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APPENDIX 3A. CMIP3 AND CMIP5
DOWNSCALED CLIMATE MODEL PROJECTIONS

1. Introduction

This technical appendix outlines the salient differences between climate scenarios
used in different phases for the Sacramento San Joaquin River Basins Study
(SSJBS). The first phase of the study used climate scenarios based on climate
model simulations from the Coupled Model Intercomparison Project Phase 3
(CMIP3) (IPCC 2007). These results were presented in the Sacramento and San
Joaquin Basins Climate Impact Assessment (SSJBIA) report (Reclamation 2014).
The CMIP3 climate model data was the basis for the Intergovernmental Panel on
Climate Change (IPCC) Fourth Assessment Report (AR4) released in 2007 (IPCC
2007).

Future climate scenarios used in this phase of the SSIBS are based on climate
model simulations from the Coupled Model Intercomparison Project Phase 5
(CMIPS5) to ensure that the study reports the most current science available at the
time of its release. The CMIP5 (Taylor et al. 2012) climate model data are the
basis for the most recently released Intergovernmental Panel on Climate Change
(IPCC) Fifth Assessment Report (AR5) (IPCC 2013).

The climate models in the CMIP5 (Taylor et al. 2012; Knutti and Sedlacek, 2012;
Polade et al. 2013; Rupp et al. 2013; Seager et al. 2012; Pierce et al. 2013) were
driven using a set of newly developed emission scenarios (called Representative
Concentration Pathways; RCPs). There are four scenario pathways (RCP2.6,
RCP4.5, RCP6.0 and RCP8.5) used in the CMIP5 (van Vuuren et al. 2011). Each
Representative Concentration Pathway (RCP) defines a specific emissions
trajectory and subsequent radiative forcing (a radiative forcing is a measure of the
influence a factor has in altering the balance of incoming and outgoing energy in
the Earth-atmosphere system). The RCPs pathways differ from the scenarios used
in the IPCC 2007 report (IPCC 2001, 2007) which were developed based a range
of possible future GHG emissions using assumptions of fossil fuel use, regional
political and social conditions, technologies, population, and governance
decisions. Both the current RCPs and the older emission scenarios, labeled as
SRES (Special Report on Emission Scenarios) are shown on Figure 3A-1.
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Figure 3A-1. Comparisons of Total Radiative Forcing From Previous IPCC
Assessments

(SAR 1S92a, TAR/AR4 SRES A1B, A2 and B1) with RCP Scenarios
Source IPCC AR5 (2013)

2. Climate Change Scenarios Used in
Sacramento San Joaquin River Basins Impact
Assessment and Sacramento San Joaquin
River Basins Study

Incorporation of climate change in water planning continues to be an area of
evolving science, methods, and applications. While precise prediction of future
climate is impossible, in both SSJIA and the SSJBS studies, a total of 18 different
climate scenarios were used to characterize a wide range of future hydroclimate
uncertainties.

Five statistically representative climate scenarios (E15) were developed using a
transient “ensemble informed” approach. These five include one that represents
the “central tendency” and four to capture the range of the ensemble uncertainty
including: representing drier, less warming (WD); drier, more warming (HD);
wetter, more warming (HW); and wetter, less warming (WW) conditions than the
median projection (CEN). In addition, a simulation representing continuation of
historical climate conditions was included for reference (RF).

Transient EI5 scenarios were developed for the Central Valley Project Integrated
Resource Plan (CVP IRP) using the CMIP3 archive (Reclamation 2013). This
method is a variant of the climate change scenarios method developed for
incorporating climate change in Bay Delta Conservation Plan (BDCP) resource
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impact assessments by CH2M HILL in collaboration with Reclamation,
California Department of Water Resources (DWR), U.S. Fish and Wildlife
Service, and National Marine Fishery Services, developed approaches (DWR
2014).

The EI5 approach maps projected changes in climate derived from an ensemble of
downscaled climate model projections to a sequence of observed meteorology
using a quantile method. Projected temperature and precipitation for selected 30-
year future climatological periods are compared to a historical reference period
and the changes are computed. The changes in temperature and precipitation are
then mapped onto a historical observed meteorological pattern using a quantile
mapping method which transforms the historical records into a modified sequence
that incorporates the projections of future climate change. The result of the
quantile mapping approach is a daily time series of temperature and precipitation
that incorporates the natural variability observed in the historic record, but with
statistical shifts that reflect the changes in climate properties (both mean and
expanded variability) found in the downscaled climate projections. Since the
sequence of future climate variability (wet/dry periods) is unknown, the transient
ensemble informed method could be applied with any sequence of an
observational, paleo-reconstructed, or synthetic “stationary” climate record.

In addition to the EI5 scenarios, twelve individual downscaled GCM projections
were selected from six different GCMs and two different emission scenarios. One
reference climate scenario was developed which included historical climate. Table
3A-1 summarizes the climate scenarios used in the SSJIA and SSJBS. Climate
scenarios used in SSJIA was developed based on CMIP3, while the climate
scenarios used in the SSJBS was generated based on CMIP5.

Table 3A-1. Climate Scenarios Used in the SSJIA and SSJBS

Scenario ‘ Description Emission Scenarios
Climate Scenarios Used in SSJIA (based on CMIP3)!
RF Reference Climate This scenario was developed based on

Livneh et al. (2013) reflecting the observed
natural variability sequence for 1915-2003

WD Drier and less warming Derived from projections that include SRES
A1B, A2, and B1

HD Drier and more warming Derived from projections that include SRES
A1B, A2, and B1

HW Wetter and more warming |Derived from projections that include SRES
A1B, A2, and B1

ww Wetter and less warming  |Derived from projections that include SRES
A1B, A2, and B1

CEN Central tending climate Derived from projections that include SRES
scenario A1B, A2, and B1
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Scenario

Description

Emission Scenarios

CAT Scenarios
(Total 12 CAT

California’s CAT scenarios
were developed to be used

The A2 scenario represents the higher
emission levels, while the B1 represents

scenarios) in the 2009 update of the |lower emission levels

(Cayan etal. |California Water Plan.

2009)

Climate Scenarios Used in SSJBS (based on CMIP5)?

RF Reference Climate This scenario was developed using a newly
developed historical climate daily data
constructed based on monthly PRISM (Daly
et al., 1994) and daily Livneh et al. (2013)
reflecting the observed natural variability
sequence for 1922-2010

WD Drier and less warming Derived from projections that include
RCP4.5, RCP6.0 and RCP8.5

HD Drier and more warming Derived from projections that include
RCP4.5, RCP6.0 and RCP8.5

HW Wetter and more warming |Derived from projections that include
RCP4.5, RCP6.0 and RCP8.5

Www Wetter and less warming  |Derived from projections that include
RCP4.5, RCP6.0 and RCP8.5

CEN Central tending climate Derived from projections that include

scenario RCP4.5, RCP6.0 and RCP8.5

CCTAG DWR CCTAG scenarios The RCP8.5 scenario represents the higher

Scenarios were developed to use in  |emission levels, while the RCP4.5

(Total 12 climate studies in represents lower emission levels

CCTAG California.

scenarios)

Notes:

"EI5 for the SSJIA were developed using 112 climate projections from 16 different GCMs using the SRES emission scenarios A2, A1B, and B1,

which had been bias-corrected spatially downscaled (BCSD) by Reclamation and others (Maurer et al., 2007). Projected changes in three future
periods centered around 2025 (2011-2040), 2055 (2041-2070) and 2084 (2070-2099) were computed with respect to 1971-2000. The projected

changes were mapped to the to the observed natural variability sequence over 1915-2003 in Livneh et al. (2013).

2E|5 for the SSJBS were developed from 175 climate projections generated from 36 different GCMs using the RCP emission scenarios RCP8.5,
RCP6.0, and RCP4.5, which had been bias-corrected spatially downscaled (BCSD) by Reclamation and others (Reclamation, 2013). The climate
projections simulated under RCP2.6 were not considered in the ensemble to develop EI5. RCP2.6 assumes drastic policy intervention; greenhouse
gas emissions are reduced almost immediately, leading to a slight reduction on today’s levels by 2100 (van Vuuren et al. 2011). Projected changes in
three future periods centered around 2025 (2011-2040), 2055 (2041-2070) and 2084 (2070-2099) were computed with respect to 1981-2010. The
projected changes were mapped to the observed natural variability sequence over 1922-2010 developed based on monthly PRISM (Daly et al.,
1994) and daily Livneh et al. (2013).

Technical Appendix 3A-4



3. Summary of Projected Changes in
Temperature and Precipitation between CMIP3
and CMIP5 Archives

A set of graphs and tables were prepared to help illustrate the temperature and
precipitation changes in the climate scenarios used in the SSJIA and SSJBS. The
following sections discuss some of the results using the CEN climate change
scenario developed based on the CMIP3 and CMIP5 ensembles.

3.1 Future Climate — Ensemble Informed Scenario

Figure 3A-2 shows the annual mean temperature and precipitation changes for
California and Nevada derived from the CEN climate change scenario based
CMIP3 and CMIP5 ensembles for the period of 2070-2099. While increased
warming is consistent between CMIP3 and CMIP5 for entire region, inland valley
and mountain ridges are projected to exhibit a larger degree of warming in the
CMIPS5 projections. The CMIP5 ensemble also suggest a significant reduction in
the areas projected to be drier in the future as compared to the CMIP3 ensemble.
The CMIP5 ensemble also provides greater clarity of wetter conditions in the
Sacramento Valley, while suggesting more neutral (little change) projections for
San Joaquin and Tulare Basins. The CMIP5 ensemble continues to project future
drier conditions in the Southern California, but to a lesser degree as compared to
the CMIP3 ensemble.

Tables 3A-2 and 3A-3 summarize future changes in mean annual temperature
and precipitation in the Sacramento River, San Joaquin River, and Tulare Lake
hydrologic regions for median climate change scenario (CEN) developed based
on CMIP3 and CMIP5 archives. For both CMIP3 and CMIP5 based CEN climate
scenario, air temperatures are projected to increase for all three hydrologic
regions. The CEN suggests increase of air temperature between 1.8°C to 2°C by
2050 and between 2.5°C to 2.8°C by end of century. CEN based on CMIP5
projects slightly higher warming in the end of century.

While the median climate change scenario (CEN) developed based on the CMIP3
ensemble suggests only a slight increase in annual precipitation for Sacramento
hydrologic region, the CEN based on the CMIP5 ensemble suggests an increase
by about 2% by mid-century and about 4% by end of century (Table A-3). For
San Joaquin and Tulare Lake hydrologic regions, the median climate change
scenario (CEN) developed based on the CMIP3 ensemble suggests a slight
decrease in precipitation be end of century, but the CEN based on the CMIP5
ensemble suggests an increase by about 2.5% and 1.5%, respectively.*

! These are quite small changes compared to California’s large natural (historical) coefficients of variability.
Note that CMIP5 models and ensemble are not on the whole more experienced nor longer in development
than the CMIP3 models.
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Figure 3A-2. Comparison of Median Projected Changes in Annual Mean
Temperature (°C) and Annual Precipitation (percent) for 2070-2099 (2084) for CEN
Climate Scenario Developed Using CMIP3 and CMIP5 Ensembles

Notes:

Change compared to the 1971-2000 model simulated period for CMIP3, while for CMIP5 change compared to
the 1981-2010 model simulated period. Mixtures of SRES A2, SRES A1B, and SRES B1 were considered for
CMIP3, while for CMIP5 mixtures of RCP scenarios RCP8.5, RCP6.0, and RCP4.5 were considered for CEN

climate change scenario

Top panel shows annual temperature change (°C). Bottom panel shows annual precipitation change (percent)
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Table A-2. Annual Temperature Change (In Degrees C) in the Sacramento River,
San Joaquin River, Tulare Lake Hydrologic Regions for CEN Climate Scenario
Developed Based on CMIP3 and CMIP5 Archives for 2015-2039, 2040-2069, and
2070-2099

Sacramento San Joaquin Tulare Lake
Hydrologic Region Hydrologic Region Hydrologic Region
CEN CEN CEN
(CMIP CEN (CMIP CEN (CMIP
CEN (CMIP3) 5) (CMIP3) 5) (CMIP3) 5)
2015
2039 1.0 1.0 1.0 0.9 1.0 0.9
2040
2069 1.8 2.0 1.9 1.9 1.9 1.9
2070
2099 2.5 2.8 2.6 2.7 2.5 2.7

Notes:

Change compared to the 1971-2000 model simulated period for CMIP3, for CMIP5 change compared to the
1981-2010 model simulated period.

Table A-3. Annual Precipitation Change (percent) in the Sacramento River, San
Joaquin River, and Tulare Lake Hydrologic Regions for CEN Climate Scenario
Developed Based on CMIP3 and CMIP5 Archives for 2015-2039, 2040-2069, and
2070-2099

Sacramento San Joaquin Tulare Lake
Hydrologic Region Hydrologic Region Hydrologic Region
CEN CEN CEN CEN CEN CEN
(CMIP3) (CMIP5 (CMIP3) (CMIP5 (CMIP3) (CMIP5
) ) )
2015-
2039 1.0 0.1 0.3 -0.2 -0.7 -0.3
2040-
2069 0.4 2.1 -2.6 0.8 -5.2 -0.4
2070-
2099 0.8 3.9 -1.5 25 -4.5 1.5

Notes:

Change compared to the 1971-2000 model simulated period for CMIP3, for CMIP5 change compared to the
1981-2010 model simulated period.

