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Executive Summary

The Colorado River is the principal source of water for irrigation and domestic use in Arizona, southern
California, and southern Nevada. Accounting for the use and distribution of water from the Colorado
River below Lee Ferry (lower Colorado River) is required by the U.S. Supreme Court Decree of 1964 in
Arizona v. California (Supreme Court Decree). In addition to its other requirements, the Supreme Court
Decree dictates that the Secretary of the Interior (Secretary) provide detailed and accurate records of
diversions, return flows, and consumptive use of water diverted from the mainstream "stated separately
as to each diverter from the mainstream, each point of diversion, and each of the States of Arizona,
California, and Nevada." These records are provided annually by the Bureau of Reclamation

(Reclamation) in a report entitled “Compilation of Records in Accordance with Article V of the Decree

of the Supreme Court of the United States in Arizona v. California Dated March 9, 1964” (decree
accounting report). The Lower Colorado River Accounting System Demonstration of Technology
reports (LCRAS reports) focus on determining values of consumptive use along the lower Colorado

River from Hoover Dam to Mexico.

In 1984, Reclamation joined with the U.S. Geological Survey (Geological Survey); Arizona, California,
and Nevada (lower Basin States); and the Bureau of Indian Affairs to develop a method for estimating
and distributing consumptive use to diverters between Hoover Dam and Mexico. This effort was in
response to a request from the lower Basin States for Reclamation to account for return flows in addition
to those measured as surface flows in calculations of consumptive use. These return flows in addition to
those measured as surface flows were referred to as unmeasured return flows, and were not addressed in

calculations of consumptive use by the water accounting method then in use.

The agencies agreed to develop the Lower Colorado River Accounting System (LCRAS), which
addresses the requirements of the Secretary and responds to the lower Basin States’ request to account
for measured and unmeasured return flows in calculations of consumptive use. The Geological Survey
completed its development of LCRAS in the late 1980s, but a final report was not published until 1996
(Owen-Joyce, Sandra J., and Raymond, Lee H., 1996). In 1990, Reclamation assumed responsibility for
the continued development of LCRAS. Reclamation has modified LCRAS and issued reports which
document Reclamation’s previous applications of LCRAS for calendar years 1995, 1996, 1997, 1998,
and 1999 (Bureau of Reclamation 1997, 1998, 1999, 2000, and 2000a).
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This report documents the application of LCRAS to calendar year 2000 and the changes made to the

LCRAS method since Bureau of Reclamation 1999 was issued.

The LCRAS Method

LCRAS is an accounting method that estimates and distributes consumptive use to diverters along the
lower Colorado River from Hoover Dam to Mexico. LCRAS uses a water balance in which all the
inflows, outflows, and water uses are estimated. The residual of the water balance (residual), which
reflects the errors of estimate of all the values used in the water balance, is distributed to all the inflows,
outflows, and water uses in the water balance in proportion to the product of their magnitude and

variance (the square of the standard error of estimate, see Lane, W. L., 1998).

Crop consumptive use and phreatophyte water use are initially estimated as evapotranspiration (ET). The
final estimate of crop consumptive use and phreatophyte water use is made by adding a proportion of the
residual to the ET. The residual can be either a positive or a negative number; therefore, the final
estimates of crop consumptive use and phreatophyte water use can be slightly larger or slightly smaller
than the ET.

ET is estimated using

1) reference ET values for short grass calculated from data provided by the California Irrigation
Management Information System (CIMIS) and Arizona Meteorological Network (AZMET)

stations sited in irrigated areas along the Colorado River from Hoover Dam to Mexico,
2) ET coefficients for each crop and phreatophyte group, and
3) the acreage of each crop and phreatophyte group along the lower Colorado River from Hoover

Dam to Mexico developed from the classification of remotely sensed data (image classification).

The amount, if any, of the phreatophyte water use within a diverter’s boundary that should be included in

a diverter’s total consumptive use is an open question, not addressed by this report.

il



Executive Summary

The initial estimate of domestic consumptive use' is made by

1) subtracting a measured return flow from a measured diversion, or

2) if a measured return flow is unavailable, by applying a consumptive use factor to a measured

diversion (usually 0.6), or

3) if a measured diversion and a measured return flow are unavailable, by applying an annual
per-capita consumptive use factor to a population (0.14 acre-feet per capita if turf irrigation is not

significant), or

4) occasionally for unique cases, using a method submitted by the diverter.

The derivation of the domestic use factors mentioned above can be found in attachment 7. The final
estimate of domestic consumptive use is made by adding a proportion of the residual to the initial
estimate. The residual can be either a positive or a negative number; therefore, the final estimate of

domestic consumptive use can be either slightly larger or smaller than the initial estimate.

Results

LCRAS calculates crop consumptive use and phreatophyte water use for each irrigator and wildlife
refuge, and domestic consumptive use for domestic diverters along the mainstream of the lower Colorado
River from Hoover Dam to Mexico. A description and qualitative assessment of the results for the major

components of LCRAS follows.

Image Classification Results

The image classification results are excellent using Landsat 5 and Landsat 7 image data to discriminate
crop groups. Reliable results are obtained using single-date image classification processes. Post-
classification accuracy assessment shows that, overall, the crop groups can be mapped with an average

accuracy of greater than 90 percent for each image classification date (four dates in calendar year 2000).

! Article L.(I) of the Decree of the Supreme Court of the United States in Arizona v. California dated March 9, 1964
defines domestic use as, ““Domestic use’ shall include the use of water for household, stock, municipal, mining,
milling, industrial, and other like purposes, but shall exclude the generation of electrical power.” While water use on
wildlife refuges is also considered a domestic use, phreatophyte water use on wildlife refuges is not included here.

il
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The initial phreatophyte coverage used in Bureau of Reclamation, 1997 was developed in 1994.
Discrimination between phreatophyte groups, while not as well defined as crop groups, was successful
with post-classification accuracy assessment of the original 1994 phreatophyte coverage resulting in an
overall accuracy of 87 percent. The phreatophyte coverage is updated each year using remote-sensing-
based change detection methodologies. Major changes identified by the remote-sensing-based change

detection methodologies, usually from fire or development, are field verified.

Image classification processes are also used to quantify open-water areas. The results for lakes Mohave
and Havasu were found to be within 3 percent of the values published in elevation/capacity/area tables in

1995. This comparison is not repeated in this report.

Water Balance Results

Water balance closure is evaluated by comparing the value of the residual to the presumed measurement
error of the mainstream inflow to each reach. If the value of the residual is about equal to or less than the
presumed measurement error of the mainstream flow entering the reach, distributing the residual is
considered optional. Reclamation has chosen to distribute the residual in all reaches for calendar year
2000.

The presumed standard errors of estimate for the measurement of mainstream flows entering each reach

are 1.4 percent for flows below Hoover Dam, 2.2 percent for the flows below Davis and Parker Dams,

and 1.5 percent for flow at Imperial Dam.

v
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Table ES-1 presents the values used in the water balance and shows the closure of the water balance for

each reach.

Table ES-1 — Water balance summary (not adjusted for residual)

(Units: annual acre-feet unless otherwise noted)

Water balance inflows, outflows, Hoover Dam Davis Damto Parker Dam to Imperial Dam Hoover Dam
and water uses to Davis Dam  Parker Dam  Imperial Dam  to Mexico | to Mexico

Flow at the upstream boundary (Q,) 10,692,000 10,716,200 7,895,700 6,527,141¢ 10,692,000

Flow at the downstream boundary
(Qqy) 10,716,200 7,895,700 6,527,141 2,119,441 2,119,441

Residual (Q,..) -178,133 265,510 226,712 102,702 -114,229

Residual as a percentage of flow at
the upstream boundary (Q,) -1.67% -2.48% 2.87% 1.57% -1.07%

Difference between flow at the
upstream and downstream
boundaries (Qg;) -24,200 2,820,500 1,368,559 4,407,700 8,572,559

Measured Tributary inflow (Trm) 0 13,327 0 6,577 19,904
Unmeasured Tributary inflow

(Trum) 6,480 36,290 33,750 3,000 79,520
Exported flow (Q,,) 0 2,724,172 0 3,858,331 6,582,503
Evaporation (E) 138,549 116,580 62,882 6,209 324,220
Domestic consumptive use (CU,) 728 35,825 4,270 30,701 71,524
Crop evapotranspiration (ET,,,) 0 78,169 756,406 350,719 1,185,294
Phreatophyte evapotranspiration

(ET,) 936 179,881 351,036 68,615 600,468
Change in reservoir storage (AS,) 20,200 1,000 1,003 0 22,203
Change in aquifer storage (AS,) 0 0 0 0 0

Consumptive Use Results

Table ES-2 compares state totals of crop and domestic consumptive use, and phreatophyte water use
calculated by LCRAS with consumptive use as reported in the decree accounting report for calendar year
2000.
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Table ES-2.— LCRAS Crop and Domestic Consumptive Use, and Phreatophyte Water Use, and
Consumptive Use from the Decree Accounting Report

(Units: annual acre-feet)

LCRAS Decree Accounting Report
Crop, Domestic,
and Export
Phreatophyte =~ Consumptive | Consumptive
Diverter Name Water Use Use Use Diverter Name
Nevada
Uses above Hoover Dam (from
decree accounting report) 299,687 299,687 Uses above Hoover Dam
Uses below Hoover Dam 20,538 19,070 22,297 Uses below Hoover Dam
Unmeasured return flow
2,128 credit
Nevada Total 20,538 318,757 319,856 Nevada Total
California
5,185,466 Sum of individual diverters
Unmeasured return flow
100,530 credit
California Total 171,993 5,230,253 5,084,936 California Total
Arizona
Sum of individual diverters
below Hoover Dam, less
Subtotal (below Hoover Dam, less Wellton-Mohawk IDD and
Wellton-Mohawk IDD) 409,470 2,284,651 2,596,387 returns from South Gila wells
Arizona uses above Hoover Dam Arizona uses above Hoover
(decree accounting report) 132 132 Dam
Wellton-Mohawk IDD (decree
accounting report) 275,747 275,747 Wellton-Mohawk IDD
Pumped from South Gila
wells (drainage pump outlet
69,525 channels [DPOCs]).
Unmeasured return flow
169,244 credit
Arizona Total 409,470 2,560,530 2,633,497 Arizona Total
Lower Colorado River Basin Total
Total Lower Basin Use 602,001 8,109,540 8,038,289 Total Lower Basin Use

vi
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Table ES-3 shows the final adjusted values of all the water balance components after the residual has

been distributed and after the flows at the major dams and the flow to Mexico have been adjusted as

described in Lane, W. L., 1998.

Table ES-3.— Final distributed and adjusted water balance values

(Units: annual acre-feet unless otherwise noted)

Water balance inflows, outflows, Hoover Dam Davis Damto Parker Dam to Imperial Dam Hoover Dam
and water uses to Davis Dam  Parker Dam  Imperial Dam  to Mexico | to Mexico

Flow at the upstream boundary (Q,,) 10,884,165 10,730,415 7,654,309 6,501,857 10,884,165
Flow at the downstream boundary
(Qu) 10,730,415 7,654,309 6,501,857 2,179,734} 2,179,734
Residual (Q,..) 0 0 0 0 0
Difference between upstream and
downstream flow (Qg) 153,750 3,076,106 1,152,452 4,322,123 8,704,431
Measured Tributary inflow (Trm) 0 13,337 0 6,574 19,911
Unmeasured Tributary inflow
(Trum) 6,489 36,643 33,193 2,993 79,318
Exported flow (Q,,) 0 2,715,324 0 3,872,049 6,587,373
Evaporation (E) 138,440 116,479 62,936 6,210 324,065
Domestic consumptive use (CU,) 728 35,823 4,270 30,704 71,525
Crop consumptive use (CU,,) 0 78,123 764,181 353,208 1,195,512
Phreatophyte water use (CU,;,) 936 179,640 352,711 68,710 601,997
Change in reservoir storage (AS,) 20,192 995 1,003 0 22,190
Change in aquifer storage (AS,) -57 -298 544 809 998

Continued Development of LCRAS

The methods used in LCRAS are expected to continually evolve as new information and techniques

become available and potential improvements are identified through reviews and experience. An

outstanding question that must be resolved is the appropriate crediting of phreatophyte water use, if any,

to diverter consumptive use.

vii
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Conclusions

Reclamation is directed to manage the limited resources of the lower Colorado River in a manner that is
equitable and consistent for all diverters. To achieve this directive, Reclamation has taken the lead in the
development of LCRAS to improve consumptive use calculations for the decree accounting report using

state-of-the-art technologies.
LCRAS is a water accounting method that

1) Uses the best technology available,

2) Provides a suite of tools which can be used, and which have been developed specifically, to
fulfill the Supreme Court Decree mandate to account for the consumptive use of Colorado River

water, and

3) Provides a consistent set of methods which can be used to determine the consumptive use of
Colorado River water for all diverters along the lower Colorado River from Hoover Dam to

Mexico.

