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Estimating groundwater recharge in response to increased atmospheric CO, concentration and climate
change is critical for future management of agricultural water resources in arid or semi-arid regions.
Based on climate projections from the Intergovernmental Panel on Climate Change, this study quantified
groundwater recharge under irrigated agriculture in response to variations of atmospheric CO, con-
centrations (550 and 970 ppm) and average daily temperature (+1.1 and +6.4°C compared to current

Keywords: conditions). HYDRUS 1D, a model used to simulate water movement in unsaturated, partially satu-
Hydrology d, or full d di d to simulate the i f cli h d

Groundwater rated, or fully saturated porous media, was used to simulate the impact of climate change on vadose
Recharge zone hydrologic processes and groundwater recharge for three typical crop sites (alfalfa, almonds and

tomatoes) in the San Joaquin watershed in California. Plant growth with the consideration of elevated
atmospheric CO, concentration was simulated using the heat unit theory. A modified version of the
Penman-Monteith equation was used to account for the effects of elevated atmospheric CO, concen-
tration. Irrigation amount and timing was based on crop potential evapotranspiration. The results of
this study suggest that increases in atmospheric CO, and average daily temperature may have signifi-
cant effects on groundwater recharge. Increasing temperature caused a temporal shift in plant growth
patterns and redistributed evapotranspiration and irrigation water use earlier in the growing season
resulting in a decrease in groundwater recharge under alfalfa and almonds and an increase under toma-
toes. Elevating atmospheric CO, concentrations generally decreased groundwater recharge for all crops
due to decreased evapotranspiration resulting in decreased irrigation water use. Increasing average daily
temperature by 1.1 and 6.4 °C and atmospheric CO, concentration to 550 and 970 ppm led to a decrease
in cumulative groundwater recharge for most scenarios. Overall, the results indicate that groundwater
recharge may be very sensitive to potential future climate changes.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

In arid and semi-regions, estimating aquifer recharge is impor-
tant for determining water resource availability and assessing
aquifer vulnerability to pollutants. Recharge rates are depen-
dent on the amount of water available at the land surface,
which can vary temporally and spatially depending on cli-
matic factors such as precipitation and evapotranspiration and
land use factors such as crop type (Scanlon et al, 2002). In
agriculturally dominated regions such as the semi-arid Central
Valley of California, the estimation of recharge becomes com-
plicated by irrigation, potentially creating new source areas of
recharge while simultaneously depleting groundwater resources.
In such regions, accurate estimates of recharge and evapo-
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transpiration are important for management of scarce water
resources.

While it is widely accepted that increased atmospheric concen-
trations of greenhouse gases, such as CO,, are the leading causes
of climate change (IPCC, 2007), few studies have assessed the
change that increased CO, concentrations and climate changes
will have on the hydrologic cycle via changes in plant growth
and transpiration (e.g., Eckhardt and Ulbrich, 2003; Ficklin et al.,
2009). Increased atmospheric CO, concentration has two main
effects on plant evapotranspiration: [1] decreased stomatal con-
ductance due to a reduced level of stomatal openings and [2]
increased rate of leaf area growth from increased cell expan-
sion. The influence of increasing CO, concentrations on leaf
conductance was reviewed by Morison (1987). Morison found
that at CO, concentrations between 330 and 660 ppm, a dou-
bling in CO, concentration resulted, on average, in a 40% linear
reduction in leaf stomatal conductance for 80 plant observa-
tions. Pritchard et al. (1999) wrote a review on the effects of
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Fig. 1. Map of study area showing the locations of the three representative crops.

increasing atmospheric CO, on plant leaf area. Their work indi-
cates that an average net increase in leaf area per plant of 24%
is expected with a doubling of atmospheric CO,. In highly agri-
cultural regions such as California’s Central Valley, changes in
plant transpiration and growth may significantly alter the hydro-
logic cycle, as evapotranspiration is a significant source of water
loss.

California’s water storage system can be thought of as three
reservoir systems: [1] Sierra Nevada snowpack, [2] collection of
dams, lakes and conveyance systems for surface water, and [3]
groundwater storage. Development of California’s surface water
storage system has slowed significantly, while groundwater usage
is currently increasing and will continue to increase in the future
at a strong pace (California DWR, 2003). With the continual decline
of Sierra Nevada snow pack (which feeds the surface water reser-
voirs) due to climate change (e.g., Maurer, 2007) and increases
in agricultural production and population growth, groundwater
will increasingly become important as a major source of Califor-
nia’s water needs. Therefore, it is extremely important to assess
the effects that increases in atmospheric CO, concentration and
climate change may have on groundwater resources within these
regions.

Over the last several years, researchers have begun to estimate
potential impacts of climate change on groundwater resources
throughout the world (e.g., Scibek et al., 2007; Wessolek and
Asseng, 2006). These studies differ in modeling methodologies, cli-
mate scenarios, results of groundwater sensitivities to climate, and
interpretation of results. Other studies have used paleo-recharge
estimation using tracer methods (Zuppi and Sacchi, 2004; Yin et
al., 2008). The objective of this study is to conduct forward numer-
ical modeling using HYDRUS 1D (Simunek et al., 2005) to evaluate
the sensitivity of elevated atmospheric CO, concentration, climate
change and varying canopy structure of three case study crops on
groundwater recharge in California. This research has implications
on current and future water resource guidance of groundwater
recharge.

2. Study sites

California’s Central Valley covers approximately 100,000 square
kilometers and is one of the most productive agricultural regions
in the world (NASS, 2009) (Fig. 1). The state’s agriculture is domi-
nated by high-value specialty crops such as lettuce, tomatoes, fruits,
almonds, walnuts and grapes. In 2005, California’s total agricul-
tural value was over $31 billion per year, ranking first in the United
States. California produces 99% of the almonds and 95% of the
processing tomatoes grown in the United States (CA-DOF, 2007).
California also produces over 21% of the United States’ milk and,
consequently, alfalfa is the state’s highest acreage crop. Califor-
nia is also the leading alfalfa-producing state in the United States
(CARD, 2009). Most of the agriculture within California’s Central
Valley relies heavily on irrigation from surface water diversions
and groundwater pumping.