3.1 Generating Transient Climate Change Scenario Based on
Ensemble Informed Scenario Method

In period-specific climate change scenarios, such as that applied in the BDCP,
climate changes derived from one future period is used to transform a sequence of
historical climate to an adjusted sequence reflective of future climate change.
However, in the transient climate change scenario approach developed for the
CVP IRP study and the SSJBS, the projected temperature and precipitation
changes are mapped to a historical climate sequence based on an evolving pattern
of change.
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The projected future temperature and precipitation changes from all members in
each sub-ensemble are compared to a historical period. The historical period of
1981-2010 was selected as the reference climate since it was the established
climate normal used by National Oceanic and Atmospheric Administration
(NOAA) at the time this work was conducted. Climate change is commonly
measured over a 30-year period. The approach uses a technique called “quantile
mapping” which maps the statistical properties of climate variables from one data
subset with the time series of events from a different subset. In this fashion, the
approach allows the use of a shorter period to define the climate state, yet
maintains the variability of the longer historic record. The method uses the
quantile map developed for each of these periods to redevelop a monthly time
series of temperature and precipitation reflecting the observed natural variability
sequence and the projected climate change (see Figure A-3).

The approach involves the following steps:

= 30-year slices of downscaled historical and future monthly
precipitation and average temperature are extracted from the projects
that make up the sub-ensemble of the scenario. The historical period
was selected as 1981-2010 (1995 centering) and the three future 30
year periods were selected as centered on 2025 (2011-2040), 2055
(2041-2070), and 2084 (2070-2099) to representing early-, mid-, and
late-21st century.

= Cumulative distribution functions (CDFs) of average temperature and
precipitation change were developed. For each calendar month of the
historical period (for e.g., 1981-2010) and future periods, cumulative
distribution functions (CDFs) of average temperature and precipitation
for each 1/8th degree grid cell were computed from the members of
each sub-ensemble of interest. The change in the CDF was computed
for each of the five sub-ensembles at each grid cell. The temperature
and precipitation change quantities are not expected to shift uniformly
across the range of conditions or months. For example, the climate shift
could be larger for mid-range of temperature values and smaller at the
extremes. While for precipitation, the projected shift could be larger at
the extremes with little change at the lower values. Because this pattern
may be different for each climate scenario, future period, spatial
location, and month, it is important to map the full range of statistical
climate shift to characterize the projected effects of climate change.

= The method applies the change for any particular year by interpolating
linearly from the two CDFs that bracket the simulation year. This
process adjusts the historic observed climate records by the climate
shifts projected to occur in the future. The projected change in monthly
average temperature was mapped to both historical monthly maximum
and minimum temperature sequences.
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= The projected change in monthly temperature and precipitation was
then mapped to the historical climate sequence for 1922-2010
constructed based on monthly PRISM (Daly et al., 1994) and daily
Livneh et al. (2013) data sources. This process adjusts the historical
observed climate records by the climate shifts projected to occur in the
future. An automated process was used to generate five scenarios for
every grid cell within California.
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Figure A-3. Schematic Methodological Diagrams for Developing Transient Future
Climate Scenarios
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3.3. Future Climate — Downscaled Climate Projections

As indicated earlier in this appendix, in addition to the EI5, the SSJIA and SSJBS
used twelve individual downscaled GCM projections derived from six GCMs and
two emission scenarios. For the SSIBS, six GCMs were chosen from the 10
GCMs selected by the DWR CCTAG. The rationale in the selection of the six
GCM projections was to obtain individual projections that had a similar mean and
range as those for the complete 10 GCMs being considered by the CCTAG.

Figures A-4 and A-5 show the projected changes in annual average temperature
and annual total precipitation computed from direct BCSD downscaled CMIP3
and CMIP5 climate model ensembles for the Sacramento region. The results are
presented using the climate model projections from CMIP3 and CMIP5 simulated
under 3 emission scenarios (SRES A1B, SRES A2, and SRES B1 for CMIP3; and
RCP8.5, RCP6.0, and RCP4.5 for CMIP5). The plot also shows results from the
CMIP3 GCMs selected by CAT (Cayan et al. 2009) and CMIP5 GCM s selected
by DWR CCTAG for two bounded emission scenarios (SRES A2 and SRES B1
for CMIP3; RCP8.5 and RCP4.5 for CMIP5).

Under all available future climate projections, air temperatures are projected to
increase in the Sacramento region. All projections are consistent in the direction
of the temperature change (increase), but vary in terms of climate sensitivity
(magnitude). Beyond the mid-century, the projections of warming are strongly
dependent on the GHG emission pathway, while the CMIP5 based results
suggests an expanded range of warming as compared to CMIP3 based results for
the emission scenarios considered here. The median of the available climate
model projections using the CMIP3 ensemble suggests about 1.9°C increase by
2050 and by about 2.7°C by end of century for the Sacramento region. Similarly,
climate model projections using the CMIP5 ensemble suggests slightly higher
warming; about 2.3°C increase by 2050 and by about 3.2°C by end of century.
The CMIP5 climate models selected by the CCTAG include results of future
warming results that span the degree of warming associated with the broader
ensemble.

Projections of future precipitation are more uncertain than those for temperature.
While the median of the future climate projections included in CMIP3 ensemble
suggests a slight increase or no change in annual precipitation for the Sacramento
region, the median of the projections in the CMIP5 ensemble suggests an increase
by about 1.6% by mid-century and about 6% by end of century (Figure A-5). The
CMIP5 climate models selected by the CCTAG include results of future
precipitation changes that span the range associated with the broader ensemble.
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Figure A-4. Projected Changes in Mean Annual Temperatures (in degrees C) for the
Sacramento Region based on CMIP3 and CMIP5 Projections

Notes:

The projected changes for CMIP3 and CMIP5 are computed using 112 (simulated under SRES emission
scenarios A2, A1B, and B1) and 175 (simulated under RCP emission scenarios RCP8.5, RCP6.0, and RCP4.5)
downscaled climate model projections used in the IPCC’s AR4 and ARDS, respectively. Changes are computed
with respect to 1971-2000 model simulated period for both CMIP3 and CMIP5. Bars represent the range
between the 10th and 90th percentiles. Circles represent the projections from the CMIP3 GCMs selected by
CAT and the CMIP5 GCMs selected by DWR CCTAG for California climate and water assessments. CMIP3
and CMIP5 climate model projections have been bias-corrected and spatially downscaled (Maurer et al. 2007;
Reclamation 2013). The downscaled CMIP3 and CMIP5 climate model projections were obtained from the
Lawrence Livermore National Laboratory (LLNL) archive at http://gdo-
dcp.uclinl.org/downscaled_cmip_projections/.

GCMs Selected by CAT: CNRM CM3.0, GFDL CM2.1, MIROC3.2 (med), MPI ECHAM5, NCAR CCSM3, NCAR
PCM1

GCMs Selected by CCTAG: ACCESS-1.0, CCSM4, CESM1-BGC, CMCC-CMS, CNRM-CM5, CanESM2,
GFDL-CM3, HadGEM2-CC, HadGEM2-ES, MIROC5

GCMs Selected for SSJBS: CCSM4, CESM1-BGC, CNRM-CM5, GFDL-CM3, HadGEM2-ES, MIROC5
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Figure A-5. Projected Changes in Mean Annual Precipitation for the Sacramento
Region based on CMIP3 and CMIP5 Projections

Notes:

The projected changes for CMIP3 and CMIP5 are computed using 112 (simulated under SRES emission
scenarios A2, A1B, and B1) and 175 (simulated under RCP emission scenarios RCP8.5, RCP6.0, and RCP4.5)
downscaled climate model projections used in the IPCC’s AR4 and AR5, respectively. Changes are computed
with respect to 1971-2000 model simulated period for both CMIP3 and CMIP5. Bars represent the range
between the 10th and 90th percentiles. Circles represent the projections from the CMIP3 GCMs selected by
CAT and the CMIP5 GCMs selected by DWR CCTAG for California climate and water assessments. CMIP3
and CMIP5 climate model projections have been bias-corrected and spatially downscaled (Maurer et al. 2007;
Reclamation 2013). The downscaled CMIP3 and CMIP5 climate model projections were obtained from the
Lawrence Livermore National Laboratory (LLNL) archive at http://gdo-
dcp.uclinl.org/downscaled_cmip_projections/.

GCMs Selected by CAT: CNRM CM3.0, GFDL CM2.1, MIROC3.2 (med), MPI ECHAM5, NCAR CCSM3, NCAR
PCM1

GCMs Selected by CCTAG: ACCESS-1.0, CCSM4, CESM1-BGC, CMCC-CMS, CNRM-CM5, CanESM2,
GFDL-CM3, HadGEM2-CC, HadGEM2-ES, MIROC5

GCMs Selected for SSJBS: CCSM4, CESM1-BGC, CNRM-CM5, GFDL-CM3, HadGEM2-ES, MIROC5

Table A-4 summarizes statistics in future changes in mean annual temperature
and precipitation from the 10 CCTAG GCMs, the six GCMs selected for the
SSJBS, and CMIP5 ensemble for the Sacramento Region. The projected changes
computed for the six GCMs selected for the SSIBS span appreciable range of the
changes projected by the 10 CCTAG GCMs.
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Table A-4. Annual Temperature Change (In Degrees C) and Annual Precipitation
Change (percent) in the Sacramento Region Based CCTAG GCMs, the GCMS
Selected for SSIBS and CMIP5 Archives for 2015-2039, 2040-2069, and 2070-2099

Annual Precipitation Change
(%) Annual Temperature Change (%)
2015- 2070- 2040-
2039 2040-2069 2099 | 2015-2039 2069 2070-2099
10 CCTAG Mean 4.1 5.0 6.9 1.5 2.6 3.8
GCMs (RCP8.5
and RCP4.5) | Min -11.1 126 -15.8 1.1 1.8 2.0
Max 24.4 263 415 1.9 35 5.6
6 CCTAG Mean 4.8 3.6 7.3 1.5 2.5 3.6
GCMs (RCP8.5
and RCP4.5) | Min -11.1 126 -15.8 1.2 1.8 2.0
Max 24.4 245 337 1.8 3.4 5.6
CMIP5
Ensemble  [Mean 1.3 1.9 6.6 1.2 2.3 3.4
(RCP8.5,
Rng-F?,Sand Min 225 232 247 0.4 0.6 0.9
) Max 26.0 299 415 2.0 3.7 5.9

Notes:

The statistics of future changes are computed from 20 climate projections for the 10 CCTAG GCMs simulated
under RCP emission scenarios RCP8.5 and RCP4.5 and from the 12 climate projections for the six GCMs
selected for SSJBS simulated under RCP emission scenarios RCP8.5 and RCP4.5. For CMIP5 ensemble,
changes are computed from 175 climate projections simulated under RCP emission scenarios RCP8.5,
RCP6.0, and RCP4.5. Changes are computed with respect to 1971-2000 model simulated historical period.

GCMs Selected by CCTAG: ACCESS-1.0, CCSM4, CESM1-BGC, CMCC-CMS, CNRM-CM5, CanESM2,
GFDL-CM3, HadGEM2-CC, HadGEM2-ES, MIROC5

GCMs Selected for SSUBS: CCSM4, CESM1-BGC, CNRM-CM5, GFDL-CM3, HadGEM2-ES, MIROC5
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Twelve CMIP3 CAT scenarios were obtained from Scripps Institution of
Oceanography. DWR Climate Change Advisory Technical Group (CCATG)
provided the CCTAG CMIP5 GCM selection list.

Daily gridded historical climate data (Livneh et al. 2013) was obtained from the
Surface Water Modeling Group at the University of Washington
(http://www.hydro.washington.edu). PRISM monthly climate data (Daly et al.,
1994) was obtained from PRISM Climate Group at Oregon State University
(http://www.prism.oregonstate.edu/)
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APPENDIX 4B. CLIMATE INPUTS FOR THE
WEAP-CV AGRICULTURAL DEMANDS

The analysis of the effects of potential future climate changes on agricultural
water demands and productivity requires meteorological information beyond
projections of future temperature and precipitation conditions. Crop growth, yield
and evapotranspiration (ET) are also sensitive to solar radiation, atmospheric
humidity, wind speed and carbon dioxide. In order to provide these additional
data, several estimation methods using the temperature and precipitation
projections were employed to obtain values for these meteorological conditions
corresponding to the future climate projections.

In order to represent a reasonable range of spatial variability in these
meteorological conditions, four locations were selected to characterize
representative conditions in the Central Valley. These locations are shown on
Figure 4B-1.

