5 atmospheres. Tensiometers should not be used where tensions of more than 0.7 
atmospheres are expected. Ranges are due to variations in soils and in crop response. 

"Resistance blocks should not be used for sandy soils. Tensiometers are not desirable for fine-textured soils 
unless the crops require maintenance of low moisture tensions. 
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Irrigation scheduling: 
the water-balance approach 
Israel Broner' 

Quick Facts 
Irrigation scheduling by the water-balance 

approach is analogous to running a 
checkbook balance. 

Advertised evapotranspiration rates can 
be used to run water balance and sche-
dule irrigation. 

Ready-to-use computer programs facilitate 
the use of the water-balance approach 
in irrigation scheduling. 

Soil water-content measurements are 
needed as a safety check on the pre-
dicted water content and irrigation 
timing. 

Irrigation scheduling by the water-balance 
approach is based on estimation of soil water con-
tent. The water-balance approach is analogous to 
bank deposit scheduling by use of a budget or 
checkbook balance. Daily withdrawals are sub-
tracted from the checkbook balance and deposits 
are added as they occur. Should cash-flow sche-
duling project the balance to drop below some 
minimum, a special deposit is needed. In the field, 
daily evapotranspiration (ET) (withdrawals) 
amounts are withdrawn from storage (checking 
account) in the soil profile. Any rainfall or irriga-
tion (deposits) are added to storage. Should water 
balance computation project the soil water to 
drop below some minimum level, the need for 
irrigation (deposit) is indicated. Weather fore-
casts enable prediction of ET rates and projection 
of soil water balance that indicates a need for irri-
gation in the near future. 

Determination of Irrigation Need 
Since irrigation scheduling by the water-

balance approach is based on keeping a balance of 
soil water content, the irrigation criterion is the 

Table 1: Typical available water holding capaci-
ties based on soil texture. 

Available water in 
Textural classes inches/foot• of depth 
Cuarse sands 0.60-0.80 
Fine sands 0.80-1.00 
Loamy sands 1.10-1.20 
Sandy loams 1.25-1.40 
Fine sandy loams 1.50-2.00 
Silt loams 2.00-2.50 
Silty clay loams 1.80-2.00 
Silty clay 1.50-1.70 
Clay 1.30-1.50 
'To convert to metrics, use the following equivalents:l 
inch = 2.5 centimeters; 1 foot = 30 centimeters. 

percent of water depleted from the soil water 
available to plants. Two parameters determine 
the total soil water available to plants. The first 
parameter is the soil water holding capacity, 
which is the amount of water measured in inches/ 
feet or mm/ m held in the soil by capillary forces. 
Typical values of soil water holding capacities of 
several soil textures are shown in Table 1. The 
second parameter is the effective root zone of the 
crop, which is the depth of soil profile that the 
roots have explored. Table 2 shows suggested 
rooting depth for selected crops at effective cover, 
time to reach effective cover, growth stage at 
effective cover, and recommended allowable de-
pletion in percent of total available water holding 
capacity. 

Effective cover date is the date the crop reaches 
maximum ET and maximum rooting depth. The 
rooting depth is assumed to increase linearly as a 
function of time from a minimum root depth at 
emergence to a maximum root depth at effective 
cover. A minimum root depth of 4 inches to 6 
inches is a good assumption for annual crops. 
Maximum root depth is determined by crop and 
soil texture. For alfalfa and pasture, the minimum 
rooting depth is the same as the maximum root-
ing depth once the crop is established. The man- 

'Israel Broner, Colorado State University Coop-
erative Extension agricultural engineer and 
assistant professor, engineering (12189) 

Issued in furtherance of Cooperative Extension work, Acts of May 8 and June 30, 1914, in cooperation with the U.S. Department of Agriculture, Kenneth R. Bolen, 
director of Cooperative Extension, Colorado State University, Fort Collins, Colorado. Cooperative Extension programs are available to all without discrimination. 
To simplify technical terminology, trade names of products and equipment occasionally will be used. No endorsement of products named is intended nor is criti-
cism implied of products not mentioned. 



