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Quantifying the hydrological response to an increased atmospheric CO2 concentration and climate
change is critical for the proper management of water resources within agricultural systems. This study
modeled the hydrological responses to variations of atmospheric CO2 (550 and 970 ppm), temperature
(+1.1 and +6.4 �C), and precipitation (0%, ±10%, and ±20%) based on Intergovernmental Panel on Climate
Change projections. The Soil and Water Assessment Tool (SWAT) was used to model the hydrology and
impact of climate change in the highly agricultural San Joaquin watershed in California. This watershed
has an area of 14,983 km2 with a Mediterranean climate, resulting in a strong dependence on irrigation.
Model calibration (1992–1997) and validation (1998–2005) resulted in Nash–Sutcliffe coefficients of 0.95
and 0.94, respectively, for monthly stream flow. The results of this study suggest that atmospheric CO2,
temperature and precipitation change have significant effects on water yield, evapotranspiration, irriga-
tion water use, and stream flow. Increasing CO2 concentration to 970 ppm and temperature by 6.4 �C
caused watershed-wide average evapotranspiration, averaged over 50 simulated years, to decrease by
37.5%, resulting in increases of water yield by 36.5%, and stream flow by 23.5% compared to the pres-
ent-day climate. Increasing temperature caused a temporal shift in plant growth patterns and redistrib-
uted evapotranspiration and irrigation water demand earlier in the year. This caused an increase in
stream flow during the summer months due to decreased irrigation demand. Water yield, however,
decreased with an increase in temperature. Increase of precipitation by ±10% and ±20% generally changed
water yield and stream flow proportionally, and had negligible effects on predicted evapotranspiration
and irrigation water use. Overall, the results indicate that the San Joaquin watershed hydrology is very
sensitive to potential future climate changes. Agricultural implications include changes to plant growth
rates, irrigation timing and runoff, all of which may affect future water resources and water quality.

� 2009 Elsevier B.V. All rights reserved.
Introduction

Fossil fuel consumption has caused an increase in anthropo-
genic emissions of carbon dioxide (CO2) and other greenhouse
gases (IPCC, 2007). Due to higher concentrations of these gases in
the atmosphere, the proportion of solar radiation hitting the Earth
that is reflected back into space is reduced, leading to a net warm-
ing of the planet (Kalnay and Cai, 2003). Based on the range of
emission scenarios presented to the Intergovernmental Panel on
Climate Change (IPCC, 2007), CO2 concentrations are expected to
increase from the present day concentration of approximately
330 pm to between approximately 550 and 970 ppm. The magni-
tude of this increase will depend on future human activities, as
well as technological and economic development. For all IPCC sce-
narios, however, General Circulation Models (GCMs) predict that
ll rights reserved.
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increases in atmospheric greenhouse gas concentrations will raise
surface temperatures. These changes will likely affect the hydro-
logic cycle. Among the GCMs and emission scenarios used by the
IPCC, temperatures in 2100 are expected to be between 1.1 and
6.4 �C higher than temperatures in 1900, accompanied by changes
in rainfall intensity and amount (IPCC, 2007). Possible changes in
regional and seasonal patterns of temperature and precipitation
and their implications for the hydrologic cycle are as yet poorly
understood.

An increase of atmospheric CO2 will directly affect plant tran-
spiration and growth which are inherently tied to the hydrologic
cycle. Experimental evidence indicates that stomatal conductance
of some plants will decline as atmospheric CO2 increases, resulting
in a reduction of transpiration (e.g., Morison and Gifford, 1983;
Morison, 1987; Hendry et al., 1993; Tyree and Alexander, 1993;
Field et al., 1995; Saxe et al., 1998; Wand et al., 1999; Medlyn
et al., 2001; Wullschleger et al., 2002). Research has also shown
that total leaf area of many plant types may increase with
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increased atmospheric CO2 concentrations (e.g., Wand et al., 1999;
Pritchard et al., 1999; Saxe et al., 1998), potentially offsetting the
reduction of stomatal conductance.

Much research has been done to elucidate the effects that cli-
mate change and increased atmospheric CO2 concentration will
have on watershed processes. Studies have reported that an in-
crease in CO2 while holding temperature and precipitation con-
stant will cause increases in water yield (e.g., Aber et al., 1995;
Fontaine et al., 2001; Chaplot, 2007). Using present day precipita-
tion patterns, studies have shown that higher temperatures lead to
increased evaporation rates, reductions in stream flow, and in-
creased frequency of droughts (e.g., Schaake, 1990; Rind et al.,
1990; Nash and Gleick, 1991, 1993). Labat et al. (2004) demon-
strated that a temperature increase by 1 �C may lead to a global
runoff increase by 4% due to increased oceanic evaporation. Kamga
(2001) used WatBal, a hydrologic water balance model (Yates,
1996), to show that a 1 and 3 �C temperature increase and a 4–
13% change in rainfall intensity would result in variations in an-
nual river fluxes of �3% to +18% in Cameroon. In Africa, Legesse
et al. (2003) used the Precipitation-Runoff Modeling System
(PRMS) model (Leavesley, 1983) to simulate runoff, predicting a
runoff decrease by 30% in response to a 10% decrease in precipita-
tion amount. A 1.5 �C increase in air temperature resulted in a run-
off decrease of 15%. In a study of climate change effects on the
Missouri River in the USA, Lettenmaier et al. (1999) used output
from three transient GCMs and one double CO2 GCM to evaluate
potential effects of climate change on water resources. They esti-
mated that the Missouri River would experience a reduction in
stream flow between 6% and 34%, which would greatly impact eco-
nomic infrastructure along the river. All of these studies indicate
that watershed processes may be very sensitive to changes in
precipitation, temperature and increased atmospheric CO2 concen-
trations. Despite many studies on the effects of climate change,
up-to-date quantitative information on the effects of changes in
precipitation and temperature on soil and water resources is still
scarce.

Anticipating changes in the hydrologic cycle is particularly
important for regions with limited water supplies such as the
San Joaquin Valley in California. This study will contribute to the
collection of studies that characterize potential climate change im-
pacts on water resources in California’s Central Valley (e.g., Gleick,
1987; Lettenmaier and Gan, 1990; USBR, 1991; Dracup and Pel-
mulder, 1993; USEPA, 1997; Miller et al., 1999; Wilby and Dettin-
ger, 2003; Knowles and Cayan, 2002; Zhu et al., 2005). Most of
these early studies were subject to the underlying assumption that
precipitation would not be affected by regional warming which,
based on multiple GCM outputs, may not be accurate (Allen and In-
gram, 2002). While all GCM model runs predict rising tempera-
tures for California, the magnitude and direction of changes in
precipitation is much less certain (Cayan et al., 2008).