Figure 4B-1. Locations of the CIMIS station used in estimating meteorological
conditions for Agricultural Demand and Productivity Analyses

The selected locations include existing California Irrigation Management
Information System (CIMIS) stations located at Gerber, Davis, Firebaugh, and
Shafter. These CIMIS stations were chosen because long term observations of
daily maximum and minimum temperature (Tmax, Tmin), solar radiation (Rs),
dew point temperature (Tdew), relative humidity (RH), and wind speed were
available. All the historical data from the stations were also carefully checked for
erroneous values prior to preparing the subsequent projections. In Figure 4B-2, an
example of solar radiation (Rs) data from the CIMIS station located at Davis is
presented. The top panel shows the observations prior to the elimination of values
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in excess of the daily clear sky radiation, Rso maximum. The middle panel shows
the same data with the extreme outliers eliminated. From this data, the ratio of
daily Rs/Rso was calculated and the average ratio of the top 20% of values on a
monthly basis was computed. The daily data were then adjusted by dividing by
this adjustment factor to obtain the results shown in the bottom panel.
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Figure 4B-2. Adjustment of CIMIS daily solar radiation, Rs, values.
Top panel shows raw data; Middle Panel shows data after elimination of extreme
values; Bottom panel shows the adjusted data.

A similar analysis was performed on the relative humidity (RH) data. The top
panel of Figure B-3 shows the raw hourly RH data from the CIMIS located at
Davis. As can be observed, the maximum RH values decline slowly over an
extended period of time. This sensor drift was corrected by adjusting the values so
that some of the values approach 100% RH during each year. The adjusted RH
values are shown in the bottom panel of Figure 4B-3. After adjustment, any
missing data values were estimated using methods described by Annaandale et al.
(2002).
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Figure B-3. Adjustment of CIMIS hourly relative humidity, RH, values.
Top panel shows raw data; Bottom panel shows the adjusted data.

Solar radiation is one of the factors affecting crop ET. It can be estimated from
the Tmax and Tmin using the clear radiation (Ro) which only depends on latitude,
day of the year and a site specific parameter (B). The CIMIS station historical
records where used to calibrate B parameters and the climate projections of Tmax
and Tmin were then used to compute Rs based on the Thornton and Running
(1999) method for each of the EI climate projections.

Table 4B-1 shows the calibrated monthly B parameters at each of the four CIMIS
stations. These values were computed from the following equation.

B=0.031+0.201*exp(-0.185*(Tmax - Tmin) Eqgn. 1

where Tmax and Tmin are the daily maximum and minimum temperatures
respectively.
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Table 4B-1. Average Monthly B parameters for the Central Valley CIMIS Stations

Month
Station Name Jan Feb Mar | Apr | May | Jun Jul Aug | Sep Oct Nov Dec
Davis 0.072 | 0.061 | 0.052 | 0.046 | 0.043 | 0.040 | 0.038 | 0.037 | 0.039 | 0.043 | 0.055 0.071
Firebaugh/Telles | 0.067 | 0.056 | 0.049 | 0.045 | 0.042 | 0.040 | 0.039 | 0.039 | 0.040 | 0.043 | 0.051 0.065
Gerber 0.066 | 0.059 | 0.052 | 0.047 | 0.046 | 0.044 | 0.041 | 0.039 | 0.040 | 0.044 | 0.054 0.067
Shafter/lUSDA | 0.060 | 0.051 | 0.046 | 0.042 | 0.040 | 0.039 | 0.039 | 0.038 | 0.038 | 0.039 | 0.045 0.056

Figure 4B-4 shows a comparison of the observed and estimated Rs at the CIMIS
station located at U. C. Davis.

UC Davis Estimated vs Measured (Corrected)
Mean Monthly Solar Radiation

s Lstimated Rs (Tharnton and Running) e asured (Corrected) As

wes 4 10% of Estimated seiense = 10% Of Estimated

400

350

Solar Radiation (Rs w/m2)

Month

Figure 4B-4. Comparison of observed CIMIS and estimated Rs results
at the U.C. Davis CIMIS station.

The average Tmax, Tmin and Rs results for the Baseline and each of the EI5
climate scenarios during the 2011-2040 (2025), 2041-2070 (2055), and 2070-
2099 (2084) periods are presented in Figure 4B-5 through Figure 4B-7
respectively for the U.C. Davis CIMIS station.
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Figure 4B-5. Projected average daily maximum temperatures in degrees centigrade
(°C) for each climate scenario for 2011-2040 (2025), 2041-2070 (2055) and 2070-2099
(2084)

Notes: RF scenario was averaged over historical climate sequence for 1922-2010
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Figure 4B-6. Projected average daily minimum temperatures in degrees centigrade
(°C) for each climate scenario for 2011-2040 (2025), 2041-2070 (2055) and 2070-2099
(2084)

Notes: RF scenario was averaged over historical climate sequence for 1922-2010
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Figure 4B-7. Projected average solar radiation in mega-joules per square meter
(MJ/m2) for each climate scenario for 2011-2040 (2025), 2041-2070 (2055) and 2070-
2099 (2084)

Notes:RF scenario was averaged over historical climate sequence for 1922-2010
Atmospheric humidity also has a significant effect of crop ET. As the air becomes
drier, ET generally increases. The dew point temperature (Tdew) is an indicator of
the moisture content of the air. As the atmospheric humidity increases, Tdew also
increases. The daily minimum temperature is a good indicator of Tdew.
Cloudiness and high humidity reduce the amount of heat loss from the surface to
the atmosphere which is generally reflected in higher Tmin values. To estimate
projected changes in atmospheric humidity, an analysis of the CIMIS station
records was performed to determine the monthly average differences between the
observed Tmin and Tdew values. This difference is referred to as the dew point
depression (Ko). Average monthly Ko values computed for each of the four
CIMIS stations are presented in Table 4B—2 below.

Table 4B-2. Average monthly Ko values for each Central Valley CIMIS station

Month

Station Name | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec

Davis 1.91 | 1.56 | 0.40 | 0.85 | 2.25 | 2.48 | 1.34 | 1.79 | 3.19 | 2.34 | 0.51 | 1.72

Firebaugh/Telles | 4 o5 | 051 | 0.86 | 2.81 | 4.40 | 5.13 | 3.89 | 2.99 | 3.40 | 2.69 | 0.11 | 1.40

Gerber 0.46 | 1.06 | 1.52 | 2.27 | 2.61 | 4.06 | 4.07 | 3.51 | 3.96 | 3.37 | 0.56 | 0.20

Shafter/USDA

1.38 | 0.46 | 0.40 | 2.07 | 3.63 | 3.91 | 3.14 |1 292 | 3.18 | 1.61 | 1.09 | 1.56
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To estimate projected changes in Tdew, these monthly average observed Ko
values were subtracted for the projected Tmin values. The average Tdew results
for the Baseline and each of the EI5 climate scenarios for 2011-2040 (2025),
2041-2070 (2055) and 2070-2099 (2084) are presented in Figure 4B-8.
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Figure 4B-8. Projected average daily dew point temperatures in degrees centigrade
(°C) for each climate scenario for 2011-2040 (2025), 2041-2070 (2055) and 2070-2099
(2084)

Notes: RF scenario was averaged over historical climate sequence for 1922-2010

The effects of atmospheric humidity are reflected in ET calculations by the
difference between the saturated vapor pressure (es) in the moist plant leaves and
the typically drier surrounding atmosphere (ea). This difference is referred to as
the vapor pressure deficit (VPD). As the VPD increases, crop ET generally
increases. Because the saturation vapor pressure is a function of temperature,
projections of VPD can be computed from the projections of daily Tmax, Tmin
and Tdew using methods described by Walter et al. (2005). Figure B-9 shows the
projected VPD results for the RF and each of the EI5 climate scenarios during the
2011-2040 (2025), 2041-2070 (2055) and 2070-2099 (2084).
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Figure B-9. Projected average daily vapor pressure deficits in kilo Pascals (kPa) for
each climate scenario for 2011-2040 (2025), 2041-2070 (2055) and 2070-2099 (2084)
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Notes: RF scenario was averaged over historical climate sequence for 1922-2010

In addition to the annual period averages presented in Figure B-9 above, Figure
B-10 through Figure B-21 present monthly period averages of VPD. VPD varies
considerably on a monthly basis. Elevated values during the growing season exert
important effects on crop ET and yield (see Appendix D). As shown in the
figures, under projected climate changes VPD may become significantly greater
than under current climatic conditions especially in the hotter projections.
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Figure 4B-10. Projected January monthly average vapor pressure deficits in kilo
Pascals (kPa) for each climate scenario for 2011-2040 (2025), 2041-2070 (2055) and
2070-2099 (2084)

Notes: RF scenario was averaged over historical climate sequence for January from 1922-2010
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Figure 4B-11. Projected February monthly average vapor pressure deficits in kilo
Pascals (kPa) for each climate scenario for 2011-2040 (2025), 2041-2070 (2055) and

2070-2099 (2084)

Notes: RF scenario was averaged over historical climate sequence for February from 1922-2010
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Figure 4B-12. Projected March monthly average vapor pressure deficits in kilo
Pascals (kPa) for each climate scenario for 2011-2040 (2025), 2041-2070 (2055) and

2070-2099 (2084)
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Notes: RF scenario was averaged over historical climate sequence for March from 1922-2010
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Figure 4B-13. Projected April monthly average vapor pressure deficits in kilo
Pascals (kPa) for each climate scenario for 2011-2040 (2025), 2041-2070 (2055) and
2070-2099 (2084)

Notes: RF scenario was averaged over historical climate sequence for April from 1922-2010
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Figure 4B-14. Projected May monthly average vapor pressure deficits in kilo
Pascals (kPa) for each climate scenario for 2011-2040 (2025), 2041-2070 (2055) and
2070-2099 (2084)
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Notes: RF scenario was averaged over historical climate sequence for May from 1922-2010
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Figure 4B-15. Projected June monthly average vapor pressure deficits in kilo
Pascals (kPa) for each climate scenario for 2011-2040 (2025), 2041-2070 (2055) and
2070-2099 (2084)

Notes: RF scenario was averaged over historical climate sequence for June from 1922-2010
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Figure 4B-16. Projected July monthly average vapor pressure deficits in kilo
Pascals (kPa) for each climate scenario for 2011-2040 (2025), 2041-2070 (2055) and
2070-2099 (2084)

Notes: RF scenario was averaged over historical climate sequence for July from 1922-2010

Technical Appendix 4B-11



VPD - August - Period Averages
3.00 4

. m 2011-2040
W 2041-2070
W 2071-2099
' W 1922-2010
0.00 -
RF WD HD HW wWw CEN

Climate Scenario

N

U

o
|

N

o

o
I

Average Vapor Pressure Deficit (kPa)
5 &
o o

o

w

o
I

Figure 4B-17. Projected August monthly average vapor pressure deficits in kilo
Pascals (kPa) for each climate scenario for 2011-2040 (2025), 2041-2070 (2055) and
2070-2099 (2084)

Notes: RF scenario was averaged over historical climate sequence for August from 1922-2010
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Figure 4B-18. Projected September monthly average vapor pressure deficits in kilo
Pascals (kPa) for each climate scenario for 2011-2040 (2025), 2041-2070 (2055) and
2070-2099 (2084)

Notes: RF scenario was averaged over historical climate sequence for September from 1922-2010
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Figure 4B-19. Projected October monthly average vapor pressure deficits in kilo
Pascals (kPa) for each climate scenario for 2011-2040 (2025), 2041-2070 (2055) and
2070-2099 (2084)

Notes: RF scenario was averaged over historical climate sequence for October from 1922-2010
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Figure 4B-20. Projected November monthly average vapor pressure deficits in kilo
Pascals (kPa) for each climate scenario for 2011-2040 (2025), 2041-2070 (2055) and
2070-2099 (2084)

Notes: RF scenario was averaged over historical climate sequence for November from 1922-2010
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Figure 4B-21. Projected December monthly average vapor pressure deficits in kilo
Pascals (kPa) for each climate scenario for 2011-2040 (2025), 2041-2070 (2055) and
2070-2099 (2084)

Notes: RF scenario was averaged over historical climate sequence for December from 1922-2010

Carbon dioxide (CO3) has also been observed to exert a strong effect on crop ET
and for some crop’s yield (see Appendix D). As CO; concentrations increase,
many crops have been observed to exhibit reductions ET. The representative
concentration pathways (RCP) have associated CO2 concentrations (see
Appendix A for details). Figure B-22 presents these values.
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Figure 4B-22. Projected average daily average carbon dioxide concentrations
(parts per million (ppm) of CO2 by volume of air) for each climate scenario during
for 2011-2040 (2025), 2041-2070 (2055) and 2070-2099 (2084).
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APPENDIX 4C. WEAP-CV CALIBRATION OF
THE PLANT GROWTH MODEL (PGM)

Abbreviations and Acronyms

Orc soil moisture at field capacity

Opwp soil moisture at permanent wilting point

BIS Basic Irrigation Scheduling program

CIMIS California Irrigation Management Information System
CO2 carbon dioxide

CUP Consumptive Use Program

WEAP-CV Central Valley Planning Area model

De cumulative depth of evaporation

DSIWM Division of Statewide Integrated Water Management
DWR California Department of Water Resources

ET evapotranspiration

ETc crop evapotranspiration under standard conditions

ET cadj crop evapotranspiration under non-standard conditions
ET, reference crop evapotranspiration

FAO Food and Agricultural Organization

HUI heat unit index

ITRC Irrigation Training and Research Center

K crop coefficient

Ks water stress coefficient

LAI leaf area index

PGM Plant Growth Model

PRISM Parameter-Elevation Regressions on Independent Slopes Model
Reclamation  U.S. Department of the Interior, Bureau of Reclamation
REW readily evaporable water

SIMETAW Simulation of Evapotranspiration of Applied Water model
SSJBS Sacramento-San Joaquin Rivers Basin Study

SWAT Soil and Water Assessment Tool

TEW total evaporable water

™ Technical Memorandum

ucC University of California

USDA U.S. Department of Agriculture

WEAP Water Evaluation and Planning System

Ze Effective depth of soil over which evaporation will occur
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Introduction

The Sacramento-San Joaquin Rivers Basin Study (SSJBS) undertaken by the U.S.
Department of Interior, Bureau of Reclamation (Reclamation) in partnership with
the California Department of Water Resources (DWR) and local water agencies
will recommend various adaptation strategies in response to climate change. One
of the principle analytical tools to support this study is the WEAP? Central Valley
Planning Area (WEAP-CV) model.®> The WEAP-CV model embeds watershed-
based hydrologic routines in a systems operation model. One of the key
components of the model is the dynamic calculation of crop water requirements
under various climate change scenarios. In the WEAP-CV model crop water use
is computed in the Plant Growth Model (PGM) which includes algorithms that
compute evapotranspiration, biomass production and yield. In addition to these
features, the PGM simulates important crop specific effects of elevated
temperature, vapor pressure deficits (VPD) and carbon dioxide (CO2) on crop
water use that have not been included in many other studies.