Reclamation is currently participating in a public process to provide interested parties an opportunity to
learn more about the method and provide input to improve it. Reclamation is interested in working with
the State water agencies, Federal agencies, Tribes, and diverters to make the method as consistent,

accurate, and understandable as possible.

The accounting of water use in accordance with Article V of the Supreme Court Decree will proceed

over the next few years as follows:
1. Reclamation will use the current decree accounting report methods to develop the
official decree accounting report until LCRAS is implemented.

2. Reclamation will calculate consumptive use using the LCRAS method in parallel with
the decree accounting report for calendar years 2001 and 2002 and will continue to

compare the results of the two methods.

viii
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Chapter 1

Introduction

The Colorado River, which has its headwaters as far north as Wyoming, discharges into the Gulf of
California in Mexico (frontispiece location map). The Colorado River basin includes approximately
246,700 square miles in the United States. The Colorado River basin is divided into the upper Colorado
River basin and the lower Colorado River basin at Lee Ferry. The lower Colorado River basin includes

parts of Arizona, California, Nevada, New Mexico, and Utah.

The Colorado River is the source of water for a large distribution system that provides water for
irrigation and to densely populated areas in California, Arizona, and Nevada (the lower Basin States).
Water is exported to parts of six counties in the coastal plain of southern California, including the cities
of Los Angeles and San Diego, and to Phoenix, Arizona. However, the dominant influence on the

distribution of water along the Colorado River is the diversion for irrigation.

In 1964, the U.S. Supreme Court decreed that a water use report for the lower Colorado River basin be
created at least annually. Reclamation fulfills this decree through the publication of the report entitled
“Compilation of Records in Accordance with Article V of the Decree of the Supreme Court of the United

States in Arizona v. California Dated March 9, 1964 (decree accounting report). The most critical and

controversial portion of the decree accounting report is the calculation of consumptive use. Consumptive
use is defined in Article I.(A) of the Decree of the Supreme Court of the United States in Arizona v.
California dated March 9, 1964 (Supreme Court Decree) which states,

“‘Consumptive use’ means diversions from the stream less such return flow thereto as is
available for consumptive use in the United States or in satisfaction of the Mexican

treaty obligation.”

Since 1964 consumptive use has primarily been calculated as measured diversions from the stream less
measured return flows back to the stream. In 1969, the lower Basin States asked Reclamation to develop
a method that would consider all return flows, measured and unmeasured, for each diverter in a
consistent and equitable manner. The initial response to this request was to establish the task force on
unmeasured return flow in 1970. In 1984, after extensive discussion with the lower Basin States and
trials of other methods, the task force chose to develop and apply a water balance approach to the lower

Colorado River. The proposal to develop and study the method was accepted by all the members of the
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task force, and the method was named the Lower Colorado River Accounting System (LCRAS). A more
detailed history of events that led to the development of LCRAS can be found in Bureau of Reclamation,
1997.

This report documents the processes and data used to apply the LCRAS method to determine
consumptive use along the lower Colorado River from Hoover Dam to Mexico for calendar year 2000.

The following terms and definitions will be used in this report;

Water use - the consumption of Colorado River water by plants, for domestic purposes, water exported

from the system, evaporation, and any other activity that removes water from the system,

Consumptive use - water use considered to be part of the apportionments of Colorado River water

confirmed by the US Supreme Court to be available to Arizona, California, and Nevada.

The LCRAS Method

LCRAS is an accounting method that estimates and distributes consumptive use to diverters along the
lower Colorado River from Hoover Dam to Mexico. LCRAS uses a water balance in which all the
inflows, outflows, and water uses are estimated. The residual of the water balance (residual), which
reflects the errors of estimate of all the values used in the water balance, is distributed to all the inflows,
outflows, and water uses in the water balance in proportion to the product of their magnitude and

variance (the square of the standard error of estimate, see Lane, W. L., 1998).

Crop consumptive use within an irrigation district or Indian reservation is initially estimated as crop
evapotranspiration (ET) plus an estimate of evaporation from major distribution canals (adding this canal
evaporation estimate is new for calendar year 2000). Phreatophyte water use is initially estimated as ET.
The final estimate of crop consumptive use and phreatophyte water use is made by adding a proportion of
the residual to the ET. The residual can be either a positive or a negative number; therefore, the final
estimates of crop consumptive use and phreatophyte water use can be slightly larger or slightly smaller
than the ET.
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ET is estimated using

1) reference ET values for short grass calculated from data provided by the California Irrigation
Management Information System (CIMIS) and Arizona Meteorological Network (AZMET)

stations sited in irrigated areas along the Colorado River,

2) ET coefficients for each crop and phreatophyte group, and

3) the acreage of each crop and phreatophyte group along the lower Colorado River from Hoover

Dam to Mexico developed from the classification of remotely sensed data (image classification)

and field surveys.

Evaporation from major distribution canals within an irrigation district or Indian reservation is estimated

using,

1) reference ET values for short grass calculated from data provided by the California Irrigation
Management Information System (CIMIS) and Arizona Meteorological Network (AZMET)

stations sited in irrigated areas along the Colorado River,
2) coefficients relating evaporation to reference ET (similar to an ET coefficient), and

3) the acreage of open water in the major distribution canals that are within an irrigation district

or Indian reservation (developed by digitizing canal areas using 5-meter panchromatic satellite

imagery).
The initial estimate of domestic consumptive use is generally made by

1) subtracting a measured return flow from a measured diversion, or

2) if a measured return flow is unavailable by applying a consumptive use factor to a measured

diversion (usually 0.6), or

3) if a measured diversion and a measured return flow are unavailable by applying an annual per-

capita consumptive-use factor to a population (0.14 acre-feet per capita if turf irrigation is not

significant), or
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4) occasionally, for unique cases, domestic consumptive uses are initially estimated through a
method submitted by the diverter.

The derivation of the domestic use factors mentioned above can be found in attachment 7. The final
estimate of domestic consumptive use is made by adding a portion of the residual to the initial estimate.
The residual can be either a positive or a negative number; therefore, the final estimate of domestic

consumptive use can be either slightly larger or smaller than the initial estimate.
Comparison of LCRAS with Decree Accounting Reports

Attachment 3 presents a comparison between consumptive-use values compiled for the decree accounting
report and those calculated by LCRAS for all diverters. A description of the conceptual differences in
the way consumptive use is compiled for the decree accounting report and calculated by LCRAS can be

found in Bureau of Reclamation 1997 and Bureau of Reclamation 1998.
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LCRAS in Calendar Year 2000

Reclamation’s activities for calendar year 2000 began with scheduled ground reference data collection to
record crop groups and field conditions. Reclamation purchased satellite imagery for times concurrent to
ground reference data collection and processed it using standard image classification methods,
incorporating improvements to procedures developed as the LCRAS processes have matured.
Reclamation also finalized the delineation of district boundaries that would be used for calendar year
2000.

Reclamation acquired standardized reference ET values calculated using the Standardized Reference
Evapotranspiration Equation (standardized equation) recommended by the Task Committee on
Standardization of Reference Evapotranspiration empaneled by the American Society of Civil Engineers,
Evapotranspiration in Irrigation and Hydrology Committee. Reclamation then developed area-specific
reference ET values for the Yuma Area, and the Palo Verde and Parker Valleys by averaging the
standardized reference ET values calculated from data collected by the CIMIS and AZMET stations sited
in those areas. Reclamation compiled domestic uses, flows at major dams, diversion and delivery points,
and changes in reservoir storage at Lakes Mohave and Havasu, and Senator Wash Reservoir for calendar
year 2000.

Reclamation identified and quantified the area of open water exposed to evaporation by major
distribution canals within irrigation districts and Indian reservations. Using reference ET and
evaporation coefficients used for calculating the evaporation of open water areas of the mainstream,
Reclamation calculated the evaporation from major distribution canals within irrigation districts and
Indian reservations. Evaporation from these distribution canals represents an evaporation of water that
was diverted from the mainstream which does not return to the mainstream, and is therefore a
consumptive use. Beginning for calendar year 2000, this evaporation is added to the ET of crops to

develop the Crop ET term for the reach water budget.

Analysis of calendar year 2000 data was performed as the data became available throughout the year.
The acreage of each crop group grown, each phreatophyte group in the flood plain, and the number of
acres of open water exposed to evaporation by major distribution canals within irrigation districts and
Indian reservations, and the number of acres of open water exposed to evaporation by reservoirs and in

the mainstream channel of the river between Hoover Dam and Mexico were developed from image
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classification, field survey data, and GIS processes. Reclamation combined this information with the
final diverter boundaries and calculated the acreage of each crop and phreatophyte group within the

boundary of each irrigator, wildlife refuge, or other reservation of land along the river.

Reclamation finalized the form of the water balance that would be used for calendar year 2000, then
calculated and proportionally distributed the residual to each water balance inflow, outflow, and water
use producing final values of crop and domestic consumptive use, final values of phreatophyte water use,

and final values of water exported from the system.

The paragraphs below describe each of these activities and provide an assessment of their success and

relative importance to the overall success of LCRAS for calendar year 2000.
Remote Sensing and Geographic Information Systems

Remote sensing, field survey, and GIS processes are used to identify and map crop and phreatophyte
groups, and open water along the lower Colorado River from Hoover Dam to Mexico. All satellite data
and GIS coverages are projected into Universal Transverse Mercator (UTM), Zone 11, North American
Datum 1927.

The flood plain boundary (shown in exhibits 2 through 8) used for calendar year 2000 is the same as the
flood plain boundary developed for Bureau of Reclamation 1999. The flood plain boundary is used to
identify phreatophyte areas that should be included in the image classification process. The cropped
areas included in this analysis are located within the flood plain boundary along the mainstream of the
lower Colorado River from Hoover Dam to Mexico and upon the Palo Verde and Yuma Mesas. These
areas are used to calculate the ET for each diverter and evaporation for each reach. The domestic
diverter boundaries are not part of this GIS coverage. They, and their service areas, will be incorporated

in the future.

Remote sensing involves the process of using satellite imagery to identify and quantify the areas of crop,
fallow, and phreatophyte groups, and open water along the lower Colorado River from Hoover Dam to
Mexico. Field surveys are also used to obtain information for crop and phreatophyte cover that does not
lend itself as well to being identified through the use of remote sensing. The location and acreage

quantification of orchards, for example, are determined from field and airborne surveys.
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GIS database management tools are used to process and store large amounts of spatial and informational
data, including ground reference data and data derived from the processing of digital satellite imagery
(raster data). GIS database management tools are used to calculate, summarize, and generate reports
defining the area of each crop and phreatophyte group for each diverter and open water along the lower

Colorado River from Hoover Dam to Mexico.

Satellite Image Processing

Remote sensing analysis is performed on multispectral image data to classify and map crop and
phreatophyte groups, and verify delineated open water areas along the mainstream of the lower Colorado
River from Hoover Dam to Mexico. Crop, phreatophyte, and open-water delineation processes have
been developed for multispectral image data acquired by Thematic Mapper (TM) sensors mounted
onboard the Landsat 5 and Landsat 7 satellites, as well as 5-meter panchromatic imagery acquired by the
Indian Remote Sensing IRS 1-C or 1-D sensors. These sensors detect and record reflected and emitted
energy from the Earth's surface in seven bands within the electromagnetic spectrum. At any given
instant, it focuses on only one small area of the Earth’s surface, which corresponds to a single picture
element or pixel. A pixel is the smallest unit composing a satellite image. The pixel size or spatial
resolution of the Landsat TM data used for image analysis is resampled to 30 meters. TM image data
were acquired for analysis during calendar year 2000 on the dates shown in table 1 below. Path and row
designations in table 1 refer to image locations based on the World Reference System?. Figure 4.1 in
attachment 4, “Remote Sensing and GIS Procedures,” displays the image locations as defined by path and

row upon a backdrop of the lower Colorado River from Lake Mead to Mexico.

