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ABSTRACT

This paper examines potential regional-scale ingpattlimate change on sustainability
of irrigated agriculture, focusing on the westermSJoaquin Valley in California. We
consider potential changes in irrigation water dednand supply, and quantify impacts
on the hydrologic system, soil and groundwaternggliwith associated crop yield
reductions. Our analysis is based on archived outpm General Circulation Model
(GCM) climate projections through 2100, which wdmvnscaled to the 1,400 Krstudy
area. We account for uncertainty in GCM climate jggtions by considering two
different GCM'’s, each using three greenhouse gassseon scenarios. Significant
uncertainty in projected precipitation creates datgcertainty in surface water supply,
ranging from a decrease of 26% to an increase &b 1@ 2080-2099. Changes in
projected irrigation water demand ranged from aekese of 13% to an increase of 3% at
the end of the Zicentury. Greatest demand reductions were comgdotethe dry and
warm scenarios, because of increased land fallowitly corresponding decreased total
crop water requirements. A decrease in seasonplEfoby climate warming, despite an
increase in evaporative demand, was attributed astef crop development with
increasing temperatures. Simulations of hydrolaggponse to climate-induced changes
suggest that the salt-affected area will be shgletpanded. However, irrespective of
climate change, salinity is expected to increasgomnslope areas, thereby limiting crop
production to mostly upslope areas of the simumat@omain. Results show that
increasing irrigation efficiency may be effective gontrolling salinization, by reducing
groundwater recharge and improving soil drainagel, ia mitigating climate warming
effects, by reducing the need for groundwater pugpio satisfy crop water

requirements.
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1. Introduction

Potential impacts of global climate change on fqwdduction need to be
considered to ensure food security for the wortg@wing population (Schmidhuber and
Tubiello, 2007). Impact assessment is especialfyomant for irrigated agriculture, as it
supports a large part of the world’s food suppliailerbeing vulnerable to water scarcity
(Rosegrant and Cline, 2003). Specifically, irrightands produce more than 40% of the
world’s food and account for almost 90% of globait&r consumption (D6ll and Siebert,
2002).

Climate change in the Z1century is expected to affect crop productivity
(Rosenzweig and Hillel, 1998; Cline, 2007), irrigat water demand (Doll, 2002), and
water supply (Kundzewicz et al., 2007). Crop yieldgmy either increase due to
stimulated biomass production with higher Cédncentrations, i.e. CQertilization, or
may decrease due to rising air temperatures (Rosegzand Hillel, 1998). Early
greenhouse experiments suggested that the f@dlization effect may be significant.
However, more recent results from Free-Air {&hrichment (FACE) trials under field
conditions indicate that previous greenhouse ssudieer-estimated the effect of €O
fertilization (Long et al., 2006). A recent study K&line (2007) projects an overall
negative effect of climate change on global crapdpction, with more severe production
losses in the warm climates of Africa, India, amdith America.

Climate change is expected to affect irrigationevatemand through shifts in
precipitation, temperature, and crop transpiratidill (2002) projected an increase in
water demand for half of the world’s irrigated aedue to increased crop transpiration at
higher temperatures and decreased precipitaticonme areas. However, two additional

factors that may affect water demand were not cened. First, faster crop development
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at higher temperatures will shorten growing seas@®ischie and NeSmith, 1991),
resulting in reducedseasonal water demand, but potentially increasathual water
demand when shorter growing seasons allow multiglepping. Second, higher
atmospheric C@concentrations lead to decreases in leaf stonsateductance, thereby
reducing crop transpiration (Kimball et al., 200Bpwever, this is only significant in,C
crops, as increased leaf production if c@ops is expected to offset decreases in leaf
stomatal conductance (Ainsworth and Rogers, 2007).

When evaluating climate change impacts on irrigatgdculture, one must also
consider irrigation water supplies from rivers amguifers. Changes in precipitation,
temperature, and evaporation are expected toraterrunoff and surface water supplies
(Kundzewicz et al., 2007). Generally speaking, fumolikely to decrease in semi-arid
regions that depend on irrigation for crop produttisuch as the western United States
and the Mediterranean basin (Milly et al., 2005)rtkermore, areas that depend on
snowmelt are particularly vulnerable to rising tergiures and shifts in runoff
seasonality (Barnett et al., 2005). Reductionsurfase water supply may in turn put
increased pressure on limited groundwater resouteasing to risks of groundwater
depletion (Alley et al., 2002), land subsidence li@ey et al., 1999), and resource
degradation by soil and groundwater salinizatiohg§semi et al., 1995; Moench, 2004,
Viek et al., 2008). Coastal aquifers are especialiyerable in that respect, due to risks
of saltwater intrusion as sea level rises (Sherd &ingh, 1999). On the other hand, a
climate-driven increase in groundwater use coulddmeficial, by reducing dependence
on variable surface water supplies (Schoups e2@06), and by improving soil drainage

conditions in areas affected by shallow water wlpBelitz and Phillips, 1995).
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The implication is that climate change assessnfenisrigated agriculture should
not only consider changes in water demand and gujyit should also account for
cascading effects on the regional hydrologic sysiastuding soils, aquifers, and rivers.
In this paper we present such a regional-scaleysisafor an area in California’s San
Joaquin Valley.

