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[11 This paper investigates the sensitivity of regional hydrology to climate change using a
physically based model. The model partitions precipitation into surface runoff,
groundwater runoff, and evapotranspiration by describing these fluxes first at the local
instantaneous scale and then integrating over spatial and temporal distributions of soil
saturation, precipitation, and wet environment evapotranspiration to calculate basin-wide
climatic mean fluxes and soil saturation. The sensitivities of the mean fluxes are calculated
by changing the mean precipitation and wet environment evapotranspiration. The

model is applied to the Illinois River basin, and the impact of the basin’s characteristics on
the sensitivities is studied. For a relatively broad range of conditions the runoff processes
tend to amplify climate change signals in precipitation and wet environment
evapotranspiration, while evapotranspiration processes tend to dampen the same signals.
These results indicate that it may be easier to detect climate changes in runoff

measurements than in precipitation measurements.
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1. Introduction

[2] An important issue in contemporary hydrology is the
potential impact of climate changes on regional hydrologic
fluxes. Many studies have investigated the impact of
climate changes by calibrating complex numerical models
to selected locations, varying the climatic inputs, and
observing the resulting changes in runoff. Other studies
have coupled descriptions of surface hydrology directly
with global climate models to determine potential impacts.
The difficulty in applying any complicated model is
adequately constraining the parameter values from data.
Often a variety of parameter sets can reproduce the available
observations, but each parameter set produces a different
forecast for unobserved conditions [Schulz and Beven,
2003].

[3] Another common approach is the application of
simple water balance models to gain a qualitative under-
standing of the processes that control the impacts. Dooge
[1992] used such a method to assess the sensitivity of the
climatic mean fluxes to changes in climate. The heart of
Dooge’s approach is the Budyko [1950] hypothesis that the
long-term evapotranspiration efficiency, the ratio of evapo-
transpiration to potential evapotranspiration (PET), must
depend on long-term climatic forcing, in particular the
humidity index (the ratio of precipitation to PET). Several
empirical relationships have been developed that quantify
the Budyko hypothesis mainly using annual observations of
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precipitation, streamflow, and PET for selected regions
[Schreiber, 1904; Ol'dekop, 1911; Turc, 1954; Pike, 1964;
Zhang et al., 2001]. In addition, Milly [1993] used a model
with stochastic precipitation events and a constant PET rate
to derive a relationship for the evapotranspiration efficiency
that depends not only on the humidity index but also on the
capacity of the soil to store water. Milly [1994] extended
the model to include seasonality of precipitation and PET
as well as stochastic variation in the storage capacity.
Similarly, Sankarasubramanian and Vogel [2002] used the
“abcd” model to derive an expression for evapotranspira-
tion efficiency that depends on the humidity index as well as
the ratio of precipitation to a parameter describing the upper
bound for the sum of evapotranspiration and soil moisture
storage. Using several such relationships, Dooge [1992]
examined the sensitivity of runoff to climatic changes,
where sensitivity was measured as the percent change in
the runoff that results from a percent change in precipitation
or PET. Dooge observed that the sensitivity is highest when
the humidity index is small. Among the relationships for
evapotranspiration efficiency that Dooge considered the
Ol’dekop [1911] expression produces the highest sensitiv-
ities for humid regions, whereas the Schreiber [1904]
expression produces the highest sensitivities for arid
regions. Because of these differences, Dooge concluded
that such empirical functions do not adequately constrain
the sensitivity of runoff to climate changes and suggested
the use of simple physically based models as the next step.

[4] Schaake [1990] used such a model to evaluate the
sensitivity of the Southeastern United States to changes in
precipitation and PET. This spatially lumped model
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describes the water balance of the region at a monthly
timescale. Runoff is determined from an expression similar
to the Natural Resources Conservation Service (NRCS)
curve number method. Evapotranspiration depends linearly
on the water stored in the region, reaching the PET rate
when the storage reaches a maximum allowable storage
capacity. Using this model, Schaake found that a 10%
increase in precipitation causes 20 to 44% increases in
runoff in the region. A 10% increase in PET causes a 10
to 22% decrease in runoff. Dooge et al. [1999] used a
similar spatially lumped water balance model to investigate
the roles that seasonal variability in precipitation and PET
play in determining the sensitivity of runoff. Three hypo-
thetical climates were considered: a nonseasonal climate
where precipitation and PET are constant, a temperate
climate where precipitation is constant and PET varies
sinusoidally, and a tropical climate where PET is constant
and precipitation occurs only during a wet season. They
found that the sensitivity of runoff to precipitation decreases
with increasing humidity index. The nature of this decrease
depends on the nature of the seasonal variability. For
example, longer dry seasons result in lower sensitivities
for all values of the humidity index. Entekhabi and
Eagleson [1991] used a model with spatial variability to
examine the sensitivity of soil moisture to changes in the
humidity index. For hypothetical conditions, they observed
high sensitivities when the humidity index was near one,
especially when the spatial variability within the region was
small.

[s] Data analysis methods have also been used to esti-
mate the sensitivity of regional runoff to climate changes. In
this approach, data for precipitation, runoff, and other
variables are collected typically at the annual timescale.
Then, one examines how much the runoff deviates from its
long-term average as precipitation or other variables deviate
from their long-term averages. This approach assumes that
the response of annual runoff to annual changes in climatic
inputs is the same as the response of the long-term mean
runoff to changes in the long-term mean climatic inputs.
Risbey and Entekhabi [1996] compiled annual observations
of precipitation, temperature, and runoff for the Sacramento
Basin in California. The runoff was found to be relatively
insensitive to temperature but quite sensitive to precipita-
tion. For example, if the annual precipitation was 40%
above its long-term average, then the annual runoff rose
approximately 60% above its average. Sankarasubramanian
et al. [2001] performed a similar analysis using observa-
tions throughout the conterminous United States. Their
results indicate that runoff is most sensitive to precipi-
tation in parts of Arizona, Florida, and a region stretch-
ing from South Dakota through Illinois to Ohio. Runoff
is least sensitive in regions such as Montana and North
Dakota where snowpack is important to the water
balance.