Recent studies incorporate precipitation projections from
GCMs, downscaled to a higher resolution for California (e.g., Hay
et al., 2000; Miller and Kim, 2000; Brekke et al., 2004; Dettinger
et al., 2004; VanRheenen et al., 2004; Maurer and Duffy, 2005;
Maurer, 2007). These studies show great variability in projected
precipitation for California. A large amount of uncertainty of global
precipitation is caused by the structure of GCMs and their underly-
ing assumptions (IPCC, 2001). Consequently, no global climate
model should be considered superior to others in predicting Cali-
fornia precipitation. Any precipitation projections produced for
California under the IPCC CO2 scenarios should therefore be re-
garded as equally plausible. This study will thus consider a range
of possible precipitation scenarios.

Hydrologic models are often combined with climate scenarios
generated from GCMs to produce potential scenarios of climate
change effects on water resources. These hydrologic models pro-
vide a link between climate changes and water yields through sim-
ulation of hydrologic processes within watersheds. Hydrologic
models then allow various simulations to be performed based on
user needs. Confidence in the results varies greatly and largely de-
pends on the methods and structure of the climate scenario and
the hydrologic model. The Soil and Water Assessment Tool (SWAT)
(Arnold et al., 1998) was used for this study. SWAT includes ap-
proaches describing how CO2 concentration, precipitation, temper-
ature, and humidity affect plant growth, ET, snow, and runoff
generation, and has often been used as a tool to investigate climate
change effects. Several case studies of climate change impacts on
water resources have used this model (e.g., Hanratty and Stefan,
1998; Rosenberg et al., 1999; Cruise et al., 1999; Stonefelt et al.,
2000; Fontaine et al., 2001; Eckhardt and Ulbrich, 2003; Chaplot,
2007; Schuol et al., 2008). SWAT has been used to model portions
of the San Joaquin watershed (Flay and Narasimhan, 2000; Luo
et al., 2008). The objective of this study was to provide a first esti-
mate of the overall impact of climate on the hydrology of the San
Joaquin River watershed, including its impact on irrigation water
use by local farmers.

It is important to note that an assessment of the sensitivity of a
model to climate change does not necessarily provide a projection
of the likely consequences of climate change. However, such stud-
ies provide valuable insights into the sensitivity of the hydrological
systems to changes in climate (Arnell and Liv, 2001). Wolock and
McCabe (1999) also stated that sensitivity studies of temperature
and precipitation variations can provide important information
regarding the responses and vulnerabilities of different hydrologic
systems to climate change, especially in the light of substantial
uncertainty of GCM climate projections. The specific objectives of
this study were to investigate the sensitivity of hydrologic vari-
ables, such as ET, water yield (in this case, synonymous with sur-
face runoff and soil water interflow entering the adjacent
stream), irrigation water use and stream flow (rate of stream flow
at the watershed outlet which will be affected by irrigation diver-
sions) to climate change. To this end, we computed all hydrologic
variables for 16 climate change scenarios (six for present-day sce-
narios, five for the B1 emissions scenario (low CO2 concentration)
and five for the A1FI emission scenario (high CO2 concentration)),
and compared the results to a 50-year baseline scenario with a
present-day climate.
Materials and methods

Description of the study area

The San Joaquin River watershed was selected for this study
(Fig. 1). According to the United States Geological Survey (USGS),
the watershed consists of four hydrologic units: the middle San
Joaquin and lower Chowchilla watersheds (identified by the
eight-digit hydrologic unit code 18040001), the middle San Joa-
quin, lower Merced, and lower Stanislaus River watersheds
(18040002), the upper Chowchilla and upper Fresno River water-
sheds (18040007), and the Panoche and San Luis Reservoir water-
sheds (18040014).The USGS monitoring site at Vernalis
(#11303500; Fig. 1) was chosen as the outlet for the entire wa-
tershed. The discharge inlets of the upper San Joaquin, upper Mer-
ced, upper Tuolumne, and upper Stanislaus Rivers were defined at
the USGS monitoring sites of #11251000, #11270900, #11289650,
and #1130200, respectively (Fig. 1). The total area of the watershed
is 14,983 km2, with approximately 66% of the total area in the San
Joaquin Valley, 15% in the Coastal Range, and 19% in the Sierra Ne-
vada mountains. The watershed is highly agricultural and includes
the majority of agricultural areas in the counties of Stanislaus,
Merced, and Madera, and part of San Joaquin and Fresno Counties.



Fig. 1. Study area of the northern San Joaquin Valley watershed (adapted from Luo et al., 2008).
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Of the total cropland in the study area, 38% is covered by fruits and
nuts, 36% by field crops (corn, tomatoes, pumpkins, watermelon,
asparagus, cotton, beans, etc.), 17% by truck, nursery, and berry
crops and 4% by grain crops (DWR, 2007).

Agricultural pollution has become a major concern for the wa-
tershed (e.g., Foe, 1990; Foe and Connor, 1991; Crepeau et al.,
1991; Foe and Sheipline, 1993; Kratzer, 1999). Researchers at the
University of California at Davis found that pesticide contamina-
tion at 48% of the 237 San Joaquin watershed sampling sites tested
exceeded the environmental safety or public health standard
maintained by the State of California (CRWQCB, 2000, monitoring
data). According to an assessment conducted by the California Re-
gional Water Quality Control Board, at least 127 miles of the San
Joaquin River were severely polluted by toxic metals, numerous
pesticides, or additional chemicals that promote the growth of al-
gae (SWRCB, 2002). Many portions of the San Joaquin River are
listed as Impaired and Threatened Waters by the United States
Environmental Protection Agency (USEPA, 2008, Section 303(d)).

The San Joaquin Valley has a Mediterranean climate with hot,
dry summers and cool, wet winters. Average rainfall is approxi-
mately 200–300 mm with most of the precipitation falling during
the period of November–April and negligible rainfall from May to
October. Mean daily temperature is approximately 15 �C (NOAA,
2008).

Due to the arid climate, agriculture in the San Joaquin Valley
critically depends on irrigation. Farmers in the San Joaquin Valley
use a combination of groundwater and surface water to meet their
irrigation needs. Irrigation water is mostly developed and
delivered by governmental institutions, such as the State Water
Project and the Central Valley Project, which sell long-term water
contracts. Several irrigation districts such as Modesto or South
San Joaquin then deliver the water to the end user via irrigation ca-
nals and aqueducts. Farmers manage their own groundwater
usage, which to date has not been regulated.