? Landsat 5 and 7 images are catalogued according to their location within the World Reference System (WRS). In this
system, images can be uniquely defined by specifying a path, a row, and a date. The WRS for Landsat has 233 paths
corresponding to the number of orbits required to cover the earth every 16 days. The orbits of the Landsat 5 and
Landsat 7 satellites are offset so any site on the Earth can be revisited every 8 days. Paths are numbered 001 to 233,
east to west. The rows are numbered so that row 60 coincides with the equator on an orbit's descending node.
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Table 1 — TM Image path-row designations and acquisition dates

Path 38, rows 36 and 37 February 2, 2000
Path 38, rows 36 and 37 April 26, 2000 Path 39, row 36 May 3, 2000
Path 38, rows 36 and 37 July 15, 2000 Path 39, row 36 July 6, 2000
Path 38, rows 36 and 37 November 28, 2000

Image data are selected which adequately cover the study area, are cloud-free, and which capture the

variation in crop planting practices during the year.

Ground Reference Data Collection

Correct identification and mapping of crop and phreatophyte groups using remote sensing methodologies
requires a detailed understanding of the spectral characteristics and vegetation coverage of representative
sites throughout the study area. TM image data contain digital values that represent a unique spectral
reflectance of land-cover groups on the ground. These digital values can be analyzed to generate spectral
statistics (signatures) that represent specific land cover groups on the Earth’s surface. Ground reference
data is required to correlate unique relationships between the spectral signatures derived from the image

data and crop and phreatophyte groups on the ground.

Ground reference data are collected for approximately 1,900 of the 13,800 irrigated fields in the study
area. This represents about 15 percent of the total irrigated area. From 65 to 70 percent of the ground
reference data are used in image classification, and the remaining 30 to 35 percent are used to assess the
accuracy of the crop and phreatophyte classifications. Selections of ground reference sites are based on
the distribution of crop groups in each major irrigated area along the mainstream of the lower Colorado
River from Hoover Dam to Mexico. Irrigated fields are selected randomly from a GIS database of the
irrigated fields. Additional fields are added to the random sample where necessary to ensure all major

crop groups are represented to provide a statistically valid data set for image classification procedures.

Ground reference data are collected and satellite imagery is purchased four times a year. Ground

reference data are collected at times which coincide with the acquisition of the satellite imagery. The
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variability in planting and harvesting times for each crop group is a critical factor in the selection of

optimum image dates.

Table 2 presents the crop groups sampled. Groups such as Small Vegetables, Small Grains, and

Crucifers are general group names that consist of a variety of specific crops. A complete listing of the

crop groups and the individual crops within each group can be found in table 4.4 in attachment 4 entitled,

“2000 Crop Group and Name List.” ET calculations are performed daily and these daily calculations,

daily ET coefficients, and all other data that enter into the calculation are available for review in Part 1 of

Appendix 1.

Table 2 — Crop Groups

Crop Groups

Alfalfa - Perennial
Alfalfa - Annual
Alfalfa - Seed

Cotton
Small Grain

Field Grain
Lettuce - Early

Lettuce - Late
Melons - Spring
Melons - Fall

Bermuda Grass
Bermuda Grass
with Rye Grass

Citrus - Young

Citrus - Mature

Citrus - Declining ‘ Orchards
Tomatoes
Sudan ‘ Root Vegetables
Legume and Solanum
Vegetables
Crucifers Sugar Beets
Dates
Safflower ‘ Fallow
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The phreatophytes are divided into the groups shown in table 3.

Table 3 — Phreatophyte Groups

Group Name Description
Marsh 40% cattail, bulrush, and phragmites
Barren Less than 10% vegetation
Sc_low 11% to 60% salt cedar and less than 25% arrowweed
Sc_high 61% t0100% salt cedar and less than 25% arrowweed
Sc/ms 11% to 60% salt cedar, 11% to 60% mesquite, and less than 25% arrowweed
Sc/aw Less than 75% salt cedar and 25% or more arrowweed
Sc/ms/aw 15% to 45% salt cedar, 15% to 45% mesquite, and 20% to 40% arrowweed
Ms-low 11% to 60% screwbean and honey mesquite, and less than 25% arrowweed
Ms-high 61% to 100% screwbean and honey mesquite, and less than 25% arrowweed
Ms/aw 21% to 60% mesquite, 31% to 60% arrowweed, and less than 20% salt cedar
Aw 51% to 100% arrowweed and less than 10% any trees
Cw 61% to 100% cottonwood and willow
Low veg Greater than 10% and less than 30% any phreatophyte vegetation

Delineation of Crop and Phreatophyte Groups, and Open-Water Areas

A detailed description of the image processing and GIS processes used for this report can be found in

attachment 4.

Delineation of Cropped Areas

A relational database (GIS coverage) has been developed that delineates the field borders in all irrigated
areas along the mainstream of the lower Colorado River from Hoover Dam to Mexico. All the ground
reference data collected for image classification are linked to this field-border database. These borders
were originally derived from 10-meter Systemme Pour 1’Observation de la Terre (SPOT) image data
acquired in June and August of 1992. All field borders were digitized on screen using the SPOT data as
a backdrop. Changes in field borders, noted during the acquisition of ground reference data throughout

the year, have served as a data source for updates to the field-border database since 1995.

10
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This process continued for calendar year 2000. Reclamation is now using 5-meter Indian Remote
Sensing satellite imagery on an annual basis to update field borders in areas where ground reference data
show significant changes in field border locations. Field borders will continue to be routinely updated

using these two practices.

All areas along the mainstream of the lower Colorado River from Hoover Dam to Mexico that are known
by Reclamation to divert or pump water are included in this analysis and shown in exhibits 1 through 8.
Exhibit 9 is an example of digitized field borders, exhibit 10 shows an overview of the diverter

boundaries, and exhibit 11 shows the Bill Williams River area.

Excellent results are obtained for crop groups listed in table 2 using a single-date image classification
process several times per year. Post-classification accuracy assessment shows that, overall, the crop
groups can be mapped with an average accuracy of greater than 90 percent for each image classification

date (four dates in calendar year 2000).

Delineation of Phreatophyte Areas
Phreatophyte areas are updated by delineating areas of spectral change using image-to-image
comparisons (change detection methods) of Landsat TM imagery. Areas of spectral change are field-
checked to confirm that the spectral change is actually due to land-cover change. Areas of land-cover
change are remapped and used to update the phreatophyte database. Image dates of May 1999 and May
2000 were used to perform the update for this report.

Delineation of Open Water

Open Water of the Mainstream

Vegetation and open water layers developed by the Bureau of Reclamation Environmental Group, and
outside contractors were used to generate an open water layer for calendar year 2000. Improved
backwater area delineations were incorporated into this data. TM imagery acquired for July 2000 was
overlaid with the open water data to ensure that no significant changes in open water area occurred
during the calendar year. The Image interpretation showed no significant changes in water surface in

calendar year 2000.

11
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Open Water in Major Delivery Canals

Beginning this year, the calculation of ET for irrigation districts and Indian reservations includes
evaporation from major canals within the district or reservation. Bank to bank canal area (in acres) was
identified by screen digitizing using 5 meter panchromatic data from the Indian Remote Sensing IRS 1-C
or 1-D sensor using Arc-Info GIS software. The result is an Arc/Info polygon coverage from which the

acreage of open water within each canal was calculated.

Water Balance

The water balance for calendar year 2000 uses the same equation used in Bureau of Reclamation 1999.

The water balance equation is shown below:

Qres = Qdif + Trm + Trum - Qex -E - CUd - ETpht - ETcrop - ASr - ASa

Where:
Qs = The residual
Qur = The difference between Q,, and Q, (Q,-Qq,)
Q.. = The flow entering the reach at the upstream boundary
Qus = The flow exiting the reach at the downstream boundary
T, = Measured tributary inflow to the reach
Tum = Unmeasured tributary inflow to the reach
Q. = Water exported out of the basin
E = Open-water evaporation
CU, = Domestic, municipal, and industrial use
ET,, = The total estimated phreatophyte ET
ET,, = The total estimated crop ET
AS, = The change in reservoir storage
AS, = The change in storage in the alluvial aquifer

The water balance is applied to four reaches along the lower Colorado River— Hoover Dam to Davis

Dam, Davis Dam to Parker Dam, Parker Dam to Imperial Dam, and Imperial Dam to Mexico.?

* The flow at the northerly international boundary with Mexico, the southerly international land boundary near San
Luis, and other flows that enter Mexico below Morelos Dam are included in this reach.

12
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Data are gathered from Reclamation records and reports, and reports provided to Reclamation by others.

The following sections discuss the sources of data and calculations made with the data.

Flow Data

Flow data include flows at upstream and downstream reach boundaries, exported water, measured
tributary inflows, and changes in reservoir storage. Flow data are provided by the Geological Survey,
Reclamation, the International Boundary and Water Commission (IBWC), Metropolitan Water District of
Southern California (MWD), and the Central Arizona Project (CAP).

Mainstream Flow (Q,, 0,)

The majority of mainstream flows used by LCRAS are reported by the Geological Survey®. Some
mainstream flows are provided by the diverter and some by the IBWC. A listing of the gages used by
LCRAS and the reporting agency can be found in attachment 2.

Underflow To Mexico

The downstream flow (Q,,) of the Imperial Dam to Mexico reach includes an estimate of the ground-
water flow (underflow) that crosses the international boundaries defined by the Limitrophe section of the
Colorado River between the northerly and southerly international boundaries with Mexico (SIB), and the
southerly international boundary with Mexico. The fraction of the underflow which crosses into Mexico
that results from the application of Colorado River to lands within Arizona must be added to the crop and
consumptive use of the diverters who applied the water because the underflow does not return to the
Colorado River and become available for other users in the United States or for satisfaction of the

Mexican water treaty obligation.

The fractions of the underflow that crosses the southerly international boundary which are added to
individual diverters crop and domestic consumptive use are documented in attachment 5. The fractions

of the underflow that crosses the Limitrophe section are based upon the number of acres irrigated along

* The Geological Survey provided flow information in U.S. Supreme Court Decree Stations of the Lower Colorado
River, Diversions and Return Flows Data for Calendar Year 2000.

13
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and near the Limitrophe section. The irrigators and their estimated contributions to the underflow across
the Limitrophe section can be found in the worksheet at the end of attachment 3 entitled, “Distribution of

Underflow to Mexico To Water Users Below The Northerly International Boundary With Mexico.”

The initial estimate of underflow to Mexico is 20,000 acre-feet across the Limitrophe section and 62,443
acre-feet across SIB for a total of 82,443 acre-feet. After distribution of the residual in the Imperial Dam
to Mexico reach, the final estimate of underflow to Mexico increased to 24,070 acre-feet across the
Limitrophe section and 74,984 acre-feet across SIB, for a total of 99,054 acre-feet, a change of about
20%. Of this total, all of the 24,070 acre-feet estimated to cross the Limitrophe section and about 83% of
the 74,984 acre-feet estimated to cross SIB (or 62,237 acre-feet) is added to the crop and domestic
consumptive use of irrigators in the Yuma, Arizona area who’s operations contribute to the underflow to

Mexico.

Export Flow (Q,,)

Flows into the Colorado River Aqueduct and the CAP are reported by MWD and Central Arizona Water
Conservation District, respectively, from their own measurements. The initial estimate of net export by
MWD is made by subtracting return flows from the two regulating reservoirs on the Colorado River
Aqueduct from the diversions from Lake Havasu as reported in the decree accounting report. The initial
estimate of export by the CAP is the measured diversion from Lake Havasu through the Havasu Pumping

plant.

Diversions to the Wellton-Mohawk Irrigation and Drainage District (Wellton-Mohawk) are measured in
the Wellton-Mohawk Canal by Reclamation, using open-channel acoustic velocity meters (AVMs).
Flows to the Imperial Irrigation District (IID) and the Coachella Valley Water District (Coachella) are
measured in the All-American Canal below Pilot Knob by IID. The data measured by IID are reported by

the Geological Survey. The initial estimate of export for these users is the measured values.

In calendar year 2000, 1,808 acre-feet of the water pumped by the Drainage Pump Outlet Channels
(DPOC’s) near Yuma, Arizona, was measured as discharged into the Main Outlet Drain (MOD) or Main
Outlet Drain Extension (MODE). This water was bypassed to the Santa Clara Slough and not returned to
the Colorado River. The water balance considers the water pumped by the DPOC’s and discharged to the
MODE/MOD to be exported from the Colorado River system.

14
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The initial estimates, final estimates after the distribution of the residuals from the water balance in each
reach, and percentage change between the values for exports by MWD, CAP, Wellton-Mohawk, IID, and
Coachella can be found in table 4 below. The presumed standard error of estimate for export flows is

between 1 and 2 percent.