This study was confined to the San Joaquin Valley in California
(Fig. 1). The San Joaquin Valley has a typical Mediterranean cli-
mate. The maximum temperature during the hottest months of the
year (June-August) may exceed 40 °C. Average temperatures in July
and January in the northern part of the valley are 23.9 and 7.2°C,
respectively; whereas, average temperatures in July and January
in the southern part of the valley are 29.9 and 8.3 °C, respectively.
More than 80% of the precipitation occurs in winter, with an annual
average of 36.3 cm in the northern part of the valley and 14.5cm
in the southern part of the valley (Vossen, 2008). The region is rel-
atively flat due to alluvial deposits from several California rivers
(Stanislaus, Tuolumne, Merced, Fresno, San Joaquin, Kings, Kern
and Kaweah).

3. Materials and methods
3.1. Description of the numerical model

The numerical model package HYDRUS 1D (Simunek et al., 2005)
was used to simulate the processes of water flow, root water



D.L. Ficklin et al. / Agricultural Water Management 97 (2010) 1039-1050

Table 1
Soil hydraulic properties of the representative soil profiles.
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Soil Name Layer Depth(cm) AWC Sand (%) Silt(%) Clay (%) Bd(g/cm3®) Ks(cm/d) 6s(cm3/cm3) 6, (cm?/cm3) o« (1/cm) n
Hanford (tomatoes) 1 30.48 0.14 67.26 20.24 12.5 1.58 29.62 0.3673 0.0451 0.0325 1.42
2 127 0.13 67.26 20.24 12.5 1.6 27.28 0.362 0.0445 0.0335 141
3 152.4 0.1 67.26 20.24 12.5 1.61 26.17 0.3593 0.0442 0.034 14
Panoche (almonds) 1 17.78 0.16 35.45 33.55 31 1.52 5.46 0.4039 0.0752 0.0128 14
2 101.6 0.17 34.68 37.82 27.5 1.53 5.47 0.3933 0.0706 0.0112 1.44
3 152.4 0.14 55.84 17.66 26.5 1.58 11.14 0.3863 0.0648 0.0223 13
4 177.8 0.12 65.91 19.09 15 1.63 19.99 0.3577 0.0472 0.0319 1.36
Yettem (alfalfa) 1 35.56 0.16 65.39 23.11 11.5 1.56 31.05 0.3683 0.0431 0.0317 1.42
2 177.8 0.13 65.39 23.11 11.5 1.61 25.42 0.3556 0.0417 0.0343 1.39

uptake, root growth and evaporation from the soil surface in one-
dimensional variably saturated media. It was assumed that the air
phase does not affect liquid flow processes and that the water flow
due to thermal gradients is negligible. HYDRUS 1D approximates
the solution to the Richards Equation (Richards, 1931), the govern-
ing equation of water flow:

0 9 oh
8[282[K(82+1)]_5 (1)

where 6 is the volumetric water content, t is time, h is the water
pressure head, z is the spatial coordinate and K is the unsaturated
hydraulic conductivity, a function of the saturated hydraulic con-
ductivity (Ks) and water content. S represents a sink term, which
accounts for the uptake of soil-water by vegetation (Feddes et al.,
1978):

S(h) = a(h)S, )

where S(h) is the water uptake rate, a(h) is a water stress response
function (0 <« <1) that describes the reduction in uptake under
drought conditions and Sp, is the potential water uptake rate. S(h)
is partitioned into each layer according to the depth-specific root
density. For «a(h), the functional form developed by Feddes et al.
(1978) was used:

h—hy
h3—h4 h4<h§h3
1 h h<h
Ol(h): h_hl 3<NnN=<np (3)
W h2<h§h1
0 h <hgorh > hy

where hq, hy, h3 and hy are the threshold parameters such that
uptake is at the potential rate when the pressure head is between
hy and hs, drops off linearly when h>h, or h<hs3, and becomes
zero when h < hgq or h> hq. These values are crop-specific and were
taken from the database contained in HYDRUS 1D and the literature
(Simunek et al., 2005).

The van Genuchten (1980) and Mualem (1976) representations
for unsaturated hydraulic properties used in this study are given
by:

0s — Or

O+ ——— " h<0
0(h) = [1+|ah|] (4)
0Os h>0
m 2
K(h) = KsSh[1—(1-S)/™) "] (5)
m:l—% n>1 (6)

where S, is the effective saturation:

ROE

=66 "

and where 6; is the residual soil-water content, 6; is the saturated
soil-water content, K; is the saturated hydraulic conductivity, o
is the air entry parameter, n is the pore size distribution param-
eter and [ is the pore connectivity parameter. The parameters «,
n and [ are empirical coefficients that determine the shape of the
hydraulic functions. [ was set to 0.5, a common assumption based
on the work of Mualem (1976). No hydrologic data were avail-
able for site-specific calibration, so the model was not calibrated
to present conditions. The goal of this research is to test the sen-
sitivity of groundwater recharge to climate change and calibration
was not needed.