The calibration of crop evapotranspiration (ET) was performed in two steps. First,
daily ET values for 20 major crop types grown in the Central Valley were
developed at four Central Valley locations for a recent, representative growing
season. These daily ET values were subsequently used as target ET values in the
calibration of the WEAP-CV PGM.

1. Evapotranspiration of Agricultural Crops in the
Central Valley of California

1.1. Background

This section describes the procedures and models used to develop the ET data sets
for the 20 major crop categories used as targets for the calibration of the WEAP-
CV PGM. The methods and models employed were developed by the California
Department of Water Resources (DWR) in conjunction with the University of
California (UC), Davis and applied to data developed as part of California Water
Plan, Update 2013.

1.2. Crop Evapotranspiration Under Standard Conditions
Reference crop evapotranspiration, ET, is the rate of evaporation from an
idealized grass crop with a fixed crop height of 0.12 meters, an albedo of 0.23,
and a surface resistance of 69 seconds per meter (sm™) (ASCE-EWRI, 2005). It is
used as the basis for computing crop evapotranspiration (ET) under standard
conditions (ET¢) which is defined as the ET rate from disease-free, well-fertilized
crops, grown in large fields, under optimum soil and water conditions, and

2 The Water and Evaluation Planning (WEAP) System was developed by the Stockholm Environment
Institute.

3 The WEAP-CV model was initially developed for the Califonia Water Plan, Update 2009 and Update 2013
to evaluate the performance of alternative regional resource management strategies in meeting future water
management objectives (DWR, 2010).
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achieving full production under given weather conditions (Allen et al., 1998). ET.
can be related to ET, through crop coefficients as follows:

ET. = K*ET, Egn. C1-1
where:

ET, = reference crop evapotranspiration [L/T]
ET.¢ = crop evapotranspiration under standard conditions [L/T]
Kc = crop coefficient [dimensionless]

In this appendix, ET. refers to both crop transpiration during the growing season
and bare soil evaporation during the growing and non-growing seasons.

A large number of empirical methods have been developed over the last 60 years
to estimate ET. under different meteorological conditions. Early studies related
ET. to pan evaporation data using a crop pan coefficient. Pan coefficients were
published in Bulletin 113-3 (DWR, 1975) and Bulletin 113-4 (DWR, 1986). The
procedure for determining ET¢ from ET, and crop coefficients was developed and
presented in the FAO Irrigation and Drainage Paper No 24, Crop Water
Requirements (Doorenbos and Pruitt, 1975). This procedure was later refined in
Irrigation and Drainage Paper No 56, Crop Evapotranspiration (Allen et al.,
1998). Grass-based crop coefficients for estimating ET. were gradually adopted in
California following the establishment of the California Irrigation Management
Information System (CIMIS) agro-meteorological stations and readily available
ET, data. Over the last decades, crop coefficients for California have been
gradually refined and also updated as crop management practices have changed
and different crop varieties grown.

1.3 Crop Evapotranspiration under Nonstandard Conditions

ET rates from crops grown under field conditions may be less than under
the standard conditions described above. Actual ET. rates during the non-
growing season and during the initial stage of crop growth are strongly
influenced by soil moisture in the surface soil layers. Water stress and
water salinity may reduce water uptake by plants and limit ET. Actual
crop ET (ETcaqj) can be related to ET, as follows:

ETcadj = Ks* K*ETo Eqgn. C1-2

where:

ETcaqj = Crop evapotranspiration under non-standard conditions [L/L]
s = water stress coefficient [dimensionless]

Ks can be determined as follows (Allen et al., 1998):

Technical Appendix 4C-3



0, .
perf if 0, <6, <po;,

where: 1 if 0, >pO;,

Or = root zone soil mositure [L/L]
Orc = field capacity of the root zone [L/L]
Opwp = permanent wilting point [L/L]

p = fraction of field capacity that can be depleted from the root zone
before water stress occurs (dimensionless), also known as the maximum
allowable depletion

The factor p differs from one crop to another; varying from 0.3 for shallow-rooted
plants to 0.7 for deep-rooted plants. A p value of 0.5 is commonly used for many
crops (Allen et al., 1998).

To better account for the wetting and drying cycle driven by precipitation in the
winter and spring, ET. rates are typically determined using a daily soil water
balance.

1.4 Bare Soil Evaporation

Bare soil evaporation is important during the non-growing season and during the
initial growth stage for annual crops.* If the soil is wet, considerable amounts of
evaporation may occur from the surface layer. However, as this top layer dries,
the evaporation rate falls. Evaporation from bare soil can be divided into two
stages (Allen et al., 2005). During the initial stage, actual evaporation is constant
and equal to the potential evaporation rate, which is limited by the available
energy. During the second stage, actual evaporation falls as the rate of transport of
soil moisture to the ground surface falls below the potential evaporation rate.

Stage 1 stops when the cumulative depth of evaporation (De), measured since the
last significant precipitation or irrigation event, is equal to the readily evaporable
water (REW). During Stage 2, evaporation continues to fall until De becomes
equal to the total evaporable water (TEW). Allen et al. (1998) assume that the
REW is equal to the difference in soil moisture between field capacity (6rc) and
mid-way between field capacity and the permanent wilting point (6pwe). Allen et
al. also assume that evaporation will continue until soil moisture in the surface
soil layer is mid-way between permanent wilting point and air-dry soil. The total
evaporable water from bare soil can be calculated as:

TEW = (Brc — 0.5 Bpwp)™* Ze Eqgn. C1-4

4 As defined in FAO Irrigation and Drainage Paper No 24 (Doorenbos and Pruitt, 1977) and in
FAO Irrigation and Drainage Paper No 56 (Allen et al., 1998), the initial growth period for
annual crops is the time between the planting date and the date of approximately 10 percent
ground cover.

Technical Appendix 4C-4



where:
TEW = total evaporable water [L]
Orc = soil moisture at field capacity [L/L]
Opwp = soil moisture at permanent wilting point [L/L]
Ze = effective depth of soil over which evaporation will occur [L]

Allen et al. (1998) recommend values of Z. between 4 and 6 inches. For a field
capacity equal to 0.35 and permanent wilting point equal to 0.20 (typical values
for a clay soil), TEW is equal to 1.5 inches.

The calculation of bare soil evaporation for the SSIBS follows the method of
Snyder et al. (2000), Ventura et al. (2006), and as implemented in DWR’s
Consumptive Use Program® (CUP) (Orang et al., 2004; Orang et al., 2013). Allen
et al., (1998) assumes that Stage 2 evaporation falls linearly with the cumulative
depth of evaporation, once the readily evaporable water has evaporated. Snyder et
al. (2000) assumes that Stage 2 evaporation falls linearly with the square root of
the cumulative depth of evaporation following a significant wetting event. Bare
soil evaporation is calculated using a daily soil water balance. Following
precipitation events greater than twice the daily ET, rate, soil moisture in the top
6-inch soil layer is assumed to be at field capacity. At this soil moisture, the bare
soil evaporation coefficient is at its maximum rate, corresponding to Stage 1
evaporation, and can be expressed as follows (Snyder et al., 2000):

Kx=1.22 — 0.04*ET, Eqgn. C1-5
where:

Kx = bare soil crop coefficient corresponding to maximum (potential) soil
evaporation [dimensionless]

ET, = reference crop evapotranspiration (mm/day)

Subsequently, daily evaporation falls as the soil surface dries, and evaporation
corresponds to Stage 2. Ventura et al. (2006), using data from Doorenboos and
Pruitt (1977), developed the following relationship for the bare soil crop
coefficient:

2.54

Ko =
>~ JCET,

Eqgn. C1-6

where:
Ksx = bare soil crop coefficient [dimensionless]

CET, = cumulative reference crop evapotranspiration (mm/day)
5 The Consumptive Use Program was developed by DSIWM to determine ETo and ETc. DWR’s Bay-Delta
Office (BDO) has developed a Consumptive Use Program to calculate the depletion of precipitation and

applied water through soil moisture storage and evaporation. These programs share the same name, but are
otherwise different. This TM refers to the DSIWM developed program.
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Figure 4C1-1 presents a graphical representation of the relationship between bare
soil crop coefficient and cumulative reference crop evapotranspiration.
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Figure 4C1-1. Relationship Between Bare Soil Crop Coefficient and Cumulative
Reference Crop Evapotranspiration

2. ETo Data

Daily historical ET, data are needed for the development of historical daily ET¢
and subsequent calibration of the PGM. CIMIS was jointly developed in 1982 by
DWR and UC Davis to assist California farmers use their water resources
efficiently. Managed by DWR’s Office of Water Use Efficiency, CIMIS consists
of a network of over 120 automated weather stations throughout the State. One of
the most important data sets provided by CIMIS is ETo. Two models are used by
DWR to determine CIMIS ET,: Penman-Monteith and a version of Penman'’s
equation modified by Pruitt and Doorenbos (1977). The modified Penman
equation employs a wind function developed at UC Davis. The version of the
equation used for CIMIS uses hourly weather data to calculate ET, instead of
daily weather data.

Figures 4C1-2 and 4C1-3 show the location of CIMIS stations in the Sacramento
River, San Joaquin and Tuare Lake hydrologic regions in the domain covered by
the WEAP-CV model. The figures also show the length of record, as indicated by
the size of the location circle, and the year records began, as indicated by the
value within the location circle. For example, records for the Durham station in
the Sacramento River Hydrologic Region started in 1982. CIMIS stations with
brown fill have been discontinued. Figures 4C1-2 and 4C1-3 also delineate ET,
zones as developed for DWR by UC Davis (Jones et al, 1999). Table 4C1-1
summarizes average monthly ET, data for selected CIMIS stations located on the
floor of the Central Valley.
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Four CIMIS stations were selected for calibration of the PGM, based on length of
record, locality, and reliability. The selected stations are: Gerber (stn #008), Davis
(stn #006), Firebaugh/Telles (stn #007), and Shafter (stn #005). The selected
period for PGM calibration was water year 2005.

The data used from the CIMIS stations included maximum and minimum
temperature, relative humidity, solar radiation, and wind speed. These data were
checked for errors by Justin Huntington of the Desert Research Institute during
work on the Central Valley Project Integrated Resource Plan. The description of
the error correction procedure provided below is paraphrased from the description
given in Appendix B of this report.

The error checking procedures included removal of solar radiation outliers by
comparison of daily observed data with daily clear sky radiation. Observed values
in excess of the clear sky radiation were removed. Following that, a monthly
average ratio of daily solar radiation and clear sky radiation was calculated for the
top 20 percent daily values of the ratio. The daily values of solar radiation were
then divided by this ratio to produce the final data.