Table 4 — Changes in export values after residual distribution

(Units: annual acre-feet unless otherwise noted)

Export Initial Estimate Final Estimate Change in Acre-Feet Change in Percent
MWD 1,300,014 1,295,792 -4,222 -0.32%
CAP 1,424,158 1,419,532 -4,626 -0.32%
Wellton-Mohawk 403,495 404,930 1,435 0.36%
IID & Coachella 3,453,028 3,465,305 12,277 0.36%

The sum of the final estimates of export flows (excluding the discharge into the MOD/MODE from the
DPOC’s) accounts for about 84 percent of the consumptive use from crop, domestic, and export water

uses along the lower Colorado River from Hoover Dam to Mexico.

Measured Tributary Inflow Data (T,,)

The flows of two tributaries to the lower Colorado River below Hoover Dam are measured—the Gila
River in southwestern Arizona and the Bill Williams River in west-central Arizona. Gila River flows are
measured near Dome and Bill Williams River flows are measured below Alamo Dam. The

measurements at both locations are taken and reported by the Geological Survey.

Not all of the flow measured below Alamo Dam reaches the Colorado River at Lake Havasu because of
depletion from irrigated agriculture, large established stands of phreatophytes, and evaporation between
Alamo Dam and Lake Havasu. The inflow to the Colorado River at Lake Havasu from the Bill Williams

River is derived by subtracting estimates of the depletion between Alamo Dam and Lake Havasu® from

* Evaporation and vegetative water uses on the Bill Williams River are calculated using the same remote sensing and
reference ET methods used on the Colorado River mainstream. Water uses on the Bill Williams River below

Alamo Dam are not considered Colorado River water uses because no water is diverted from the Colorado River to
support these uses.
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the sum of the flow below Alamo Dam and estimates of unmeasured inflow to the Bill Williams River.

The boundary of Lake Havasu is defined by the extent of the accounting surface (Wilson, Richard P. and
Owen-Joyce, Sandra J., 1994) upstream from Lake Havasu into the Bill Williams River. This represents
the maximum influence Lake Havasu can have on the Bill Williams River in a normal operating year
based upon the areal extent of the contiguous alluvium upstream into the Bill Williams River at the

normal high annual operating elevation of Lake Havasu.

The sum of the measured tributary inflow to the lower Colorado River below Hoover Dam was 19,904
acre-feet in calendar year 2000, or about two tenths of one percent of the flow below Hoover Dam. After
distribution of the residuals from the water balance in each reach, the final value of measured tributary
inflow increased to 19,911 acre-feet, a change of less than one tenth of one percent. Measured tributary

inflow values can be found in attachment 2.

Unmeasured Tributary Inflow Data (T,,,)

Unmeasured tributary inflow values are taken directly from Owen-Joyce, Sandra J., 1987, with the
exception of the unmeasured groundwater inflow from Sacramento Wash. The value for inflow from
Sacramento Wash is taken from an investigation by the Arizona Department of Water Resources. The
flow values presented by Owen-Joyce, Sandra J., 1987 are primarily a compilation of existing studies,
based upon mean annual precipitation, available at the time of publication. The sum of the initial

estimate of unmeasured tributary flows used in this report is 79,520 acre-feet.

After distribution of the residuals from the water balance in each reach, the final value of unmeasured
tributary inflow decreased to 79,318 acre-feet, a change of about one half of one percent. Initial
estimates of unmeasured tributary flow values can be found in attachment 2.

Evapotranspiration

The LCRAS method calculates ET for all crop and phreatophyte groups within the flood plain and on the

Palo Verde and Yuma Mesas as an initial estimate of crop consumptive use and phreatophyte water use.
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ET calculations require the following:

1) Reference ET
2. ET coefficients for each crop and phreatophyte group
3. Number of acres covered by each crop and phreatophyte group

4. Effective precipitation (used to develop crop ET only).

Reference ET

Reference ET values for the three CIMIS and five AZMET automated weather station sites along the
lower Colorado River from Hoover Dam to Mexico are calculated using the standardized equation
derived from the ASCE Penman Monteith equation® (standardized equation). The standardized equation
is derived by simplifying several terms within the ASCE Penman Monteith equation, and is used to
calculate evapotranspiration for standard short or tall reference crops. A more complete description of

the standardized equation can be found in Attachment 6.

Reference ET values from the standardized equation eliminates the portion of disparity in reference ET
values reported by the CIMIS and AZMET networks which results from each network’s use of slightly
different reference-ET equations. Reference ET values from the standardized equation leave only site
conditions, equipment calibration, and micro-climatic differences between station sites as sources of site
to site variations in reference ET values. A detailed account of the disparity in the reference ET values
reported by the CIMIS and AZMET networks, and Reclamation’s cooperative efforts with the CIMIS and
AZMET networks to resolve the issue which lead to the adoption of the standardized equation is

presented in attachment 6.

¢ Dr. Paul Brown of the Arizona Meteorological Network applied the standardized equation to calculated the reference
ET values used in this report. Dr. Brown is a member of the ASCE Task Committee on Standardization of Reference
Evapotranspiration.
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Reclamation develops area-specific reference ET values for the Yuma Area, and the Parker and Palo
Verde Valleys, by averaging reference ET values calculated using the standardized equation and data
collected by the CIMIS and AZMET stations sited within these areas. Reference ET values for the
Mohave Valley are calculated using the standardized equation and data provided by the Mohave AZMET

station.

The reference ET and precipitation values used to develop ET estimates for this report are shown on

figure 1.

2000 Reference ET and Precipitation Along the Lower Colorado River

100
80
60 —

Inches

40 —

20

Parker/Palo Verde Valley
Mohave Valley Yuma Area

Subareas

. Reference ET . Precipitation

Figure 1. — Reference ET and Precipitation Values by Subarea Along the Lower Colorado River.
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ET Coefficients for Crop and Phreatophyte Groups

The crop groups used in this report are the same as those used in Bureau of Reclamation 2000a for
calendar year 19997, A table showing the crop groups can be found in attachments 4 and 6. The

rationale used to develop crop groups for use by the LCRAS program can be found in Jensen, 1998.

Number of Acres Covered by Each Crop and Phreatophyte Group

Reclamation developed the acreage covered by each crop and phreatophyte group by applying the

analysis described above in “Delineation of Crop, Phreatophyte, and Open-Water Areas.”

Effective Precipitation

LCRAS calculates effective precipitation as the product of recorded precipitation and an effective
precipitation coefficient. Precipitation is recorded by precipitation gauges at CIMIS and AZMET
stations sited along the lower Colorado River as well as precipitation gages operated by the National
Weather Service (NWS). Precipitation measured at the AZMET, CIMIS and NWS stations located
within the Yuma area, Parker and Palo Verde area, and Mohave Valley were averaged to provide a single
daily precipitation value for each area. The effective precipitation coefficients used for this report are

documented in Jensen, Marvin E., 1993.
The equation used to calculate effective precipitation is:

Effective Precipitation = Daily Precipitation x Monthly Effective Precipitation Coefficient
The depth of precipitation that fell over the lower Colorado River Valley in calendar year 2000 ranged

from 0.21 inches, measured by the Palo Verde CIMIS station, to 1.31 inches measured by the Ehrenberg
2E NWS station.

" Daily ET coefficients were developed specifically for the LCRAS program (Jensen, Marvin E., 1998).
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Crop ET (ET,,,,)

The first step in calculating the water use by crops within a diverter’s boundary is to calculate an ET rate
for each crop group. Average daily reference ET values (inches) are multiplied by daily ET coefficients

unique to each crop group (dimensionless), to develop the daily ET rate for each crop group. The impact
of rainfall on crop water use is considered by subtracting effective precipitation (inches) from the ET rate

for each crop group to yield a net ET rate (inches).

In parallel with the calculations of ET rate, the number of acres covered by each crop group within the
diverter boundary must be calculated. The number of acres covered by each crop group is calculated
using remotely sensed data and field surveys as described above in “Delineation of Crop, Phreatophyte,

and Open-Water Areas.”

Monthly ET for each diverter (in acre-feet) is calculated by summing the daily net ET rate for each
month (inches) and multiplying by the area (acres) covered by each crop group within each diverter
boundary and dividing by 12 (inches/foot). There are 22 crop groups, some with numerous subgroups,
for which this calculation is performed. These crop groups are listed in table 2 in the "Ground-Reference
Data Collection" section in chapter 2 of this report. Monthly ET for each diverter is summed for the year

to yield the annual ET for each diverter.

An example of an ET calculation using cotton is shown below:

ET . uon = (Y ,[(ETy % K couon) - Effective PPT]) AC _yyon = 12
Where:
ET ..uon = The monthly or annual ET by cotton for the diverter in question (acre-feet)
Yo = Summation for n time (monthly)
ET, = Daily Reference ET (inches)
K cotton = Daily ET coefficient specific to cotton (dimensionless)
AC _ion = Acreage of cotton for the diverter in question (acres)
Effective PPT = Effective precipitation (inches)

The summation of crop ET for all diverters within a reach becomes the outflow, ET,,,,, in the water

balance.
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New for calendar year 2000, the evaporation from major delivery canals within irrigation districts and
Indian reservations or between the point of diversion and the point of delivery to irrigation districts and
Indian reservations is added to the ET,,, shown above. These canal evaporation calculations are
discussed in the subsection entitled, “Evaporation from Major Delivery Canals within Irrigation Districts

and Indian Reservations ” below under the section entitled, “Evaporation (E) .

The sum of the ET,,,, compiled for calendar year 2000 from Hoover Dam to Mexico is 1,185,294 acre-
feet. After distribution of the residuals from the water balance in each reach, the final calculation of crop
consumptive use increased to 1,195,512 acre-feet, a change of about one percent. Crop consumptive use
accounts for about 14 percent of the consumptive use from crop, domestic, and export water uses along

the lower Colorado River from Hoover Dam to Mexico.

The water use by crops, and other purposes, in the Imperial Irrigation District (IID), the Coachella Valley
Water District (CVWD), and the Wellton-Mohawk Irrigation and Drainage District (WMIDD) is not
included here. Water use in IID and CVWD is included in the export at station 1117 on the All-
American Canal, and water use in WMIDD is included in the export to WMIDD at station 792.87 on the

Gila Gravity Main Canal. See the section above entitled “Export Flow (Q,,)” for more details.
Phreatophyte ET (ET,,)

Phreatophyte water use is calculated the same way as described above in the section entitled "Crop ET

(ET,p)," except that the ET rates for phreatophytes are not corrected for effective precipitation.

Using the same process applied to crop ET, the summation of ET for all phreatophyte groups within a
diverter’s boundaries yields the total phreatophyte ET for a diverter. The phreatophyte ET for all

diverters within a reach is summed to give the phreatophyte outflow ET,,, for the water balance.

Remote sensing processes, including analysis of aerial photography, were used to develop the original
acreage values for each phreatophyte group used to calculate ET;, in the 1995 LCRAS report. There are
14 phreatophyte groups. These groups are listed in table 3 in the section "Ground Reference Data
Collection" in chapter 2 of this report.

Beginning for calendar year 1996 and continuing for calendar year 2000, phreatophyte acreage values
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have been updated using remote-sensing-based change detection methodologies. When major changes

are identified, usually from fire or development, they are field verified.

The sum of the ET , calculated for calendar year 2000 from Hoover Dam to Mexico is 600,468 acre-feet.
After distribution of the residuals from the water balance in each reach, the final calculation of
phreatophyte water use increased to 601,997 acre-feet, a change of less than one percent. Phreatophyte
water use accounts for about 7 percent of the combined use and loss from crops, domestic uses, exports,

evaporation, and phreatophytes along the lower Colorado River from Hoover Dam to Mexico.

Evaporation (E)

Evaporation from the Mainstream

LCRAS calculates evaporation from the open water of Lakes Mohave and Havasu, Senator Wash, and
the open water of the Colorado River and adjacent backwaters (such as Topock Marsh and Mittry Lake)
from Hoover Dam to Mexico. These estimates of water consumed by evaporation from the mainstream
are not considered part of the lower Basin States apportionments of Colorado River water.
Monthly open-water evaporation rates are calculated as follows,

1. take the product of a monthly summation of average daily reference ET (inches) and,

2. a monthly evaporation coefficient (dimensionless),

3. from the product in 2, subtract precipitation recorded at precipitation gages nearest the area of

open water for each month of the year (inches),

4. divide the result in 3, by 12 inches per foot to yield units of feet.