[6] In this paper, we build on these results by examining
the sensitivities of soil saturation (soil moisture divided by
porosity), surface runoff, groundwater runoff, and evapo-
transpiration using a process-based probabilistic model. The
model includes some aspects of spatial and temporal vari-
ability but still relies on relatively few parameters. The
model was previously used to describe the annual water
balance of the Illinois River basin, a tributary of the
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Mississippi River that drains 69,264 km” including much
of the state of Illinois [Niemann and Eltahir, 2004]. In this
paper, the model is extended to consider the climatic mean
values and their sensitivities. We first examine the sensitiv-
ities for the Illinois basin and then evaluate the sensitivities
for hypothetical regions that differ from Illinois in pre-
scribed ways. The primary objective is to understand the
qualitative behavior of the sensitivities and the roles played
by the physical and statistical properties of the region.

2. Model Development

[7] The model development begins with simple descrip-
tions of the hydrologic fluxes at the local spatial scale and
instantaneous timescale for two types of points: recharge
locations and discharge locations. Recharge locations have
hydraulic gradients in the vadose zone that are oriented to
allow infiltration and recharge. Discharge locations have
hydraulic gradients that allow discharge from the ground-
water to the surface [Hubbert, 1940; Freeze and Cherry,
1979]. Salvucci and Entekhabi [1995] found that interme-
diate locations can also occur where the net exchange
between the unsaturated and saturated zones is zero. The
extent of these areas is expected to be larger for shallower
soils, more clay-rich soils, flatter topography, and more arid
climates. Our descriptions of the local instantaneous fluxes
depend on the precipitation, PET, and soil saturation, which
are treated as random variables. The spatial mean fluxes are
found by integrating the local instantaneous models over the
spatial distributions of the random variables, and the spatial
mean PET is related to the wet environment evapotranspi-
ration (WEET) using the complementary relation hypothesis
(see below). Then, the space-time mean fluxes are found by
integrating over the joint temporal distribution of spatial
mean precipitation and soil saturation and the joint temporal
distribution of spatial mean WEET and soil saturation. The
results of this integration are expressions of the basin-wide
climatic mean fluxes in terms of physical parameters and the
basin-wide climatic mean soil saturation. The mean soil
saturation is found by satisfying the statistical equilibrium
of the region’s inflows and outflows. The remainder of
section 2 describes the model development in more detail.

2.1.

[8] A simple model for the local instantaneous infiltration
rate F' can be written

Local Instantaneous Fluxes

Recharge locations F=ao(l —s)+K,

Discharge locations F=0 (1)

where o is an infiltrability parameter that describes the
augmentation of the infiltration rate when the soil is
unsaturated, s is the soil saturation (0 < s < 1), and K},
is the saturated hydraulic conductivity. The infiltration rate
is highest when the soil is dry because water can fill voids in
the vadose zone. In addition, a pressure gradient may
increase the infiltration rate. When the soil is saturated,
infiltration occurs at a rate that equals the saturated
hydraulic conductivity. At discharge locations, no infiltra-
tion occurs because the hydraulic gradient is oriented to
permit groundwater runoff. Similar models for infiltration
rate have been used previously [Holtan, 1965; Entekhabi
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and Eagleson, 1991; Rodriguez-Iturbe et al., 1999;
Niemann and Eltahir, 2004]. Dooge et al. [1999] used a
similar but nonlinear infiltration expression that can be
derived from Richard’s equation by assuming a constant
diffusivity.

[o] The local instantaneous surface runoff rate R can be
calculated from the difference between the precipitation rate
P and the infiltration rate F if interception and snowpack are
neglected:

_[P—F ifP>F
R‘{ 0 ifP<F @)

Together, equations (1) and (2) suggest that runoff can occur
either because the soil saturation is large or the soil
permeability characteristics (o and Kj,) are small. The first
situation corresponds to Horton runoff [Freeze, 1974] and
the second situation corresponds to Dunne runoff [Hewlett,
1961; Hewlett and Hibbert, 1965; Dunne and Black, 1970].

[10] The local instantaneous groundwater recharge G is
described by the simple model:

G= Khs"
G=0 (3)

Recharge locations

Discharge locations

where vy is a parameter that depends on soil texture
[Campbell, 1974; Clapp and Hornberger, 1978]. This
model can be derived from Darcy’s law if the elevation
change dominates the hydraulic gradient and the Campbell
[1974] formulation is used to describe the unsaturated
hydraulic conductivity [Dooge et al., 1999; Rodriguez-
Iturbe et al., 1999; Niemann and Eltahir, 2004].

[11] The local instantaneous evapotranspiration rate E is

written
E {

where E, is the PET rate and (3 is the soil saturation that
separates moisture-limited and energy/transport-limited
evapotranspiration conditions. If s < (3, the evapotranspira-
tion rate depends linearly on the soil saturation, so the
evapotranspiration is moisture limited. If s > (3, the
evapotranspiration occurs at the potential rate and is
therefore energy or transport limited. Similar models have
been explored previously by numerous authors [Lowry,
1959; Feddes et al., 1976; Molz, 1981; Entekhabi and
Eagleson, 1989; Rodriguez-Iturbe et al., 1999; Dooge et al.,
1999; Niemann and Eltahir, 2004].

Es/3 if0<s<8 @
E, iff<s<l

2.2. Spatial Mean Fluxes

[12] P, E,, and s are treated as random variables. For
simplicity, the spatial variations of these variables are
assumed to be independent of each other. Immediately after
a precipitation event, the soil saturation may strongly
depend on the precipitation pattern. However, for most
points in time, soil saturation patterns depend primarily on
soil properties and topography [Western et al., 1998; Cosh
and Brutsaert, 1999]. If the three random variables are
assumed independent, then the spatial mean fluxes can be
determined by integrating over each variable’s probability
density function (PDF). Fortunately, it is not necessary to
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specify the spatial PDF for E,. The evapotranspiration rate
depends linearly on £, which implies that the spatial mean
evapotranspiration rate depends only on the spatial mean of
E,. However, the spatial PDFs for precipitation and soil
saturation are required.

[13] The spatial PDF for precipitation fp is described by a
mixed exponential distribution [Entekhabi and Eagleson,
1989]:

2 —
fr=(1 —u)é(P)—i—%e’“‘P/P 0<P<oo (5

where pu is the fraction of the region receiving precipitation,
8(-) is the dirac delta function, and P is the spatial mean
precipitation including locations with zero precipitation. In
our notation, a bar over a variable indicates the spatial mean
value. The spatial PDF of soil saturation f; obeys an Erlang
distribution in Illinois [Niemann and Eltahir, 2004]:

k

fs = E—k(kk— 1)!sk7]e4‘5/'y 0<s < o0. (6)
5 is the spatial mean soil saturation, and k = (5/0,)%, where
o, is the spatial standard deviation of the soil saturation.
Niemann and Eltahir [2004] showed that k& remains
approximately constant among the spatial distributions
observed at different times, which implies that the spatial
standard deviation of soil saturation increases nearly
linearly with the spatial mean.