In a comprehensive review by Hayhoe et al. (20@4jections from various
climate models for a range of emission scenario® wlewnscaled to evaluate potential
hydrological and agricultural impacts in Californi@eneral trends for the 2entury
include (i) an increase in annual average tempestiii) a decrease in precipitation in
the Central Valley, (iii) an increase in heat wdwequency and intensity, and (iv) a
substantial reduction in snow pack in the Sierradda Mountains, causing a shift to
earlier runoff. Such changes are already apparertistorical records in the western
United States, and can be linked to human-indutaabagwarming (Barnett et al., 2008).
Vicuna et al. (2007) concluded that seasonal shiftsunoff could diminish water
deliveries from the Central Valley Project’'s (C\We¥ervoirs to farms in the San Joaquin
Valley by almost 30%, but realized that variationceng climate scenarios was large.

Though it is generally believed that warming wiltrease crop transpiration (CA-
DWR, 2006; CA-EPA, 2006; Lobell et al., 2006), fetudies have quantified climate
change impacts on water demand for California’ggated agriculture within a broad
hydrologic context, considering soil and groundwatinity and groundwater pumping
effects to balance expected reduced surface watgpliss. This paper presents a
quantitative analysis of the potential effects df'Zentury climate change on the
sustainability of irrigated agriculture in Califoa’s Central Valley, focusing on a 1,400

km? study area located in the western San JoaquireydfFigure 1). We calculate
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changes in irrigation water demand, water supphy groundwater pumping, and
evaluate hydrologic responses such as groundweatelsl and salinity, with implications
for land subsidence and reduced crop yields duecteased soil salinity. Uncertainty in

our projections is accounted for by consideringrage of climate change scenarios.

2. Methodology

To quantify potential climate change impacts, wasiter three greenhouse gas
(GHG) emission scenarios, namely SRES Bl (low),(A&l-to-high) and Alfi (high).
These scenarios largely bracket the range of IP@GtEntervention future emissions
projections, with atmospheric G@oncentrations for B1, A2, and Alfi reaching 550,
850, and 970 ppm, respectively by 2100 (IPCC, 20B@)owing Hayhoe et al. (2004),
we used the output of two General Circulation Med&CMs), i.e. the National Center
for Atmospheric Research-Department of Energy RaraClimate Model (PCM,
Washington et al., 2000), and the U.K. Met Officadi¢y Centre Climate Model version
three (HadCM3, Gordon et al., 2002). Archived otifporm these two GCMs for each of
the three GHG emission scenarios is used to expadipitation and air temperature
projections for California at a spatial resolutmrabout 300 km.

Because the spatial resolution of GCM output igdarelative to the study area
(~30 km across, Figure 1), we employ a downscaliethod to develop irrigation district
scale climate projections. We applied the empirstalistical downscaling method of
Wood et al. (2002; 2004), which has been testedvaddly applied (e.g. Barnett et al.,
2008; Cayan et al., 2008; Maurer, 2007; Van Rheenet., 2004) to downscale climate
variables to a 1/8 degree (~12 km) spatial scale. Miethod comprises two steps. The

first step is a bias-correction that uses quamtiggpping (Panofsky and Brier, 1968) to
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adjust monthly GCM simulated precipitation and temapure to statistically match (i.e.
yielding identical probability density functionshservations for 1960-1999 aggregated to
the GCM scale. The same quantile mapping was apti@£' century GCM projections,
so that while the statistics of observations apraguced for the late 20th century, both
the mean and variability of future climate can &eohccording to GCM projections.
Second, a spatial downscaling step interpolategimoanomalies at the GCM scale onto
a 1/8 degree grid, and these are applied to ohsmmgato produce fine-scale GCM
projections of temperature and precipitation.

Starting from these climate scenarios, our regiom@lact study analyzes future
changes in (1) irrigation water demand and (2yation water supply, and (3) evaluates

impacts of these changes on the regional hydrology.

2.1. Irrigation water demand
Annual irrigation water demand or requirem#&Rtcan be expressed as the sum of
water needs for all crops,

IR:ZAE ETICE_PC (1)

wherec is a crop indexET. is crop evapotranspiration (ETB; is effective precipitation,
IE¢ is irrigation efficiency, which accounts for colyamce and leaching losses, akds
areal crop fraction. Effective precipitationP;J was computed from bias-
corrected/downscaled GCM precipitation projectionghereas we considered two
irrigation efficiency [Ec) scenarios. Most crops are irrigated by gravitstems, with Ec
values between 65 and 80%, depending on water gt (Belitz and Phillips, 1995).

As potential cuts in surface water supply may skateu adoption of more efficient
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irrigation technology, we consider two scenarioamely (i) no change in irrigation
efficiency, and (ii) a uniform increase to 90%gation efficiency through technological
adaptation.

Climate directly and indirectly affects crop EET). First, evaporative demand
changes as a function of atmospheric conditionf sisctemperature, relative humidity,
net radiation, and wind speed. We quantify thiseblymating reference EET,«). based
on the ASCE-EWRI standardized equation (ASCE-EWR04), which is an adaptation
of the Penman-Monteith equation for a short refeeecrop. Climate data used in this
equation are based on downscaled GCM projectionsnoperature and precipitation for
California, from which we obtained estimates ofatele humidity and radiation. Wind
speed is estimated from the NCEP/NCAR reanalysan@y et al., 1996). A similar
approach was developed by Thornton et al. (200@) saccessfully applied by Maurer et
al. (2002) and Cayan et al. (2008). Figure 2 shibvasreference ET in the study area can
be correctly estimated with this method using afdya on precipitation and temperature.