A correction procedure was also applied to the relative humidity data. During this
process it was observed that some of the CIMIS RH sensors suffered from “sensor
drift” in which the maximum RH values decreased over a time span of seveal
years. To correct this the observed RH values were adjusted so that the maximum
values for each year approached 100 percent. Any missing values were estimated
using the methods described in Annaandale et al. (2002).
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Table 4C1-1. Reference Crop Evapotranspiration for Selected CIMIS Stations

Average Values, Water Years 1996—2005 Unless Noted Otherwise (inches)

Oc  No De Ja Fe | Ma Ap Ma | Ju | Ju @ Au Se | Tota
t v c n b r r y n | g p |

CIMIS
Station

Sacramento River Hydrologic Region

\B/;‘I’I‘g’;‘s 39 17/ 11 10 17 35 46 63 75 83| 74 56 526
Colusa 39 16 12 10 16 36 52 67 57 81| 61 54 502
Davis 43 18 12 10 18 39 54 70 81 84 74 59 563
Dixon 41 18 12 10 18 38 52 68 79 84 73 56 548

Durham 34| 15 10, 10 19| 36 48 64 74 77 68 52 509
FairOaks' 34, 16 10 11 17 35 45 66 76 80 72 53 515

Gerber 4.1 17, 11 11 18 37 49 67 80 83| 73 56 544
Nicolaus 36| 15 10 08 16| 35 49 64 75 80 6.7 43 499
Orland 39| 17 12, 11 18| 37 48 66 70 78 69 54 519
Zamora 39| 17 12, 10 18| 38 50 66 74 78 69 54 523

San Joaquin River Hydrologic Region

Sre“t""oo 38 17 10 09 18 39 53 70 80 83 74 56 547

Firebaugh 4 40 18| 11 10 19 40 56 77 82|82 75 57 568
LosBanos 38 17| 11 10 18 38 54 74 83|85 75 57 56.0
Madera' 37, 18 11 11 20 38 53 77 84 87 77 57 5638
Merced' 37 18 11,12 19 37 49 71 80 85| 7.7 56 551
Modesto 35/ 15 10 09 17| 36 50 65 77,79 69 52 516
Panoche 40 17| 12 11 20 41| 58 79 86 84 73 57 578
Patterson = 41 20 13 13| 21 43 55 80 87 84 74 58 589
Tulare Lake Hydrologic Region

Blackwells |, 1 18 13 14 21 42 58 78 88 95 85 63 615
Corner
gresm 36 17 10 10 17 37 53 74 83 86 77 56 558
tate
Five 43 20 12 11| 19 42 61 84| 87 88 81 62 610
Points

Kettleman ' 44 20 13 12 20 42 60 81 88|92 84 63 620
Lindcove 34| 17 11,11 17| 35 48 67 76 80 72 53 519

Parlier 3.4 1.6 1.0 09 1.7 | 3.7 5.2 71 7.8 8.1 7.2 5.3 53.0
Shafter 39| 19 13 12 20 40 55| 73 79 8.1 73| 57 559
Stratford 4.1 1.8 1.1 1.1 1.9 4.0 57 80| 87 89 8.0 6.1 59.4
Notes:

"Data are average of water years 2000 — 20009.

2 Evapotranspiration for the 10-year period 2000 — 2009 is approximately 2 percent greater than for the 10-year
period 1996—2005.

Key:

CIMIS=California Irrigation Management Information System
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Figure 4C1-2. CIMIS Stations in Sacramento River Hydrologic Region
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2.1 Crop Type Categories

For the SSJBS, irrigated agricultural land is separated into 20 crop categories as
used by the Division of Statewide Integrated Water Management (DSIWM) for
the California Water Plan. Table 4C1-2 presents the mapping of the 20 crop
categories used by DSIWM to the 20 specific crops represented by the PGM.

Table 4C1-2. Mapping of Crop Type Categories

D Classification D Classification
DSIWM PGM DSIWM PGM

1 Alfalfa Alfalfa 11 Other Truck Cucumber/Lettuce’
2 Almonds/Pistachios Almonds 12 Pasture Pasture
3 Corn Corn 13  Potatoes Potatoes
4  Cotton Cotton 14 Rice Rice
5  Cucurbits Melons 15  Safflower Safflower
6  DryBeans Dry Beans 16  Subtropical Oranges
7  Grain Wheat 17  Sugar Beets Sugar Beets
8  Onions and Garlic Onions 18 | Tomatoes Hand-Picked? Tomatoes
9  Other Deciduous Apples 19 Tomatoes Machine-Picked® K Tomatoes

10 Other Field Corn - silage 20 | Vineyards Vines

Notes:

" Cucumber for the Sacramento Valley and Lettuce for the San Joaquin Valley.
2 Hand-picked tomatoes are also known as fresh tomatoes.

3 Machine-picked tomatoes are also known as processed tomatoes.
Key:

ID = identification number

DSIWM = Division of Statewide Integrated Water Management
PGM = Plant Growth Model

2.2. Crop Coefficients and Growth Stages

Crop coefficients relate ET. to ETo. ET, accounts for variations in weather and is
a measure of the evaporative energy. Difference between ET. and ET, are caused
by light absorption of the plant canopy, canopy roughness and resulting
turbulence, crop physiology, leaf age, and surface wetness. When not limited by
water availability, ET is limited by the availability of energy to vaporize water.
Therefore, solar radiation/light interception by the foliage has a large effect on the
ET rate.

As a crop canopy develops, the ratio of transpiration from the plant to total ET
increases until most of the ET is transpiration and evaporation from the soil
surface is relatively small. Crop coefficients for field and row crops generally
increase until the canopy ground cover reaches about 75 percent. For tree and vine
crops the peak crop coefficient is reached when the canopy has reached about 63
percent ground cover (Snyder et al., 2007).

Crop coefficients for a specific crop vary by region, soil type, irrigation
frequency, irrigation method, and many other factors. Coefficients for the non-

Technical Appendix 4C-11



growing season (primarily to account for bare soil evaporation) vary with
precipitation and resulting changes in soil moisture.

2.2.1. Annual Crops

Daily crop coefficients for a specific crop may be calculated from the
standardized crop coefficient curve described in FAO Irrigation and Drainage
Paper 24 and illustrated in Figure 4C1-4. Seven parameters are used to define
this standardized curve. Four parameters define the length of distinct growing
periods (initial, development, mid-season, and late-season). Three values of K¢
define the magnitude of the daily crop coefficients at particular stages of crop
growth (initial stage, mid-season stage, and late stage). Crop coefficients for the
initial growth stage are a function of the interval between wetting events, the
evaporative energy (as indicated by ET,), and the magnitude of the wetting
events.

Crop Coefficient (K:)
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Figure 4C1-4. Standardized Crop Coefficient Curve

2.2.2. Deciduous Tree and Vines

In the absence of a cover crop, deciduous tree and vines have a similar K¢ curve to
annual crops, but without the initial growth period. The growing season begins
with rapid growth at leaf out. The midseason period begins at approximately 60
percent ground cover. Subsequently, unless the crop is immature, the crop
coefficient is constant until the onset of senescence. The crop coefficient begins to
drop during late-season. At leaf drop, transpiration is near zero. At leaf out, the
crop coefficient is equal to the bare soil evaporation.

When a cover crop is present, K values are higher depending on the amount of
cover. The following are technical recommendations for analysis by Snyder et al.
(2009):

During the growing season, the K¢ value is increased by 0.35 over the value for a
mature crop with no cover, but is capped at a maximum value of 1.15.

During the non-growing season, the K¢ value is increased by 0.35 over the value
for bare soil evaporation, but is capped at a maximum value of 0.90. This limit is
imposed because of shading by tree trunk and branches.
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Estimates for the area of trees and vines that have cover crops are presented in
Evaporation from Irrigated Agricultural Land in California (ITRC, 2002). This
report assumes that a cover crop exists on approximately 40 percent of the
acreage of orchards and vineyards in the Sacramento Valley and the eastside of
the San Joaquin Valley. On the westside of the San Joaquin Valley, the report
assumes approximately 5 percent of orchards and vineyards have a cover crop.
The lower value for the westside of the San Joaquin Valley is due to the scarcity
of irrigation water in many years. The exception is citrus, which typically does
not have a cover crop.

Immature deciduous tree and vines use less water than when mature. Snyder et al.
(2009) give the following realtionships for modeling of immature trees and vines:
- . (C
Ke, immature = Ke, mature * minimum(1.0, sin (7_§ . g))
And for citrus:
. - * mini . (Cg m
Ke, immature = Kc, mature mlnlmum(l.O, \/sm (%E))

where:
Cg = percent ground cover

ITRC (2002) assumed that trees reach maturity after 6 years and vines after 3
years, and that both trees and vines have a 30-year life-span. These assumptions
result in 17 percent of trees and 10 percent of vines being classified as immature.

2.2.3. Published Values

Typical values for crop coefficients and the length of crop growth stages are
published in FAO Irrigation and Drainage Paper 24 and Irrigation and Drainage
Paper Paper 56. Values specific to California have been published by DWR
(1986), the Cooperative Extension, University of California (1989, 1994),
Division of Agriculture and Natural Resources (Schwankl et al., 2007), ITRC
(2002), and Snyder et al., (2009).

Irrigation Training and Research Center

In 2002 and 2003, the Irrigation Training and Research Center (ITRC)® published
reports on ET in California. California Crop and Soil Evapotranspiration (ITRC,
2003) presents monthly ET rates for a range of crops in 13 DWR-defined ET,
zones (Jones et al., 1999). Monthly values are for three types of precipitation
years (typical, wet, and dry), which correspond to years 1997, 1998, and 1999,
respectively. Crop transpiration and soil evaporation were determined based on
the dual crop coefficient method developed by Allen et al. (1998) and daily
simulation of soil moisture conditions in the root zone. Inputs to the daily
simulation model are presented in Evaporation from Irrigated Agricultural Land
in California (ITRC, 2002).

5 The ITRC was established in 1989 at California Polytechnic State University, San Luis Obispo,
as a center of excellence, to support California’s irrigation industry.
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University of California, Davis

The Basic Irrigation Scheduling (BIS) program was developed by Snyder (2000)
to determine daily ET. values for a range of crops based on monthly ET, values.
The program is an aid to irrigation scheduling. Input data for the program includes
crop coefficients and growth stages assembled by Department of Land, Air, and
Water Resources at UC Davis and the UC Cooperative Extension. The BIS
program has been refined and released as CUP in collaboration with DWR (Orang
et al., 2004). DWR has used identical crop coefficients and growth stages for the
SIMETAW/’ and CALSIMETAW? models.

2.3. Crop Coefficients Used to Develop ETc Values for the
Calibration

There are significant variations in published values for crop coefficients and
growth stages. This is partly due to the effects of local climate and soil conditions
on ETc, differences in crop varieties, and the effects of irrigation technology and
management. The daily values of ETc used in the calibration of the WEAP-CV
PGM were computed from the Kc and growth stage values developed by Snyder
et al. for use in conjunction with BIS, CUP, and SIMETAW models. This choice
provides greater consistency with DWR California Water Plan 2013 Update Study
values. These values were obtained from Orang (2013) and are presented in Table
C1-3. These values include revised Kc values for tree crops based on recent
studies in the Central Valley reported by Consoli et al. (2006) and Sanden et al.
(2012). Kc values reported in Table C1-3 do not include an 8 percent reduction to
account for bare spots and reduced vigor.

Table 4C1-3. Parameters for Crop Coefficient Curves

Crop Length of Percent of Growing Season Crop Coefficients
Season initial development mid-season Keini Kc mid Kc end
Alfalfa (annual) 365 25 50 75 1.00 1.00 1.00
Almonds' 229 0 50 90 0.55 1.20 0.65
Apple 229 0 50 75 0.55 1.15 0.80
Asparagus 365 12 25 95 0.25 0.95 0.25
Barley 212 20 45 75 0.30 1.05 0.15
Beans (dry) 108 24 40 91 0.20 1.10 0.10
Broccoli 104 20 50 83 0.30 1.05 1.00
Carrots 121 20 50 83 0.85 0.95 0.80
Corn (grain) 153 20 45 75 0.20 1.05 0.60

" The Simulation of Evapotranspiration of Applied Water (SIMETAW) model simulates many years of daily
weather data from monthly climate data and estimates ETo and ETc (Snyder et al., 2005). SIMETAW uses a
soil water balance model that is similar to CUP.

8 The CALSIMETAW computer model estimates ETc and ET of applied water (ETAW) for use in California
water resources planning (Rayej et al., 2011; Orang, 2013). The model includes spatial soil and climate
information and uses historical crop category information to provide seasonal water balance estimates by
combinations of detailed analysis units and county (DAU/County). The seasonal water balance is used to
estimate the ETAW by crop and crop category for each DAU/County combination over the State.
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Length of Percent of Growing Season Crop Coefficients

Crop Season initial development mid-season Kcini Kce mid Kc end
Corn (silage) 107 20 45 100 0.20 1.05 1.00
Cotton 154 15 25 85 0.35 1.00 0.50
Cucumber 93 19 47 85 0.80 1.00 0.75
Eucalyptus 365 0 33 67 1.15 1.15 1.15
Flowers 184 33 67 92 0.80 1.00 0.80
Fig 229 0 50 90 0.55 1.20 0.65
Kiwifruit 184 0 22 67 0.35 1.10 0.80
Lettuce 73 32 80 90 0.40 1.00 1.00
Melon? 123 21 50 83 0.75 1.05 0.75
Oats 212 20 45 75 0.30 1.05 0.15
Olives? 365 0 33 67 0.90 0.90 0.90
Onion (dry) 215 13 42 72 0.55 1.20 0.55
Orange' 365 0 33 67 1.00 1.00 1.00
Pasture (improved) 365 25 50 75 0.95 0.95 0.95
Peppers (bell) 92 23 86 90 0.30 1.05 1.05
Pistachios' 271 0 33 78 0.70 1.15 0.50
Potato 123 20 45 78 0.70 1.15 0.50
Plum-Prune 229 0 50 90 0.55 1.15 0.65
Rice 139 24 37 86 1.20 1.05 0.80
Safflower 122 17 45 80 0.20 1.05 0.25
Sorghum 229 16 42 75 0.20 1.05 0.60
Squash 91 20 50 80 0.50 0.95 0.75
Strawberries 153 15 45 80 0.40 1.05 0.70
Stone fruits 229 0 50 90 0.55 1.20 0.65
Sudangrass 231 13 43 83 0.50 0.90 0.85
Sugarbeet 200 15 45 80 0.20 1.15 0.95
Sunflower 133 20 45 80 0.20 1.05 0.40
Sweet Potato 123 20 45 78 0.70 1.15 0.50
Tomato 153 25 50 80 0.20 1.20 0.60
Walnuts' 229 0 50 75 0.55 1.20 0.80
Wheat 212 25 60 90 0.30 1.05 0.15
Wine grapes 215 0 25 75 0.45 0.80 0.35

Notes:

' Mid-season crop coefficients for almonds and other tree crops may vary between 0.90 — 1.15 depending on whether a cover crop
is present.