The monthly evaporation rate is multiplied by the open-water area in acres to yield the monthly open-

water evaporation in acre-feet.

Open-water area is developed by analyzing images acquired July 15, 2000, for the Hoover Dam to Davis
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Dam reach and images acquired July 6, 2000, for the Davis Dam to Parker Dam, Parker Dam to Imperial

Dam, and Imperial Dam to Mexico reaches. More details are available in the section on remote sensing.

The initial estimate of evaporation from Hoover Dam to Mexico for calendar year 2000 is 324,220 acre-
feet. After distribution of the residuals from the water balance in each reach, the final calculation of
evaporation decreased to 324,065 acre-feet, a change of less than one tenth of one percent. Evaporation
accounts for less than 4 percent of the combined water use and loss from crops, domestic uses, exports,

phreatophytes, and evaporation along lower Colorado River from Hoover Dam to Mexico.

Evaporation from Major Delivery Canals within Irrigation Districts and Indian Reservations

Evaporation from major delivery canals within irrigation districts and Indian reservations, or between
irrigation districts and Indian reservations and their point(s) of diversion from the mainstream is added to
the crop evapotranspiration as a portion of the incidental losses associated with the delivery of water.
This evaporation is calculated using the same basic technique discussed above for evaporation from the
mainstream except that the open-water area used in this calculation is the open-water area in the canal
assigned to each irrigation district or Indian reservation. The open-water area in major delivery canals
was digitized using a S-meter panchromatic image acquired on October 20, 1999 by the Indian Remote

Sensing IRS 1-C or 1-D sensors.

Major delivery canals were categorized into two groups, those which provide water to a single irrigation
district or Indian reservation (single user canals), and those which provide water to two or more irrigation
districts or Indian reservations (shared canals). An example of a single user canal is the Colorado River

Indian Reservation Main Canal and an example of a shared canal is the All American Canal.

Evaporation from a single user canal is added to the crop ET of the irrigation district or Indian
reservation which receives water from the canal. Evaporation from a shared canal is proportioned among
the irrigation districts or Indian reservations which receive water from the canal in proportion to the
quantity of water delivered and the linear distance of canal through which water flows to reach each
district or reservation. The amount of canal evaporation assigned to an irrigation district or Indian
reservation which receives water from a shared canal is added to the crop ET calculated for that irrigation

district or Indian reservation.
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The proportion of the evaporation from a shared canal assigned to each irrigation district or Indian
reservation which receives water from the canal begins by calculating the proportionate use of the canal

as follows,

1. calculate a single diversion point distance from the canal head works for each irrigation
district or Indian reservation by calculating the average distance of each point of diversion
from the canal head works and weighing these distances by the diversion through each point

of diversion (these values have units of miles),

2. multiply the value in 1, above, by the total diversion of each irrigation district or Indian

reservation (these values have units of acre-foot miles),

3. divide the acre-foot mile values for each irrigation district and Indian reservation by the sum
of acre-foot mile values for all irrigation districts and Indian reservations which receive
water from the canal (these values are the proportionate use of the canal which can be

expressed as fractions or percentages).

The proportionate use of the canal, from the calculations described above, is used to proportion the open-
water area of the shared canal among the irrigation districts and Indian reservations which received water
from the canal. The open-water area assigned to each irrigation district or Indian reservation is

calculated as the proportionate use of the shared canal times the total open-water area of the canal.

Once the proportionate share of the open-water area of the shared canal has been assigned to each
irrigation district or Indian reservation, the evaporation assigned to each irrigation district or Indian
reservation is calculated on Sheet H of the water balance tables (see appendix I), using the technique
discussed above for evaporation from the mainstream substituting the open-water area assigned to each

irrigation district and Indian reservation.

Evaporation added to crop ET from major delivery canals within and between points of diversion and
irrigation districts and Indian reservations totals about 11,150 acre-feet, less than two tenths of
one percent of the combined water use from crops and exports along the lower Colorado River from

Hoover Dam to Mexico.
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Domestic Consumptive Use (CU,)

This section describes how domestic consumptive use along the mainstream of the lower Colorado River
from Hoover Dam to Mexico is developed. The uses described here include municipal use, industrial
use, and household use. The diversions by MWD and CAP and vegetative water use on wildlife refuges

are not included here.

The CAP and MWD diversions from Lake Havasu are considered to be an export from the system. See
the above heading, “Export Flow (Q,,),” for more details. Vegetative water use on wildlife refuges is

developed in the same way as crop consumptive use and phreatophyte water use by irrigators.

Domestic consumptive use is initially estimated by

1) subtracting a measured return flow from a measured diversion, or

2) if a measured return flow is unavailable by applying a consumptive use factor to a measured

diversion (usually 0.6), or

3) if a measured diversion and a measured return flow are unavailable by applying an annual per-
capita consumptive use factor to a population (0.14 acre-feet per capita if turf irrigation is not

significant), or

4) occasionally, for unique cases, using a method submitted by the diverter.

The derivation of the domestic consumptive use factors discussed above can be found in attachment 7.

The initial estimate of domestic consumptive use from Hoover Dam to Mexico for calendar year 2000 is
71,524 acre-feet. After distribution of the residuals from the water balance in each reach, the final
estimate of domestic consumptive use increased by one acre-foot to 71,525 acre-feet. Domestic
consumptive use accounts for less than one percent of the consumptive use (crop, domestic, and export)

along the lower Colorado River from Hoover Dam to Mexico.
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Domestic uses of water diverted through the Colorado River Aqueduct, the Central Arizona Project
Canal, and to the Imperial and Coachella Valleys through the All American Canal are not included here.
Water diverted through the structures or to the areas mentioned above are considered to be exported from

the system. See the section above entitled “Export Flow (Q,,)” for more details.

Change in Reservoir Storage (AS))

The change in reservoir storage in each reach must be considered in the water balance because an
increase in reservoir storage reduces the flow at the downstream end of a reach (acts like an outflow),
and a decrease in reservoir storage increases the flow at the downstream end of a reach (acts like an

inflow). If there is no reservoir in a reach, the change in reservoir storage value is zero.

Reservoir storage values are reported monthly by Reclamation in Reservoir Elevations and Contents
tables provided by the Lower Colorado Dams Facilities Office. The change in reservoir storage values
used in this report are the difference between storage calculated on the first day of each month. The
initial estimate of change in storage from Hoover Dam to Mexico in calendar year 2000 was 22,203 acre-
feet. After distribution of the residuals from the water balance in each reach, the change in storage from

Hoover Dam to Mexico decreased to 22,190 acre-feet, a change of less than one tenth of one percent.

Change in Aquifer Storage (AS,)

A initial value of zero is used for all reaches of the river. Currently, no network of wells exists that
would give consistent and current water-level data throughout the study area. Non-zero values for the
standard error of estimate (5,000 acre-feet for the Hoover Dam to Davis Dam reach and 10,000 acre-feet
for the remaining reaches) are derived from judgement and provide for some of the residual from the
water balance in each reach to be distributed to change in aquifer storage. The sum of the portions of the

residual distributed to change in aquifer storage from Hoover Dam to Mexico is small (998 acre-feet).

Residual (Q,,)

The summation of all inflows and outflows in a water balance for each reach results in a residual. If
inflows to a reach exceed outflows, the residual will be positive. If outflows exceed inflows, the residual

will be negative. In an ideal system, where all inflows and outflows are known and without measurement
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or estimation error, the residual would be zero. In the real-world of the lower Colorado River, the
residual of a water balance can be expected to be small when compared to the inflow, but cannot be

expected to be zero.

The residual values for each reach, along with the inflows, outflows, and water uses of the water balance,

are displayed in table 5.

Table 5 — Water balance summary (not adjusted for residual)

(Units: annual acre-feet)

Water balance inflows, outflows, = Hoover Dam Davis Damto Parker Damto Imperial Dam Hoover Dam
and water uses to Davis Dam  Parker Dam  Imperial Dam  to Mexico to Mexico

Flow at the upstream boundary (Q,) 10,692,000 10,716,200 7,895,700 6,527,141 10,692,000

Flow at the downstream boundary 10,716,200 7,895,700 6,527,141 2,119,441 2,119,441
(st)

Residual -178,133 -265,510 226,712 102,702 -114,229
Residual as a percentage of the flow -1.67% -2.48% 2.87% 1.57% -1.07%
at the upstream boundary (Q,,)

Difference between flow at the -24,200 2,820,500 1,368,559 4,407,700 8,572,559

upstream and downstream
boundaries (Qg)

Measured Tributary inflow (Trm) 0 13,327 0 6,577 19,904
Unmeasured Tributary inflow 6,480 36,290 33,750 3,000 79,520
(Trum)

Exported flow (Q,,) 0 2,724,172 0 3,858,331 6,582,503
Evaporation (E) 138,549 116,580 62,882 6,209 324,220
Domestic consumptive use (CU,) 728 35,825 4,270 30,701 71,524
Crop evapotranspiration (ET,,,) 0 78,169 756,406 350,719 1,185,294
Phreatophyte evapotranspiration 936 179,881 351,036 68,615 600,468
(ETpn)

Change in reservoir storage (AS,) 20,200 1,000 1,003 0 22,203
Change in aquifer storage  (AS,) 0 0 0 0 0

The residuals in calendar year 2000 vary from less than 2% to almost 3% of the presumed standard error
of estimate of the flow at the upstream boundary in all reaches. The overall residual from hoover Dam to

Mexico is barely over 1%. Reclamation considers these results to be acceptable for a large river system
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such as the lower Colorado River. The standard error of estimate values used for the upstream flows for
each reach are 1.4 percent for Hoover Dam, 2.2 percent for Davis and Parker Dams, 1.5 percent for

Imperial Dam, and 1.4 percent for the flow to Mexico.

The residual of the water balance is characterized as the summation of the errors of measurement and
estimation associated with each inflow, outflow, and water use. The final value of crop and domestic
consumptive use, phreatophyte water use, and all other values is realized when the residual from each

reach is distributed to each of the water-balance terms.

Distributing the residual is considered optional if the value of the residual is smaller than the presumed
standard error of estimate of the mainstream inflow. The residual is distributed in all reaches to

demonstrate the mechanics of the distribution and the distribution’s impact on the results.

The residual is distributed based upon the variance (the square of the standard error of estimate) of each
inflow, outflow, and water use as described in Lane, W. L., 1998. The residual is proportioned by
dividing the variance of a term of the water balance by the sum of the variances for all terms of the water
balance. This proportion of the residual (in acre-feet) is then subtracted from the inflows and added to
the outflows and water uses that comprise the water balance. The resultant water balance produces a

residual of zero.

The standard error of estimate and variance values used in this report are based upon values
recommended in Lane, W. L., 1998. Minor adjustments are made to some of the recommended values
based upon judgment. The standard error of estimate and variance values used for calendar year 2000

can be found on Sheet A of the water-balance tables in appendix I.

Interaction between Reaches

An inconsistency in the final estimate of the flow at mainstream dams appears when the flow below the
same dam is used in two different reaches. For example, the flow below Davis Dam is the outflow in the
Hoover Dam to Davis Dam reach and the inflow in the Davis Dam to Parker Dam reach. When each
reach is balanced independently and the residual distributed, two different adjusted values for the flow
below the same dam result. For example, the distributed value of the flow below Davis Dam is different

in the Hoover Dam to Davis Dam reach than it is in the Davis Dam to Parker Dam reach. When the
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interaction between these reaches is considered, the result is a single adjustment to the flows below the

mainstream dams.

The method used to treat the interaction between reaches ensures that the average change in the flows
below Hoover, Davis, and Parker Dams, at Imperial Dam, and the flow to Mexico, due to the distribution
of the residual, is zero. This method can be shown to be the least squares solution (Lane W. L., 1998).

This is accomplished by using a three-step process:

1. The flow below Hoover Dam is temporarily fixed at the gaged value.

2. Temporary adjusted flows are calculated for below Davis and Parker Dams, at Imperial Dam,
and to Mexico by cumulatively adding to the gaged flows, the amount of the residual from

the water balance apportioned to Q,;* from each reach.

3. The average of the difference between the gaged flows and the temporary adjusted flows,
calculated in 2 above, is subtracted from the temporary adjusted flows to yield the final

adjusted flow below or at each dam and to Mexico.

8 Qi is the difference between the flow entering a reach at the upstream boundary and the flow exiting a reach at the
downstream boundary (Q, - Q)
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Table 6 shows the calculations described above applied to calendar year 2000 values, and the adjusted

flows below Hoover, Davis, and Parker Dams, at Imperial Dam, and to Mexico.