3.2. Description of the physical model

Three representative crop sites were chosen based on county
crop acreage and value within California. First, the counties that
produced the highest quantities of the crops chosen for this study
were determined. Tulare County is one of the leading producers
of alfalfa (total value of $158 million in 2008) and Fresno County
is the leading producer of almonds and tomatoes (total value of
$483 and $348 million in 2008, respectively) (CARD, 2009). The
alfalfa crop used in this study is a perennial crop and the mod-
eled portion of the growth period is one cycle of harvest, which
is approximately 31 days during the summer months. Second,
through literature review and GIS land use/soil map overlays, rep-
resentative soil profiles for all crops in their respective counties
were determined (Fig. 1). Based on the spatial data layers, the Han-
ford and Panoche soil series were two of the largest soil types in
Fresno County (10 and 8% of Fresno County, respectively). The Yet-
tem soil series was one of the largest soil types in Tulare County
(7% of Tulare County). Agricultural land comprises over 80% of the
total land use on these soil series. Therefore, these soil series were
used as inputs for the vadose zone model. It is important to note
that the soil profiles are representative profiles for the respective
crops and may spatially vary throughout the county. Therefore,
spatial extrapolation of groundwater recharge results should be
done with caution. The soil profile characteristics are listed in
Table 1.

HYDRUS 1D requires specifying the soil hydraulic parameters 6y,
s, o, Ks and 1. Soil property data was extracted from the 1:24,000
Soil Survey Geographic (SSURGO) database (USDA, 2007). The soil
hydraulic parameters were generated with ROSETTA (Schaap et al.,
2001) using the soil physical properties of sand percentage, silt per-
centage, clay percentage and bulk density from SSURGO. ROSETTA
is a pedotransfer function software package that uses a neural net-
work model to predict soil hydraulic parameters from soil texture
and related data. ROSETTA contains a hierarchy of pedotransfer
functions that can be used depending on soil characterization data
that are available. Soil hydraulic and physical properties of the four
sites are shown in Table 1. It was assumed that the soil in each layer
is homogenous and isotropic. The bottom of the model domain was
set as the bottom of the soil profile.
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Fig. 2. Comparison of modeled and CIMIS potential evapotranspiration with multiple CO, concentrations at the Davis, CA CIMIS site.

4. Boundary conditions

The upper boundary condition in HYDRUS 1D was defined as
an atmospheric boundary condition with surface runoff, where the
potential flux across the surface boundary is controlled by exter-
nal conditions such as precipitation, potential evapotranspiration
(ETo) and leaf area index (LAI) (Neuman et al., 1975). Implement-
ing the atmospheric boundary condition required specifying daily
irrigation and precipitation rates, as well as daily ETo and LAL The
lower boundary condition was defined as a free drainage bound-
ary, with the bottom of the soil profile as a zero-gradient boundary
condition (Simunek et al., 2005). This condition is appropriate for
situations where the water table lies below the domain of inter-
est (Simunek et al., 2005), a reasonable assumption for this study.
The bottom water flux was assumed to be equal to groundwater
recharge.

A variable time stepping routine with maximum and minimum
time steps of 1.44min (~1 x 10-3 days) and 0.02min (1 x 10~
days), respectively, was used for all simulations based on HYDRUS
1D. One representative growing season was simulated for all
climate change sensitivity scenarios. For example, the tomato
growing season started and ended on April 1st and August 31st,
respectively. The reference and 6 climate and CO, scenarios were
then simulated for this timeframe using respective climate, ETo,
LAl irrigation amount and scheduling and root growth for each
climate scenario.

4.1. Reference climate

Observed climate data used for reference and climate change
scenarios were extracted from the California Irrigation Manage-
ment Information System (CIMIS) weather stations of Firebaugh,
Fresno State University and Lindcove (Fig. 1). This dataset includes
precipitation, solar radiation, temperature (air and dew point), rel-
ative humidity and wind speed. Reference ETo was calculated from

the observed climate data using the modified Penman-Monteith
method discussed in Section 4.5 (Penman, 1948; Monteith, 1965).
Fig. 2 shows CIMIS ETo data compared with modeled ETo data.
Precipitation was used as an upper boundary condition for all sce-
narios.

The reference climate simulation consisted of the respective
CIMIS stations’ mean daily temperature (air and dew point), wind
speed, solar radiation and relative humidity for the length of the
available weather records. Each CIMIS station had no less than 20
years of climate data. Precipitation data were taken from an average
precipitation year (neither wet nor dry). The precipitation year of
2001 was selected for the Fresno and Firebaugh CIMIS stations and
2003 for the Lindcove CIMIS station. An average precipitation year
was determined by summing the yearly precipitation amounts and
choosing the closest yearly amount to the mean and standard devi-
ation of the entire precipitation record. The climate data was then
used to produce ETo, LAI and irrigation amount and scheduling.

4.2. Generation of climate change scenarios

The different scenarios selected for this study are based on the
IPCC Special Report on Emission Scenarios (SRES) (2001) and The
Physical Science Basis (2007). The reports describe divergent pro-
jections of future atmospheric CO, concentration and climate and
their underlying uncertainty. Depending on the greenhouse gas
emission scenario, atmospheric CO, 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). The
scenarios with the highest (A1FI scenario: 970 ppm by year 2100)
and lowest (B1 scenario: 550 ppm by year 2100) projected CO, con-
centrations were chosen 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 introduc-
tion of new and more efficient, but fossil intensive technologies. The
B1 scenario, in contrast, corresponds to a future of low economic
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Table 2
Scenarios for climate change simulations.

Scenario CO, Conc. (ppm) Temperature (°C)
Reference 330 +0

1 330 +1.1

2 330 +6.4

3 550 +0

4 550 o1l

5 970 +0

6 970 +6.4

growth and fossil-fuel usage. GCMs vary in their predictions of rain-
fall for California over the 21st century, and therefore precipitation
change was not considered. Table 2 shows all climate change sce-
narios used in the simulations. All climate change scenarios were
run for one crop growing season. Each climate change component
(CO, concentration and temperature) was increased for the entire
growing season. For example, a scenario may have a 550 ppm CO,
concentration and an increase of average daily temperature by
1.1°C, both of which are simulated for the entire growing season.
The results were summarized by total cumulative recharge and its
percent change with respect to the present-day reference simula-
tion. T-tests were done to determine if the climate scenarios and the
present-day scenarios were statistically different from each other.