Table 4: Soil coefficient (KS) as a function of depletion level. 0 Depletion % 0 5 10 15 20 25 30 35 40 45 50 60 70 

KS 1.0 0.98 0.97 0.96 0.95 0.94 0.92 0.90 0.89 0.87 0.85 0.80 0.74 

0 
t 

t 

Table 5: Balance sheet example for corn. 
3 4 { 

2 Crop Soil 5 6 7 8 9 t 
1 ETr Coeff. Coeff. AET Irrig. Rain AD Depletion 

Date (in) (KC) (KS) (in) (in) (in) (in) (in) 

07/10 2.5 2.50 0 
07/11 0.32 0.92 1.00 0.29 - - 2.50 0.29 
07/12 
07/13 

0.36 
0.35 

0.92 
0.92 

0.98 
0.97 

0.32 
0.31 

- - 
- - 

2.50 
2.50 

0.61 
0.92 LI 

07/14 0.38 0.92 0.95 0.33 - - 2.50 1.25 
07/15 0.32 0.93 0.94 0.28 - - 2.50 1.53 
07/16 0.36 0.93 0.92 0.30 - - 2.50 1.83 
07/17 0.29 0.93 0.90 0.24 - - 2.50 2.07 
07/18 0.39 0.93 0.89 0.32 - - 2.50 2.39 
07/19 0.35 0.93 0.85 0.27 - - 2.50 2.66 
07/20 0.32 0.93 0.85 0.25 2.5 - 2.50 0.41 
07/21 0.38 0.93 0.97 0.34 - - 2.50 0.75 

I 



agement allowable depletion (MAD) is the percent 
of available soil water that is allowed to be depleted 
before irrigation is applied. Irrigation is needed 
when the allowed amount of water is depleted 
from the root zone. Depletion beyond allowable 
amount stresses plants and reduces crop yield. 

Estimation of Soil Water Content 
The water content in the effective root zone is 

estimated by using the water-balance equation. 

WCt  = WCt_1  + IRR + RAIN - AET - DP (1) 
where 
WCt  = Soil water content today (inches), 
WCt  1 = Soil water content yesterday (inches), 
IRR = Irrigation depth since yesterday (inches), 
RAIN= Rain since yesterday (inches), 
AET = Actual ET (inches), and 
DP = Deep percolation (inches). 

Water-balance calculations cannot begin until 
soil water content is known. Actual soil water 
content in the root zone may be established before 
or after crop emergence. Establishment of soil 
water content can be done using measurement 
methods like gravimetric soil water samples or 
the hand-feel method (Service in Action sheet 
4.700, Estimating soil moisture for irrigation). 
After the initial soil water content is established, 
the soil water content of the next days can be esti-
mated using the water-balance equation. Four 
terms in addition to the water content of the pre-
vious day constitute the water-balance equation. 
The irrigation and rain terms are the accretion 
(deposits) components in water balance and are 
measured or calculated values. Rain is measured 
by using rain gauges. Irrigation depth is calcu-
lated knowing the application rate of the irriga-
tion system and the duration of application or by 
dividing the total net amount of water applied by 
the irrigated area. If the depth of irrigation or rain 
exceeds the depth of water depleted from the root 
zone, the difference is considered as deep percola-
tion (DP), namely, water that drained below the 
root zone and is not available for plants. 

The last term, which cannot be measured eas-
ily, is the actual evapotranspiration (AET), which 
is the daily withdrawal term in the water-balance 
equation. Therefore, this value is estimated using 
weather and crop information. 

The procedure used to estimate AET is as 
follows: 

AET = ETr • KC ' KS (2) 
This equation adjusts the reference ET (ETr), 
which is the rate of water lost by a well-watered 
reference crop, usually alfalfa, by the crop coeffi-
cient (KC) and the soil dryness coefficient (KS). 
KC defines the stage of growth of the crop, and KS 
is a function of actual soil water content. The ETr 
can be estimated using different ET models that 
relate ETr to weather conditions. To estimate ETr 
using ET models, daily weather information is 
needed. This information may include tempera-
tures, solar radiation, humidity and wind run 
depending on the particular ET model used. In 
several locations, daily ET rates are computed 
and advertised by Cooperative Extension agents  

or SCS personnel as Etr values or AET values for 
specific crops. If AET values are advertised, the 
crop coefficients were already considered for the 
particular crop. 