The SWAT hydrological model

SWAT is a hydrologic/water quality model developed by the
United States Department of Agriculture–Agricultural Research
Service (USDA–ARS) (Arnold et al., 1998; Srinivasan et al., 1998).
The main objective of SWAT is to predict the impact of agricultural
or land management on water, sediment and agricultural chemical
yields in ungauged basins. The model is a continuous-time, spa-
tially distributed simulator of the hydrologic cycle and agricultural
pollutant transport at a catchment scale. It runs on a daily time step.
Major model components are weather conditions, hydrology, soil
properties, plant growth, and land management, as well as loads
and flows of nutrients, pesticides, bacteria, and pathogens. A de-
tailed description of SWAT can be found in Nietsch et al. (2005).

In SWAT, a watershed is divided into multiple subwatersheds
which are then divided into units of unique soil/land use character-
istics called hydrological response units (HRUs). These HRUs are
defined as homogeneous spatial units characterized by similar geo-
morphologic and hydrological properties (Flugel, 1995). In SWAT,
HRUs are composed of a unique combination of homogeneous soil
properties, land use and slope. For example, a specific HRU land
unit may contain a sandy loam, walnut orchards, and a slope of
5%. User specified land cover, soil area, and slope thresholds can
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be applied that limit the number of HRUs in each subwatershed.
For this study, only land use, soil properties and slopes that com-
prise over 5% of the subbasin were used for HRU definition. HRU
water balance is represented by five storage components: canopy
interception, snow, soil profile, shallow aquifer, and deep aquifer.
Flow generation is summed across all HRUs in a subwatershed
and the resulting flows are then routed through channels, ponds,
and/or reservoirs to the watershed outlet.

Predictions of surface runoff from daily rainfall are estimated
based on a similar procedure as the CREAMS runoff model (Knisel,
1980). The runoff volume is estimated using the modified SCS
curve number method (SCS, 1984), a value that incorporates soil,
land use, and management information. The curve number is ad-
justed at each time step based on the amount of soil water present.

The plant growth component of SWAT utilizes routines for plant
development based on plant-specific input parameters summa-
rized in the SWAT plant growth database. From these parameters,
SWAT computes plant growth output characteristics such as bio-
mass and leaf area index (LAI). The heat unit theory is used to reg-
ulate the plant growth cycle (Boswell, 1926; Magoon and
Culpepper, 1932). In this theory, predictions of plant development
can be estimated based on the amount of heat absorbed by the
plant. Potential plant growth is calculated at each time step of
the simulation and is based on growth under ideal growing condi-
tions consisting of adequate water and nutrient supply and a favor-
able climate.

In SWAT, irrigation may be scheduled by the user or automati-
cally applied in response to a water deficit in the soil. In this study,
irrigation in an HRU was automatically simulated by SWAT based
on plant-water stress. Depending on the subwatershed, irrigation
water was either extracted from the nearby reach or a source out-
side the watershed. For a given irrigation event, SWAT determines
the amount of water available in the source (a stream or river), and
the amount of available water is compared to the amount of water
needed for the specific irrigation event. Water applied to an HRU is
used to fill the soil layers up to field capacity beginning with the
soil surface layer and working downward (Nietsch et al., 2005).

SWAT was used because of its capability to model the impacts of
future climate conditions. For example, the calculation of ET takes
into account variations of radiation-use efficiency, plant growth,
and plant transpiration due to changes in the atmospheric CO2 con-
centrations, which is essential for any study of CO2-induced climate
change. SWAT allows adjustment terms such as the CO2 concentra-
tion to vary so that the user is able to incorporate GCM projections
of atmospheric greenhouse gas concentrations and temperatures
into the model simulations. However, SWAT does not allow incre-
mental increases of atmospheric CO2 concentration. The impact of
the increase of plant productivity and the decrease of plant water
requirements due to increasing CO2 levels are considered following
Nietsch et al. (2005). For estimation of ET, the Penman–Monteith
method must be used for climate change scenarios that account
for changing atmospheric CO2 levels. This method has been modi-
fied in SWAT to account for CO2 impacts on ET levels.

Implications of CO2 assumptions in SWAT
Many studies using a wide range of plant species have con-

firmed that increased atmospheric CO2 concentrations will result
in a reduction of leaf stomatal conductance (e.g., Morison and Gif-
ford, 1983; Morison, 1987; Hendry et al., 1993; Tyree and Alexan-
der, 1993; Field et al., 1995; Saxe et al., 1998; Wand et al., 1999;
Medlyn et al., 2001; Wullschleger et al., 2002). The most pro-
nounced effect is the effect on the plant growth cycle. In some early
work, Morison (1987) suggested that a doubling of CO2 will lead to
a decrease in stomatal conductance of crop by 40%. Since then,
other studies have found varying and less pronounced decreases
for various plants. Wullschleger et al. (2002) noted that there is a
broad range of stomatal conductance responses between different
plant species in response to elevated CO2 levels. Wand et al. (1999)
reported a 24% and 29% decrease in stomatal conductance for C3
and C4 grasses, respectively. Field et al. (1995) researched the ef-
fect of doubling CO2 concentration on 23 different tree species.
They found an average stomatal conductance decrease of 23%.
Medlyn et al. (2001) evaluated 13 long-term, field-based studies
on the effects of elevated CO2 concentrations on tree species. Their
results indicated an average decrease of 21% for stomatal conduc-
tance, with a stronger effect on deciduous (�24%) than coniferous
(�8%).

It has been found that leaf area may also increase under in-
creased CO2 concentrations. An increase in leaf area would lead
to an increase in ET and therefore would affect the hydrologic cy-
cle. Wand et al. (1999) found that a doubling of CO2 concentration
will result in an average leaf area increase of 15% and 25% for C3
and C4 species, respectively. Research conducted by Pritchard
et al. (1999) found that leaf area of crop species (37%) increased
more than wild, non-woody species (15%) and tree species (14%).
SWAT assumes that the leaf area does not increase with increasing
CO2 concentrations.

SWAT 2005 modifies stomatal conductance based on work by
Morison (1987). Therefore, doubling CO2 concentration in SWAT
will lead to a 40% reduction in leaf conductance for all plant spe-
cies. This reduction of conductance is assumed to be linear over
the entire range of CO2 concentrations (Morison and Gifford,
1983). In SWAT, the equation simulating leaf conductance with
an increased CO2 concentration (Easterling et al., 1992) is:

gCO2
¼ g � ½1:4� 0:4 � ðCO2=330Þ� ð1Þ

where gCO2 is the conductance modified to reflect CO2 effects; g,
the conductance without the effect of CO2; CO2 is the atmospheric
CO2 concentration; 330 represents 330 ppm, the present day atmo-
spheric CO2 concentration. As discussed above, actual stomatal con-
ductance is not linear and is likely to vary with different plant
species.