4.3. Irrigation

Irrigation amount and scheduling were determined using the
Basic Irrigation Scheduling (BIS) program developed by Snyder et
al. (2007). BIS calculates daily crop coefficient values (K.) and crop
evapotranspiration based on calculated ETo rates. It uses a water
budget method approach for determining irrigation amount and
scheduling, which depends on soil, plant and climate data. Full
details of BIS can be found in Snyder et al. (2007). In the simula-
tion, irrigation water was applied to alfalfa in 4-day increments
and almonds and tomatoes in 7-day increments. Initial soil-water
deficit for all crops was assumed to be 2 cm. This value is the default
value in BIS and assumes that crops are pre-irrigated before plant-
ing (a common method in California) or that the growing season
follows a wet winter (Snyder et al.,2007). Irrigation application effi-
ciency was set at the default value of 80% in BIS to account for runoff
and evaporation from the soil surface. This irrigation efficiency
valuerepresents a wide range of irrigation methods (Howell, 2003).
Irrigation application amounts were input into HYDRUS 1D as pre-
cipitation, since the model considers precipitation and irrigation as
the same boundary condition. Irrigation amount and scheduling for
each crop type can be found in the Supplementary Tables S1-S3.

4.4. Leaf area index

LAl is needed as an upper boundary condition for all scenarios.
LAI is the ratio of the upper leaf surface of vegetation divided by
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the surface area of the land on which the vegetation grows. The LAI
modeled in this study differs from ‘effective LAI', an estimate of LAI
which takes into account the lumping and randomness of foliage
elements in the vegetation. LAl was modeled using the heat unit
theory (Boswell, 1926; Magoon and Culpepper, 1932), which has
proven to be a reliable predictor of crop growth for various crop
types (e.g., Cross and Zuber, 1972; Guerra et al., 2004). The heat
unit theory hypothesizes that plants have heat requirements that
can be quantified and correlated with time-to-maturity. A plant is
assumed to only grow when the mean daily temperature exceeds
the base temperature. For example, tomatoes have a base growth
temperature of 10°C. If the mean temperature for a particular day is
22°C, the heat units accumulated on that day are 22 — 10=12 heat
units. Knowing the planting date, maturity or harvest date, base
temperature and mean daily temperatures, the total number of heat
units required to bring a crop to maturity (also known as Potential
Heat Units) can be calculated. It is assumed that all temperatures
above the base temperature accelerate crop development. The heat
unit accumulation for a given day is calculated as:

HU = Tave — Tpgse when Tave > Tpgse (8)
where HU is the number of heat units for a particular day, Tgye is the
daily mean temperature and T is the base temperature for the
plant. The total number of heat units required for a plant to reach
maturity is:

m
PHU = ZHU 9)
d=1

where PHU is the potential number of heat units, HU is the num-
ber of heat units accumulated on day d where d=1 at the planting
date and m is the number of days for the plant to reach maturity.
To calculate potential heat units, the number of days for a plant to
reach maturity must be known. Potential heat units were calculated
based on average planting and harvest dates and average tempera-
ture from the crops’ representative CIMIS station. The plant growth
characteristics are summarized in Table 3.

LAI was calculated using the heat unit theory for all scenarios
with the methods developed by Williams et al. (1989). Full details
can be found in Nietsch et al. (2005). In the initial period of plant
growth, leaf area development is controlled by the optimal leaf area
development curve:

frenu
. _ 10
Jruaim Jrenu + exp(ly — I x freny) (10)
where friaimx is the fraction of the plant’s maximum LAI corre-
sponding to the fraction of PHUs for the plant, frpyy is the fraction
of PHUs accumulated for the plant on a given day, [; and 1, are
shape coefficients of the leaf area development curve. The fraction

Table 3
Growth and evapotranspiration characteristics for the reference crops.
Crop Plant date Harvest date Base temperature Potential Crop Maximum Zimx (M/S) Ataico, AglCOZ
(°C) heat units coefficient (K;) rooting
depth (m)
Alfalfa (cycle)  20-June 20-July 4 1939 0.4 1.15 115 04 0.6 0.01 0.262 —0.42P
Almonds 1-March 15-October 10 4479 0.55 1.05 1.05 0.65 3.5 0.0036 0.35¢ —0.334
Tomatoes 1-April 31-August 10 1763 03 1.1 1.1 065 2 0.008 0.32¢ —-0.21F

2 Aranjuelo et al. (2009).
b Aranjuelo et al. (2006).
¢ Medlyn et al. (2001).

d Pritchard et al. (1999).
¢ Pallas (1965).

f Willits and Peet (1989).
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of potential heat units accumulated on a given day is:
from = L HU; (11)
PHU = Qg
The shape coefficients are calculated by solving Eq. (10) for two
known points (friar1, frenu,1) and (friara, frenu2):

.
li =In fremo.t —freru,1 | + b x freau (12)
frian

_ In[(frenu, 1 /friar1)—frenu, 1-In[(frenu, 2 friar2) — frenu 2]

1))
Jronu,2—frpHU,1

(13)

where [ is the first shape coefficient, I, is the second shape coeffi-
cient, frpyy,1 is the fraction of the growing season corresponding to
the first point on the optimal leaf area development curve, fria; is
the fraction of the maximum LAI corresponding to the first point on
the optimal leaf area development curve, frpyy , is the fraction of
the growing season corresponding to the second point on the opti-
mal leaf area development curve and fri;; is the fraction of the
maximum LAI corresponding to the second point on the optimal
leaf area development curve. The coefficients frpuy 1, frenu 2, friar
and fria2 are known for various crops and were taken from the
EPIC crop database (Williams et al., 1989).
The amount of LAI generated on day i is:

ALAl; = (friaimx,i —friamx,i—1) % LAlmx
« (1 — exp(5 x (LAL_; — LAlmx))) (14)

where ALAJ; is the leaf area added on day i, LAl; and LAIl;_; are
the leaf area indices for day i and i— 1, respectively, friajmx; and
friamx,i—1 are the fraction of the plant’s maximum LAI calculated
with Eq. (10) for day i and i — 1, respectively, and LAImx is the max-
imum LAI for the plant, taken from the EPIC crop database (Williams
et al,, 1989). The perennial almond crops used in this study were
assumed to be at full maturity. LAI for day i is:

LAL; = LAIL;_q + ALAL; (15)

To achieve a reasonable simulation of LA, it was assumed that
the crop was never under stress due to lack of water or nutrients.
It is likely that in the future, growers would continue to achieve
the highest yield possible with additions of water and nutrients. It
is beyond the scope of this study, however, to determine whether
there would be enough irrigation water available and that nutrients
would still be economically feasible to add to crops.

LAl increases as elevated CO, concentrations were incorporated
into the LAI model by adjusting the LAI to allow for the effects
of increased atmospheric CO, concentration based on a similar
method as Easterling et al. (1992):

co
LAI(CO) = LAT x (1~ Aunco,)+ Auaico, (335 ) ) (16)

where LAI(CO,) is the LAl modified to account for the effects of CO5,
Apaico, is the LAI percentage change for a doubling of CO; (%) and

CO, is the concentration of CO, in the atmosphere (ppm). It was
assumed that the effect of CO, on LAl is linear.

4.5. Potential evapotranspiration

ETo is needed as an upper boundary condition for all scenarios.
This study used a modified version of the Penman-Monteith ETo
model (Penman, 1948; Monteith, 1965). The Penman-Monteith
model is:

A x (Hnet — G) + pair x Cp x [€2 —e;][ra
A4y x(14r1c[ra)

where AE is the latent heat flux density (MJm~2 d~1), E is the depth

rate of evaporation (mmd=1), A is the slope of the saturation vapor

AE =

(17)

pressure-temperature curve, Hpet is the net radiation (Mjm-2d-1),
G is the heat flux density to the ground (M]m~2d~'; assumed to be
zero for all simulations (Hatfield et al., 1984)), p,i; is the air density
(kg m~3), ¢, is the specific heat at constant pressure (MJkg=1°C-1;
assumed to be 1.01 x 103 M]J kg=1°C-! for all simulations), e? is
the saturation vapor pressure of air at height z (kPa; assumed to be
2 m for all simulations), y is the psychometric constant (kPa°C~1),
rc is the plant canopy resistance (sm~1) and ry is the aerodynamic
resistance (sm~1!). Full details of the Penman-Monteith method
and the calculation of its parameters are described by Monteith
(1965).

The plant canopy resistance term was modified to account for
the effects of CO, and vapor pressure deficit on ETo (Stockle et al.,
1992). r¢ is calculated as:

re = (0.5 x g(VPD, CO,) x LAI)™! (18)

where g; (VPD, CO5) is the maximum conductance of a single leaf
considering the effects of vapor pressure deficit and increased CO,
(ms~1). When calculating actual evapotranspiration, the canopy
resistance term is modified to reflect the impact of high vapor pres-
sure deficit on leaf conductance following the approach by Stockle
et al. (1992). For a plant species, a threshold vapor pressure deficit
is defined at which the plant’s leaf conductance begins to drop in
response to the vapor pressure deficit. The adjusted leaf conduc-
tance is calculated as:

&i(VPD) = gj mx x (1 — Agj,dct x (VPD — VPDyp,p))  if VPD > VPDyy,
&/(VPD) = g1 mx if VPD < VPDyy,

(19)

where g;(VPD) is the stomatal conductance accounting for the
effects of a high vapor pressure deficit, g ,,x is the maximum stom-
atal conductance for a plant, according to the EPIC crop database
(Williams et al., 1989), Ag; 4¢ is the rate of decline in leaf con-
ductance per unit increase in vapor pressure deficit (ms~! kPa~1),
VPD is the vapor pressure deficit (kPa) and VPDy,, is the threshold
deficit above which a plant will exhibit reduced leaf conductance
(kPa). Agj 4 is calculated:

1 — frg.mx

—_Jemx 20
VPDj;, — VPDgp, (20)

Agaa =
where frgmy is the fraction of the maximum stomatal conductance,
&,mx» achieved at the vapor pressure deficit VPDg. frg my is assumed
to be 0.75 and VPDy; is assumed to be 4 for all scenarios, as given in
the EPIC database (Williams et al., 1989).

The canopy resistance term was also modified to account for
the effects of CO, concentration on leaf conductance following the
work of Morison (1987) and Easterling et al. (1992). Morison (1987)
found that at CO, concentrations between 330 and 660 ppm, a dou-
bling in CO, concentration resulted in an average reduction of 40%
inleaf conductance for various plant species. Other plants, however,
may exhibit different reductions for a doubling of CO,. For example,
deciduous forest has been shown to exhibit a 24% reduction with
a doubling of CO; (Medlyn et al., 2001). To account for these vari-
ations, conductance reduction values from the literature (Table 3)
were used. Easterling et al. (1992) proposed a modification to the
leaf conductance term for simulating CO, concentration effects on
ETo. Their equation was modified to account for plant species with
varying responses to increased atmospheric CO, concentrations:

co
&(VPD, C02) = &i(VPD) x ((1+ Agco,) - Agco, (332))  (21)
where g;(VPD, CO;)is the leaf conductance term modified to reflect
the effect of a high vapor pressure deficit and CO, concentrations,
Ag, co, is the conductance reduction percentage for doubling of CO,
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Fig. 3. Daily potential evapotranspiration and leaf area index for all crops and climate change scenarios.