Climate also indirectly affects crop developmentchgnging growing conditions,
of ambient CQ levels and air temperature. Effects of increas€d IEvels onET. will
depend on photosynthetic pathway. Fgrctbps, an increase in biomass production will
offset a decrease in stomatal leaf conductance witneasing atmospheric GO
(Ainsworth and Rogers, 2007), resulting in no oaBraffect on crop ET. The response
of C4 crops is dominated by a reduction in stomatal ootahce, resulting in larger ET
reductions (Kimball et al., 2002). However, €&ops (sorghum and corn) only make up
about 1% of all crops in the study area, so thatare assume no effect of @On crop
development, and used daily crop coefficients fiemyder et al. (1989) to calculdid,

as a function of projecteHT,«. In addition, GCM-based temperature projectionsewe
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used to evaluate temperature effects on crop dewedat andET.. This was done by
expressing length of crop development stages irregedays PD) instead of days
(Ritchie and NeSmith, 1991), witbD computed as a piecewise linear function of
average daily temperature (Boote et al., 1998)hitn model, no crop development takes
place, andD = 0, below a lower threshold temperatiireand above a high threshold
due to heat stress. Maximum crop development isrdog between temperatur@gy
and Topo, With linear crop growth obD between temperature rangesTptind Toy: and
betweenTyy andTy. Threshold temperatur@s = 7°C, Topn = 30°C, Toprz = 35°C, andTy

= 45°C were obtained by Boote et al. (1998) for a sogb&ap, and were used for all
crops in the study area as they corresponded vitdllwalues ofT, = 8C andTm= 32°C
reported by Ritchie and NeSmith (1991), and use8denker et al. (2007) for crops in
California. Similarly, Crafts-Brandner and Salvu¢2000) observed heat stress in cotton,
a major crop in the study area, at leaf temperatab®ve 35C.

We considered three types of land uge) (change, namely (i) changes in
cropping patterns, (ii) land fallowing, and (iigrid retirement. For California, Howitt et
al. (2003) projected a general shift in croppingtgza by 2100 for a range of climate
change scenarios, from cotton and grain cropsgb-talue crops such as vegetables and
fruit. This shift was attributed to increased dethdar high-value crops, caused by
anticipated population growth. To allow for cropginhanges, we calculated irrigation
water requirements for two cropping scenariosa (@radual demand-driven shift to high-
value crops, as suggested by Howitt et al. (20830, (i) no change in current cropping
patterns. Farmers may respond to cuts in surfacervgapplies by temporarily taking
land out of production by land fallowing, for exa@pvhen groundwater is unavailable.

For each water district in the study area, we @skoear regression relation between land



211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

Schoups, Maurer, Hopmans — Climate change impac@adifornia’s irrigated agriculture

fallowing acreage and surface water supplies ferit88-1997 period, to project future
land fallowing for the range of climate change sc@rs, assuming no future investment
in additional groundwater pumping capacity. Lastiynd degradation by soil salinization
may result in permanent land retirement, as alrh08{000 acres of agricultural land was
retired in 2006 in the western SJV (Figure 1; REs=eman, Westlands Water District,
pers. comm., 2007). We computed future soil sadiimn under various climate change

scenarios and identified additional land acreagertiay be retired by 2100.

2.2. Irrigation water supply

Irrigation water requirement or demandR, can be met by two main sources,
namely (i) imported surface water sup@Ww, and (ii) local groundwater supplgW,
such that IR=SW+GW . Given projections in surface water supply (seetne
paragraph), annual groundwater suppBW) was computed from this water budget.
Possible implications of excessive groundwater gagypsuch as land subsidence and
soil salinization were assessed by simulating hgdio system responses (section 2.3.).

Surface water supplies were estimated based aesiés of Vicuna et al. (2007).
For each climate scenario, we generated annuahcgurvater supply time series that
account for long-term water supply trends due imale change, and that preserve
historical short-term statistics, such as variaacgo-correlation, and cross-correlation of
historical water supply records for each water rdistwithin the study area. We
calculated annual surface water supply as the duarlang-term average, which evolves
according to climate change projections in eachhate, and a random fluctuation,
which reflects short-term deviations from the mean,

SW, =, +d, (2)

10
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where S\, is water supply in yeay, x4, is a low-frequency term, and, is a high

frequency term. The low-frequency term is calcuab@sed on average precipitatiBn

from the previous (= 30) years,

u (zp_j ©

i-o N
wheref is based on a correlation between projected clsaimgerecipitation for the study
area and surface water supplies projected by Vietirgd (2007). Deviationd, from the

mean 4, are simulated using a first-order (lag one) aegressive model for each of the
14 irrigation districts of the study area (Figudedr,

d, =pd,  +¢&, (4)
where p is a first-order (lag-one) auto-correlation coméint, estimated from the
historical record, and, is the observed deviation from the mean for a oariy selected

year from the historical record (1973-1997). Thesampling procedure ensures that
cross-correlations of water supply between distngere preserved in the future supply
scenarios. For example, water supply during draigfien depends on the strength of a
district’s water right, leaving districts with weakater rights typically more affected by

water cuts compared to districts with strong waltghnts.