[14] The Erlang distribution allows s > 1. This portion of
the distribution is interpreted as locations where water is
standing or flowing on the land surface (e.g., streams). Such
locations are important because they also roughly corre-
spond to the groundwater discharge locations in the basin.
When using the PDF in equation (6), values of s > 1 are
replaced with s = 1, which is equivalent to replacing the
portion of the distribution above one with a probability
mass at s = 1. In addition, this portion of the distribution is
used to represent the discharge locations in equations (1)
and (3).

[15] After integrating over the spatial PDFs, the following
analytical expressions are determined for the spatial mean
surface runoff R, groundwater recharge G, and evapotrans-
piration E:

(Kh+a i k—1
k+

(k/s—a/i)" =
K//l
04/1)’+1:| } @)

k—14+y

S L }

(8)

—k/s
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Figure 1. (a) The dependence of the spatial mean

precipitation P on the spatial mean soil saturation 5 and
(b) the dependence of the spatial mean WEET E,, on the
spatial mean soil saturation .

where i is the spatial mean precipitation rate among
locations where the precipitation rate is nonzero. This
quantity has been found to remain relatively constant for a
given region [Eltahir and Bras, 1993].

[16] Observations suggest that the PET rate is itself a
function of the evapotranspiration rate in a region [Bouchet,
1963; Brutsaert and Strickler, 1979; Hobbins et al., 2001a,
2001b]. When the evapotranspiration rate is reduced due to
a lack of moisture, the available energy is used instead to
increase the air temperature and humidity gradient, which
increases the PET. Hobbins et al. [2001a, 2001b] argue that
a complementary relationship of the form E + E, = 2E,,
describes this interdependence. In this expression, E,, is the
wet environment evapotranspiration rate (WEET), which is
the PET for the region if moisture were unlimited. Notice
that we write the complementary relationship with the
spatial means because the process described above occurs
at a regional rather than local scale. This approach allows
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local evapotranspiration rates to occur up to the PET rate,
which may exceed the WEET rate. We can easily rewrite
equation (9) in terms of E,, instead of E Notice that
equation (9) can be written as E = EE, where £ is an
evapotranspiration efficiency, which corresponds to the term
in the square brackets. Using the complementary relation-
ship, any evapotranspiration model with this form can be
rewritten £ = E,,25/(1 + ). This modified expression for
evapotransprratron is preferred for our purposes because
w18 less dependent on the regional hydrology than E,,.

2.3. Space-Time Mean Fluxes

[17] We now turn to the calculation of the space-time
mean fluxes for the region. The spatial mean fluxes depend
on three random variables P, E,,, and 5, which can vary in
time. If the temporal variations of these variables were
assumed to be independent of each other, we could simply
integrate over their individual PDFs. This approach was
used in the previous section to calculate the spatial means
analytically. To calculate the space-time means, we gener-
alize the procedure to consider correlation between the
variables. Temporal correlations may significantly alter the
regional water balance. For example, Wolock and McCabe
[1999] found that the relative timing of precipitation and
PET during the year play a significant role in determining
the evapotranspiration efficiency. If the PET is largest
during the dry season, then the efficiency is reduced due
to the lack of available water. The ability of the soil to store
water between seasons is an important moderator of this
impact [Milly, 1994; Sankarasubramanian and Vogel,
2002].

[18] The correlation between P and 5 and the correlation
between E,, and 5 are shown in Figure 1. To generate Figure
1, the spatial mean precipitation rate was determined for the
Illinois basin using 71 gages from the National Climatic
Data Center, and the spatial mean soil saturation was found
from measurements at 19 locations [Hollinger and Isard,
1994]. Because of data limitations, the spatial mean WEET
was determined from 4 locations using a standard method
based on the Priestley-Taylor equation [Shuttleworth, 1993;
Hobbins et al., 2004]. All means were determined using the
well-known Thiessen polygon method. The correlation
coefficient for P and 5 is quite small and positive (0.16),
whereas the correlation coefficient for E,, and 5 is more
substantial but negative (—0.52). The lower correlation
between P and 5 is expected because the spatial mean
precipitation is highly variable in time, whereas the spatial
mean soil saturation is less erratic.

[19] With these observations in hand, the space-time
mean surface runoff E[R] can be found. In our notation,
E[-] denotes the temporal or climatic mean. R depends on
two random variables P and 5, so E[R] can be determined

from
— 1 00 J— —
E[R] = / /_ Rf. 5dsdP
5=0 JP=0

where f;5 is the joint distribution of 5 and P. One can
rewrite this expression as

1 00
E[R] = /K:0 /ﬁ :OPfﬁlEdP}_”C(s)fgds

(10)

(11)
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where fF|§ is the temporal distribution of P for a given 5, £; is
the temporal distribution of 5, and 7.(5) is the spatial mean
surface runoff coefficient (7.(s) = R/P, which is known
from equation (7)). The integration over P simply produces
the space-time mean precipitation for a given spatial mean
soil saturation E[P|5], so equation (11) becomes

1

E[R] = /H E[P|s]7.(s)fds. (12)

The conditional mean can be determined from

E[Pfs] = E[P] + pp5(05/05) (5 — E[)) (13)
where E[P] is the space-time mean precipitation, E[5] is the
space-time mean soil saturation, pz. is the correlation
between P and s (pﬁg = 0.16 from Figure 1), o3 is the
temporal standard deviation of P, and o5 is the temporal
standard deviation of 5. Substituting this expression for the
conditional mean into equation (12), one obtains

1
B[R] = [ {EP)+ ops(o/o0)s - BB rslfas. (14)

If f; is known, this relationship can be used to find the
space-time mean runoff for a given space-time mean
precipitation and soil saturation.