(%) and CO, is the concentration of carbon dioxide in the atmo-
sphere (ppm). It is assumed that the effect of CO, on stomatal
conductance is a linear relationship (Easterling et al., 1992).

To test the ETo model, we compared it to the Davis CIMIS
site from 1982 to 2009. The root mean square error between the
observed and modeled ETo data was 0.52 mm/day. A T-test was ran
at & =0.05 and found no significant difference between the model
and CIMIS ETo data. The percent bias statistic, a measure of the
average tendency of the simulated data to be larger or smaller than
the observed data, was calculated and found to be —1.4%, which
indicates a low model overestimation. For reference, a percent bias
of £25% can be deemed a satisfactory model at not over- or under-
predicting the observed data (Moriasi et al., 2007). The sites used in
this study were also found to accurately simulate CIMIS ETo. Graph-
ical comparisons for multiple CO, concentrations at the Davis, CA
CIMIS site are shown in Fig. 2.

It is important to reiterate that we assume the relationship
between CO, concentration and plant transpiration will remain
constant through time. This relationship may or may not stay con-

stant depending on the adaptation/acclimation by the crops, but
it is beyond the breadth of this study to determine the changes in
this relationship. Previous studies have shown that the major dis-
crepancy in this relationship can be related to changes in the tissue
nitrogen content within the plant (Drake et al., 1997; Gonzalez-
Meler et al., 2004). Tissue nitrogen concentration often decreases at
increased CO, concentrations (Drake et al., 1997), and the relation-
ship between plant transpiration and tissue nitrogen concentration
is well defined. Therefore, any changes in tissue nitrogen concen-
tration will result in changes in plant transpiration. Consequently,
our assumption of a constant CO, concentration and plant tran-
spiration may result in an overestimation of plant transpiration at
higher CO, concentrations.

4.6. Root growth

Root depth was modeled using a logistic growth function in
HYDRUS 1D (Simunek et al., 2005). The modeled rooting depth
was assumed to increase with time until reaching the maximum
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Table 4
Changes in cumulative recharge (%) relative to the reference scenario for all climate change scenarios.
Crop Value Scenario
Reference +1.1°C +6.4°C +0°C, 550 ppm +1.1°C, 550 ppm +0°C, 970 ppm +6.4°C, 990 ppm
Alfalfa Cumulative recharge (cm) 1.78 1.76 1.71 1.76 1.72 1.78 1.64
Percent difference - -1.1 —4.0° -1.1 -34 0 -84
Almonds Cumulative recharge (cm) 21.57 21.62 18.89 21.38 21.62 20.14 2147
Percent difference - 0.2 -13.22 -0.9 0.2 —6.9 —0.42
Tomatoes Cumulative recharge (cm) 23.02 253 28.77 204 22.31 8.16 12.29
Percent difference - 9.52 22.22 -12.12 -3.1 —-95.32 —60.82

2 Indicates that T-tests are significantly different from the reference scenario at alpha=0.05.
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Fig. 4. Cumulative groundwater recharge for the alfalfa growing season for all climate change scenarios.

rooting depth at the end of crop development. Alfalfa and almond
crops are perennial plants, and therefore the rooting depth was
assumed to be the maximum rooting depth throughout the sim-
ulation. Maximum rooting depth values were derived from the
EPIC crop database (Williams et al., 1989) and the United States
Environmental Protection Agency (USEPA; USEPA, 2009).

5. Results
5.1. Leaf area index

LAI was affected by increases in temperature and changes in
atmospheric CO, concentration (Fig. 3). Increasing average daily
temperature by 1.1 and 6.4°C and increases in CO, concentra-
tion resulted in a decrease in time to reach the crop’s maximum
LAI when compared to the reference scenario. This result varied
depending on the crop (Fig. 3). For example, the maximum LAI of

alfalfa was reached 4 days earlier with a 6.4 °C increase and 9 days
earlier with an increase of CO, to 550 ppm. Coupling increased tem-
peratures and CO, concentrations caused an even faster time to
reach maximum LAI This result varied depending on the crop. For
example, an increase of CO, and temperature caused a faster time
to reach maximum LAI by 15 days, whereas tomatoes increased by
approximately 30 days.

5.2. Potential evapotranspiration

ETo was affected by increases in temperature and atmospheric
CO, concentration (Fig. 3). Increasing temperature alone caused an
increase in average daily ETo and increasing CO, alone decreased
average daily ETo throughout the simulation time compared to
the reference scenario. However, increasing temperature by 1.1°C
and an increase of CO, to 550 ppm led to only small decreases
(0.3 mm/day for alfalfa) in average daily ETo, whereas temperature

Reference
25 +1.1°C, 330 ppm
————— +6.4 °C, 330 ppm
€ +0 °C. 550 ppm
S 209 +1.1°C, 650 ppm
qg’) — — — —  10°C, 970 ppm
8 454 —r—— +6.4 °C, 970 ppm p—
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T /f‘f""‘ —
o
2 104 /_/
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g
3 °]
0 - T T T v
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Day

Fig. 5. Cumulative groundwater recharge for the almond growing season for all climate change scenarios.
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Fig. 6. Cumulative groundwater recharge for the tomato growing season for all climate change scenarios.

increases by 6.4°C and a CO, concentration of 970 ppm resulted
in large decreases (0.9 mm/day for alfalfa) in average daily ETo,
especially for alfalfa and tomatoes. For almonds, average daily ETo
under high temperature and CO; conditions was comparable to the
reference ETo during the second half of the almond growing season.