Eq. (1) is for all plant species. Therefore, in watersheds where
there are multiple types of land cover not including arable land,
the reduction in stomatal conductance may be overestimated. Also,
SWAT does not account for leaf area increases due to increased CO2

concentrations, which could potentially offset the overestimation of
stomatal conductance. These are major assumptions in the CO2-
plant growth algorithms in SWAT. Eckhardt and Ulbrich (2003)
incorporated variable stomatal conductance and leaf area index
(LAI) into SWAT (known as SWAT-G) by compiling plant physiolog-
ical data from studies researching the influence of increased atmo-
spheric CO2 concentration. This incorporation, however, has not
been adapted into SWAT 2005, the version used in this study.

In this study, the approach used in SWAT 2005 for increased
atmospheric CO2 concentration can be expected to result in an over-
estimation in the reduction of stomatal conductance and a lack of LAI
increase resulting in decreased ET rates and subsequent increases in
stream flow and water yield throughout the San Joaquin watershed.
Previous research focused solely on evaluating the effects of a dou-
bled atmospheric CO2 concentration in SWAT report a wide range
of impacts on average annual stream flow, including a 0.4% increase
in stream flow for the Upper Wind River Basin in northwestern Wyo-
ming (Stonefelt et al., 2000), 16% for the Spring Creek Watershed in
western South Dakota (Fontaine et al., 2001), 13–38% for five major
Missouri River subwatersheds (Chen, 2001), and 7% for the Walnut
Creek Watershed in central Iowa (Chaplot, 2007).

Data collection and analysis

SWAT input parameter values such as topography, landscape,
and weather data were compiled using databases from various
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state and governmental agencies. Elevation, land use and stream
network data were obtained from USEPA’s Better Assessment Sci-
ence Integrating Point and Non-point Sources (BASINS) database
(USEPA, 2007). Data included 1:250,000 scale quadrangles of land
use/landcover data, 30-m resolution Digital Elevation Models
(DEMs), and 1:100,000 scale stream network data from the Na-
tional Hydrography Dataset (NHD). Cropland and irrigation areas
were defined based on the land use survey database developed
by the California Department of Water Resources (DWR) during
1996–2004 under the assumption that agricultural land use has
not change since the survey was completed. Soil properties were
extracted from the 1:24,000 Soil Survey Geographic (SSURGO;
USDA, 2007) database based on soil surveys conducted in the study
area. Daily precipitation and minimum, and maximum tempera-
ture were retrieved from four California Irrigation Management
Information System (CIMIS) weather stations in the study area
(Fig. 1).

Model initialization and evaluation were based on water moni-
toring data obtained at gauges within the study area. Stream flow
and water quality data for these gauges were collected from the
National Water Information System (USGS, 2007) and California
Surface Water Database (CEPA, 2007). Monthly average stream
flow was aggregated from daily data. Long-term monthly averages
were applied where monthly data were missing.

Model calibration and validation

The San Joaquin SWAT model was calibrated using stream flow
measured at USGS gauges located on the San Joaquin River and its
major tributaries within the study area (Luo et al., 2008). The ob-
served data was split for calibration (1992–1997) and validation
(1998–2005) purposes. The longest-running USGS monitoring
gauge at the watershed outlet, USGS #11303500 (Vernalis), was se-
lected as the primary location for model calibration and validation.
This site receives stream flow from all upstream portions of the
study area. Other gauges with shorter records were also used dur-
ing the model evaluation procedures. Land use and soil properties
of the watershed were left unchanged throughout the simulation
period.

Full calibration details can be found in Luo et al. (2008). The
most sensitive model parameters were chosen in the calibration
procedure based on literature review and a preliminary sensitivity
01/92 01/93 01/94 01/95 01/96 01/97 01/98 01/99

01/92 01/93 01/94 01/95 01/96 01/97 01/98 01/99

500

400

300

200

100

0

Pr
ec

ip
ita

tio
n 

(m
m

)

Calibration

Fig. 2. Observed and predicted monthly stream flows for the San Joaquin River at Ver
(adapted from Luo et al., 2008).
analysis (Luo et al., 2008). Initial curve number values in each HRU
were estimated based on land use and soil hydrological group via
the ArcSWAT interface. The target data range for the curve num-
bers was established based on the values recommended by USEPA
for various crops in the San Joaquin Valley (USEPA, 2002, 2004).
Adjustment of the curve numbers within the pre-established range
was made to reflect the crop and surface conditions within the
study area. As a result, initial curve number values were reduced
by 5% of their original value for agricultural HRUs. In the calibrated
SWAT model, curve number values for agricultural HRUs ranged
from 67 to 87 for the eastern subbasins and 77 to 87 for the wes-
tern subbasins (Luo et al., 2008). Other parameter modifications
were conducted based on the appropriate ranges as defined in
the SWAT model documentations. For example, the channel erod-
ibility factor was adjusted for each subbasin individually with fac-
tors ranging from 0 to 1.0 (Luo et al., 2008). No changes were made
during the validation period.

The simulation generated good results in the comparison with
observed stream flow data (Fig. 2). At the Vernalis USGS site, the
Nash–Sutcliffe coefficient of efficiency, NS (Nash and Sutcliffe,
1976), for stream flow was 0.95 and 0.94 for the calibration and
validation period, respectively (Luo et al., 2008). The NS statistic
evaluates the goodness-of-fit of simulated and measured data
and ranges from negative infinity to 1 where a value of 1 indicates
perfect model accuracy. Full calibration results for selected sam-
pling sites can be found in Table 1. SWAT generated good results
in the comparison with measured data, especially for the San Joa-
quin River and its major eastern tributaries. SWAT also provided
satisfactory stream flow prediction for the western San Joaquin
tributaries. The lower NS values can be attributed to irrigation, as
most of the deviation between predicted and observed stream flow
occurred during the irrigation season when diversions and return
flow are highest. SWAT simulated wet (1998) and dry (1994) years
accurately, indicating that it is a suitable model for evaluating the
impact of climate change.

Scenarios of CO2 concentration, precipitation, and temperature
changes

Assuming accurate estimates of the hydrologic cycle compo-
nents, SWAT was used to evaluate the impact of changes in climate
and atmospheric CO2 concentration. The different scenarios
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Table 1
Calibration and validation statistics for the San Joaquin River and its tributaries (from Luo et al., 2008). NS is the Nash–Sutcliffe coefficient, R2 is the coefficient of determination
and RMSE is the root mean square error (m3 s�1).