[20] Similar expressions can be derived for groundwater
recharge and evapotranspiration. The expression for
groundwater recharge depends on only one random variable
(5), so the issue of correlation between random variables is
not relevant. The space-time mean recharge E[G] is simply

1
E[G] = ' /H K, G(s)fds. (15)

The evapotranspiration is similar to the surface runoff
because it depends on two random variables (E,, and 5), so
their correlation should be considered. One can find an
expression for the space-time mean evapotranspiration E[E]
from the same approach used for the surface runoff. The

resulting expression is

EE) = | {EME] + g, 505, /o) 5~ EBD )

1
L 25(5)/{1 + 25) }ods (16)

where E[E,,] is the_space-time mean WEET, pz - is the
correlation between E,, and § (pEM = —0.52 from Figure 1),
and o is the temporal standard deviation of E,,. Similarly,
one can calculate the space-time mean potential evapotran-

spiration E[E,] from

P[5 = [ (B +ons (o5, /o) 5~ B}

-2/{1 +&(5) }fsds. (17)

[21] In order to evaluate the integrals in equations (14) to
(17), one must determine the form of the temporal distri-
bution of 5. Niemann and Eltahir [2004] found that the
temporal variability within a given year obeys a beta
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distribution, so it is reasonable to hypothesize that the total
temporal variability of 5 also conforms to a beta distribution.
The beta distribution depends on two parameters that can be
specified if the mean E[s] and standard deviation oy are
known. The compatibility of the data and the beta distribu-
tion can be evaluated quantitatively using the Kolmogorov-
Smirnov (KS) test, which compares the maximum observed
deviation between the two distributions with the deviation
expected at a given level of probability [Tadikamalla, 1990;
Bain and Engelhardt, 1992]. The beta distribution model
passes the KS test at the 20% probability level, so we
conclude that the beta distribution is an adequate model of
the temporal variability.

[22] In order to use the beta distribution to represent the
variability of 5 for different climatic states, one must
understand how o5 behaves as E[5] changes. Unfortunately,
no observations are available to describe the variability of 5
in the Illinois basin for different climatic states. To over-
come this limitation, we assume that the behavior of the
climatic standard deviation for different climatic means is
the same as the behavior of the annual (i.e., within year)
standard deviation for different annual means. Such an
assumption is justified if the within-year variation of s
comprises much more of the total temporal variation than
the interannual variability. Using the soil saturation obser-
vations from Illinois, we find that the average standard
deviation for temporal variability within a year is o5 = 0.162
and the total temporal standard deviation is o5 = 0.173. Thus
the within-year variability dominates the total variability.
Niemann and Eltahir [2004] found that the annual standard
deviation remains relatively constant between years, so we
will also assume that the climatic standard deviation
remains constant for different climatic means.

[23] Figure 2 shows the space-time mean surface runoff
coefficient E[7,] = E[R)/E[P], recharge efficiency E[g] =
E[G]/K;, and relative evapotranspiration E[W] = E[EJ/E[E,]
as determined from the model. Aside from the statistical
parameters, the space-time mean surface runoff coefficient
depends only on o/i, K,/i, and E[5]. The space-time mean
groundwater efficiency depends only on vy and E[5], and
relative evapotranspiration depends only on (3 and E[s]. For
comparison, the dotted contours in Figure 2 show the same
quantities if the correlations pp; and pg - are neglected. The
correlations result in higher surface runoff coefficients and
lower relative evapotranspirations. The positive correlation
between 5 and P suggests that the soil tends to be wetter
when precipitation occurs. Thus the correlation promotes
the occurrence of Dunne runoff. Similarly, the negative
correlation between 5 and E,, implies that soil moisture is
often limited when the WEET rates are high. As a result, the
relative evapotranspiration is reduced. The impacts of the
correlations are most pronounced when E[s] is small and /i
and (3 are large. Under these conditions the correlations can
adjust the surface runoff coefficient and relative evapotrans-
piration by more than 40%. For conditions that are more
representative of the Illinois basin (see parameters in
Table 1), the correlation impacts are less than 10%.

2.4. Statistical Equilibrium

[24] Figure 2b allows us to determine the space-time
mean groundwater recharge if E[5] is known, but we would
also like to know the space-time mean groundwater runoff.
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Figure 2. Contour plots of modeled space-time mean (a)
surface runoff coefficient E[7.], (b) recharge efficiency E[g],
and (c) relative evapotranspiration E[7)].

This variable can be found by assuming that the ground-
water reservoir exhibits a statistical equilibrium at the
climatic timescale. Such an equilibrium condition is valid
if the climate is in a stationary state and implies that the
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mean groundwater inflow equals the mean groundwater
outflow. If the only fluxes entering and exiting the ground-
water reservoir are recharge and runoff, then the space-time
mean groundwater recharge must equal the space-time mean
groundwater runoff. As a result, Figure 2b describes both
the groundwater recharge and runoff. Notice that we have
neglected subsurface transfer of water across the region
boundary and evapotranspiration from the groundwater,
which are potentially important during the summer months
[Yeh, 2003].

[25] Although Figure 2 can now be used to find all of the
space-time mean hydrologic fluxes for a given E[5], we
would still like to infer E[5] from E[P] and E[E,,]. This task
can be accomplished by considering another statistical
equilibrium condition. If the climate is in a stationary state,
the mean input of water into the region must balance the
mean output of water. Mathematically, this implies

E[P] = E[R] + E[G) + E[E

where we are using E[G] to represent the groundwater
runoff. This expression can be written as

(18)

E[P] = E[FJE[P] + E[g]Ky + EME[E,,]. (19)

Notice that E[7.], E[g], and E[7] are all monotonic functions
of E[s] (Figure 2), so only one E[s] value satisfies this
equation if all other values are known. Thus the expression
can be used to determine E[5] for given values of E[P] and
E[E,). Entekhabi and Eagleson [1991] used a similar

statistical equilibrium condition in their analysis.

3. Model Application

[26] In order to apply the model, appropriate values must
be determined for the model parameters (c, i, K3, 3, and ).
Niemann and Eltahir [2004] developed a calibration method
for the model at the annual timescale. In that procedure, the
space-time mean fluxes were calculated individually from
observations of E[5] and trial values of the parameters. The
trial parameters were constrained to fall within reasonable
ranges as determined from independent information about
the Illinois basin. The parameter values that minimized the
disagreement between the model predictions and observa-
tions of E[E] and E[Q] = E[R] + E[G] were selected. The
model was then verified using E[P] and E[E,] data and
the statistical equilibrium condition in equation (18) to infer
the value of E[s] and the associated mean fluxes. These
fluxes were then compared with observations.