The crop coefficient is a function of time from 
planting. Crop coefficients for several crops were 
calculated as a function of days from planting and 
are given in Table 3. The number of days from 
planting to assumed effective cover is given in 
Table 2. Number of days from planting is given in 
increments of five days. For number of days, 
which is not a multiple of five, round up the 
number of days and use the higher number for the 
crop coefficient. 

As soil dries, it becomes more difficult for 
plants to withdraw water. Tnis phenomena is de-
scribed by the soil coefficient, KS, which is a func-
tion of soil moisture depletion. 

Table 4 gives values of KS as a function of 
depletion from field capacity expressed as a per-
centage. For example, 10 percent depletion means 
that the soil profile is 90 percent full, and the soil 
coefficient is 0.97. 

This procedure to estimate soil moisture con-
tent by the water-balance approach requires 
tedious calculations if done by hand. To facilitate 
the use of the water-balance approach, several 
computer programs are available. One of the pro-
grams, SCHED, was developed by the ARS irriga-
tion group at Fort Collins and is available from 
the agricultural and chemical engineering de-
partment at Colorado State University. Many of 
the programs allow the user to choose the method 
of ET calculation to fit the user's needs. The data 
required for most of the programs are weather, 
soil and crop information. By using the computer-
ized water-balance method for irrigation schedul-
ing, the irrigation decision can be made fast with 
minimal labor. The only labor and time involved 
in scheduling irrigation using a computer pro-
gram is the time to collect the weather informa-
tion and input it into the computer. 

If a computer and weather station are not 
available, one can still use the water-balance 
approach by using advertised ET rates from the 
closest location to the field and calculate water-
balance by hand. A word of caution—irrigation 
scheduling by the water-balance approach is based 
on estimation and is not always accurate. It is 
important to monitor soil water content in the 
field and compare the calculated soil water con-
tent by water balance to the actual (measured) 
water content once a week or every other week 
when this procedure is first used. If a discrepancy 
is found, the calculated water balance should be 
corrected. Once the program is tuned to the par-
ticular field conditions and the predicted values 
agree with measured soil water values, less fre-
quent measurements of soil water content are 
needed only as a safety check on the predicted 
values. 

Example 
Corn was planted May 10 on a silty clay-loam 

soil with a water holding capacity of 2 inches/ feet 
of soil depth. The effective root zone is 2.5 feet and 
the corn has tassled (after effective cover). The 



total available water is 2 x 2.5 = 5 inches for the 
corn root zone. The MAD (Table 2) is 50 percent. 
The irrigation strategy is to fill the soil profile to 
field capacity at each irrigation. An example of a 
typical balance sheet (Table 5) starts on July 10 
with an irrigation of 2.5 inches, which brings the 
soil to field capacity. In this example, the ETr 
calculation (column 2) is not shown but is assumed 
to be available. Column 3 is the crop coefficient 
found from Table 3. Since the planting date was 
May 10, the number of days elapsed until July 11 is 
62. Since we round up, the value for the crop coef-
ficient (Table 3) for the next three days will be the 
one for 65 days from planting, which is KC = 0.92. 
On July 15 (70 days from planting) KC = 0.93. The 
soil coefficient (column 4) is found from Table 4. 
To find the percent of soil water depletion, divide 
the depletion of the previous day (column 9) by the 
total available water. For example to find KS for 
July 12, the previous day depletion was 0.29  

inches divided by the total available water 
inches), which gives 5.8 percent. The correspond-
ing KS value is 0.98. For July 11, KS = 1 since th -
soil water depletion is 0. Column 5 is the actual E 
(AET), which is the actual water consumption foiL 
this day and is found by applying Equation 2 or 
multiplying columns 2, 3 and 4. The next tw 
columns (6 and 7) are irrigation and rain that ca 
be measured and taken into account. Column 8 is 
the MAD in inches, which is the amount of water 
that is allowed to be depleted before irrigation i 
called. For this example, the allowable depletio 
is 2.5 inches since we allow 50 percent of 5 inches 
of total available water. The last column (9) is tb-
present depletion that should be compared wit 
column 8 to indicate a need for irrigation. In thi. 
example, irrigation was applied on July 20, which 
was the first day after the depletion level wa 
higher than 2.5 inches (50 percent level of allowE 
ble depletion). 