Tributary or river sites Calibration (1992–1997) Validation (1998–2005)

NS R2 RMSE NS R2 RMSE

Merced River 0.83 0.87 10.20 0.67 0.78 8.80
San Joaquin River at Newman 0.91 0.94 40.60 0.88 0.90 38.60
Orestimba Creek 0.50 0.68 1.20 0.49 0.51 1.70
San Joaquin River at Crows Landing 0.88 0.89 36.00 0.82 0.87 25.70
Del Puerto Creek 0.67 0.71 0.40 0.52 0.56 0.70
Tuolumne River 0.98 0.99 8.70 0.99 0.99 4.60
Stanislaus River 0.98 0.98 4.80 0.95 0.96 4.60
San Joaquin River at Vernalis 0.94 0.94 44.70 0.95 0.95 31.10
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selected for this study are based on the IPCC Special Report on Emis-
sion Scenarios (SRES) (2001) and The Physical Science Basis (2007).
The reports describe divergent projections of future atmospheric
CO2 concentration and climate and their underlying uncertainty.
Depending on the greenhouse gas emission scenario, atmospheric
CO2 is expected to increase from the current concentration of
330 ppm to between approximately 550 and 970 ppm by the end
of the 21st century (IPCC, 2001). We chose the scenarios with the
highest (A1FI scenario – 970 ppm by 2100) and lowest (B1 scenario
– 550 ppm by 2100) projected CO2 concentrations for this study.
The A1FI scenario assumes a future world of very rapid economic
growth, global population that peaks in mid-century and declines
thereafter and rapid introduction of new and more efficient tech-
nologies. The B1 scenario, in contrast, corresponds to a future of
low economic growth and fossil fuel independency. GCMs vary in
their predictions of rainfall over the 21st century, and therefore
arbitrary scenarios (0%, ±10%, and ±20%) were selected to bracket
the range of possible outcomes. Table 2 shows all climate change
sensitivity scenarios used in the SWAT simulations.

Daily rainfall amount, minimum (Tmin) and maximum (Tmax) dai-
ly temperatures were estimated over a 50-year simulated period
using the LARS-WG stochastic weather generator (available from
http://www.rothamsted.bbsrc.ac.uk/mas-models/larswg/down-
load.php). LARS-WG was chosen over the weather generator in-
cluded in SWAT, WXGEN, so that the generated data could be
manipulated for climate change scenarios before SWAT input. Also,
LARS WG was found to produce better precipitation and minimum
and maximum temperature results for diverse climates than other
weather generators (Semenov et al., 1998). LARS-WG is based on
the weather series generator described in Racsko et al. (1991). It uti-
lizes semi-empirical distributions for the lengths of wet and dry day
Table 2
Climate change sensitivity scenarios used for SWAT simulations. The white rows refer
to present-day climate perturbations, the light grey rows refer to the B1 scenario and
the dark grey rows refer to the A1FI scenario.
series, and daily precipitation. Daily minimum and maximum tem-
peratures are considered as stochastic processes with daily means
and daily standard deviations depending on the wet or dry status
of the day. LARS-WG is widely used for climate change studies
(e.g., Semenov and Barrow, 1997; Semenov et al., 1998; Luedeling
et al., in press). Input data for LARS-WG consisted of CIMIS climate
data collected at four weather stations within the study area (Fig. 1).

The remaining climate data, solar radiation, and relative humid-
ity, required for SWAT simulation was generated by the WXGEN
weather generator (Sharpley and Williams, 1990) included in
SWAT. WXGEN uses rainfall and temperature data of each scenario
based on the assumption that the occurrence of rain on a given day
has a major impact on the relative humidity and solar radiation on
that day. For example, generated relative humidity values are ad-
justed for wed or dry conditions based on the number of wet or
dry days in a month.

To address the inconsistencies between the two weather gener-
ators, we compared generated results for precipitation, minimum
and maximum temperature, and solar radiation. Wind and relative
humidity cannot be generated in LARS WG and thus cannot be
compared. The comparisons show that LARS WG and WXGEN were
both successful at generating climate variables close to the ob-
served values. The coefficients for determination (R2) for generated
precipitation, minimum and maximum temperature, and solar
radiation against observed values were above 0.90 for both weath-
er generators, suggesting that the discrepancies between the two
weather generators were minor.

All climate change scenarios were run for a 50-year time period
(Table 2). Each climate change component (CO2 concentration,
temperature, and precipitation) were increased (or decreased for
precipitation) for the entire 50-year time period. For example, a
scenario may have a 550 ppm CO2 concentration, 1.1 �C increase
and a 10% precipitation decrease, all of which are simulated for
50 years. The data will then be summarized by annual and monthly
averages with respect to the present-day simulation. T-tests were
done to determine if the climate scenarios and the present-day sce-
narios are statistically different from each other.

Due to the 50-year time period, adjustment was done for vari-
ous input parameters needed for SWAT. Long-term monthly aver-
ages were used for dam releases into the watershed. Land use/
landcover was assumed to remain unchanged throughout the sim-
ulation. Irrigation and fertilization were changed according to the
automatic algorithm included in SWAT to simulate a reasonable
plant growth cycle under various climate conditions.

Results

Characteristics of the baseline scenario

Simulated mean annual rainfall for all climate stations during the
baseline 50-year simulated period was 295.4 mm, approximately
17 mm larger than the observed regional CIMIS average. This over-

http://www.rothamsted.bbsrc.ac.uk/mas-models/larswg/download.php
http://www.rothamsted.bbsrc.ac.uk/mas-models/larswg/download.php


Table 3
Average monthly hydrologic component values for the reference scenario.

Hydrologic variable January February March April May June July August September October November December

Water yield (mm) 12.2 20.2 19.8 12.2 6.2 1.8 0.7 0.4 0.3 3.0 2.7 7.6
ET (mm) 21.5 31.5 49.5 52.1 64.2 73.1 53.0 35.6 21.6 15.9 15.4 13.2
Irrigation use (mm) 15.0 14.8 24.0 31.4 51.4 101.3 112.4 76.7 44.9 22.1 36.5 4.1
Stream flow (m3 s�1) 157.3 261.3 226.1 191.3 154.6 61.1 28.7 19.1 24.8 55.3 38.2 88.7
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estimate is likely due to the large yearly variations in California rain-
fall (LaDochy et al., 2007). The minimum and maximum simulated
yearly rainfall amounts were 127.5 and 541.8 mm, respectively.
Maximum daily precipitation was 100.2 mm. The average minimum
and maximum daily temperature was 7.78 and 23.8 �C, respectively.
Based on our simulation design, model simulation under the base-
line scenario was expected to predict comparable hydrological re-
sults with observations during 1990–2005. Average predicted
stream flow at the watershed outlet (USGS gauge #11303500) was
108.3 m3 s�1 for the reference 50-year simulation period, compara-
ble to the observed average stream flow rate of 115.5 m3 s�1 during
1990–2005. The long-term monthly simulated stream flow averages
also corresponded well with observations from 1990 to 2005, indi-
cated by a NS coefficient of 0.70.