[27] The parameter values determined by Niemann and
Eltahir [2004] are applicable at both the annual and climatic
timescales because they represent physical characteristics of
the region. However, Niemann and Eltahir [2004] estimated
the parameter values to optimize the results when all
correlations were neglected and PET observations were
used instead of WEET estimates. As a result, we recali-
brated the model at the annual timescale when the appro-
priate correlations between P and 5 and E,, and § were
included. The revised calibration produces slightly different
parameter values (Table 1), but the model results at the
annual timescale are visually identical to those presented
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Table 1. Parameters Determined for the Illinois Basin When Correlations Are Neglected and PET Is
Used and When Correlations Are Included and WEET Is Used®

Correlations Neglected and PET Used

Correlations Included and WEET Used

Calibrated Parameters

K, =2.86 x 107> cm/s = 9 m/yr
a=9.5x 10> cm/s = 30 m/yr

K;,=2.86 x 107> cm/s = 9 m/yr
a=10.5 x 107> cm/s = 33 m/yr

3=0.87 f=091

vy=19 vy=19
Observed/Fixed Characteristics

k=11 o5 = 0.17

i=3.17 x 107° cm/s = 10 m/yr pps=0.16

E[P] = 0.921 m/yr pE:v ;=052

E[E,] = 0.877 m/yr op = 0.86 m/yr

oF, = 0.68 m/yr

“The former parameters are equivalent to those of Niemann and Eltahir [2004].

previously. Thus we refer the reader to Niemann and Eltahir
[2004] for more information about the model calibration.

[28] Once the model parameters values have been spec-
ified, the model can be applied and its results compared to
those obtained from empirical equations for space-time
mean evapotranspiration efficiency E[g] = E[E]/E[E,]
[Schreiber, 1904; Ol’dekop, 1911; Turc, 1954; Pike, 1964;
Zhang et al., 2001]. Although such expressions are usually
written to find E[€], they can be rearranged to determine the
space-time mean runoff coefficient E[g.] = E[QO]/E[P]
where E[Q] is the space-time mean runoff (including
surface and groundwater runoff). In particular, one can
obtain

1

Turc-Pike Egl=1-—
Ny
_ 1
Ol'dekop Ejg)=1- Dy tanh Dy (20)
Schreiber E[qg.) = exp(—1/Dg)

where Dy is the humidity index D = E[P)/E[E,,]. Similarly
for short grass or crops (which is appropriate for Illinois),
the Zhang et al. [2001] expression implies:

RS 1+0.5/Dg
Dg |1+ 1/Dg +0.5/D%

Elg]=1 21

[29] Unlike the empirical expressions, the model does not
depend simply on the ratio of the space-time mean precip-
itation to PET; it depends on their individual values. Thus it
does not produce a unique relationship between E[g.] and
Dy. Figure 3a plots two curves for the model along with the
empirical expressions for E[g.]. One curve was produced by
fixing the precipitation at the observed value for the Illinois
basin (E[P] = 0.921 m/yr) and varying the WEET to
produce a range of Dy values. The other curve was
produced by fixing the WEET at the observed value
(E[E,] = 0.877 m/yr) and varying the precipitation. Two
important results are visible in Figure 3a. First, the model
produces relationships between Dy and E[q,.] that have the
same general form as the empirical relationships. In partic-
ular, the model results closely resemble the Zhang et al.

[2001] curve from equation (21), which has a similar shape
to the Schreiber curve (not shown). This observation con-
firms that the model produces realistic runoff coefficients
for a range of Dg values. Second, the model produces
similar relationships for E[g,.] irrespective of whether E[P]
or E[E,] was varied to produce the range of Dy This

—&- Varying WEET (a)
| | “©— Varying Precipitation |
0.8 Zhang et al. Equation

— — Oldekop Equation

0.6

0.4r¢

0.2¢

Space-Time Mean Runoff Coefficient

0 L L L
0 0.5 1 1.5 2 25

Humidity Index, DE

—&- Varying WEET (b)

0sl —©— Varying Precipitation |

0.6

o

04r1 o o
O D o0

. g-

021 -8
Surface Runoff

Space-Time Mean Runoff Coefficient

0 L L L L
0 0.5 1 1.5 2 2.5
Humidity Index, DE

Figure 3. Analysis of space-time mean runoff coefficient
E[q.]. (a) Comparison of E[g.] from the probabilistic model
to two empirical relationships. (b) Contributions of surface
and groundwater runoff to the runoff coefficients from the
model.
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observation can be interpreted by rewriting the statistical
equilibrium condition (equation (18)) in terms of E[7.],

E[g], and E[n]. One can show that the equilibrium condition
requires

1= E[r;] + E[g]/Dx, + E[M/ D, (22)

where Dy, = E[P)/K), and D= E[P)/E[E,,], which are two
new humidity indices. The terms E[7.], E[g], and E[n] in the
model all depend on E[s], which is determined from this
expression. Thus equation (22) states that the model’s
dependence on space-time mean precipitation and WEET
can be recast as a dependence on two humidity indices Dg
and Dg,. When E[E,,] was varied to produce a curve for
Figure 3a only Dy changed. When E[P] was varied, both
humidity indices changed simultancously. The difference
between the two curves gives an indication of the influence
of Dk, on the model results. Because the two curves are so
51mllar one concludes that Dy has a much stronger
influence on the runoff coefficient than Dg,, which is
consistent with the fact that the empirical equations for
runoff coefficient and evapotranspiration efficiency have
traditionally been written only in terms of Dg, which is
similar to Dg. The presence of Dy, in the model is
similar to the results of Milly [1993, 1994] and
Sankarasubramanian and Vogel [2002], who derived a
dependence on the storage capacity of the region. In the
present case, the second index describes a capacity for
water movement at saturation rather than a storage
capacity.