2.3. Hydrologic response

Schoups et al. (2005) developed and calibrated droksalinity model for the
study area using historical data from 1940 to 19BTe model extent is depicted in
Figure 1 which is discretized horizontally intoegular spatial grid with a resolution of

800 m, and vertically into 17 layers. The modelvesl three-dimensional variable

11
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saturated subsurface flow and salt transport, amumts for chemical reactions, in
particular gypsum dissolution-precipitation, affagt salt concentrations. Numerical
solutions are obtained with the MODHMS code. Pleager to Schoups et al. (2005) for
more details. We used their final simulation reswf 1997 to perform simulations for
each climate change scenario during 1998-2099, avititus on changes in groundwater
levels, soil and groundwater salinity, and impamtscrop yield and land subsidence.
Following Schoups et al. (2005), boundary condgi@mrigation, crop ET, precipitation)
and stresses (groundwater pumping) were specifiadaly for each numerical grid cell.
Groundwater flow across the north-eastern boundas simulated using a general head
boundary condition, such that flow depends on hylitagradients between simulated
groundwater levels in the model domain and spetii@undwater levels just east, and
outside, of the model domain. Since it is not cleaw groundwater levels east of the
model domain will evolve in the future, we set thequal to historically observed values.
Finally, in order to simulate effects of pumping groundwater levels, we extended the
original model of Schoups et al. (2005) to inclubde Corcoran clay and the confined
aquifer beneath it, from which most groundwaterexdracted. Following Belitz and
Phillips (1995), no flow is assumed to occur betvte confined aquifer and geological
layers below it, at a depth of around 500 m. Theéemded model was partially
recalibrated by adjusting hydraulic conductivitiés match historically observed

groundwater levels and soil salinity over the pgil®41-1997.

3. Results
Table 1 gives an overview of the climate scenaaiog projected atmospheric conditions

for the period 2080-2099. For comparison, we hawduded historical climate data

12
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(denoted “H” in Table 1), and a scenario that agsumo climate change (“N”). The
latter was obtained using statistical resamplingjisforical values, and resulting climate
conditions differ slightly from historical conditis due to natural climate variability. The
seven remaining scenarios represent different caatibns of GHG emission scenarios,
GCMs, and adaptation, with increased projected &zaipres by the end of the *21
century. Climate change projections were differseti between wet (W1 and W2) and
dry (D1 through D4) scenarios We note that leveldofjness correlates well with
magnitude of projected warming (Figure 3a), thooger studies with different GCM
selections have not consistently showed this caticel (Cayan et al., 2008). The last
scenario in Table 1 (“D4-IE") was included to asse®nsequences by increasing
irrigation efficiency.

In the following, we discuss results for computdthreges in irrigation water
demand, irrigation water supply, and hydrologigomsse (Table 2, Figures 3 to 6). All
scenarios account for retired land, i.e. land peently taken out of production, as

shown in Figure 1.

3.1. Irrigation water demand

Results in Table 2 (row 5) and Figure 3d indicdtat ttotal irrigation water
demand is projected to decrease for the dry saen@dl to D4) and increase for wet
scenarios (W1 and W2), relative to the scenaribaut climate change (N). These results
are counter-intuitive in that one would expect eager need for irrigation water when
rainfall is less, and vice versa. However, one meatize that all rainfall occurs in the
off-season and annual irrigation water supply \®sely proportional to rainfall, thereby

dictating cropped acreage and crop water requiresn8pecifically, for the dry scenarios

13
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the reduced surface water supplies favor increasedage of land fallowing, thereby
reducing irrigation water demand (Table 2, Figubg¢, &nd a decreases HT., despite a
consistent increases in reference ET (Table 2,r€iga). Hence, the relationship between
precipitation, surface water supply, and land falig drives irrigation water demand.
This relationship is intuitive and is based on nseecorrelations between precipitation
and surface water supply projections of Vicunalef2®07), and between historical land
fallowing and water supply for the water districighe study area.

The projected decreaseHid, (Figure 3c) contradicts the general belief thabgl
warming will lead to an increase in crop transparatin California (e.g., CA-DWR,
2006). The annual decreasel. is a result of the accelerated crop developmernhéy
projected increased air temperatures (section 2SInce historical average daily
temperatures were below the optimal range of J@3Most crops will benefit from a
modest temperature increases {€% resulting in faster crop development, thereby
shortening the growing seasons and reducing aroropl water requirements. We note
that we ignored the possibility of multiple cropgirAs projected temperatures continue
to rise, crop ET will increase due to an increasET¢, as evidenced by the results for
the warmest scenario D4 (Table 2, Figure 3c).

In addition to the projected climate change impaets note that irrigation water
demands are already reduced by ongoing land regimeffrigure 3b), removing the most
salt-affected areas from cultivation. Specificallgcent land retirement in our study area
of about 60,000 acres caused a 16% decrease gatiom water demand for our study
area, irrespective of climate change (compare wd&gnand entries for N with H
scenarios in Table 2). The water supplies from éhasas were transferred to the

remaining agricultural lands in the district, odtsour study area.