CO2, temperature, and precipitation sensitivity scenarios
Water yield
Present day scenario. Overall, average annual water yield decreased
with an increase in temperature and a decrease in precipitation
(Table 4). Concurrently, average annual water yield increased with
an increase in precipitation. The largest relative increase in average
annual water yield was 46.1% with a 20% precipitation increase.
The largest decrease was 38.4% with a 20% precipitation decrease.
Average monthly water yield results display similar trends as the
average annual water yields (Fig. 3). Increasing and decreasing pre-
cipitation increased and decreased average monthly water yield for
all months, respectively. Increasing temperature (1.1 and 6.4 �C)
also decreased water yield, with a 6.4 �C increase resulting in a lar-
ger decrease.

B1 Emission scenario. Mean annual water yield was significantly
different compared to the present-day scenarios (Table 5). Water
yield increased with a precipitation increase. A 0% precipitation in-
crease resulted in a 1.6% increase in average annual water yield.
The largest increase was 50.4% with a 20% precipitation increase,
and the largest decrease was 37.9% with a 20% decrease in precip-
itation. Average monthly water yield results exhibited similar
trends as the annual water yields (Fig. 3). The largest increase
and decrease in monthly water yield occurred during the month
Table 4
Average annual percent change compared to the reference scenario of water yield, evapotra
in temperature and precipitation at constant atmospheric CO2 concentration of 330 ppm.

CO2 conc. (ppm) Temperature (�C) Precipitation (mm) Water yield

Baseline scenario (absolute values)
Modern conditions 85.4

Climate change scenarios (changes relative to baseline scenario)
Temperature (�C) Precipitation (%) Water yield

330 +1.1 0 �3.4
330 +6.4 0 �15.6
330 0 +10 22.0
330 0 +20 46.1
330 0 �10 �20.3
330 0 �20 �38.4

a Represents a lack of significant difference from the reference scenario at a = 0.05.
of May with an increase and decrease of precipitation by 20%,
respectively. Increasing temperature by 1.1 �C did not vary water
yield immensely, with all relative increases or decreases below 6%.

A1FI Emission scenario. Average annual water yield significantly
changed under the A1FI scenario, increasing for all precipitation
scenarios but the 20% precipitation decrease scenario, for which
annual water yield decreased by 17.2% (Table 5). The largest in-
crease was 94.5% occurring with a 20% precipitation increase. Gen-
erally, average monthly water yield resulted in significant changes
for each month, with June showing the largest increase (Fig. 3). The
0%, 10%, and 20% precipitation increases resulted in increases for
every month while a 10% precipitation decrease resulted in an in-
crease in water yield for January–August only. A 20% precipitation
decrease resulted in water yield decreases throughout the year ex-
cept June, when water yield increased by 4.3% compared to the
baseline scenario.

Evapotranspiration
Present day scenario. Increasing temperature caused an increase in
average annual ET relative to the baseline scenario, with a 6.4 �C
increase causing a greater ET increase (Table 4). Increasing and
decreasing precipitation amounts increased and decreased ET,
respectively. The largest increase was 4.0% with a 20% precipitation
increase. The largest decrease was 5.4% with a 20% precipitation
decrease. Increasing temperature caused the average monthly ET
to vary significantly with season, with an increase occurring in
the spring months and a decrease in the summer months (Fig. 4).
For example, a 6.4 �C increased resulted in a 61.5% ET increase in
April and a 50.7% decrease in July. The same effect occurred for a
1.1 �C increase; however, the effect was more subdued with an
8.8% increase in May and a 20.3% decrease in September. The pre-
cipitation scenarios did not increase or decrease ET above a 10%
relative change.

B1 Emission scenario. Increasing CO2 concentration and tempera-
ture caused a relative decrease in ET for all precipitation scenarios
(Table 5). The largest relative decrease was 13.1% and occurred
with a 20% decrease in precipitation, and the smallest decrease
was 4.7% with a 20% increase in precipitation. Average monthly
ET showed seasonal differences with an increase of CO2
nspiration (ET), irrigation water use and stream flow in response to assumed changes

(mm) ET (mm) Irrigation water use (mm) Stream flow (m3 s�1)

437.7 224.4 108.9

(%) ET (%) Irrigation water use (%) Stream flow (%)

0.4 �0.5a �2.4
2.8 �0.8a �11.9
2.2 �0.7 8.0
4.0 �1.0 16.6
�2.5 0.4 �7.4
�5.4 1.2 �14.3



Fig. 3. Change in average monthly water yield relative to the reference scenario.

Table 5
Average annual percent changes for all hydrologic components in comparison to the present-day reference scenario under temperatures and atmospheric CO2 levels predicted by
the B1 and A1FI greenhouse gas emission scenarios of the IPCC. Expected changes in water yield, evapotranspiration (ET), irrigation water use and stream flow are shown for both
IPCC scenarios and five precipitation scenarios (+0%, +10%, +20%, �10%, and �20%).

Precipitation scenario Water yield ET Irrigation water use Stream flow

Baseline scenario (atm. CO2, temperature, and precipitation at modern levels)
+0% 85.4 mm 437.7 mm 524.2 mm 108.9 m3 s4

IPCC emission scenario B1 (atm. CO2 = 550 ppm; mean temperature +1.1 �C) change relative to baseline scenario (%)
+0% +1.6 �8.1 �15.3 +2.2
+10% +24.9 �6.2 �15.9 +10.7
+20% +50.4 �4.7 �16.3 +19.7
�10% �19.3 �10.4 �14.6 �5.4
�20% �37.9 �13.1 �13.7 �12.6

IPCC emission scenario A1FI (atm. CO2 = 970 ppm; change relative to mean temperature +6.4 �C) baseline scenario (%)
+0% +36.5 �37.5 �58.3 +23.5
+10% +65.0 �36.5 �58.8 +32.7
+20% +94.5 �35.7 �59.1 +42.3
�10% +8.8 �38.6 �57.9 +14.8
�20% �17.2 �39.7 �56.9 +5.7
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concentration (Fig. 4). The spring months (March–May) showed
smaller relative decreases than the late summer/early fall months
(July–September). April and May were the only two months that
showed a relative increase in ET, and these increases occurred
when precipitation was held constant or increased. A decrease
in precipitation resulted in a relative ET decrease throughout
the year. The largest monthly decrease for all scenarios occurred
in September.

A1FI Emission scenario. Average annual ET decreased for every pre-
cipitation scenario (Table 5). The largest relative decrease was
39.7% for a 20% decrease in precipitation, and the smallest decrease



Fig. 4. Change in average monthly ET relative to the reference scenario.
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was 35.7% with a 20% precipitation increase. Average monthly ET
exhibited strong seasonal differences with a 970 ppm CO2 concen-
tration (Fig. 4). For example, the smallest decrease occurred in
April, while the largest decrease occurred in July, exhibiting strong
spring and summer trends. All precipitation scenarios also exhib-
ited these seasonal trends. Average relative ET change for the pre-
cipitation scenarios did not vary much between precipitation
scenarios, as the largest difference between the largest and small-
est change was approximately 10%.