Table 6 — Adjustments to the flow below Hoover, Davis and Parker Dams, at Imperial Dam,
and to Mexico

(units: annual acre-feet unless otherwise noted)

Description

Hoover Dam Davis Dam Parker Dam Imperial Dam Flow to Mexico °

Gaged flow

Amount of residual from the
water balance of each reach
below each dam apportioned

to Q-

Temporary adjustments to
flows (start with zero at most
upstream dam and add
cumulatively to most
downstream flow)

Temporary adjusted flows
(gaged flow + temporary
adjustment)

Final adjusted flows
(temporary adjusted flow -
average of temporary
adjustments)

Final adjustments (final
adjusted flow - gaged flow)

Final adjustments to gaged
flows in percent

10,692,000 10,716,200

-177,950  -255,606

0 -177,950

10,692,000 10,538,250

10,884,165 10,730,415

192,165 14,215

1.80% 0.13%

7,895,700
216,108

-433,556

7,462,144

7,654,309

-241,391

-3.06%

6,527,141
85,578

-217,448

6,309,693

6,501,857

-25,284

-0.39%

2,119,441
N/A

Average

-131,870 -192,165

1,987,571

2,179,734

60,293

2.84%

By solving this boundary problem, a table of adjusted values for the whole water balance can be created

which yields a residual of zero for all reaches of the lower Colorado River below Hoover Dam.

? Includes the delivery at the southerly land boundary near San Luis, deliveries to the Limitrophe section, and

underflow to Mexico.
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The final results of the water balance are shown on table 7.

Table 7 — Final distributed and adjusted water balance values

(Units: annual acre-feet)

Chapter 2—LCRAS in Calendar Year 2000

Water balance inflows, outflows, Hoover Damto Davis Damto Parker Dam to Imperial Damg Hoover Dam

and water uses Davis Dam Parker Dam  Imperial Dam to Mexico : to Mexico

Flow at the upstream boundary (Q,,) 10,884,165 10,730,415 7,654,309 6,501,857; 10,884,165
Flow at the downstream boundary 10,730,415 7,654,309 6,501,857 2,179,734% 2,179,734
Q)

Residual (Q,..) 0 0 0 0: 0
Difference between upstream and 153,750 3,076,106 1,152,452 4,322,123% 8,704,431
downstream flow (Qg;)

Measured tributary inflow (Trm) 0 13,337 0 6,5 74 19,911
Unmeasured tributary inflow 6,489 36,643 33,193 2,993 79,318
(Trum)

Exported flow (Q.,) 0 2,715,324 0 3,872,049% 6,587,373
Evaporation (E) 138,440 116,479 62,936 6,210% 324,065
Domestic consumptive use (CU,) 728 35,823 4,270 30,704% 71,525
Crop consumptive use (CU,,) 0 78,123 764,181 353,208% 1,195,512
Phreatophyte water use (CU,;,) 936 179,640 352,711 68,710% 601,997
Change in reservoir storage (AS,) 20,192 995 1,003 O 22,190
Change in aquifer storage (AS,) -57 -298 544 809% 998

Sample Calculation

This sample calculation shows how crop consumptive use is calculated for a diverter. The Colorado

River Indian Reservation in Arizona (CRIR) will serve as the sample diverter.

The calculation for crop consumptive use has four major steps.

1. Calculate the crop ET for each diverter within the reach and sum these values to calculate crop

ET for the whole reach .
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2. Calculate the residual for the reach by performing the water balance after calculating all

inflows, outflows, and water uses within the reach.

3. Calculate crop consumptive use for the reach by distributing the residual to crop ET, and all
the other inflows, outflows, and water uses within the reach, in proportion to the product of their

variance and magnitude.

4. Calculate the crop consumptive use for each diverter by apportioning the crop consumptive
use for the reach to each diverter in the same proportion that crop ET for each diverter is to crop
ET for the reach.

Detailed explanations of each of the four steps described above, which focus on the calculation of crop
consumptive use on CRIR, are presented in the following paragraphs. The tables, sheets, and values
referred to in this sample calculation appear in appendix I, Part 1: Evapotranspiration Rate Calculations,
and appendix I, Part 2: Water Balance and Consumptive Use Calculations. Since the tables in appendix
I have identical formats, the reader can use this sample calculation as a basis for reviewing the
calculations for any diverter. Calculations using the values listed may not yield exactly the same results

as the rounded values displayed on the tables in appendix 1."

Calculate Crop ET for Each Diverter Within the Reach

Crop ET for a reach is the sum of the crop ET for all of the diverters within a reach. The crop ET of a
diverter is the sum of the ET of each crop grown and, new for calendar year 2000, an estimate of the
evaporation from major delivery canals within the diverter’s boundary or between the diverter’s
boundary and the point of diversion. ET for a single crop is calculated as the reference ET less the
effective precipitation, multiplied by the ET coefficient for the crop and the number of acres of the crop
grown. The evaporation from major delivery canals is calculated as the reference ET less the total
precipitation (all precipitation is considered effective at reducing open water evaporation), multiplied by

an evaporation coefficient times the number of acres of water surface in the major delivery canals.

19 The crop acreage data used in this sample calculation are calculated using Reclamation's remote sensing process;
they are not provided by CRIR.
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The paragraphs below provide an example of crop ET calculations for a single crop (alfalfa), and the

evaporation from major delivery canals within a single diverter boundary (CRIR).

Crop ET calculations begin with a daily reference ET, calculated as noted in the section titled
“Evapotranspiration” in Chapter 2. Daily reference ET values, ET coefficients, precipitation, effective
precipitation, and resultant ET values for each crop group used in this sample calculation can be found in

appendix I, Part 1, Parker/Palo Verde ET-rate Table.

This example of an ET calculation begins with the area-specific reference ET for the Parker/Palo Verde
Valleys for February 20, 2000. The area-specific reference ET for the Parker/Palo Verde Valleys is used
to calculate ET for CRIR. February 20™ has been chosen to provide an example with a value of effective
precipitation that is greater than zero to demonstrate the use of this parameter. The area-specific
reference ET is the average of the ET values calculated for each of the CIMIS and AZMET station sites
within the Parker and Palo Verde Valleys, shown in table 8 below.

Table 8 — Reference ET values for February 20, 2000

Reference ET (Millimeters) for February
AZMET/CIMIS Station Name 20, 2000 (Standardized Equation)

Parker AZMET station site 2.00
Palo Verde CIMIS station site 2.20
Blythe NE CIMIS station site 2.00
Ripley CIMIS station site 1.90

The area-specific reference ET calculation for February 20" is show below:

(2.00+2.20+2.00+1.90)+4+25.4 inches/millimeter
0.08 inches (rounded)

Area-Specific Reference ET
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This sample calculation proceeds using alfalfa - perennial as the sample crop group, referred to hereafter

simply as alfalfa. Note the following values for February 20":

Area-Specific reference ET
ET Coefficient for alfalfa

Precipitation

0.08 (listed on Sheet D, inches)
1.104 (listed on page 2 of 2, Sheet E, dimensionless)
0.01 (listed on Sheet B, inches)

The daily ET rate for alfalfa is calculated by multiplying the area-specific daily reference ET times the
daily ET coefficient for alfalfa, and subtracting effective precipitation. Effective precipitation is the
portion of the precipitation that contributes to the ET requirement of the crop. Effective precipitation is
calculated as the average precipitation reported by stations sited within the Parker and Palo Verde
Valleys times a coefficient which varies by the month of the year (0.4 for February, from Sheet C). The

Daily ET rate calculation for alfalfa is shown below:

The daily ET rate'' for alfalfa on February 20th is calculated as shown below:

Daily ET Rate,,, = Reference ET (0.08 inches from Sheet D) * ET coefficient for alfalfa
(1.104 from Sheet E, page 2 of 2), - effective precipitation (0.004 inches,
rounded to 0.00 on Sheet C)

= 0.084 inches (round to 0.08 as shown on Sheet E)

A daily ET rate of zero implies that the soil moisture gain from precipitation is the same as the ET
requirement of the plant being grown. A daily ET rate of less than zero (a negative value) implies that
the soil moisture gain from precipitation is greater than the ET requirement of the plant being grown,
resulting in a net gain in soil moisture from precipitation. A daily ET rate greater than zero (a positive
value) implies that the ET requirement of the plant being grown is greater than the soil moisture gain
from precipitation resulting in a net loss of soil moisture. This loss of soil moisture must be met with

irrigation.

" The ET rate displayed in the tables of appendix I, Part 1, includes the effects of precipitation. These tables do not
display a crop-specific ET rate without a correction for effective precipitation.
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The ET rate for alfalfa for the month of February is the summation of the daily ET rates for alfalfa
calculated for all the days of February.

The example continues with the calculation of ET (in acre-feet) for alfalfa for the month of February.
The ET for alfalfa in February is the product of the ET rate for alfalfa for the month of February (3.27
inches, from the Parker/Palo Verde ET-rate Table, Sheet E, page 1 of 2) and the acreage of alfalfa on
CRIR listed for February 2000 (49,283 acres, from the Parker Dam to Imperial Dam Water-Balance
Table, Sheet O, page 3 of 5 in appendix I, Part 2, rounded to the nearest acre).

The calculation of ET for alfalfa for the month of February is shown below:

ET . for February = 3.27 (inches) * 49,283 (acres) + 12 (inches/foot)

13,429 acre-feet (rounded to nearest acre-foot, Sheet O, Page 1 of 5).

The process is repeated for each crop group and the results for each crop group are summed.

Evaporation from major delivery canals is calculated much like crop ET, except that the calculations are
done on a monthly instead of daily basis and the total precipitation is considered effective in reducing
evaporation (no calculation for effective precipitation is required). The calculations for major delivery
canal evaporation at CRIR can be found in appendix I on Sheet H, page 2 of 2 of the Parker Dam to
Imperial Dam Water Balance Table under the section heading, “Open-Water Evaporation Within District
and Shared Canal Evaporation (3),” and the results of the evaporation calculations for major delivery
canals can also be found on the diverter ET sheets (Sheet O, page 1 of 5 for CRIR, AZ) in the water
balance tables on the line entitled, “On-District Open-Water Evap. (from Sheet H).”

A sample calculation of evaporation from major delivery canals within CRIR for the month of February,

2000 is presented below (all values can be found on Sheet H).
Canal Evaporation for February = [(Reference ET (inches) * Evaporation Coefficient

(dimensionless))- Precipitation (inches)] * Open Water

Surface Area In Canals (acres) + 12 Inches/Foot
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Canal Evaporation for February = [(3.32 inches *0.57) - 0.14 inches | * 279 acres
+ 12 inches/foot = 41 acre-feet (rounded to nearest acre-

foot)

The annual crop ET for CRIR is calculated by summing the monthly ET for each crop group and, new for
calendar year 2000, adding the evaporation from major delivery canals within CRIR. The Crop ET for
the reach used in the water balance is the sum of the crop ET for each crop, for each month, for each

diverter.

Calculate the Residual for the Reach

The next step in the example determines the water balance between Parker and Imperial Dams which
produces the water balance residual, a portion of which will be added to the crop ET calculated for CRIR
to derive the crop consumptive use for CRIR. The values used are presented in the Parker Dam to

Imperial Dam Water-Balance Table, Sheet A.

The water balance between Parker and Imperial Dams is performed on annual values and consists of

many parts. Each part used for calendar year 2000 is described in the following paragraphs.

Inflow and Outflow at the Reach Boundaries (Q,, & Q,)

The mainstream inflow to the Parker Dam to Imperial Dam reach (Q,,)is the flow below Parker Dam
(7,895,700 acre-feet), as shown on Sheet A, page 1 of 2, of the Parker Dam to Imperial Dam Water-
Balance Table. The unmeasured tributary inflow between Parker and Imperial Dams ( 33,750 acre-feet)
is shown on Sheet C of the Parker Dam to Imperial Dam Water-Balance Table. The unmeasured tributary
inflow value was provided by the Geological Survey (page 46 of Owen-Joyce, Sandra J., and Raymond,
Lee H., 1996). Measured tributary inflow between Parker and Imperial Dams is zero (as shown on Sheet
O).
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The flow at the downstream boundary of the Parker Dam to Imperial Dam reach is the flow at Imperial
Dam (6,527,141 acre-feet, shown on Sheet A), which is the sum of four flows as shown on Sheet H of the
Parker Dam to Imperial Dam Water-Balance Table. These flows are Station 60 on the All-American
Canal (5,268,800 acre-feet), Station 30 on the Gila Gravity Main Canal (834,627 acre-feet), the inflow to
Mittry Lake (10,444 acre-feet), and the Colorado River Sluiceway (413,270 acre-feet).