14
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3.2. Irrigation water supply

Projections of surface water and groundwater supjsy differentiate between
wet and dry scenarios, and are largely determinedhb inverse correlation between
annual precipitation and surface water suppliesNa et al. , 2007). Projected surface
water supplies range from an increase of 14% femtbttest scenario (W2), to a decrease
of -26% for the driest scenario (D4), relative to@climate-change scenario (Table 2;
Figure 3d). Because of recent land retirementdaserwater supplies are significantly
reduced for all scenarios, including the no-climeltange scenario (Figure 3d).

Groundwater use for irrigation follows the opposttend of surface water
supplies (Figure 3d), as most pumping will occurtie driest scenarios (D4), to
compensate for reduced surface water supplies.mdel assumes that farmers will
avoid water stress of all cropped lands, therelpplementing available surface water
supplies with groundwater pumping to satisfy alltevademands. As one would expect,
improvements in irrigation efficiency reduced theeed for groundwater pumping (D4-1E
scenario, Table 2 and Figure 3d). The reduced ghoater pumping (Table 2) for the
wet scenarios is caused by the higher predictedalthiamounts for those scenarios as

compared to the no-climate change benchmark.

3.3. Hydrologic response

We evaluate climate change impacts of water and lase changes on the
hydrologic system by simulating shallow water tablgent (section 3.3.1), soil salinity
(section 3.3.2), salt-affected crop yields (sect®B.3), groundwater salinity (section

3.3.4), and land subsidence (section 3.3.5). Utiegmodified hydro-salinity model of

15
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Schoups et al. (2005), we first reconstructed his#b changes starting in 1940, and
extended simulations through the’a&ntury for each climate change scenario. Whereas
aggregate study area results are summarized ire Pallime-series and spatial maps are

presented in Figs. 4-6.

3.3.1. Shallow water tables

Figure 4 shows historical and projected changebenarea affected by shallow
water tables, less than 2 m below land surfaceiriigated area increased during mid-
century and imported surface water replaced logaliyjped groundwater as the main
irrigation water source, groundwater levels roseughout the 20 century (Figure 4,
and Schoups et al., 2005). Shallow water tablespaeveloped in downslope, low-
lying areas (see Figure 1). Results in Table 2 laigdre 4 show significant variations
between scenarios. Wet scenario (W1, W2) projestghrow an increase in shallow water
table extent by 2100, whereas dry scenario sinat{D1 to D4) predict a decrease in
shallow water table extent. The dry scenario resafé caused by the decrease in surface
water supplies, thereby causing increased groumvpatmping and lower groundwater
levels by induced downward hydraulic gradients. Shellow groundwater level extent
for the D4-IE scenario (fractional area of 0.16-igure 4) was much smaller than any of
the others because of the assumed high irrigatifociemcy of 90% and the relatively
high pumping rate (Table 2). Shallow groundwatdrgas one of the most important
hydrologic variables, as it enhances the contrdoutf capillary rise to soil evaporation,

leading to soil and groundwater salinization in dslepe areas.
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3.3.2. Soil salinity

Historical and projected changes in the area dfastdcted soils, as defined by
electrical conductivity (EC) values greater thand8/m. Historical simulations by
Schoups et al. (2005) showed the large decreasaligalinity in the San Joaquin Valley,
with saline soils decreasing from a fractional aseabout 0.5 to about 0.3 (Figure 5), as
the alluvial soils contained high salt content mradly and were reclaimed by irrigation.
Soil salinization increased in the late 1990’s lseaof excess application of surface
water, leading to rising water tables and drainagblems.

When comparing soil salinity with shallow groundemaievel extent, salinity
projections are much less variable between clinsagnarios. There appears to be an
upper limit of the areal extent of salt-affectedlssogeographically constrained to the
low-lying areas with clayey deposits in the nortstern part of the study area (Figure 5),
leading to poorly drained conditions. Additionakeas of shallow water table extent
(Figure 4) are not salinized, because of adequeaenabe to deeper groundwater.
Alternatively, part of the retired areas (Figurerdmains salinized, as caused by regional
shallow groundwater flow from upslope areas towdhdsretired agricultural lands. The
largest decrease in salt-affected area was prédiotescenario D4-I1E, as it exhibits the
least shallow groundwater extent. Hence, sourceraonhrough improvements in
irrigation efficiency can be an effective managemapproach to reduce groundwater

levels and soil salinity.

3.3.3. Crop vyields
Apart from changes in salt-affected areas, we atswidered the impact of soil

salinity on crop production, as crop salt toleramages among crops and is not limited to
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4 dS/m. Here, we present simulated yields for cofalt tolerant) and tomato (salt-
sensitive), as affected by soil salinity, using tMeaas-Hoffman function that relates
relative yield to average root zone salinity (Ma2890). Whereas cotton yields were
historically not affected by soil salinity (Table Eigure 6a), projected results for all
climate scenarios indicate that soil salinity level salt-affected areas are expected to
increase, reducing yield to 50% or more for akitfio of the study area by 2100. As
expected, the wet scenarios with limited groundwptemping predict the widest extend
of yield reduction, and the scenario with technalabadaptation projects (D4-IE) is the
least affected (see also Figure 5). Our simulatssuilts confirm that soil salinization will
continue unless higher irrigation water efficiemognagement practices are widely used.
Figure 6 also shows that the yield-reducing areasrainly concentrated in the southern
part of the study area, coinciding with the nonthportion of Westlands Water District
with shallow water tables and poor drainage. Thotlgh area has already partly been
retired from agricultural production (Figure 1), roresults suggest that future land
retirement may be necessary for areas further ppsis well.