5.3. Cumulative groundwater recharge

Considering the spatial and temporal variability in groundwa-
ter recharge due to land use, the recharge values found within
the study are reasonable when compared to other groundwater
recharge studies in the San Joaquin Valley that estimate a recharge
rate between 7.5 and 60cm per year under agricultural fields
(Burow et al., 1999, 2008; Spurlock et al., 2000).

5.3.1. Alfalfa

Cumulative groundwater recharge of the reference scenario for
one cycle of the alfalfa season (31 days) was 1.78 cm (Table 4).
Cumulative recharge did not increase under any climate change
scenario and did not change for an increase of CO, to 970 ppm com-
pared to the reference scenario. The largest decrease in cumulative
recharge compared to the reference scenario was 8.4% when tem-
perature was increased by 6.4 °Cand CO, to 970 ppm. Itisimportant
to note the scale of cumulative groundwater recharge for alfalfa
on Fig. 4. The difference between the reference scenario and the
scenario with the largest percent change was only 0.14 cm.

5.3.2. Almonds

Cumulative recharge of the reference scenario for the almond
growing season (229 days)was21.57 cm(Table 4, Fig. 5). The largest
percent decrease in cumulative recharge compared to the reference
scenario was 13.2% with an increase of average daily temperature
by 6.4°C. The largest percent increase was 0.2% and occurred for
two scenarios: [1] solely increasing average daily temperature by
1.1°C and [2] increased average daily temperature by 1.1°C and
CO, to 550 ppm.

5.3.3. Tomatoes

Cumulative recharge of the reference scenario for the tomato
growing season (153 days) was 23.01 cm (Table 4, Fig. 6). Recharge
increased by 9.5 and 22.2% for increases in temperature by 1.1 and
6.4°C, respectively. The largest decrease in recharge was 95.3% and
occurred when atmospheric CO, was increased to 970 ppm. The
smallest decrease was 3.1% and occurred when temperature was
increased by 1.1 °C and CO; to 550 ppm.

6. Discussion

Increasing average daily temperature had two effects on
groundwater recharge: [1] increased ETo resulting in an increased
use of irrigation water potentially available for groundwater
recharge and [2] decrease in time to reach maximum LAI for the
growing season resulting in increased ETo and plant water use in
the earlier portion of the growing season. Recharge under toma-
toes increased by 9.5 and 22.2% for an increase of 1.1 and 6.4°C,
respectively, while recharge under alfalfa and almonds generally
decreased. These contrasting results can be explained by the differ-
ence in root growth under the irrigation regimes imposed during
the simulation, as alfalfa and almonds are perennial crops and were
simulated with constant root depths. This allows the plant to con-
sume more water during the early growth cycles in comparison to
tomatoes, whose roots are in the early stages of growth and are
shallow.

Increasing atmospheric CO, concentration had two major
effects on agriculture and groundwater recharge: [1] an increase
in crop water use efficiency resulting in less water needed for
irrigation and [2] increased plant growth rates resulting in more
irrigation needed earlier in the growing season. The plant’s water
use efficiency increases with an increase in CO, concentration. The
increase in crop water use efficiency decreases ETo rates, caus-
ing an overall decline in irrigation water use, and therefore less
available water for groundwater recharge. The ETo of alfalfa did
not change with respect to the reference scenario when CO, con-
centration was elevated to 970 ppm. This can be explained by the
conflicting effects of increased CO, concentration: [1] decreasing
the time to reach maximum LAI leading to increased irrigation use
while also [2] increasing the water use efficiency.

Increased plant growth due to elevated CO, concentrations had
similar effects as increased temperature, resulting in a shorter
time to reach maximum LAI In contrast, an increase in CO, con-
centration also decreased ETo rates. Morison and Gifford (1984)
showed that adoubling of CO, concentrationresulted in anincrease
in the plant transpiration rate in the early stages of growth due
to rapid plant development. Therefore, increased rates of plant
development can partially offset the decrease in stomatal con-
ductance. However, Table 4 shows that groundwater recharge
generally decreased with an increase in CO, concentration. One
potential explanation would be that the effect of decreased ETo
from increased water use efficiency may have a larger effect on
groundwater recharge than increased irrigation from increased
plant growth due to elevated CO, concentrations.

Increases in average daily temperature coupled with increases
in CO, concentrations led to decreases in groundwater recharge
for all crops. The coupling of the effects of increased average daily
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temperature (increased daily ETo and shorter time to maximum
LAI) and increased CO, concentration (decreased daily ETo and
decreased time to maximum LAI) makes it difficult to determine
the main cause of decreased groundwater recharge. Compared
to scenarios where CO, concentration was the only variable that
increased, increasing temperature and CO, concentration resulted
in more groundwater recharge, but still less than the reference sce-
nario. One would expect an increase in groundwater recharge from
increased irrigation due to higher ETo and plant growth. However,
the coupling of increased ETo from average daily temperature and
increased plant growth due to an increase in average daily temper-
ature and CO, may have a larger role in determining the amount
of groundwater recharge than the effect of increased water use
efficiency.

The climate change scenarios were constructed to assess the
sensitivity of groundwater recharge to potential future greenhouse
gas emissions and climate changes. Potential sources of errors
remain such as the use of global scenarios developed by the IPCC
rather than region-specific scenarios, lack of information on pos-
sible changes in the amounts and intensity of precipitation and
temperature extremes as well as specifications concerning other
meteorological variables such as wind speed and relative humidity.

This study focuses on direct impacts of climate change on
groundwater recharge but other factors may directly affect ground-
water recharge under climate change. Examples include evolution
of vegetation and changes in land use and agricultural management
practices. One of the management practices simulated in this study,
irrigation, was simulated based on plant needs. It was assumed that
to maintain peak crop production, growers would irrigate so that
the crop was rarely under water stress. Since groundwater recharge
is a direct result of groundwater recharge during growing months,
the assumption that the plant will achieve maximum growth due
to unlimited water may distort the results. It is beyond the scope of
this paper to determine whether irrigation demands can be met
under climate change. However, the scenarios presented in the
study act as a sensitivity analysis for comparison to present-day
conditions, where the amount of irrigation water applied to crops
is for maximum yield.