2 The constant K, value of 0.80 for olives is applicable to a mature orchard, and assumes no cover crop is present.

3The growing season for melons was revised from 229 days given in CUP to 123 days.

2.4. Growing Season Values Used to Develop ETc Values for the
Calibration

For the WEAP-CV model calibration, the growing season lengths were based on
typical crop planting and harvest dates published by the U.S. Department of
Agriculture (USDA, 2010), ITRC (2003) and the DSIWM. More detailed
information on planting dates available for each county through the agricultural
cooperative extension services was also used in assessing the values to employ in

Technical Appendix 4C-15



the calibration. Typical growing and irrigation seasons for the Central Valley are
as follows (UC Davis 2013):

e Alfalfa seed is planted in September. Once established, Alfalfa is cut
seven times per year. Cutting begins in March and continues through
November. The crop is semi-dormant in December and dormant in
January. Approximately 6 inches of water may be needed for seed
germination. Once established, the crop is typically irrigated from April
through September in seven irrigations totaling 3.5 feet.

e Almonds/pistachios category is predominantly almonds (90 percent).
Almonds begin growing early February and bloom mid-February.
Pistachios begin growing late March and bloom in April. Almonds and
pistachios are harvested in September. Fields are typically irrigated from
April through September and October (post-harvest). Almonds
differentiate their fruiting buds during and after harvest, so it is important
to reduce water stress immediately after harvest. Depending on the variety,
almonds may require 5 to 10 inches of irrigation after harvest. Irrigation
depths are typically 2 to 3 feet per year.

e Cornis typically planted March through April and harvested in August. It
is irrigated April through July; irrigation depths are typically 3.5 feet per
year. Corn for silage is planted in June and harvested from September
through November.

e Cotton is planted in late March, April, and early May and harvested in
October and early November. Irrigation is typically cut-off at the end of
August. Crop plow-down in December and January is required for pest
control. Irrigation depths are approximately 2.5 feet per year.

e Cucurbits include melons, squash, and cucumbers and have differing
growing seasons and planting dates.

e Dry beans are typically planted mid-May to early July and harvested in
August and September. They are irrigated May through August; irrigation
depths are approximately 2.5 feet per year.

e Grains are typically planted October through mid-December and

harvested May through July. For wheat, a 6-inch irrigation may be applied
in April after the spring rains have finished.
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e Garlic is planted mid-September through December and harvested June
through August. Irrigation for fresh garlic typically ceases 1 month before
harvest. Garlic for dehydration is harvested 2 months after end of
irrigation.

e Other deciduous category is predominantly walnuts (32 percent), peaches
and nectarines (25 percent), plums (12 percent), and prunes (9 percent).
Walnuts are mechanically harvested September through October.
However, irrigation is continued through November to prevent winter
injury to mature trees. Irrigation depths are typically 3 feet per year.

e Other field category includes sorghum, sudan, and sunflower. Sorghum
for grain is planted in late May through early July and harvested in
September. Sunflower is primarily grown for seed production. It is planted
in April and harvested in August/September. Approximately 2.5 feet are
applied through the growing season.

e Other truck category covers a wide range of crops with differing planting
dates. Particular crops may be planted at different times of the year. For
example, carrots are planted December through March and harvested May
through July. Alternatively, they may be planted July through September
and harvested November through February.

e Tomatoes are planted over a 3-month period, late March to early June, to
meet contracted delivery schedules at harvest. Tomatoes for processing are
harvested late July through September. Irrigation depths are typically 3
feet per year.

e Vines leaf in March and are harvested August and September. The vines
are typically irrigated May through October. Inadequate water after
harvest may adversely affect spring growth. After harvest, grapevines
continue to assimilate carbohydrates and mineral nutrients to maintain
health during dormancy and new growth the following season. Late
irrigation may be needed October through December when precipitation is
less than 1 inch per month.

e Wheat is typically planted in December and harvested in June. Wheat
may be planted into pre-irrigated soil or into dry soil and the seed
germinated with an irrigation or impending rainfall. The first post-
emergence irrigation for wheat is usually not needed until boot® (mid-
April) in years of normal rainfall. The last irrigation should be applied at
the beginning of soft dough'® (mid-May).

9 At the boot crop stage, the flag leaf is fully visible.
10 The wheat kernel resembles soft dough during the final stage of weight accumulation.
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Planting dates for calibration of the PGM are are based on values developed by
DSIWM in conjunction with UC Davis (Snyder et al., 2013) and as part of the
development of CUP and the SIMETAW and CALSIMETAW models. This approach
provides greater consistency across DWR planning divisions. Planting dates were
obtained from Orang (2013) and are presented in Table 4C1-4.

Table C1-4. Growing Season and Planting and Harvest Dates

Perennial Crop Lgngth of Start of Growing Season End of Growing Season
Growing Season
Alfalfa (annual) 365 1-Jan 31-Dec
Almonds 229 1-Mar 15-Oct
Apple 229 1-Apr 15-Nov
Asparagus 365 1-Jan 31-Dec
Orange 365 1-Jan 31-Dec
Eucalyptus 365 1-Jan 31-Dec
Fig 229 1-Mar 15-Oct
Kiwifruit 184 1-May 31-Oct
Olives 365 1-Jan 31-Dec
Pasture (improved) 365 1-Jan 31-Dec
Pistachios 271 1-Mar 26-Nov
Plum-Prune 229 1-Mar 15-Oct
Stone fruits 229 1-Mar 15-Oct
Walnuts 229 1-Apr 15-Nov
Wine grapes 215 1-Apr 1-Nov
Annual Crop Le'ngth of Planting Date Harvest Date
GrowingSeason
Barley 212 1-Nov 31-May
Beans (dry) 108 15-Jun 30-Sep
Broccoli 104 20-Aug 1-Dec
Carrots 121 15-Jan 15-May
Corn (grain) 153 1-May 30-Sep
Corn (silage) 107 1-May 15-Aug
Cotton 154 15-May 15-Oct
Cucumber 93 15-May 31-Aug
Flowers 184 1-Apr 31-Aug
Lettuce 73 25-Aug 5-Nov
Melon 123 15-May 15-Sep
Oats 212 1-Nov 31-May
Onion (dry) 215 1-Mar 1-Oct
Peppers (bell) 92 25-Apr 25-Jul
Potato 123 15-Apr 15-Aug
Rice 139 15-May 30-Sep
Safflower 122 1-Apr 31-Jul
Sorghum 229 1-Apr 15-Nov
Squash 91 15-Jan 15-Apr
Strawberries 153 1-May 30-Sep
Sudangrass 231 1-Apr 17-Nov
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Sugarbeet
Sunflower
Sweet Potato

Tomato
Wheat

200
133
123
153
212

15-Mar
1-May

15-Apr
1-Apr

1-Nov

30-Sep
10-Sep
15-Aug
31-Aug
31-May

2.5. Other Factors Affecting Evapotranspiration

The ITRC (2002) describe factors that affect ET and either increase or decrease
the amount of ET compared to amounts determined using ET, and crop
coefficients. These factors are described below.

Stubble, soil mulches, and no till practices can significantly decrease bare

soil evaporation.

Evaporation increases with the fraction of the soil surface that is wetted,
this is primarily a function of irrigation method (surface, sprinkler, or

drip).

Evaporation from a wet canopy increases total ET, although this increase
is partly offset by a decrease in transpiration; the increase in total ET may

be over 50 percent.

Evaporation from sprinkler spray, before droplets reaches the ground, are
estimated to be between 1 and 4 percent of the applied water.

Bare spots and decreased vigor, caused by uneven salinity, irrigation, and
fertilizer distribution, pests and disease, and soil conditions, may reduce

transpiration by 10 percent.

ITRC (2002) recommend that ET. values used for water balance purposes should
be decreased to account for bare spots and lack of vigor.!! Research suggests that
ET. should be decreased by 7 to 8 percent (ITRC, 2003). For calibration of the
PGM, crop coefficients were decreased by 8 percent from values presented in

Table C1-3 to account for these non-ideal conditions.

1 ET, values used for irrigation scheduling should not be decreased.
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2.6. Simulation of Daily Crop Evapotranspiration

A spreadsheet model was constructed to simulate daily ETcadj. The spreadsheet
model is an extension of CUP and can simulate soil moisture and ET for more
than 50 different crop types using a daily time step and climate data from October
1921 through September 2009. The spreadsheet model was run for four sets of
daily climate data (precipitation and ETo) corresponding to the four selected
CIMIS stations for water year 2005. This water year was selected because it is
fairly representative of long term climatological conditions (See Figure 3-3 and
Figure 3-4). Table C1-5, C1-6, C1-7, and C1-8 present a summary of model
results. ET values include both transpiration by the crop and evaporation from the
soil surface during the growing and non-growing season.

Figure C1-5 presents model output for wheat for the two calendar years 2004 and
2005. The figure shows the Kc value, calculated as the ratio of ETc to ETo for the
four selected CIMIS locations. The crop coefficient curve is most evident at
Shafter because of the limited influence of precipitation. At Gerber, where
precipitation is greatest, the standard crop coefficient curve is obscured by peak
ET. values following precipitation events.

Figure C1-6 presents model output for melons for the two calendar years 2004
and 2005. Similar to Figure 1-5, the figure shows the Kc value, calculated as the
ratio of ETc to ETo for the four selected CIMIS locations. The standard crop
coefficient curve is most evident than for wheat because of the limited influence
of precipitation during the melon growing season.
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Figure C1-5. Ratio of ET. to ET, for Wheat at Four Different CIMIS Station

Locations, Calender Years 2004-2005
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Table C1-5. Crop Evapotranspiration for Selected CIMIS Stations

Water Year 2005 (inches)

CIMIS Station Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Total
Gerber
ETo 46 28 21 16 25 40 45 54 69 81 78 6.2 564
Precipitation 40 17 6.7 51 24 24 15 2.7 0.3 - - - 26.7
Alfalfa 45 2.7 20 18 25 38 42 51 64 74 7.2 57 531
Almonds 3.7 21 15 18 18 29 35 51 73 89 86 6.6 539
Apples 45 23 15 18 18 25 29 43 6.0 82 82 64 505
Corn 25 21 15 18 18 25 24 35 49 7.7 74 44 424
Corn - silage 18 21 15 18 18 25 24 38 61 77 49 11 375
Cotton 33 21 15 18 18 25 24 32 50 76 73 56 442
Cucumber/Lettuce ' 1.5 1.8 1.2 14 16 21 20 33 47 6.1 54 14 326
Dry Beans 25 21 15 18 18 25 24 30 24 57 79 51 387
Melons 17 18 12 14 16 21 20 32 44 6.2 6.1 29 347
Onions 25 21 15 18 18 30 36 56 76 89 75 41 50.0
Oranges 45 27 20 18 25 38 42 51 64 74 7.2 57 531
Pasture 43 26 20 18 24 37 40 48 6.1 70 6.8 54 508
Potatoes 18 21 15 18 18 25 29 45 72 80 35 1.1 387
Rice 25 21 15 18 18 25 24 51 75 78 75 54 480
Safflower 1.7 21 15 18 18 25 29 49 6.7 51 19 09 340
Sugar Beets 25 21 15 18 18 28 33 50 7.2 85 82 58 505
Tomatoes 18 21 15 18 18 25 24 35 69 89 63 16 41.2
Vines 30 21 15 18 18 25 27 41 51 59 57 41 403
Wheat 13 21 15 15 22 32 37 30 14 10 0.7 05 221
Davis
ETo 49 25 15 12 21 39 47 57 70 85 81 6.2 56.2
Precipitation 0.6 32 37 37 30 25 08 08 0.2 - - - 184
Alfalfa 45 25 15 14 21 38 44 52 64 78 74 57 527
Almonds 3 18 12 14 16 29 36 52 74 94 89 6.7 534
Apples 45 21 12 14 16 26 29 42 61 86 86 6.5 503
Corn 15 18 12 14 16 26 20 31 49 81 7.7 44 403
Corn - silage 11 18 12 14 16 26 20 35 6.2 82 50 1.1 356
Cotton 27 18 12 14 16 26 20 26 50 80 76 57 423
Cucumber/Lettuce 09 15 10 11 15 21 17 29 48 64 56 14 3038
Dry Beans 15 18 12 14 16 26 20 21 23 58 81 51 355
Melons 09 15 10 11 15 21 17 28 44 66 63 29 329
Onions 16 18 12 14 16 30 38 58 7.7 94 78 4.1 49.2
Oranges 45 25 15 14 21 38 44 52 64 78 74 57 527
Pasture 42 24 14 14 20 36 42 50 61 74 71 55 503
Potatoes 11 18 12 14 16 26 29 45 72 85 37 11 376
Rice 15 18 12 14 16 26 20 48 76 82 78 55 46.0
Safflower 11 18 12 14 16 26 29 50 68 55 20 09 327
Sugar Beets 1.5 18 12 14 16 28 33 50 73 90 85 59 493
Tomatoes 11 18 12 14 16 26 20 29 70 94 66 16 39.1
Vines 22 19 12 14 16 26 2.7 40 51 6.2 59 42 390
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Wheat 09 20 12 11 19 32 39 27 15 10 0.7 05 20.6