Because of the increasing sensitivity to salinitgss, the area affected by tomato
yield reduction is much larger (up to 30%), andlimost twice as big (Table 2 and Figure
6b) as for cotton. Results suggest that in somh bkaine areas, initial reclamation of
soils by irrigation was likely necessary to allomtato production. Furthermore, renewed
soil salinization after the availability of surfasater supply in the mid ﬁbcentury has
affected tomato yields from the 1970’s-1980’s ordgarconfirming anecdotal evidence
by local farmers who indicated that tomato producttnas shifted upslope (towards the

west). As many high-valued crops such as vegetaldgruit (melons, in particular) are
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also salt sensitive, the anticipated increase taréudemand for such crops may require

improved water and salt management practices isttigy area.

3.3.4. Groundwater salinity

As determined by Schoups et al. (2005), the degjadaf groundwater quality in
the long-term may eventually jeopardize groundwheesed irrigated agriculture.
Therefore, in addition to considering soil salinitye also quantified salt loadings below
the root-zone (Table 2). Differences in salt logdie groundwater between climate
scenarios are related to groundwater pumping, thighhighest salt loadings projected for
the driest climate change scenario, D4. This iseduwy (i) higher salinity of pumped
groundwater compared to imported high quality ssefeaater, and (ii) lower water tables
induced by downward hydraulic gradients by groungwgumping. Most of the salt
leaching will occur for the well-drained soils ihet western half of the study area
(upslope), where soils are well drained. In theglterm, this leaching process, combined
with the continued dissolution and transport ofl ggipsum, will continue to increase
groundwater salinity of underlying aquifers (Scheuet al., 2005). Excessive soil
salinization in downslope areas in the eastern pérthe study area is caused by
groundwater discharge by regional lateral flow,ulsg in upward salt fluxes from

deeper groundwater into the root-zone.

3.3.5. Land subsidence
We included an estimate of potential land subsidexscpart of the climate change
analysis, considering inelastic compaction of sedite. For each climate change

scenario, the simulation model computed hydraudiachvalues in the confined aquifer,
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in response to projected changes in groundwatepmgnFuture occurrence of inelastic
land subsidence was recorded when simulated cahfireads fell below previously
simulated minimum levels. This definition of indiascompaction is only approximate,
as it ignores the presence of residual pore pres@diarson et al., 2001; Alley et al.,
2002), potentially underestimating total subsiden®ée use an inelastic storage
coefficient of 10% (Domenico and Schwartz, 1998), 1 m of subsidence for each 10 m
drop in head, to estimate total land subsidencearrh grid cell over the period 2010-
2099. Results show that land subsidence is prajethe be very limited, with no
subsidence for the wet and no-climate-change simsn@rable 2). The driest D4 scenario
with the largest groundwater pumping value projesttssidence in less than 1% of the

irrigated area, for a total simulated subsidendess than 30 cm.

4. Concluding Remarks

The sensitivity results presented provide insight® impacts of climate change on
irrigated agriculture. Our analysis does not orgplg to California, but can be extended
to other irrigated regions in the world, as manyehaimilar constraints regarding water
supply and land degradation. Our conclusions apoténtial impacts of climate change

on irrigated agriculture can be summarized as Wdto

- Water demandbemand projections for the 1,400 kstudy region in the western

San Joaquin Valley range from a decrease of 138 iacrease of 3% by the end
of the 2%' century. Reductions are largest in dry and waremados, for which
increased fallowing and decreased crop transpiratias projected, both leading

to reductions in irrigation water demand. Our siatioins showed that an increase

20



472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

Schoups, Maurer, Hopmans — Climate change impac@adifornia’s irrigated agriculture

in ETe for a warming climate is offset by a decreaseeassnal crop ET due to
faster crop development. Though climate warming xpeetedly projected
reduced seasonal crop water requirements, thetiregshorter growing seasons
could make multiple cropping possible, thereby éasing annual irrigation water
demand, perhaps beyond what can be supplied.

Water supply The impact of climate change on water supply esnfom a
decrease of 26% to an increase of 14% towardsriieoBthe 21 century. We
assumed that groundwater pumping supplementedcsuwiater supplies to meet
total water demand, thereby resulting in a largegea(factor of 5) in projected
groundwater use values, among scenarios. It is rt@apbto realize that the
uncertainty in surface water supply projectionsvexy high, due to large
variations in projected precipitation among climstenarios.

Shallow water tables and soil salinitpespite the large variation in the spatial

extent of projected shallow water tables, the te#dt-affected area is predicted to
remain fairly constant in the Zicentury, irrespective of climate scenario. High
soil salinity is limited to the eastern half of teeudy area that is flat and poorly
drained. The western half of the study area costémpographic gradients and
coarse alluvial soil deposits, which is why salatian due to rising water tables is
unlikely to occur in those areas, irrespectivelwhate scenario.

Crop productivity All scenarios project an increase in soil sajinit downslope

areas (eastern portion of the study area), regultimeduction of both tomato and
cotton yields. Although already a significant fiaot of the low-lying areas has
been retired from agricultural production, modemugiations indicated that

additional upslope areas could be affected. Thexefid these additional lands
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will not be drained in the future, additional lanetirement may be required.