There are no exports from the system between Parker and Imperial Dams (where exports are present they

are reported on Sheet D).

Evaporation

This evaporation calculation represents the evaporation from the open water arcas of the mainstream,

including lakes. This evaporation calculation does not include evaporation from major delivery canals.

Evaporation is calculated by multiplying the area of open water by a monthly evaporation rate minus
precipitation. The Parker Dam to Imperial Dam reach is divided into five subsections for evaporation
calculations to account for differing water temperatures within the reach, a backwater area, and Senator
Wash Reservoir. The sum of the evaporation from these subareas becomes the evaporation for the Parker
Dam to Imperial Dam reach. The evaporation calculation for February for river section 1 is shown

below.

Evaporation = [[February sum of daily reference ET (3.32 inches) * February evaporation
coefficient (0.57)] - precipitation (0.14 inches)] * area of open water (4,000
acres) + 12 (inches/foot)

= 584 acre-feet
The evaporation, reference ET, evaporation coefficient, precipitation, area of open water, and total

evaporation for February (1,900 acre-feet) can be found on Sheet H (pages 1 and 2) of the Parker Dam to

Imperial Dam Water-Balance Table.
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Domestic Consumptive Use

The initial estimate of domestic consumptive use between Parker and Imperial Dams is the sum of
several users, as shown on Sheet E of the Parker Dam to Imperial Dam Water-Balance Table. The
methods described in the above section entitled “Domestic Use (CU,)” are used to develop these values.
For example, Poston, with a population of approximately 389 (2000 census) is initially estimated to use
54 acre-feet annually (389 * 0.14). Monthly values are calculated as the product of the annual per-capita
use rate divided by 12 and the population, unless a monthly distribution of water use is provided through
diversion records or other information is available. The initial estimate of consumptive use in February
for Poston is therefore 4.5 acre-feet [389 people * (0.14 = 12)].

Change in Reservoir Storage

Senator Wash is the only reservoir between Parker and Imperial Dams. Change in reservoir storage is
calculated on Sheet D of the Parker Dam to Imperial Dam Water-Balance Table as the difference in water
held in Senator Wash between the beginning and end of each month. The January beginning-of-month
storage (as measured midnight December 31, 1999) is 5,097 acre-feet and end-of-month storage
(measured midnight January 31, 2000) is 3,203 acre-feet. The difference is a loss of 1,894 acre-feet. The
annual change in reservoir storage is the difference between the January beginning-of-month storage and

the December end-of-month storage (1,003 acre-foot gain in calendar year 2000).

The Residual

The residual is calculated on Sheet A, page 1 of 2, of the Parker Dam to Imperial Dam Water-Balance
Table. This result for calendar year 2000 is 226,712 acre-feet, or about 2.87 percent of the flow below
Parker Dam. The residual calculation is shown below (see the above section entitled “Water Balance”

for definitions of terms),

Residual = Qg (1,368,559) + Qro (33,750) - S, (1,003) - CU, (4,270) - ET,y,, (756,406) -
ET,, (351,036) - E (62,882)

226,712 acre-feet
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Calculate Crop Consumptive Use for the Reach

Crop consumptive use between Parker and Imperial Dams is the sum of Crop ET (including evaporation
from major distribution canals) and a portion of the residual between Parker and Imperial Dams. Sheet A
of the Parker Dam to Imperial Dam Water-Balance Table also shows the distribution of the residual to
each inflow, outflow, and water use in proportion to the magnitude of its initial estimate times its
variance (the square of the presumed standard error of estimate). The calculation of crop consumptive

use between Parker and Imperial Dams is shown below:

Crop CUgeoen = Crop ETgeen + [ (VAR¢oper 7 TVAR) X Q]
Where:
Crop CUg,,., = Crop consumptive use between Parker and Imperial Dams
Crop ETg.... =~ = Crop ET between Parker and Imperial Dams
VARg1er0p = The variance of the crop ET between Parker and Imperial Dams
TVAR = The sum of the variances for all parts of the water balance between

Parker and Imperial Dams

Qe = The residual

The crop ET in the Parker Dam to Imperial Dam reach is 756,406 acre-feet, and the SEE is presumed to
be 5 percent, yielding a variance of 1,430,352,400 acre-feet squared. The TVAR of the reach is
41,709,996,588 acre-feet squared, and the residual is 226,712 acre-feet. All the values in the above
paragraph can be found on Sheet A of the Parker Dam to Imperial Dam Water-Balance Table.

Substituting these values into the equation results in the calculation shown below:

Crop CUpeen, = 756,406 + [(1,430,352,400 + 41,709,996,588) x (226,712)]
Crop CUg,,., = 764,181 acre-feet
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Calculate the Crop Consumptive Use for Each Diverter

Crop consumptive use for each diverter is calculated by apportioning the crop consumptive use for the
reach to all the diverters in the same proportion that the crop ET of each diverter is to the total crop ET

for the reach. Crop consumptive use for CRIR is calculated as shown below.

Crop CUcrrg = Crop ETcgpr = Crop ETgeen * Crop CUgeen)
Where:
Crop CUyr = Crop consumptive use for CRIR,
Crop ETcgrg = Crop ET for CRIR,
Crop ETy.... = Crop ET between Parker and Imperial Dams,
Crop CUg,.,, = Crop consumptive use between Parker and Imperial Dams.

The value of Crop ETr can be found on Sheet O, page 1 of 5 or on Sheet A, page 2 of 2. Values for
the other variables defined above can be found on Sheet A, page 1 of 2 of the Parker Dam to Imperial
Dam Water-Balance Table. Substituting values into the above equation yields the crop consumptive use
for CRIR:

Crop CUr = 333,708 acre-feet ~ 756,406 acre-feet * 764,181 acre-feet
Crop CUpr = 337,138 acre-feet 2
Results

The results of LCRAS for Calendar Year 2000 are presented in the tables and charts found on the
following pages and in attachment 3. Table 9 presents a summary of the water use values calculated

using LCRAS and the consumptive use values reported in the decree accounting report.

Some of the differences in reported consumptive uses between LCRAS and the decree accounting report

shown in table 9 can be attributed to,

12 Differences due to rounding can sometimes be seen between the results shown in the example and those displayed
in appendix I.
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1. diverters which are reported by LCRAS but not in the decree accounting report;

2. the consumptive use reported by the decree accounting report for each diverter does not
include the unmeasured return flow calculated for each diverter which is currently treated as a

total for the whole basin; and

3. consumptive use by some fields, as reported by LCRAS, is being charged to the State in which
they are located and not to the adjacent irrigation district because these fields are not within the

known irrigation district boundaries.
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Table 9 — LCRAS Crop and Domestic Consumptive Use, and Phreatophyte Water Use, and
Consumptive Use from the Decree Accounting Report

(Units: annual acre-feet)

LCRAS Decree Accounting Report
Crop, Domestic,
Phreatophyte and Export Consumptive
Diverter Name Water Use ~ Consumptive Use Use Diverter Name
Nevada

Uses above Hoover Dam (from 2000
decree accounting report) 299,687 299,687 Uses above Hoover Dam
Uses below Hoover Dam 20,538 19,070 22,297 Uses below Hoover Dam

2,128 Unmeasured return flow credit

Nevada Total 20,538 318,757 319,856 Nevada Total

California
5,185,466 Sum of individual diverters
100,530 Unmeasured return flow credit

California Total 171,993 5,230,253 5,084,936 California Total

Arizona

Sum of individual diverters below
Hoover Dam, less Wellton-
Subtotal (Below Hoover Dam, less Mohawk IDD and returns from
Wellton-Mohawk IDD) 409,470 2,284,651 2,596,387 South Gila wells

Arizona uses above Hoover Dam
(from the 2000 decree accounting

report) 132 132 Arizona uses above Hoover Dam
Wellton-Mohawk IDD (from 2000
decree accounting report) 275,747 275,747 Wellton-Mohawk IDD

Pumped from South Gila wells
69,525 (DPOCs): returns

169,244 Unmeasured return flow credit

Arizona Total 409,470 2,560,530 2,633,497 Arizona Total

Lower Colorado River Basin Total

Total Use 602,001 8,109,540 8,038,289 Total Use
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Figure 2 presents results for the states of California and Arizona. Results for each diverter, as well as

state and basin totals, are displayed in attachment 3.

Water Use

Calendar Year 2000

»
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N
|

Annual Acre-Feet (Millions)
- (%)
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|

Arizona Arizona California California

. LCRAS Phreatophyte Water Use
. LCRAS Crop / Domestic / Export Consumptive Use
. Decree Accounting Consumptive Use

Figure 2. — State water use totals for Arizona and California (calendar year 2000).
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Chapter 3

LCRAS Improvements

The LCRAS program operates in an environment of continuous process improvement. Each application
of LCRAS is reviewed and the lessons learned are incorporated in subsequent reports. Reclamation also
makes modifications to each application of LCRAS in response to information provided by water users

and as modified processes are made available from analysis of long-term questions and issues.

The following paragraphs describe improvements made since the 1999 LCRAS Demonstration of
Technology report was issued, and potential improvements which have been under active consideration
during the past year. Completed improvements or potential improvements identified in the previous

reports which have been assigned a low priority are not repeated here.
Diverter Boundaries

Reclamation consults with irrigation districts, Indian reservations, and other users with a defined service
area to resolve discrepancies that may exist between Reclamation’s understanding of boundaries and a
particular water user’s understanding of their boundaries. Information gained through such
consultations, and other information that may become available, is used to update diverter boundaries

used by LCRAS. Such information sharing and gathering is an ongoing effort.

There were no diverter boundary changes made for calendar year 2000.

Crop Delineation and Acreage Summaries

The following improvements were incorporated for calendar year 2000:

USBR personnel visited Cibola Wildlife Refuge areas to characterize some of the unique management
practices in the agricultural fields (ie. wet management units, etc.) that are difficult to classify with
remote sensing procedures. This data was incorporated into final summary tables.

Grass categories in the annual summary were further subdivided into bermuda, bermuda/rye, klein grass,

and timothy grass.
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Field visits were conducted in the Bill Williams reach to verify changes in agricultural practices in this
area. Agricultural fields were added to the database in this area and this data was incorporated into final

summary tables.
Open Water Acreage

Improved open water delineations developed by the Bureau of Reclamation Environmental Group and
outside contractors was used to create an open water database for calendar year 2000. This data was
checked against current (July 2000) Landsat TM data to ensure no significant changes in open water

areas occurred during calendar year 2000.
Domestic Use
The following improvements to domestic calculations were made for calendar year 2000,

1. Population estimates from the 2000 census were used to update populations for the following

municipalities,

Poston,AZ,

Cibola, AZ,

Palo Verde CA,

Big River CA,
Blythe CA and,
Yuma (County), AZ.,

mmoawy

2. The estimate of domestic use for the Chemehuevi Indian Reservation, CA was changed
from a diversion multiplied by a coefficient of 0.6 (they have long been noted as not
reporting a value of diversion) to a per capita use multiplied by an estimate of population,
using a newly available 2000 U.S. Census reported population of 345,
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The estimates of domestic use through the use of a diversion times a coefficient of 0.6 for
the following,

1. Somerton AZ,
2. Gadsden AZ,
3. San Luis AZ,

have been replaced with estimates of domestic use made through the use of 2000 U.S.
census population data. Diversion information for Somerton, Gadsden, & San Luis in Arizona
have been from data used by Reclamation for modeling purposes which has not been recently
updated. In the absence of recent measured diversion information, the use of 2000 U.S. Census
population data and a per capita use value of 0.14 acre-feet per person per day should yield an

initial estimate of domestic consumptive use that is more reflective of current conditions and,

The diverter name East Cocopah Bingo, AZ has been replaced by the diverter name Cocopah
Indian Reservation AZ and the diverter name Yuma Valley Irrigation District, AZ has been
replaced by the diverter name Yuma County WUA, AZ (Yuma County Water Users

Association).

Canal Losses

This calendar year 2000 report introduces calculations which distribute evaporation from the All-

American Canal between Imperial Dam and Pilot Knob and the Gila Gravity Main Canal to the diverters

that receive water from these canals. Water use by phreatophytes which intercept leakage from these

canals, distributed to users along these canals by the current decree accounting report methods, is not yet
included in LCRAS.