Water Year 2005 (inches)

CIMIS Station Oct Nov Dec Jan Feb Mar  Apr May Jun Jul  Aug Sep Total
Firebaugh/Telles
ETo 40 18 11 10 23 36 47 63 73 84 74 56 535
Precipitation 24 08 15 21 36 18 08 0.8 - - - - 13.7
Alfalfa 38 18 11 11 22 34 43 59 6.7 7.7 6.8 52 500
Almonds 32 15 09 11 16 25 36 58 78 92 82 6.1 515
Apples 38 16 09 11 16 23 29 47 64 85 78 59 475
Corn 21 15 09 11 16 23 20 33 50 80 71 40 389
Corn - silage 15 15 09 11 16 23 20 3.6 64 80 47 11 347
Cotton 28 15 09 11 16 23 20 29 52 79 7.0 52 404
Cucumber/Lettuce 2.7 13 07 09 15 19 17 18 10 08 11 24 179
Dry Beans 21 15 09 11 16 23 20 23 23 56 75 47 338
Melons 14 13 0.7 09 15 19 17 32 47 65 58 28 323
Onions 21 15 09 11 16 27 38 65 81 92 72 37 486
Oranges 38 18 11 11 22 34 43 59 6.7 7.7 68 52 500
Pasture 36 18 11 11 21 33 41 56 64 73 65 49 478
Potatoes 15 15 09 11 16 23 28 50 76 83 35 11 37.2
Rice 21 15 09 11 16 23 20 56 79 81 71 50 452
Safflower 14 15 09 11 16 23 28 56 71 54 19 0.8 325
Sugar Beets 21 15 09 11 16 25 33 56 7.7 89 78 53 48.2
Tomatoes 16 15 09 11 16 23 20 33 74 92 61 16 385
Vines 25 15 09 11 16 23 26 45 54 6.1 54 38 377
Wheat 11 16 10 09 20 29 38 31 15 1.0 0.7 05 20.0
Shafter
ETo 45 27 21 20 28 47 54 75 73 91 82 6.0 622
Precipitation 15 02 17 24 13 13 06 1.0 - -/ 00 00 101
Alfalfa 42 25 20 21 26 43 50 69 67 83 76 55 577
Almonds 32 11 07 18 18 29 40 69 7.7 100 9.1 64 556
Apples 42 18 09 18 18 20 31 56 63 92 87 6.2 517
Corn 19 11 07 18 18 20 11 36 48 86 78 43 395
Corn - silage 11 11 0.7 18 18 20 11 40 63 87 52 11 348
Cotton 28 11 07 18 18 20 11 33 52 85 78 55 415
Cucumber/Lettuce 30 12 06 15 16 16 09 21 10 09 12 25 182
Dry Beans 19 11 0.7 18 18 20 11 25 22 61 83 50 345
Melons 12 09 06 15 16 16 09 3.7 46 70 65 29 330
Onions 19 11 0.7 18 18 29 40 75 80 100 80 4.0 516
Oranges 42 25 20 21 26 43 50 69 67 83 76 55 577
Pasture 40 23 19 20 25 41 47 66 64 79 7.2 52 549
Potatoes 11 11 07 18 18 20 24 59 76 90 38 1.1 383
Rice 19 11 07 18 18 20 11 64 79 88 79 53 46.6
Safflower 11 11 07 18 18 20 29 65 70 58 20 09 336
Sugar Beets 19 11 07 18 18 26 32 64 76 96 87 56 510
Tomatoes 1.2 11 0.7 18 18 20 11 38 73 100 6.7 16 39.2
Vines 24 11 08 18 18 20 2.7 53 53 66 6.0 40 399
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Wheat 08 18 15 16 23 37 44 37 15 10 0.7 05

23.6

Tables C1-6 through C1-9 compare annual estimates of ET. derived from the
2003 ITRC report!? with ET. values based on the CUP methods and agronomic
data, but using the ITRC climate forcing (ET, and precipitation).'? Presented
values are for DWR ET, Zones 12, 14, 15, and 16, and calendar years 1997, 1998,
and 1999. These 3 years represent typical, wet, and dry conditions, respectively.
Values include soil evaporation for the entire year (other published values may
ignore ET for annual crops during the non-growing season). ITRC values are for
surface irrigation methods; values for sprinkler irrigation may be 1 to 4 percent
higher and values for drip irrigation may be up to 6 percent higher. ET. values
adopted for PGM calibration are typically higher than values published in the
2003 ITRC report. Some of the reasons for adopting higher values for PGM
calibration are discussed in the following sections.

Almonds

Traditionally, K¢ values for California orchards have been derived from
measurements of applied water, runoff, and soil water depletion. It was assumed
that trees were transpiring at their full potential and that water supply was not
restricted. The resulting midseason K. value for almonds with no ground cover
was 0.90. Recently, UC Davis and DWR conducted experiments to determine ET.
as the residual in an energy water balance (net radiation, less ground heat flux,
less sensible heat flux). These experiments resulted in midseason K values of
between 1.15 and 1.20. The lower K¢ value (as used by ITRC) may be correct for
the then existing management practices. However, almond orchards are less
heavily pruned today, are treated with higher fertilizer rates, and have yields
approximately 50 percent higher than 15 years ago (Sanden et al., 2012).

Tomatoes

During the 1970s, the seasonal ET. for processing tomatoes in the Central Valley
ranged from 25 to 28 inches depending on planting date (Fereres and Puech,
1981). Midseason K values derived from experimental data ranged from 1.05
under subsurface drip irrigation (Phene et al. 1985) to 1.25 under sprinkler
irrigation (Pruitt et al,. 1972). More recently, the recommended midseason
coefficients were 1.10 to 1.15 (Allen et al., 1998). Recently, UC Davis conducted
experiments on the westside of the San Joaquin valley to update water
requirements. Seasonal ET. varied from 21 to 30 inches. Average mid-season
crop coefficients varied year to year from 0.96 to 1.09 (Hansen and May, 2006),
which is consistent with earlier studies. Crop coefficients for PGM calibration,

2 Tables 8, 10, 11, and 12

13 Daily precipitation and daily ET, values used by ITRC for the calculation of ET. were not
available, so daily values were generated from monthly values published by ITRC (2002).
Monthly precipitation was disaggregated to daily values using the observed daily pattern of
precipitation at the the following gages: Colusa Bridge (for Zone 12), Marysville (for Zone 14),
Fresno Yosemite International Airport (for Zone 15), and Los Banos (for Zone 16). Monthly ET,
was disaggregated to daily values using a cubic spline.
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which are identical to those used in the CUP and SIMETAW models, may be
high.

Table 4C1-6. Crop Evapotranspiration for Zone 12

Crop Evapotranspiration ETc (inches)

Crop
1997 1998 1999 Average
Irrigation Training and SSIBS ITR SSJB ITR SSJB ITR SSJB ITR SSJB
Research Center (ITRC) C S C S C S C S
Alfalfa Hay and Clover Alfalfa 45 49 39 41 43 47 42 46
Almonds Almonds 39 50 37 44 40 48 39 47
Apple, Pear, Cherry, Plum,  Apple 45 41 45 44
Prune Plum- 38 37 39 38
48 42 47 46
Prune
Citrus (no ground cover) Orange 38 49 33 41 36 47 36 46
Corn
Corn and Grain Sorghum (grain) 35 35 35 35
Com 29 3 30 3 29 g3 29 g
(silage)
Sorghum 41 39 41 40
Cotton Cotton 32 36 34 36 32 37 33 36
.Fr'r‘;"e‘;’ers' Nursery, Christmas - ¢\ ere 37 35 36 34 38 35 37 35
Grain and Grain Hay Wheat 13 16 14 14
Barley 19 13 15 16 16 14 17 14
Oats 13 16 14 14
- . o .
Grape Vines with 80% Wine 28 36 29 32 28 35 28 34
canopy Grapes
Melons, Squash, and Cucumber 33 31 33 33
Cucumbers
Melon 18 35 22 3¢ 19 35 20 35
Squash 17 16 14 16
Miscellaneous Subtropical Olives 37 45 36 38 38 43 37 42
Miscellaneous Deciduous Fig 37 50 36 44 38 48 37 47
Miscellaneous field crops ~ SU9aM9™@S 25 33 26 34 26 37 26 37
Onions and Garlic Onion (dry) 20 48 16 41 17 46 18 45
Pasture and Misc. Grasses Pasture 45 47 40 39 44 45 43 44
Pea_ch, Nectarine and Stqne 38 50 37 44 39 48 38 47
Apricots fruits
Pistachio Pistachio 35 52 36 44 35 50 35 49
Potaftoes, Sugar beets, Potato 36 31 35 34
Turnip 35 28 33 32
Sugarbeet 46 41 45 44
Rice Rice! 39 42 38 39 40 42 39 41
Safflower 32 27 31 30
Safflower and Sunflower 26 22 27 05
Sunflower 33 33 33 33
Small Vegetables Carrots 22 18 19 20
19 17 18 18
Lettuce 17 20 19 19
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Asparagus 47 39 45 44

el 36 31 35 34
Strawberries Stawberfl 26 36 26 36 26 36 26 36
Tomatoes and Peppers Tomatoes 24 35 25 34 25 35 25 35
Walnuts Walnuts 42 47 40 42 42 46 41 45
Note:

' Evapotranspiration rates for rice assume bare soil during the non-growing season (i.e., no winter

flooding)

Table 4C1-7. Crop Evapotranspiration for Zone 14

Crop

Crop Evapotranspiration ETc (inches)

1997 1998 1999 Average
Irrigation Training and SSIBS ITR SSJB ITR SSJB ITR SSJB ITR SSJB
Research Center (ITRC) C S C S C S Cc S
Alfalfa Hay and Clover Alfalfa 47 52 41 43 47 50 45 49
Almonds Almonds 42 53 40 46 42 52 41 50
Apple, Pear, Cherry, Plum, Apple 49 43 48 46
Prune Plum- 42 40 43 42
51 44 50 48
Prune
Citrus (no ground cover) Orange 41 52 37 43 40 50 39 49
Corn
Corn and Grain Sorghum (grain) 38 37 38 37
Comn 31 34 31 3 30 34 31 g3
(silage)
Sorghum 44 41 43 43
Cotton Cotton 34 38 37 38 35 39 35 38
Flowers, Nursery, Christmas  eiowers 40 37 39 36 41 37 40 37
Grain and Grain Hay Wheat 14 17 15 15
Barley 20 14 16 17 18 15 18 15
Oats 14 17 15 15
. . o .
Grape Vines with 80% Wine 30 38 31 34 30 38 30 37
canopy Grapes
Melons, Squash, and Cucumber 35 33 35 35
Cucumbers
Melon 20 37 24 35 21 37 21 37
Squash 18 18 16 17
Miscellaneous Subtropical Olives 40 48 39 39 41 46 40 44
Miscellaneous Deciduous Fig 53 39 46 41 52 40 50
Miscellaneous field crops f“dangras 40 28 36 27 40 28 39
Onions and Garlic Onion (dry) 21 50 17 43 18 49 19 48
Pasture and Misc. Grasses Pasture 50 43 41 48 48 45 46
Peaph, Nectarine and Stqne 41 53 40 46 42 50 41 50
Apricots fruits
Pistachio Pistachio 37 55 39 46 38 53 38 51
Potatoes, Sugar beets, Potato 3 38 30 33 36 37 34 36

Turnip
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Crop Evapotranspiration ETc (inches)

Crop
1997 1998 1999 Average
Irrigation Training and SSIBS ITR SSJB ITR SSJB ITR SSJB ITR SSJB
Research Center (ITRC) C S C S C S C S
Sugarbeet 49 43 48 47
Rice Rice! 42 45 40 41 42 45 41 44
Safflower and Sunflower Safflower 29 34 23 29 28 33 27 32
Sunflower 36 34 35 35
Small Vegetables Carrots 23 19 21 21
Lettuce 19 22 20 20
Asparagus 2V s0 18 41 200 45 20 46
el 38 33 37 36
Strawberries Stawberfl 27 39 28 37 27 39 28 38
Tomatoes and Peppers Tomatoes 26 37 27 36 26 37 26 37
Walnuts Walnuts 45 50 43 44 46 49 45 48
Note:
;lOE(;/;ﬁgt)ranspiration rates for rice assume bare soil during the non-growing season (i.e., no winter

Table C1-8. Crop Evapotranspiration for Zone 15

Crop Evapotranspiration ETc (inches)

Crop
1997 1998 1999 Average
Irrigation Training and SSIBS ITR SSJB ITR SSJB ITR SSJB ITR SSJB
Research Center (ITRC) C S C S C S Cc S
Alfalfa Hay and Clover Alfalfa 49 54 46 48 48 52 47 51
Almonds Almonds 40 54 39 50 39 52 40 52
Apple, Pear, Cherry, Plum, Apple 49 46 49 48
Prune Plum- 42 42 41 42
53 48 51 51

Prune
Citrus (no ground cover) Orange 42 54 40 48 41 52 41 51

Corn
Corn and Grain Sorghum (grain) 31 37 39 37 38

Corn 33 33 34 29 33 31 33

(silage)

Sorghum 44 43 45 44
Cotton Cotton 34 38 37 40 34 39 35 39
Fowers, Nursery, Chrisimas  Eiowers 41 37 40 38 40 37 40 37
Grain and Grain Hay Wheat 13 17 14 15

Barley 20 13 17 17 16 14 18 15

Oats 13 17 14 15

. . o .