Model results show that salinization will continteeoccur, regardless of climate

change. This is especially significant, realizingtteconomic analysis has shown
that farmers will likely switch from salt tolerantops (such as cotton) to high-
value, salt-sensitive crops (such as tomato andmsglin the future.

- Groundwater salinitySalt leaching to deeper groundwater is most Sggmt for

the dry climate change scenarios, for which grouatdw use is greatest.
Groundwater irrigation generates the highest graater salinity, as salinity
increases by recycling of already salinized groustéw combined with gypsum
dissolution. Hence, although groundwater pumpingy maduce shallow
groundwater extent, thereby preventing excessiuesalnization, irrigation with
saline groundwater accelerates groundwater salioizaWe realize that the time
scales of these two processes are different, wilhsalinization being controlled
and managed over time scales of years and decatlesgas deep groundwater
salinization occurs over time scales of decadésitmireds of years.

- Land subsidence.and subsidence is projected to be very limieekn for the

driest climate scenario, using historical subsiéeaod groundwater pumping
simulations. However, we realize that direct mauglof pore pressures and
subsidence calculations are needed to more acburassess the future
occurrence of land subsidence if groundwater pug@mncreased.

- Technological adaptationAmong the simulated scenarios, we considered a

technological adaptation by improving irrigationfi@géncy to 90%. Such an
adaptation could effectively mitigate many projectverse effects. Increasing

irrigation efficiency would reduce groundwater puntp irrigation water
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demand, groundwater recharge, and soil salinityth(bextent and level of

salinity), thereby decreasing the need for landengient.

In conclusion, the greatest threat to agricultsadtainability in the study area
appears to be the continued salinization of dowseskreas, jeopardizing crop production
and requiring future land retirement. Technologiealaptations, such as increasing
irrigation efficiency, may mitigate these effed&uture work should consider additional
scenarios, and evaluate the vulnerability of thetesy to increased groundwater
pumping. This would require addressing economiditatality of irrigated agriculture,
for example, to include pumping costs and cropdyrelduction by salinity. Also, more
work is needed on quantifying the uncertaintiestlad projected impacts, including
climate projections and the hydro-salinity modele \Mso conclude that many of the
simulated adverse effects, such as soil salinizatoe caused by regional groundwater
dynamics of the hydrologic system in the study aieespective of climate change. It is
therefore important to include such hydrologic dymes in any impact assessment, as

they may be as important as potential climate irtgpac
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Table 1. Overview of climate change scenarios.detefl temperature and precipitation
are average values for the end of th& 2éntury (2080-2099), based on bias-corrected

and spatially downscaled GCM output. Historicabdate for the period 1976-1995.

Scenario GCM SRES Technological Atmospheric Air Precipitation
label emission adaptation CO; (ppm)  temperature (m)
scenario (°C)

H Historical - 347 17.1 0.21
N No climate change - 347 17.6 0.20
w1 PCM Bl - 544 19.2 0.24
W2 PCM A2 - 775 20.2 0.24
D1 PCM Alfi - 885 20.8 0.18
D2 HadCM3 Bl - 544 20.9 0.18
D3 HadCM3 A2 - 775 22.2 0.17
D4 HadCM3 Alfi - 885 23.5 0.13
D4-IE  HadCM3 ALfi IE 885 23.5 0.13

" Uniform increase in irrigation efficiency to 90%om current efficiencies ranging from 65 to
80%.
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Table 2. Climate change impacts on water supplyem@emand, and hydrology. Values represent averagéotals over the entire

study area and over a 20-year period. Refer toeTaldbr scenario labels and climate characterisiiesimum and maximum values

for each variable are underlined.

Scenario H N: w1 W2 D1 D2 D3 D4 D4-1E
Time period 1976-1995 2080-2099 2080-2099  2080-2099  2080-2099  2080-2099  2080-209980-2099  2080-2099
Water demand :

Reference ET (m) 1.49 1.53 1.52 1.57 1.60 1.62 1.65 1.73 _1.73
Crop ET (m)®, scenario 1 0.58 0.58 0.54 0.54 _0.53 0.55 0.55 0.60 _0.60
Crop ET (m)®, scenario 2 0.58 0.60 0.56 0.55 _0.54 0.57 0.56 0.60 _0.60
Non-cultivated land” 0.15 0.31 0.30 0.31 0.33 0.34 0.34 0.34 _0.34
Water demand (MCMY) 831 694 : 702 717 617 620 634 664 601
Water supply E

Surface water use (MCMY 744 588 : 652 673 498 462 469 433 433
Groundwater use (MCMY 87 105 | 50 44 119 158 165 232 168
Hydrologic response !

Shallow water tabled 0.40 0.39 0.53 0.55 0.29 0.24 0.25 0.23 _0.11
Salt-affected soil§ 0.32 0.47, 0.47 0.49 0.46 0.46 0.46 0.47 _0.37
Cotton yield < 509%° 0.00 0.18 0.19 0.22 0.17 0.16 0.15 0.15 _0.10
Tomato yield < 50% 0.08 0.31: 0.32 0.34 0.29 0.29 0.27 0.27 _0.18
Salt loading to groundwater 5.47 2.37§ 2.37 1.12 2.77 3.39 3.55 _4.74 4.67
(million tons) |

Renewed land subsiden€e N/A 0.01: 0.00 0.00 0.00 0.00 0.00 0.00 0.00

% This is a weighted average over all crops, withigivs proportional to crop acreages. Results acevshfor two scenarios. Scenario 1 corresponds to an

assumption of no change in cropping patterns. Sme@aassumes a demand-driven shift to high-vale@s; such as vegetables and fruits (Howitt et2803).
Results for water demand, supply and hydrologipaeses are for scenario 1.
® Total water volume in Million Cubic Meter (MCM).