No consistent projection for California precipitation has been
concluded, with different climate projections showing decreases
and increases in precipitation (Cavagnaro et al., 2006), and any
precipitation increases during the summer months are likely to
be minimal due to the Mediterranean climate. A number of stud-
ies have concluded that, while there will be a dramatic difference
in regional impacts, agricultural production in the United States
overall will increase, and irrigation water use will go down to due
to increased precipitation (National Assessment Synthesis Team,
2001). More importantly is the effect of climate change on the
California Sierra Nevada snowpack, with predictions indicating a
30-70% lower snowpack compared to current conditions due to
an earlier snowmelt. Since the snowpack is the largest contributor
to California’s water resources, a heavier reliance on groundwater
may occur, a resource that is continually being depleted in Califor-
nia’s Central Valley (Faunt, 2009). Therefore, the assumption that
there will be an unlimited amount of water for irrigation may not
hold true, and if so, a decrease in groundwater recharge may be
expected.

Assuming that climate change will have a drastic effect on
California’s water resources, irrigation efficiency will become
increasingly important. Changes in irrigation efficiency from
evolving irrigation methods will have a large effect on the
amount of water needed and therefore on groundwater recharge.
Newly developed irrigation methods such as subsurface drip and
microspray technologies have irrigation application efficiencies of
approximately 90% (Howell, 2003), leading to less irrigation water
used per application and therefore less available water for recharge.

Precision irrigation is one of the most effective water conserva-
tion techniques and increases the efficiency of fertilizer application
through fertigation with decreased potential for leaching nitrate,
pesticides and other soluble agricultural chemicals (Cavagnaro et
al., 2006). However, the economic cost of precision irrigation is
high. These and newer techniques will become important to lessen
the demand for irrigation water in a changing climate. On the other
hand, increases in ETo rates will increase surface water evaporation,
potentially reducing irrigation efficiency.

Because of the broad simplification of the effects of CO, on
plant growth included and the use of multiple models, this anal-
ysis is still perhaps too uncertain for detailed water management
purposes. The goal of this work is to test the sensitivity of ground-
water recharge under climate change and increases in atmospheric
CO, concentration. More work should be focused on the relation-
ship between elevated atmospheric CO, concentrations and plant
growth/water use efficiency. The relationships between atmo-
spheric CO, concentrations and plant growth and transpiration
used in this study were taken from other studies. These rela-
tionships, however, must be used with caution, as these values
may differ from region to region (Morison, 1987). Although the
simulations were conducted in only one dimension with many
assumptions, they represent some extreme conditions and show
significant effects resulting from climate change.

6.1. Implications

The modeled hydrologic changes presented in this study may
have implications for agricultural and water management and
groundwater quality in the Central Valley of California. 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. Increased recharge would
allow for more agricultural pollutant transport into an already
polluted groundwater system. Conversely, increased groundwa-
ter recharge would increase groundwater storage in an area where
groundwater storage is needed and will continue to be increasingly
important in the future.

It is likely that growers would alter their planting season to
account for an increase in plant growth rates. Faster crop devel-
opment occurs with higher average daily temperatures (Fig. 3)
(Ritchie and NeSmith, 1991). Faster crop development may result
in reduced growing season water demand, but may increase annual
water demand due to the potential of multiple cropping. Therefore,
simulating vadose zone processes for a constant growing season
scenario could potentially alter the groundwater recharge results.
For example, Fig. 3 shows that alfalfa reaches its maximum LAI
approximately 10 days sooner with an increase of temperature by
1.1°C and CO; to 550 ppm. It is safe to assume that the growers
would therefore harvest alfalfa at an earlier date compared to the
harvest date used in this study, resulting in changes to the hydro-
logic cycle.

7. Conclusions

The results of this study suggest that groundwater recharge in
the study area may be very sensitive to increased average daily
temperatures and atmospheric CO, concentrations. In these sim-
ulations, increasing temperature caused a temporal shift in plant
growth patterns and redistributed evapotranspiration and irriga-
tion water use earlier in the growing seasons. These shifts resulted
in a decrease in groundwater recharge under alfalfa and almonds
and an increase under tomatoes. Less irrigation water was needed
because of a decreased evapotranspiration rate. Because a large
portion of the growing season is in the summer, where precipita-
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tion is negligible, groundwater recharge is largely correlated with
irrigation water use. Since there was a decrease in irrigation water
use, there was also a decrease in groundwater recharge. An increase
of average daily temperature by 1.1 and 6.4 °C and atmospheric CO,
concentration to 550 and 970 ppm decreased cumulative ground-
water recharge for most scenarios.

Agricultural implications resulting from this study include
changes to plant growth and daily evapotranspiration rates lead-
ing to changes in groundwater recharge, both of which may affect
future water resources and water quality. These modeled hydro-
logic changes may have implications for agricultural management
and water quality in the San Joaquin Valley of California, a topic
that has recently become very important (Singleton et al., 2007).
A shift in irrigation timing due to changes in plant growth and a
decrease in evapotranspiration might force water resource man-
agers to change their water allotment to meet the farmers’ needs.
Also, with increased plant growth, the potential for the planting of
multiple crops per growing seasons may occur, possibly increasing
fertilization. This study points out the need for an improved under-
standing of the effects of increased temperature and atmospheric
CO, concentrations on plant growth and transpiration, which could
greatly reduce the uncertainty of groundwater recharge estimates
in agriculturally dominated areas.
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