Grape Vines with 80% Wine 29 38 32 37 29 38 30 38
canopy Grapes
Melons, Squash, and Cucumber 35 36 35 35
Cucumbers 19 23 19 20

Melon 37 38 37 37

Technical Appendix 4C-28



Crop Evapotranspiration ETc (inches)

Crop
1997 1998 1999 Average

Irrigation Training and SSIBS ITR SSJB ITR SSJB ITR SSJB ITR SSJB
Research Center (ITRC) C S C S C S C S

Squash 19 17 15 17
Miscellaneous Subtropical Olives 41 49 40 43 40 47 47
Miscellaneous Deciduous Fig 41 54 40 50 40 52 40 52
Miscellaneous field crops sudangras 27 41 30 39 26 41 28 40
Onions and Garlic Onion (dry) 21 52 17 47 17 50 18 50
Pasture and Misc. Grasses Pasture 50 52 46 46 48 50 48 49
Pegch, Nectarine and Stqne 41 54 41 50 40 52 41 52
Apricots fruits
Pistachio Pistachio 37 57 40 51 37 55 38 54
Potaf[oes, Sugar beets, Potato 38 36 37 37
Turnip 37 33 35 35

Sugarbeet 50 47 49 48
Rice Rice’ 42 45 42 44 42 45 42 45

Safflower 34 31 32 32
Safflower and Sunflower 29 o5 26 27

Sunflower 35 36 35 35
Small Vegetables Carrots 24 20 20 22

Lettuce 18 21 20 19

Asparagus 21 52 19 45 18 50 19 49

Sweet

Potatoes 38 36 37 37
Strawberries g;ra""ber” 27 38 30 40 26 39 28 39
Tomatoes and Peppers Tomatoes 26 37 28 38 25 37 26 37
Walnuts Walnuts 47 50 47 48 46 50 47 50
Note:

' Evapotranspiration rates for rice assume bare soil during the non-growing season (i.e., no winter

flooding)

Table C1-9. Crop Evapotranspiration for Zone 16

Crop Evapotranspiration ETc (inches)

Crop
1997 1998 1999 Average
Irrigation Training and SSIBS ITR SSJB ITR SSJB ITR SSJB ITR SSJB
Research Center (ITRC) C S C S C S Cc S
Alfalfa Hay and Clover Alfalfa 50 55 45 48 50 54 48 52
Almonds Almonds 42 55 39 50 41 54 41 53
Apple, Pear, Cherry, Plum, Apple 50 a7 51 49
Prune Plum- 44 41 43 43
53 48 52 51
Prune
Citrus (no ground cover) Orange 43 55 40 48 43 54 42 52
Corn
. . 36 38 38 38
Corn and Grain Sorghum gl;:rarl]n) 31 32 31 31
; 32 33 34 33
(silage)
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Crop

Crop Evapotranspiration ETc (inches)

1997 1998 1999 Average
Irrigation Training and SSIBS ITR SSJB ITR SSJB ITR SSJB ITR SSJB
Research Center (ITRC) C S C S C S C S
Sorghum 44 43 46 45
Cotton Cotton 35 38 37 40 35 40 36 39
rowers, Nursery, Christmas £ vers 42 36 40 37 42 38 41 37
Grain and Grain Hay Wheat 12 18 16 15
Barley 21 12 17 18 17 16 18 15
Oats 12 18 16 15
. . o .
Grape Vines with 80% Wine 31 39 31 36 31 39 31 38
canopy Grapes
Melons, Squash, and Cucumber 34 35 36 35
Cucumbers
Melon 20 36 24 37 20 3z 21 37
Squash 17 19 15 17
Miscellaneous Subtropical Olives 42 50 40 43 42 49 47
Miscellaneous Deciduous Fig 42 55 40 50 42 54 41 53
Miscellaneous field crops S“dangras 28 41 29 39 28 42 28 M
Onions and Garlic Onion (dry) 21 51 17 47 18 51 19 50
Pasture and Misc. Grasses Pasture 52 53 46 45 50 52 49 50
Peqch, Nectarine and Stqne 42 55 41 50 42 54 42 53
Apricots fruits
Pistachio Pistachio 39 57 40 51 39 56 39 55
Pota_toes, Sugar beets, Potato 37 35 38 37
Turnip 39 31 36 35
Sugarbeet 49 46 49 48
Rice Rice! - 45 - 43 - 47 - 45
Safflower 33 30 33 32
Safflower and Sunflower 32 23 27 27
Sunflower 34 36 36 35
Small Vegetables Carrots 23 21 20 21
Lettuce 18 23 21 20
Asparagus 2V 53 20 45 19 5 20 g
Sweet
Potatoes 37 35 38 37
Strawberries Stawber .3 - 39 - 40 - 39
Tomatoes and Peppers Tomatoes 28 36 26 37 27 38 27 37
Walnuts Walnuts 49 51 46 48 49 52 48 50
Note:

" Evapotranspiration rates for rice assume bare soil during the non-growing season (i.e., no winter

flooding).
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3. WEAP-CV Plant Growth Model Calibration

In Section 2, the calibration of the WEAP-CV Plant Growth Model (PGM) based
on the crop ET rates presented in Section 1 is described. One of the reasons
WEAP-CV PGM was selected for use in the SSIBS is that the models described
in Section 1 do not have the capability to explicitly simulate many important
biological processes affecting crop ET. In addition, the WEAP-CV PGM has the
capability to simulate the climatic effects on crops yields which is important to
the analysis of the economic impacts of climate change on agriculture. This aspect
of the model is described in Appendix D.

The WEAP-CV PGM was previously used by Reclamation to develop Central
Valley crop water demands for the Central Valley Project Integrated Resource
Plan (Reclamation, 2013). However, during that study it became evident that
models of Central Valley crop water demands have been parameterized and
calibrated using different standards. For instance, the PGM was calibrated to
values published in the ITRC report “Evaporation from Irrigated Agricultural
Land in Califorina” (ITRC, 2002). CalSim 3.0 was parameterized using crop ET
values developed by DWR. While the Central Valley Planning Area model in
WEAP used in the State Water Plan was calibrated to the crop water use values
published in the State Water Plan Portfolios. For this reason the Basin Study
authors deemed it desirable to calibrate the PGM using a widely accepted
standard model recognized by Reclamation and DWR. This standard is the ET
model CUP created by DWR. Although this model lacks some of the capabilities
of the PGM, because it was appled only to develop a target calibration data set
with 2005 data, the capabilities were not necessary.

Most previous modeling studies in the Central Valley have primarily simulated
the effects temperature related climate change effects on crop water use. In these
studies, increasing temperature typically results in increased crop ET. However,
research has shown that there are several other bio-climate interactions that have
effects on crop water use. These relationships include:

e Reduction in stomatal conductance caused by elevated atmospheric CO-.

e Increase in radiation use efficiency caused by elevated atmospheric CO-
(the CO. fertilization effect).

e Increase in leaf area caused by elevated atmospheric CO..

e Increase or decrease in plant temperature stress caused by elevated
temperature.

e Earlier seasonal onset of plant gowth
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e Accelerated accumulation of degree day heat units which shortens the crop
growth period.

e Increase in the length of the growing season of perennial crops caused by
elevated temperature.

¢ Reduction in stomatal conductance and radiation use efficiency caused by
elevated vapor pressure deficit.

These processes are all discussed more detail in several publications (Kimball et
al., 2002; Huntington, 2004; Neitsch, et al., 2005; Long et al., 2006; Ainsworth

and Long, 2005; Hatfield et al., 2008; Kimball, 2010) and the reader is urged to
consult them for more information.

The combined effects of these processes are complex and the degree to which
they affect crop ET varies between crop types. Generally, an increase in
temperature produces an increase crop ET. This is due to the increased
temperature increasing the magnitude of the vapor pressure deficit (VPD) as well
as increased soil evaporation. VPD is defined as the difference between the
saturated vapor pressure, assumed to be the condition inside plant leaves, and the
actual vapor pressure of the air surrounding the plant leaves. Typically, increased
warming results in a larger VPD and increased crop ET. However, as described in
Appendix B, the VPD in some of the projections did not increase over time
despite warming because of the effects of increased atmospheric humidity on the
actual vapor pressure. In addition, most plants will eventually respond to very
high VPD by reducing their stomatal openings in order to survive. This biological
mechanism is not represented in the standard Penman Montheith equation or in
the crop coefficient method described above. These effects which are not
simulated in the ASCE Penman Montieth and crop coefficient methods are
simulated in the PGM.

The PGM also includes an algorithm that reduces leaf area development if the
daily average temperature is in excess of the optimal growth temperature. This
observed effect when it occurs will result in a reduction in leaf area which in turn
will result in less crop ET. However, since the optimal temperature range varies
between crops the magnitude of the effect will vary considerably both temporally
and geographically. It may be that some of the difference in the bias between the
CUP model and PGM at the four different sites may be in part due to these
temperature stress effects.

The movement of moisture out of the leaves, and the movement of CO: into the
leaves, is regulated by the stomata, which are small openings on the surface of the
leaves. Many field and lab experiments have shown that crops reduce the size of
the stomatal openings when CO> concentrations increase. This results in less
water vapor loss (a reduction in transpiration) while maintaining the same inflow
of CO> to support photosynthesis. The net effect of these phenomena is an
increase in water use efficiency which is the ratio of biomass production to
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transpiration. However, CO; also usually increases total leaf area and
consequently the number of stomata which tends to counteract the effect of
stomatal closure to varying degrees in different crops.

Finally, total crop ET is affected by the length of the growth period. For annual
crops, increased temperatures typically shortens the growth period leading to
potentially reduced crop ET. However, increased warming will generally increase
the length of the growth period for perennial crops and thus increase overall crop
ET.

4. ET Calibration Approach

Calibration of PGM crop water use was conducted using crop ET values produced
by the CUP model values described in Section 1 as calibration targets. PGM
parameters were adjusted until the growing season total crop ET was within 3
percent of the simulated values produced by the CUP model. Identical
meteorological inputs were used in both the CUP and PGM models. These inputs
were the same used in the CVP-IRP.

Within the PGM model there are several parameters that affect the crop
evapotranspiration rate. At the leaf level, the movement of water vapor out of the
leaf is regulated by leaf stomatal conductance. The development of the crop
canopy is controlled by five parameters which determine the leaf area index
(LAI). The combination of leaf stomatal conductance and crop canopy
development results in canopy conductance. The development of LAI is
illustrated in Figure C2-1. The development of LAl is a function of the
accumulation of heat units, expressed in the figure as the Heat Unit Index (HUI).
During plant development as the HUI increases the LAI increases. The rate at
which LAl increases is defined by two user-specified points (LAI definition
points #1 and #2) indicated on the figure where values of the HUI and
corresponding values of LAI have to be provided. The fifth parameter that defines
the development and decline of the LAI is the HUI at which LAI begins to decline
as the growing season comes to an end (Start of LAI Decline).
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LAl definition point # 1 LAl definition point #2

LA

Figure C2-1. lllustration of Crop Leaf Area Index Development as a Function of
Heat Unit Index.

The parameters described above were initially set at values found in the crop
database for the SWAT model (Neitsch, et al. 2005). During calibration,
adjustments were made to the parameters if the overall shape of the actual daily
ET curve from the PGM did not match the curve from CUP. For instance, in some
cases the early season ET was less in the PGM than the CUP model. To increase
the early season ET the LAI definition points (see Figure C2-1) were adjusted to
have the canopy develop more rapidly in the early season resulting in more early-
season ET. In other cases the maximum daily ET during the full canopy portion of
the season, typically July and August, did not match that computed by the CUP
model. In those cases the leaf stomatal conductance was adjusted to bring the two
models into agreement. In cases where there was disagreement between the
models in the late-season ET, the “Start of LAI Decline” parameter was adjusted
so that the decline started either earlier or later in the season.

Using the approach described above, a calibration was conducted for the 20
representative crops that were simulated in the Basin Study. This calibration was
performed at four locations in the Central Valley in order to represent the
variability in climatic conditions. The chosen locations were at Gerber, Davis,
Firebaugh, and Shafter. These stations were also selected because they have long
records of appropropriate meteorological observations for computing ET. As
described previously, the observations were adjusted to correct for sensor errors
prior to p