[30] The model also provides insight into the physical
origin of the empirical expressions for evapotranspiration
efficiency and runoff coefficient. Numerous authors [e.g.,
Milly, 1994; Zhang et al., 2001; Sankarasubramanian and
Vogel, 2002] have suggested that the empirical expressions
for evapotranspiration efficiency describe the transition
between moisture-limited conditions and energy-limited
conditions. When moisture is limited, an approximate
maximum for E[E] is E[P]. When moisture is unlimited,
an approximate maximum for E[E] is E[E,]. These limiting
conditions on evapotranspiration also 1mp1y low runoff
coefficients when evapotranspiration is moisture limited
(small values of Dp), and larger runoff coefficients when
evapotranspiration is limited by its potential rate (large
values of Dg). Such changes in the runoff coefficient must
be accommodated by changes in the production of surface
and/or groundwater runoff. The dashed lines in Figure 3b
show the space-time mean surface runoff coefficient E[7.]
as E[P] or E[E,,] is varied to produce the variation in Dp.
Thus the area below the dashed lines represents the contri-
bution from surface runoff, and the area above the dashed
lines and below the solid lines represents the contribution
from groundwater runoff. The surface runoff coefficient
lines are approximately linear, particularly when E[P] is
varied. The surface runoff coefficient increases with Dy
because a higher Dy value results in a higher E[5] value,
which improves the efficiency of surface runoff produc-
tion for a given precipitation. The approximate linearity
of the surface runoff coefficient lines suggests that the
curvature of the empirical E[g.] equations, which is
caused by the evapotranspiration limits described earlier,
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is accommodated by nonlinear variations in the contribu-
tion of groundwater.

[31] Understanding the model’s relationships between
E[P] and E[5], E[R], E[G], and E[E] will be helpful in
interpreting the sensitivity results that are described later in
this paper. Figure 4a shows that the relationship between
E[P] and E[s] is approximately linear within the range
examined, although a slight decrease in slope is observed
at higher values of the precipitation. The near linearity is
helpful in interpreting the behavior of the hydrologic system
because it allows us to interpret changes in precipitation as
proxies for changes in soil saturation. Figure 4b shows a
concave-up relationship between E[P] and E[R]. This shape
is not surprising because an increase in precipitation results
in an increase in soil saturation, which promotes Dunne
runoff. Figure 4c shows that the relationship between E[P]
and E[G] is a portion of an S-shaped curve. As precipitation
increases, the soil moisture also increases, which implies
that groundwater recharge becomes more efficient. The
increasing efficiency causes the concave-up portion of the
groundwater runoff curves. As the precipitation increases
further, a larger portion of the basin is occupied by ground-
water discharge points, which limits the number of recharge
locations. This limitation restricts the increase of the
groundwater runoff coefficient and produces the convex-
up portion of the curve. Figure 4d shows the relationship
between E[P] and E[E], which is convex up. When precip-
itation is low, the slope of the curve is large because most of
the evapotranspiration is moisture limited and thus depen-
dent on the soil saturation value induced by the precipita-
tion. When precipitation is large, the slope reduces because
more points are energy limited and therefore independent of
the soil saturation.

4. Sensitivity to Climate Change

[32] For the purposes of this paper, climate changes are
expressed as changes in the space-time means of precipita-
tion and WEET. By perturbing WEET instead of PET, we
are evaluating the sensitivity to a variable that is less
dependent on the regional hydrology. We focus on the
sensitivity of four space-time mean components of the water
balance: soil saturation, surface runoff, groundwater runoff,
and evapotranspiration. Our definition of sensitivity is the
percent change in a hydrologic variable that results from a
percent change in precipitation or WEET, which is similar
to the definition introduced by Schaake [1990] and used by
Dooge [1992]. For example, the sensitivity of soil moisture
to precipitation is denoted as T EiE[7] and can be written

A E[s]/E[s]

71 = Se[7) E[7] )

where E[5] and E[P] are the soil saturation and precipitation
for the current climate, AE[P] is a small perturbation from
the current precipitation, and AE[s] is the resulting change
in the soil saturation, which can be calculated numerically.
Schaake [1990] refers to this quantity as an elasticity, a term
borrowed from economics. If the sensitivity is above one,
the variable is considered elastic because it exhibits an

augmented response to a change in the perturbed quantity. If
the sensitivity is below one, the variable is inelastic because
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Figure 4. Behavior of the space-time mean (a) soil saturation E[s], (b) surface runoff E[R], (c)
groundwater runoff E[G], and (d) evapotranspiration E[E] as a function of mean precipitation E[P] and

WEET E[E,,].

it has a dampened response to the change. Notice that the
means considered here are long-term or climatic means,
which include some eclements of interannual variability.
Previous studies of the sensitivities have not included
interannual variability.

[33] Figure 5 shows the sensitivities of the soil
saturation, surface runoff, groundwater runoff, and
evapotranspiration to changes in precipitation (i.e.,
Yemep) Yemep: Yegerr and Yegep) To
calculate these sensitivities, all the physical and statis-
tical characteristics determined for the Illinois basin
were used except for E[P] and E[E,], which were
varied as shown by the coordinate axes. Thus a single
point in each plot, which is labeled, corresponds to the
current climate of the Illinois basin, and the other
points represent hypothetical regions that differ from
Illinois only in their precipitation and WEET. By
plotting the sensitivities in this fashion, one can esti-
mate the sensitivities for the Illinois basin and study
how the sensitivities change with E[P] and E[E,,].

[34] The sensitivity of soil moisture has contours that are
approximately radial from the origin (Figure 5a). The radial
pattern indicates that the sensitivity is relatively well de-
scribed by a function of D . In other words, the individual
values of the precipitation and WEET have only a weak
influence on the model’s sensitivity. The point in the plot

that describes the current climate of the Illinois basin
suggests that a 1% increase in precipitation would result
in less than a 1% increase in soil saturation. In fact, no
combination of precipitation and WEET shown in the plot
results in a 1% or larger increase in soil saturation. This
behavior implies that the hydrologic system does not need a
full 1% increase in soil saturation to produce outflows that
balance the increase in the inflow. The highest sensitivities
in Figure 5a are observed for hypothetical regions with low
E[P] and high E[E,]. This result can be interpreted by
rewriting equation (23) as follows:

_ AE[s) E[P] _ 0E[s) E[P]
ERLEP] T AE[P] E) | OE[P] Ef]

(24)

The partial derivative is equivalent to the slopes of the
curves in Figure 4a, which are largest for small precipitation
values. This observation suggests that the system must
adjust its state variable more to account for changes in
precipitation when precipitation is small. Figure 4a also
shows that the ratio of precipitation to soil saturation is
larger when the WEET is large. As a result, the sensitivity of
the soil saturation to precipitation in regions with high
WEET is further augmented.