Table  2: Rooting depths, effective cover and allowable depletion for selected crops (Duke et al., 1987)* 
Days from Days from Range for 

Root depth Growth stage planting to effective allowable 
at effective at effective effective cover to depletion 

Crop cover (ft) cover cover harvest (%) 

Alfalfa 4-6 12 in. (30 cm) growth 50-60 35-40 30-50 
Beans 2-3 bloom 50-55 40-45 50-70 
Corn 2.5-4 10 days after tasseling 70-75 65-70 40-60 
Grain sorghum 3-4 heading 45 60-75 40-60 
Onions 1.5-2 max. leaf height 90-100 45 25-50 
Pasture 3-4 30 days after spring 30 -  40-60 

growth begins 
Potatoes 2-3 week after bloom 75-80 90 25-50 
Small grain 3-4 heading 75-80 55-60 50-70 
Sugarbeets 3-4 full canopy 80-85 90-95 30-60 

between rows 
'Scheduling Irrigations: A guide for improved irrigation water management through proper timing and amount o 
water application. Fort Collins, CO 1987. 
Table 3: Crop coefficients of different crops as a function of days from planting. 
Days from Dry Small Sugar 
planting Corn beans Potatoes Sorghum Soybeans grains beets Alfalfa Pasture 

5 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.25 0.25 
10 0.20 0.24 0.20 0.25 0.22 0.16 0.20 0.45 0.75 
15 0.23 0.30 0.23 0.34 0.28 0.18 0.21 0.55 0.90 
20 0.28 0.38 0.26 0.46 0.36 0.22 0.22 0.65 0.90 
25 0.34 0.49 0.31 0.59 0.45 0.28 0.24 0.74 0.90 
30 0.41 0.60 0.37 0.73 0.56 0.37 0.27 0.84 0.90 
35 0.49 0.72 0.43 0.86 0.68 0.46 0.31 0.94 0.90 
40 0.57 0.84 0.50 0.93 0.79 0.56 0.35 1.00 0.90 
45 0.66 0.92 0.58 0.93 0.90 0.67 0.40 1.00 0.90 
50 0.74 0.92 0.65 0.93 0.92 0.77 0.47 1.00 0.90 
55 0.81 0.92 0.72 0.93 0.92 0.86 0.54 1.00 0.90 
60 0.87 0.92 0.78 0.93 0.92 0.94 0.62 0.63 0.90 
65 0.92 0.92 0.84 0.93 0.92 1.00 0.71 0.75 
70 0.93 0.92 0.88 0.93 0.92 1.00 0.81 0.88 
75 0.93 0.92 0.90 0.93 0.92 1.00 0.91 1.00 
80 0.93 0.91 0.90 0.93 0.92 1.00 1.03 1.00 
85 0.93 0.85 0.90 0.93 0.92 1.00 1.00 1.00 
90 0.93 0.79 0.90 0.93 0.92 1.00 1.01 1.00 
95 0.92 0.73 0.90 0.93 0.92 0.94 1.01 1.00 

100 0.91 0.66 0.90 0.93 0.89 0.85 1.01 1.00 
105 0.89 0.59 0.90 0.93 0.86 0.74 1.00 1.00 
110 0.83 0.52 0.90 0.93 0.83 0.62 0.99 1.00 
115 0.77 0.45 0.90 0.93 0.81 0.49 0.98 
120 0.70 0.38 0.90 0.90 0.78 0.34 0.96 
125 0.67 0.31 0.90 0.88 0.77 0.19 0.94 
130 0.63 0.25 0.90 0.87 0.76 0.15 0.91 
135 0.55 0.20 0.90 0.87 0.75 0.15 0.89 
140 0.48 0.15 0.90 0.87 0.75 0.15 0.86 
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