This calendar year 2000 report also introduces the addition of evaporation from the Palo Verde and

Colorado River Indian Reservation main canals to the crop evapotranspiration calculated for the Palo

Verde Irrigation District and Colorado River Indian Reservation respectively.
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Crop Evapotranspiration

This calendar year 2000 report introduces an adjusted coefficient for perennial alfalfa. The adjustment is
slightly upward through a reevaluation of the reduction factor for potential alfalfa ET (reduction factor)
from 0.85 to 0.92. Potential alfalfa ET is the rate at which alfalfa would use water under ideal irrigation
practices in uniform soil conditions in the climate found in the lower Colorado River basin. Reclamation
has observed that very few alfalfa fields are in ideal conditions, thus requiring a reduction factor to
represent actual conditions. The reevaluation of the reduction factor also takes into account the use of
the ASCE recommended standardized reference ET equation (discussed in greater detail in Attachment
6), which produces a somewhat lower reference ET than the average of the reference ET values reported
by CIMIS and AZMET, upon which the previous reduction factor was based.

The adjustment to the reduction factor was recommended by Dr. Marvin Jensen upon a comparison of
the results of the ET methods used by LCRAS with the results of studies performed in arid regions
worldwide. This change results in an increase of overall crop ET from Hoover Dam to Mexico of about
4.5%.

Phreatophyte Evapotranspiration

Reclamation has initiated an effort to improve the phreatophyte evapotranspiration estimates used by
LCRAS through a cooperative study with the Nevada District of the Geological Survey. The objective of
this study will be to measure the parameters required to estimate evapotranspiration and, from these
parameters, estimate the evapotranspiration of the most common phreatophyte communities found along
the lower Colorado River. The parameters required to estimate evapotranspiration will be measured by
four micro-meteorological stations placed above stands of phreatophytes in Topock Marsh and adjacent
to the Bill Williams River. These micro-meteorological stations will be in operation for a minimum of

two years.

The resultant phreatophyte evapotranspiration will be compared to phreatophyte evapotranspiration
calculated using the phreatophyte evapotranspiration coefficients and reference ET currently used by
LCRAS. The results of this comparison will be used to evaluate potential adjustments to the

evapotranspiration coefficients currently in use.
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Chapter 3—LCRAS Improvements

Identifiable Patterns In Residuals

The pattern, or change, in the value of the residual for each reach of the water balance over time could
assist with understanding the potential for bias in the measured flows and calculated terms used by the
water balance for each reach. For example, a bias might be inferred if the residual in a reach is

consistently positive or negative over time.

Table 10 displays the water-balance residuals for each of the reaches used by LCRAS for calendar years
1995 through 2000.

Table 10 — Residuals By Reach And By Year

(Units: annual acre-feet)

Hoover Dam to Davis Dam to Parker Dam to Imperial Dam to Hoover Dam to
Davis Dam Parker Dam Imperial Dam Mexico Mexico

Year Acre-Feet % of Q. Acre-Feet % of Q,, Acre-Feet % of Q,, Acre-Feet % of Q. iAcre-Feet % of Q,
1995 125,815 1.47% -376,267 -4.52% -180,481 -2.69% 106,064 1.89% §-324,869 -3.80%

1996  -62,469 -0.63% -198,208 -2.00% 14,051 0.19% 142,625 2.34% %-104,001 -1.04%
1997  -94,144 -0.81% -6,429 -0.06% -43,780 -0.52% 98,706  1.34% -45,647 -0.39%
1998 -114,548 -0.90% -81,568 -0.63% 175,118 1.69% 31,365 0.34% 10,367  0.08%
1999  -223,980 -2.03% -169,837 -1.53% 35,137 042%  -2,522  -0.04% -361,202  -3.27%
2000 -178,133 -1.67% -265,510 -2.48% 226,712 2.87% 102,702 1.57% ;-114,229 -1.07%
Average -91,243 -0.76% -182,970 -1.87% 37,793 0.33% 79,823  1.24% ;-156,597 -1.58%

Identifiable Patterns In Adjustments to Flows at the Reach Boundaries

The pattern, or change, in the adjustments to the flows at the reach boundaries over time may assist with
understanding the potential for bias in the gaged flows. For example, a bias might be inferred if the

adjusted flow at a reach boundary is consistently positive or negative over time.
Table 11 displays the adjustments to the gaged flows at the reach boundaries for calendar years 1996

through 2000 (the technique currently used to adjust the gaged flows at the reach boundaries was not in

use when the 1995 LCRAS Demonstration of Technology report was issued).
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Table 11 — Adjustments to Flows at the Reach Boundaries

(Units: annual acre-feet)

Below Hoover Dam  Below Davis Dam  Below Parker Dam At Imperial Dam i Flow to Mexico
Acre-Feet % Acre-Feet % Acre-Feet % Acre-Feet % gAcre-Feet %

Year
1996 142,602 1.43% 80,192 0.81% -110,991 -1.52% -97,677 -1.60%?-14,130 -0.89%

1997 82,301  0.71% -11,794 -0.10% -18,031 -0.21% -60,165 —0.81%% 7,638 0.26%
1998 65,611  0.51% -48,872 -0.38% -128,965 -1.24% 41,721  0.46% 70,501  1.47%
1999 264,618 2.40% 40,851 0.37% -123,599 -1.48% -89,845 -1.25% -92,026  -3.09%
2000 192,165 1.80% 14,215 0.13% -241,391 -3.06% -25,284 -0.39% 60,293  2.84%
Average 149,459 1.37% 14918 0.17% -124,595 -1.50% -46,250 -0.72%; 6,455 0.12%

Phreatophyte Water Use

What portion, if any, of the phreatophyte water use within the boundary of a diverter should be added to

the consumptive use calculated for the diverter?

Reclamation has undertaken a series of meetings in an effort to develop consensus on the framework for
a solution to this question. Reclamation has opened this discussion to other Interior agencies, State water
agencies, and Indian Reservations along the lower Colorado River. This issue remains unresolved and is

left open in this report.
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Chapter 4

Conclusion and Future Activities

The goal of the LCRAS program is to improve consumptive use calculations for the decree accounting
report. Reclamation has developed a public process to provide water users and State and Federal
agencies with an interest in the decree accounting report an opportunity to gain an understanding of how
LCRAS works, to examine the data and assumptions used, and to provide input to improve LCRAS and
future reports. Reclamation is working with the State water agencies, Federal agencies, Tribes, and

diverters to make the method as complete, consistent, and accurate as possible.

The accounting of water use in accordance with Article V of the Supreme Court Decree will proceed

over the next few years as follows:

1. Reclamation plans to implement LCRAS upon the resolution of the question concerning the
amount, if any, of the phreatophyte water use that should be included in the calculation of
consumptive use for diverters. The resolution of this question was initially projected to be
available in time to implement LCRAS for calendar year 2000. This question however,
remains unresolved. Reclamation will use the current decree accounting report methods to

develop the official decree accounting report until LCRAS is implemented.

2. Reclamation will continue to produce the LCRAS Demonstration of Technology reports in
parallel with the current decree accounting report for calendar year 2001 and future years
until the question above is resolved. The purpose of this exercise is to compare the results

of the two methods and to acquaint the users of the decree accounting report with LCRAS.
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Attachment 1

Colorado River History and Legal Framework

The lower Colorado River (the Colorado River below Lee Ferry, also referred to as Compact Point) is a
critical part of the Southwest's environmental and economic structure. The lower Colorado River and its
tributaries have been extensively developed and used since the early 1900s, primarily to meet irrigation
and domestic water supply needs; and since the 1930s, to generate electric power. Urban communities
that receive water from the lower Colorado River include Las Vegas, Phoenix, Los Angeles, and San

Diego.

Today, the waters of the lower Colorado River are needed more than ever to meet the increasing needs of
agriculture, cities and suburbs, Native Americans, recreationists, and other interests in the United States
and Mexico. At the same time, the United States must continue to meet existing contract obligations to

power and water customers and enhance habitat needs for fish and wildlife.

The lower Colorado River is managed and operated under numerous compacts, Federal laws, court
decisions and decrees, contracts, and regulatory guidelines and actions collectively known as the "Law of

the River," including the five components discussed below.
Colorado River Compact

The cornerstone of the "Law of the River," the Colorado River Compact (Compact) was negotiated by
the seven Colorado River Basin States and the Federal Government in 1922. It defined the relationship
between the Upper Division States—where most of the river's water source originates—and the Lower
Division States, where most of the water use was developing. At that time, the Upper Division States
were concerned that plans for Hoover Dam and other water development projects in the Lower Basin
would, under the western water law “doctrine of prior appropriation,” deprive them of their ability to use

the river's flows in the future.

The States could not agree on how the waters of the Colorado River Basin should be allocated among
them, so the Compact simply divided the Colorado River Basin into an Upper Basin and a Lower Basin
and gave each basin the right to develop and use 7.5 million acre-feet of river water annually. The Upper
and Lower Basins must share any obligation to Mexico. This approach reserved water for future Upper

Basin development and allowed planning and development in the Lower Basin to proceed.
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Lower Colorado River Accounting System

Boulder Canyon Project Act of 1928

This act accomplished the following:

4 Ratified the 1922 Colorado River Compact
4 Authorized the construction of Hoover Dam and related irrigation facilities in the Lower Basin

4 Authorized the Lower Division States to enter into an agreement which would provide that of the 7.5
million acre-feet apportioned to the Lower Basin, 2.8 million acre-feet would be apportioned to

Arizona and 0.3 million acre-feet would be apportioned to Nevada.

¢ Authorized and directed the Secretary of the Interior (Secretary) to function as the water contracting
authority for Colorado River water use in the Lower Basin and specified that no one is entitled to use

Colorado River water without a contract with the Secretary.
Mexican Water Treaty of 1944

This treaty committed 1.5 million acre-feet of the Colorado River's annual flow to Mexico, and
authorized delivery of up to 1.7 million acre-feet in any year in which surplus water is available in excess
of the amount necessary to supply uses in the United States and the guaranteed 1.5 million acre-feet

delivery to Mexico.
Arizona v. California Supreme Court Decision and Decree

In 1963, the Supreme Court rendered an opinion and issued a decision that settled a 25-year-old dispute
between Arizona and California regarding water supplies and what is considered Colorado River water.
The opinion concluded that Congress, in passing the Boulder Canyon Project Act, created its own
scheme for apportionment among Arizona, California, and Nevada of the Lower Basin’s share of
mainstream Colorado River water. Further, the opinion noted that Congress gave the Secretary adequate
authority to accomplish this apportionment of water by giving the Secretary the power to make contracts
for the delivery of water and providing that no one could use Colorado River water without a contract
with the Secretary. Moreover, the opinion confirmed that use of water from the Gila River, a Colorado

River tributary, did not constitute a use of Arizona’s Colorado River apportionment.
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Attachment 1 - Colorado River History and Legal Framework

The Supreme Court issued its decree in 1964. The decree established decreed rights for Indian
Communities, wildlife refuges, and other senior water users that either used Colorado River water prior
to the effective date of the Boulder Canyon Project Act (June 25, 1929) or had a right to do so.

The decree enjoined the Secretary from delivering water outside the framework of apportionments
defined by the law and mandated that consumptive use of water will be charged against the State in
which it is used. The decree also requires the Secretary to develop an annual report documenting all

diversion and consumptive uses of Colorado River water in all three Lower Division States.
1968 Colorado River Basin Project Act

This Act authorized construction of a number of water development projects in both the upper and lower
Basins, including the Central Arizona Project. It also made the priority of the Central Arizona Project
water supply subordinate to California’s apportionment in times of shortage and directed the Secretary to
prepare, in consultation with the Colorado River Basin States, long-range operating criteria for the

Colorado River reservoir system.

Management of the lower Colorado River is unique. The Secretary serves as the lower Colorado River
Water Master. In the Lower Division, the Secretary performs a role similar to that of a State engineer in
allocating, contracting, and administering water rights. Through the Bureau of Reclamation, the
Secretary contracts for all water used in the Lower Division States, with the exception of certain Federal

entitlements, and reports the use of water in a manner consistent with the law.



Attachment 2

Measured and Unmeasured Flows for Each Reach

Measured Flows

Reach Description Flow in acre-feet __Station Number
Hoover Dam to Davis Dam
Colorado River below Hoover Dam 10,692,000 09421500
Change in storage, Lake Mohave * 20,200 09422500
Davis Dam to Parker Dam
Colorado River below Davis Dam 10,716,200 09423000
Colorado River Aqueduct ® 1,300,014 09424150
Bill Williams River below Alamo Dam 16,960 09426000
Central Arizona Project Canal ® 1,424,158 09426650
Change in storage, Lake Hav