[35] Figure 5b shows the sensitivity of surface runoff to
precipitation TE[E],E[?]' Figure 5b has a very different
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Figure 5. The sensitivities of hydrologic variables to precipitation. (a) Sensitivity of soil saturation
T FFLEP) (b) sensitivity of surface runoff T FRLE[P) (c) sensitivity of groundwater runoff Y E[GLEF) and

(d) sensitivity of evapotranspiration TE[E], FP)- All of these plots show contours of their associated

sensitivity.

pattern than Figure 5a, which implies that the sensitivity of
surface runoff does not depend primarily on Dy . The
sensitivity for the Illinois basin is near 2.2, and the sensi-
tivity for the entire range of hypothetical climates con-
sidered is well above 1. This result is important because
it suggests that changes in precipitation will be exagger-
ated in the surface runoff. The reason for these high
sensitivities can be seen in Figure 4b. Notice that
TE[E], £[F] can be approximated

_OE[R] E[P] OE[R]

Tem £ P~ oE(p] £[R] ~ oE[P)

/E[F]. (25)

We expect higher sensitivities for large precipitation
values because of the emergence of Dunne runoff shown
in Figure 4b. In addition, the sensitivities are larger when
WEET is large because the runoff coefficient is smaller due
to the strength of the evapotranspiration process.

[36] Figure 5c shows the sensitivity of groundwater
runoff to precipitation T £[G] [P Figure 5c shows that the
sensitivity is typically greater than one, but it can be less
than one for regions with large precipitation and small
WEET. For the Illinois basin the sensitivity is about 1.9.
The wide range in sensitivity values suggests that small

errors in the estimates of precipitation and WEET will result
in relatively large changes in the estimated sensitivity. Thus
the plot implies that the sensitivity of groundwater runoff
may be the most difficult sensitivity to predict accurately.
The highest sensitivities are observed when precipitation is
small and the WEET is large. In fact, a ridge of high
sensitivities is seen in the plot, which corresponds to the
S-shaped curves shown in Figure 4c. This ridge ultimately
arises from the opposing impacts of more efficient
recharge and smaller portions of the region producing
recharge. Notice also that the highest sensitivities of
groundwater occur when the groundwater runoff is small-
est. Even though the slope of the associated curve in
Figure 4c is relatively small, the amount of groundwater
produced relative to the precipitation is small enough to
control the sensitivity.

[37] Figure 5d shows the sensitivity of the evapotranspi-
ration to precipitation TE[E]’E,—J. Here again, we observe
that the contours are approximately radial from the origin,
suggesting that the sensitivity is approximately a function of
Dg . The sensitivity is less than 1 for the entire range of
precipitation and WEET shown. In fact, one can use a water
balance to show that the sensitivity of evapotranspiration
must be less than one if the sensitivities of the surface and
groundwater runoff are above one. The highest sensitivities
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Figure 6. The sensitivities of hydrologic variables to WEET. (a) Sensitivity of soil saturation T =

E[5),E[E,)>

(b) sensitivity of surface runoff TE[E].E[EW]’ (c) sensitivity of groundwater runoff TE[@],E[FW]’ and

(d) sensitivity of evapotranspiration TE[E],E[EW}' All of these plots show contours of their associated

sensitivity.

are observed when precipitation is low and WEET is high.
The sensitivity for the Illinois basin is about 0.4.
[38] This analysis can be repeated to analyze the sensitiv-

ities to WEET (i.e., TE[E],E[EW]’ TE[E],E[EW]’ TE[E],E[EW]’

and TE[F]E[FW])’ which are shown in Figure 6.

Figures 6a—6d exhibit qualitatively similar contour pat-
terns to those in Figures 5a—5d. However, a few differ-
ences are observed. The first difference is that the
sensitivities of soil saturation, surface runoff, and ground-
water runoff are positive in Figure 5 but negative in
Figure 6. The negative sensitivities imply that an increase
in WEET results in a decrease in soil moisture, surface
runoff, and groundwater runoff, which is expected from
intuition. The second major difference is that the surface
runoff sensitivity values are typically closer to zero in
Figure 6 than in Figure 5. The lower sensitivities indicate
that surface runoff production is more dependent on
precipitation than WEET. The third major difference is
that the highest sensitivity values of evapotranspiration in
Figure 6 occur when precipitation is large and WEET is
small, whereas this situation produces the lowest sensi-
tivity values in Figure 5. The similarities between the
contour patterns in Figures 5 and 6 confirm that the roles

of precipitation and WEET are closely related in the
model (Section 3 showed that the model depends strongly
on the ratio of precipitation to WEET). The similarity
between the two types of sensitivities is an important
result because it suggests that more detailed studies about
the sensitivity to one variable can give qualitative insights
into the sensitivity to the other variable. Notice that the
sensitivity of evapotranspiration for the Illinois basin is
again significantly smaller in magnitude compared to the
sensitivities of the runoff components.

[39] So far, we have examined the sensitivities of the
regional water balance for the Illinois River basin and
hypothetical regions that have differing precipitation and
WEET. We now examine how other physical and statistical
characteristics of the region impact the sensitivities. Figure 7
plots Yy e(7]> Yi(r) £[r]> Y [c]£[p) @4 Y[z £[p] 2 four
physical characteristics of the region are varied. Here o/i
describes the infiltrability of the soil relative to the mean
intensity of precipitation where precipitation occurs. Most
of the sensitivities remain relatively constant as /i varies,
but the sensitivity of the surface runoff increases substan-
tially as o/i increases (Figure 7a). As /i becomes large,
Horton runoff becomes weaker and the surface runoff
depends more on Dunne runoff (see Figure 2a). Dunne
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runoff is sensitive to soil saturation, which varies with
precipitation. This result suggests that as Dunne runoff
becomes more important in a region, the sensitivity of
surface runoff to precipitation increases.

[40] The parameter 3 identifies the soil saturation value
that distinguishes moisture-limited and energy/transport-
limited evapotranspiration conditions and is largely depen-
dent on the vegetation characteristics. Surprisingly, the
value of 3 has the strongest impact on the sensitivities of
surface and groundwater runoff, which are not directly
related to 3 (Figure 7b). As 3 becomes small, the evapo-
transpiration efficiency increases (see Figure 2c), which
implies that less precipitation becomes surface and ground-
water runoff. Therefore the changes in runoff induced by
changes in precipitation correspond to higher sensitivities
when (3 is small. In short, evapotranspiration becomes
increasingly competitive as 3 becomes small, which leads
to greater sensitivities of surface and groundwater runoff.