¢ Fraction of total land area. Shallow water talsielass than 2 m below land surface. Salt-affestéld have an EQ@reater than 4 dS/m.
¢ Includes non-agricultural areas (4% of total lanela) and, for future years, retired agricultusald (18% of total land area).
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Fiqure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

(a) Location of study area and model donrathe western San Joaquin
Valley, California; (b) Detailed view of model domashowing irrigation
districts (as jagged lines) and two dark areas ®iend is retired from
agricultural production as of 2006. Grey shadescatd land elevation,
with lighter shades having higher elevation. Regiogroundwater flow
follows topographic gradients, i.e. south-westadlimeast.

Validation results for reference ET estiora “Diamonds” are data for
temperature, precipitation, and reference ET measat a local CIMIS
weather station in the study area. “Squares” ayegfidded data of
precipitation and temperature from Maurer et alO@) for the grid point
at the center of the study area, and (ii) calcdlatglues of reference ET
based on these temperature and precipitation datag the method of
Thornton et al. (2000).

(a) Precipitation and temperature for auagi climate scenarios listed in
Table 1, and resulting projections in land use fblgerence ET and crop
ET (c), and irrigation water demand and supply Rgported values are
totals for the entire study area and averagedme fior the period 2080-

2099 (except for historical conditions denoted by,“which represents

the period 1976-1995). BCM = Billion Cubic Meter.

Historical and projected extent of shallpreundwater areas: time-series
and spatial maps for three scenarios, i.e. N (mmaté change), W2
(wettest scenario), and D4-IE (driest scenariopllBtv water tables are
less than 2 m below land surface. Solid lines araulations, and open
symbols are observations in May (squares), Julgnidnds), or October
(triangles).

Historical and projected extent of saleeted areas: time-series and
spatial maps for three scenarios, i.e. N (no ckngtange), W2 (wettest
scenario), and D4-IE (driest scenario). Salt-affdcsoils have an EC

greater than 4 dS/m. Solid lines are simulations] apen symbols

(triangles) are observations.

Historical and projected extent of ared®ne (a) cotton and (b) tomato
yield is reduced by 50% or more due to salt accatrarl: time-series and
spatial maps for three scenarios, i.e. N (no cknwtange), W2 (wettest
scenario), and D4-IE (driest scenario). Yield rdoturs are more severe
for darker shades.
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(a)

San Francisco

Figure 1
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(@) Location of study area and model donrathe western San Joaquin
Valley, California; (b) Detailed view of model domashowing irrigation
districts (as jagged lines) and two dark areas w/ha&nd is retired from
agricultural production as of 2006. Grey shadescatd land elevation,
with lighter shades having higher elevation. Regiogroundwater flow
follows topographic gradients, i.e. south-westadimeast.
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Figure 2
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Validation results for reference ET estiora “Diamonds” are data for
temperature, precipitation, and reference ET measat a local CIMIS
weather station in the study area. “Squares” ayegfidded data of
precipitation and temperature from Maurer et alO@) for the grid point
at the center of the study area, and (ii) calcdlatglues of reference ET
based on these temperature and precipitation datag the method of
Thornton et al. (2000).
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(a) Precipitation and temperature for auagi climate scenarios listed in

(W]

Fraction of uncultivated land

@ Land retirement
B Land fallowing

H N W1 W2 D1 D2 D3 D4 D4IE

©

Reference ET and crop ET (m)

@ Reference ET
EmCrop ET

H N Wi W2 D1 D2 D3 D4 D4IE
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@

I Groundwater supply

B Surface water supply } = water demand
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/
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Table 1, and resulting projections in land use felerence ET and crop
ET (c), and irrigation water demand and supply RBported values are
totals for the entire study area and averagedme flor the period 2080-
2099 (except for historical conditions denoted by,“which represents
the period 1976-1995). BCM = Billion Cubic Meter.
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6 Shailow groundwater extent (fraction of totai area)
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Figure 4 Historical and projected extent of shallpr@undwater areas: time-series

and spatial maps for three scenarios, i.e. N (mmateé change), W2
(wettest scenario), and D4-IE (driest scenariopll®tv water tables are
less than 2 m below land surface. Solid lines araulations, and open
symbols are observations in May (squares), Julgnidnds), or October
(triangles).
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6 Salt-affected soils (fraction of total area)
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Figure 5

Historical and projected extent of saleeted areas: time-series and
spatial maps for three scenarios, i.e. N (no cknwtange), W2 (wettest
scenario), and D4-IE (driest scenario). Salt-addcsoils have an EC

greater than 4 dS/m. Solid lines are simulations]y apen symbols

(triangles) are observations.
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Figure 6 Historical and projected extent of aredens (a) cotton and (b) tomato
yield is reduced by 50% or more due to salt accatmari: time-series and
spatial maps for three scenarios, i.e. N (no ckngtange), W2 (wettest
scenario), and D4-IE (driest scenario). Yield raduns are more severe
for darker shades.
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