Irrigation water use
Present day scenario. Increasing temperature by 1.1 and 6.4 �C
caused slight (statistically insignificant at p > 0.05) decreases in
average annual irrigation water use by 0.5% and 0.8%, respectively
(Table 4). Increasing and decreasing precipitation also caused
slight changes in average annual irrigation water use, with an in-
crease in precipitation resulting in a decrease and vice versa. Aver-
age annual irrigation water use never varied above or below 1.2%,
implying that under present-day temperatures irrigation use does
not greatly depend of precipitation. For average monthly irrigation
water use, the temperature scenarios showed large deviation from
the baseline scenario, while the precipitation scenarios showed lit-
tle change (Fig. 5). As previously mentioned, increasing the tem-
perature caused a shift in the maximum relative change. Peak
average monthly irrigation water use shifted from June to May
with a 1.1 �C increase and from June to April with a 6.4 �C increase.
B1 Emission scenario. Increasing CO2 concentration caused a rela-
tive decrease in irrigation water use (Table 5). The results from
the scenarios exhibited little variation, with the largest relative de-
crease being 16.3% in response to a 20% precipitation increase and
the smallest decrease being 13.7% caused by a 20% decrease in pre-
cipitation. Average monthly irrigation water use showed signifi-
cant variation from month to month (Fig. 5). The results show a
seasonal effect with an increase or slight relative decrease in the
spring months (March–May) and a large decrease in the summer
months (June–September). September exhibited the largest overall
irrigation water use decrease with approximately a 30% decrease
for all scenarios. All scenarios resulted in an increase in irrigation
water use in December. This increase in December ranged from
4.26 to 4.69 mm, a slight change from the reference December va-
lue of 4.14 mm (see Table 3).

A1FI Emission scenario. Increasing temperature and CO2 concentra-
tion had significant effects on average annual irrigation water use,
with a minimum decrease of 56.9% with a 20% precipitation de-
crease (Table 5). The maximum relative decrease of annual irriga-
tion water use was 59.1% with a 20% precipitation increase.
Average monthly irrigation water use for each precipitation sce-
nario exhibited a decrease for every month but December, where
each scenario showed a relative increase (Fig. 5). Results from
the other months exhibit seasonal variation with a lower relative
decrease in irrigation water use during the months of



Fig. 5. Change in average monthly irrigation use relative to the reference scenario.
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February–April and a higher relative decrease during the months of
June–August. The maximum relative decrease was 76.2% and oc-
curred in July with a 20% precipitation increase. Variation of rela-
tive changes compared to the baseline scenario was very small
among different precipitation scenarios.

Stream flow
Present day scenario. As expected, average annual stream flow rates
generally increased with an increase in precipitation and decreased
with a decrease in precipitation (Table 4). Increasing temperature
by 1.1 and 6.4 �C decreased average annual stream flow rates by
2.4% and 11.9%, respectively. The maximum decrease was 14.3%
and occurred with a 20% precipitation decrease. Increasing temper-
ature by 1.1 and 6.4 �C caused average monthly stream flow rates
to decrease in the spring months (March–June) and increase in the
summer months (July–September) (Fig. 6). Increasing temperature
by 6.4 �C affected stream flow rates much more than increasing
temperature by 1.1 �C. For example, in August stream flow rates in-
creased by 69.8% with a 6.4 �C increase, while a 1.1 �C increase in-
creased stream flow rates by only 6.2%. Increasing or decreasing
precipitation generally changed average annual stream flow rates
proportionally, with negligible changes in July, August, and
September.

B1 Emission scenario. For these scenarios, the average annual
stream flow rates showed similar results as the present-day stream
flow rate scenarios (i.e., an increase in precipitation caused an in-
crease in stream flow rates) (Table 5). The maximum relative in-
crease was 19.7% when precipitation was increased by 20%. The
minimum relative increase was 12.6% occurring when precipita-
tion was decreased by 20%. Average monthly stream flow rates
showed similar trends as the present-day scenarios during the
months of November–June (Fig. 6). The remaining months exhib-
ited a very different trend, showing average monthly stream flow
rates increases for all precipitation scenarios. September resulted
in the largest average monthly stream flow rate increases with
30–33% increases for all scenarios. The largest decrease was
19.3% in December for a 20% precipitation decrease.

A1FI Emission scenario. Average annual stream flow rates increased
for all precipitation scenarios (Table 5). The largest increase was
42.3% with a 20% precipitation increase and the smallest decrease
was 5.7% with a 20% precipitation decrease. Average monthly
stream flow rates generally increased for all months (Fig. 6). The
only decreases were found for the months of November–March
with decreases in precipitation. Relative to the other months, there
were large stream flow rate increases for the months of June–Sep-
tember. The largest increase was in July, where the largest and
smallest increases were 191.9% and 170.8%, respectively.

Discussion

The effect of elevated temperature on the hydrologic cycle over
the study area manifested itself by a shift of the crop growth cycle.



Fig. 6. Change in average monthly stream flow relative to the reference scenario.
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Temperature is one of the most important factors governing plant
growth. Each crop has its own temperature range, i.e., its mini-
mum, optimum, and maximum for growth. SWAT includes a crop
database used for temperature stress estimation, which defines a
minimum, optimum, and maximum temperature for each crop.
For orchard crops for example, the temperatures are 7, 20, and
33 �C, respectively. For any plant, a base temperature must be
reached before any growth takes place. Above the base tempera-
ture, the higher the temperature the more rapid the growth rate
of the plant. Once the optimum temperature is reached, the plant’s
growth ceases. With an increasing temperature this base tempera-
ture will be reached much sooner in the growing season and thus
the plant growth cycle will be shifted. For instance, comparison of
simulated crop growth curves indicated that at elevated tempera-
ture the watershed-wide average LAI with elevated temperature
peaked ahead up to 2 months relative of the reference scenario
(Fig. 7).

Increased temperature affected all of the hydrologic compo-
nents in the study area. Although the annual total amounts of irri-
gation water and ET rates only changed slightly (<5%) under higher
temperature, simulated results showed great monthly variations
compared to the reference scenario. Irrigation water use and ET in-
creased during the winter months and decreased during the sum-
mer months, showing the effect of plant growth changes. Given the
same amount of precipitation, water yields from the study area
were related to irrigation water use, and significantly reduced by
increased ET. Consequently, the predicted annual water yields over
the studied watershed decreased during the simulation period, and
no month showed an increase in water yield with a higher
temperature.