[41] Figures 7c and 7d show the four sensitivities as the
soil properties y and Kj, are varied. In both cases, the
changes in the sensitivities are relatively small, which
suggests that these parameters play a relatively weak role
in determining the impact of climate changes on the water
balance within the range of values tested. It should be noted
that K, can have a much wider range of values between
certain regions.

[42] We can also investigate the sensitivities to precipita-
tion as the statistical characteristics of the region change
(Figure 8). Figure 8a shows that increasing o causes a
substantial decrease in the sensitivity of groundwater runoff.

Groundwater runoff has a strong dependence on soil satu-
ration (see Figure 2b). The parameter o has the effect of
smoothing the relationship between groundwater runoff and
soil saturation, thus reducing the sensitivity to changes in
soil saturation or precipitation. Increasing k tends to in-
crease the sensitivity of groundwater runoff (Figure 8b). As
k increases, the variability of the soil moisture in space is
reduced, so the sensitivity of groundwater runoff increases.
Figures 8c and 8d also adhere to this reasoning. As o or
og, increases, the sensitivities decrease because the vari-
ability represented in the hydrologic system increases. In
these cases, however, the sensitivities change only a small
amount because the effects of these parameters are modu-
lated by the correlations between the variables and soil
moisture (i.e., pp; and pg :; see equations (14) and (16)).
The correlations can also affect the sensitivities, but signif-
icant changes in the sensitivities would require rather
extreme and unlikely correlation values (Figures 8e and 8f).

[43] We have performed the same analyses for the sensi-
tivities to WEET (i.e., TE[E]‘E[EW]’ TE[T?},E[EW]’ TE[E},E[EW]’
and T £[E], E[Ew]). The results tend to be approximate mirror

images of those in Figures 7 and 8§, although the exact
shapes of the curves can be rather different. For example,
when «/i increases, the sensitivity of the surface runoff to
precipitation becomes more positive (larger), but the sensi-
tivity to WEET becomes more negative. Similarly, an
increase in oy results in a less positive (smaller) sensitivity
of groundwater runoff to precipitation and a less negative
sensitivity of groundwater runoff to WEET. The temporal
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Figure 8. Sensitivities of the space-time mean hydrologic variables to space-time mean precipitation.
In Figures 8a—8f the sensitivities are plotted as different values are used for the specified statistical
property. The value most representative of the Illinois basin is identified by a vertical dotted line in
each plot.

standard deviations and correlations have very little impact region’s physical or statistical properties changes. In some
on the sensitivities to WEET. cases, one might expect values of certain parameters to be

[44] It should be emphasized that the analyses in this related (for example, both y and K, vary with soil texture).
section consider the sensitivities when only one of the Simultaneous changes in the model parameters may have
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more or less significant impacts on the sensitivities than the
individual changes described here.

5. Conclusions

[45] For a range of climatic conditions, the results of this
study suggest that runoff processes tend to amplify climate
change signals in precipitation and WEET while evapo-
transpiration processes tend to dampen the same signals.
These results are consistent with the fact that runoff depends
on precipitation intensity exceeding the capacity of the soil
to transport and store water. The dynamics of such an
excess-based process are likely to be more sensitive than
those of evapotranspiration, which relies on access to water
stored in the soil, which is found to be relatively stable
under the climate changes tested. Furthermore, regions
where Dunne runoff is the dominant mechanism of surface
runoff production exhibit higher sensitivities to changes in
precipitation and WEET. The increased sensitivity occurs
because changes in precipitation induce changes in soil
saturation, which affects Dunne runoff production. In con-
trast, Horton runoff depends mainly on the rainfall intensity
during a precipitation event. Horton runoff is therefore
expected to be less sensitive to climate changes unless the
mean intensity of precipitation during storm events changes
along with the region’s space-time mean precipitation. For
the Illinois basin, a 1% increase in precipitation is expected
to cause roughly a 2.2% increase in surface runoff, a 1.9%
increase in groundwater runoff, and a 0.4% increase in
evapotranspiration. A 1% increase in WEET is expected to
cause roughly a 1.0% decrease in surface runoff, a 1.5%
decrease in groundwater runoff, and a 0.7% increase in
evapotranspiration. These conclusions have important
implications in guiding attempts to detect climate changes
in the water cycle. For the conditions tested here, runoff is
usually more sensitive than soil moisture or evapotranspi-
ration and therefore should reflect climate signals more
readily. In fact, the sensitivities of surface and groundwater
runoff to precipitation are above one, which suggests that
climatic changes in precipitation should be more readily
observed by changes in the runoff than in the precipitation
itself.

[46] Among the sensitivities studied, the sensitivities of
the groundwater runoff vary the most between regions with
differing mean precipitation and mean WEET. This result
suggests that the response of groundwater to climate change
may be difficult to predict and represents an important
avenue for further research. Also, physical characteristics
that control the behavior of the evapotranspiration process
can have a stronger impact on the sensitivity of the
groundwater runoff production than the evapotranspiration
itself. In particular, the vegetation-dependent parameter (3 is
used to differentiate moisture-limited and energy/transport-
limited evapotranspiration conditions, but this parameter
has a stronger role in determining the sensitivity of ground-
water runoff than evapotranspiration (Figure 7b). This
surprising behavior occurs in part because evapotranspira-
tion is a relatively efficient process in accessing water from
the soil storage. Other physical and statistical characteristics
have little impact on the sensitivities within the range of
values tested, including the temporal standard deviations of
precipitation and WEET and the correlations between these
variables and soil moisture. Simultaneous changes in mul-
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tiple regional characteristics were not tested and may
have more or less significant impacts on the sensitivity
results. In addition, these characteristics might impact other
hydrologic properties such as the sensitivity of extreme
values of runoff.

[47] The probabilistic model used in this analysis depends
on two humidity indices: Dy = E[PJE[E,] and Dg, =
E[PJ/K;. Among these two indices, Dg_has the stronger
influence, which is consistent with the fact that empirical
expressions for mean evapotranspiration efficiency and
mean runoff coefficient are commonly written in terms of
Dg (which is similar to D ). Because D is the dominant
variable in determining the mean fluxes and mean soil
saturation, the sensitivities of these variables to mean
precipitation are qualitatively related to the sensitivities to
mean WEET. For example, regions with the most severe
sensitivities of mean soil moisture to mean precipitation also
have the most severe sensitivities to mean WEET (although
the signs are opposite).

[48] Acknowledgments. We gratefully acknowledge financial sup-
port from the U.S. Army Research Office and the thoughtful comments of
four reviewers.
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