As might be expected, an increase in precipitation increased
water yield, stream flow, and ET. An increase in precipitation will
increase runoff thus increasing water yield and stream flow. More
available water on the surface and in the rooting zone will increase
ET. Higher precipitation amount and intensity did not significantly
change the crop growth cycle and irrigation water use, because the
majority of rainfall over a year was observed during the dormant
season over the San Joaquin Valley. Stream flow rate, indicated
by the model prediction at the watershed outlet, was mainly deter-
mined by irrigation water use, precipitation, and ET. The study area
receives irrigation water from both enclosed rivers and upstream
storage outside of the simulation domain. Water diversion from
an enclosed river might significantly reduce the stream flow out-
put. For example, 409.8 million m3 of water from the Merced River
was diverted by the Merced Water District during 2004, resulting
in an annual average stream flow decrease from 27.4 m3 s�1 at
the inlet (USGS gauge #11270900) to only 7.7 m3 s�1 at the subba-
sin outlet (Luo et al., 2008). Therefore, there was general negative
correlation between irrigation water use and stream flow pre-
dicted under various scenarios with elevated temperatures (Table
4). For example, predicted irrigation water use in August would de-
crease by approximately 38.0 mm with temperature increased by
6.4 �C, while approximately a 6.0 m3 s�1 increase of stream flow
would be simulated at the same periods.



Fig. 7. Change of watershed-wide average leaf area index (LAI) during the
simulation period for an increase of 1.1 and 6.4 �C, relative to reference scenario.
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Increasing atmospheric CO2 concentrations had a significant ef-
fect on ET, which can be explained by the decrease of stomatal con-
ductance as atmospheric CO2 increases, resulting in a reduction of
plant transpiration. Less crop transpiration decreases irrigation
water use. If less water is being used by the crop, farmers will re-
quire less irrigation water. This allows for more runoff and there-
fore a greater water yield and stream flow. Irrigation decreased
with an increase in atmospheric CO2 and temperature. This can
be explained by an overall decrease in plant-water stress, leading
to less irrigation use. The results indicate that increases in temper-
ature causes an increase in irrigation water use for the winter and
spring months and a decrease in irrigation water use for the sum-
mer and fall months (Fig. 5). For the increased-CO2 scenarios with
temperature increases, however, the irrigation water use is signif-
icantly less (a = 0.05). For example, an increase of 6.4 �C with a
330 ppm CO2 concentration in April causes a 106% increase in irri-
gation water use. For the same temperature increase with in-
creases in CO2 by 550 and 970 ppm, the irrigation water use
decreases to �0.9% and �30% compared to the reference scenario,
respectively. From these results, it could be hypothesized that in-
creased atmospheric CO2 concentration may potentially have a
stronger effect on plant-water needs than an increased tempera-
ture. However, further work needs to done on the CO2-plant
growth algorithm in SWAT to solidify these results.

It is important to re-iterate that the overestimation of stomatal
conductance in SWAT due to the assumed inverse linear relation-
ship between stomatal conductance and atmospheric CO2 for all
plant species and the lack of LAI increase with increased CO2 con-
centration will result in decreased ET rates and subsequent in-
creases in stream flow and water yield. Therefore, one must take
caution when interpreting these results, as an ET overestimation
will affect the water yield, irrigation water use and stream flow re-
sults involving an increased CO2 concentration. Previous research
by Eckhardt and Ulbrich (2003) using the SWAT-G model (dis-
cussed in ‘The SWAT hydrological model’) found that increasing
CO2 in the original SWAT model overestimated the reduction of
stomatal conductance, which then overcompensated the actual ef-
fect of temperature rise. Their results showed that decreases in
groundwater recharge and stream flow changed from 0.3% and
1.5%, respectively, with the original SWAT model to 3% and 4% with
the modified SWAT-G. Eckhardt and Ulbrich (2003) is the only
work to date that has analyzed this overestimation within SWAT.
In this study, the overestimation may also be significant due to
the large variation in land cover and therefore the effect of temper-
ature may be dampened.
Because of the broad simplification of the effects of CO2 on plant
growth included, this analysis is still perhaps too uncertain for de-
tailed water management purposes. However, the results provide a
bracketed view of how the hydrologic cycle, particularly water
yield, ET, irrigation water use and stream flow, might be affected
by changes in climate and CO2 concentration. Additional work
needs to be done in SWAT to incorporate varying stomatal conduc-
tance and LAI responses in response to increased atmospheric CO2

concentrations.
These modeled hydrologic changes may have implications on

agricultural management and water quality in the San Joaquin wa-
tershed. A shift in irrigation timing due to changes in plant growth
and a decrease in ET would cause water resource managers to
change their water allotment to meet the farmers’ needs. Also, if
the crop growth cycle is shifted enough, farmers may implement
two harvests within the same year, which would have a significant
effect on the hydrologic cycle. Increased runoff would allow for
more agricultural pollutant transport into an already polluted
San Joaquin River and its tributaries. Conversely, runoff with low
contaminant concentrations may lead to dilution of pollutants
within the San Joaquin River.
Conclusions

This study illustrated changes in water resources related to po-
tential climate change based on the SWAT model simulation in an
agriculturally dominated area of the San Joaquin River watershed.
The results in this study indicate that the hydrological system in
the study area is very sensitive to climatic variations on a monthly
and annual basis. Increasing CO2 concentration to 970 ppm and
temperature to 6.4 �C caused watershed-wide average evapotrans-
piration, averaged over 50 simulated years, to decrease by 37.5%,
resulting in increases of water yield by 36.5% and stream flow by
23.5% compared to the present-day climate. Watershed-wide aver-
age ET for the 50 simulation years decreased by 37.5% under the
A1FI CO2 scenario, resulting in increases of water yield by 36.5%
and stream flow by 23.5%. Increase of precipitation by ±10% and
±20% generally changed water yield and stream flow proportion-
ally, and had negligible effects on predicted ET and irrigation water
use.

The results of this study suggested that temperature change has
significant effects on all hydrological elements in the San Joaquin
River watershed. These effects might be complicated by the agri-
cultural activities and irrigation water diversion in the study area.
Generally, elevated temperature shifted the plant growth pattern
and re-distributed ET and irrigation water demand over months.
Watershed-wide averages of water yield were decreased for all
months when temperature was increased alone. However, stream
flow rates were significantly increased during summer months
due to reduced irrigation water diversion during those months.
The quantitative information would allow appropriate decisions
on agricultural management and natural resource conservation in
this area. This study pointed to the need for a more extensive
assessment of potential climate change impacts on the hydrology
and agricultural production in agriculturally dominated
watersheds.
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