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Abstract
Global climate change is altering terrestrial water and energy budgets, with subsequent
impacts on surface and groundwater resources; recent studies have shown that local water
management practices such as groundwater pumping and irrigation similarly alter terrestrial
water and energy budgets over many agricultural regions, with potential feedbacks on weather
and climate. Here we use a fully-integrated hydrologic model to directly compare effects of
climate change and water management on terrestrial water and energy budgets of a
representative agricultural watershed in the semi-arid Southern Great Plains, USA. At local
scales, we find that the impacts of pumping and irrigation on latent heat flux, potential
recharge and water table depth are similar in magnitude to the impacts of changing
temperature and precipitation; however, the spatial distributions of climate and management
impacts are substantially different. At the basin scale, the impacts on stream discharge and
groundwater storage are remarkably similar. Notably, for the watershed and scenarios studied
here, the changes in groundwater storage and stream discharge in response to a 2.5 ◦C
temperature increase are nearly equivalent to those from groundwater-fed irrigation. Our
results imply that many semi-arid basins worldwide that practice groundwater pumping and
irrigation may already be experiencing similar impacts on surface water and groundwater
resources to a warming climate. These results demonstrate that accurate assessment of climate
change impacts and development of effective adaptation and mitigation strategies must
account for local water management practices.

Keywords: water resources, climate change, water management

1. Introduction

Humans impact the hydrologic cycle on a range of scales.
At the global scale, anthropogenic climate change is altering
large-scale heat and moisture transport, with subsequent
impacts on air temperatures and precipitation patterns,

Content from this work may be used under the terms
of the Creative Commons Attribution-NonCommercial-

ShareAlike 3.0 licence. Any further distribution of this work must maintain
attribution to the author(s) and the title of the work, journal citation and DOI.

frequency and intensity (Trenberth et al 2003, Bates et al
2008). At the local scale, groundwater pumping for irrigation
and local consumption is well documented to have caused
widespread groundwater declines and stream depletion in the
High Plains and Central Valley regions of USA (McGuire
2007, Faunt 2009), the North China Plain (Wang et al
2008), northwest India (Rodell et al 2009) and watersheds
around the world (Wada et al 2012). Climate change
affects terrestrial water and energy budgets—and ultimately
surface water and groundwater resources—through changes
in surface inputs (precipitation) and surface flux potentials
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(potential evapotranspiration). Water management practices
on the other hand directly alter terrestrial water storage,
including groundwater storage (via groundwater pumping)
and shallow soil moisture (via irrigation), with subsequent
feedbacks on surface fluxes.

In both cases, anthropogenic impacts on terrestrial
water resources depend on interactions and feedbacks within
and between water and energy cycles (Diffenbaugh et al
2005, Seneviratne et al 2006, Maxwell and Kollet 2008a,
Ferguson and Maxwell 2010, 2011). It is well established
that the hydrologic response to meteorological forcing (e.g., a
precipitation event) is dependent on antecedent moisture
conditions: the amount of runoff and recharge generated
by a given precipitation event depends on the initial soil
moisture content and water table distribution within the
affected watershed. Anthropogenic changes in soil moisture
and groundwater storage through water management practices
such as irrigation and groundwater pumping thus have the
potential to affect runoff generation, infiltration and recharge,
with subsequent effects on streamflow, groundwater storage
and evapotranspiration (Sophocleous 2002, Haddeland et al
2006).

Similarly, recent studies have shown that the hydrologic
response to changing climate conditions depends on
feedbacks between atmospheric, land surface and subsurface
processes. Land energy fluxes have been shown to play an
important role in driving local and regional-scale weather
and climate, particularly in semi-arid plains regions where
land–atmosphere interactions drive a significant portion of
seasonal-to-interannual climate variability (e.g. Hong and
Kalnay 2000, Koster et al 2003). Changes in temperature
and precipitation, for example, alter soil moisture through
impacts on evaporation and infiltration, respectively. Changes
in soil moisture in turn affect the land energy balance,
including the partitioning of incoming solar radiation between
latent heat (evapotranspiration), sensible heat and ground
heat fluxes. Changes in the land energy balance subsequently
affect atmospheric boundary layer development, including
mass and energy exchange between the land surface and the
atmosphere as well as precipitation generating processes such
as convection. These changes in boundary layer development
ultimately feed back on weather and climate conditions, with
potentially significant effects on local and regional hydrologic
variability (Eltahir 1998, Diffenbaugh et al 2005, Patton et al
2005, Seneviratne et al 2006, Maxwell et al 2007, Anyah et al
2008).

Climate change adaptation and mitigation in the water
resources sector will require an improved understanding
of hydrologic response to anthropogenic perturbations,
including local water management. While many studies have
evaluated individual impacts of climate change, irrigation
or groundwater pumping on terrestrial hydrology, few of
these studies account for feedbacks between groundwater
dynamics, overland (surface) flow, and land surface water
and energy fluxes. Moreover, no previous study has directly
compared hydrologic impacts of climate change and water
management on local and basin-scale water and energy
budgets.

Here we evaluate and compare impacts of climate change
and water management on local and basin-scale water and
energy budgets of a representative watershed in the Southern
Great Plains, USA, an important agricultural region. We
use a fully-integrated model of three-dimensional variably-
saturated groundwater flow, overland flow, and land surface
and vegetation processes that includes a complete coupling of
water and land energy fluxes, important for land–atmosphere
interactions. This model was used to simulate watershed
response to three climate change scenarios and three water
management scenarios. Climate scenarios were developed by
perturbing observed meteorological forcings to reflect the
median projected temperature change and range of projected
precipitation change over central North America by year 2050
(Christensen et al 2007). Water management scenarios were
developed by imposing groundwater pumping and irrigation
in agricultural grid cells during the growing season at a
rate equal to the estimated mean irrigation demand for the
study region (Masoner et al 2003). Climate and management
scenarios are compared to an unperturbed (control) simulation
to evaluate impacts on local (grid cell) and basin-integrated
water and energy fluxes.

2. Study area and modeling approach

This study used the integrated watershed model ParFlow.
ParFlow is a parallel watershed model capable of simulating
mass and energy transport in the deep subsurface, vadose
zone, root zone and land surface (Ashby and Falgout 1996,
Jones and Woodward 2001, Maxwell and Miller 2005, Kollet
and Maxwell 2006, 2008). ParFlow simulates overland flow
(river and hillslope flows) via a free-surface overland flow
boundary condition (Kollet and Maxwell 2006, Maxwell and
Kollet 2008b) and includes a land surface model (CLM)
which computes energy and plant processes at the land
surface (Dai et al 2003, Maxwell and Miller 2005, Kollet and
Maxwell 2008). ParFlow uses parallel, or high performance,
computing and runs efficiently across many processors (Kollet
et al 2010). The ParFlow used here (commonly referred to as
PF.CLM) is forced with a dataset of meteorology at the top
of the vegetation canopy, and meteorological conditions are
transmitted through the rest of the domain via the integration
of ParFlow and CLM. That is, depending on land cover
(e.g. vegetation type) precipitation fluxes to the land surface
and evapotranspiration from the root zone are all based on
atmospheric conditions and land surface (e.g. soil moisture)
constraints.

ParFlow was used to simulate a 45 km × 32 km
domain encompassing the Little Washita River watershed in
Oklahoma, USA, located within the semi-arid Southern Great
Plains. Climate, topography and agricultural practices in the
region—including heavy reliance on groundwater pumping
for irrigation—are broadly representative of many semi-arid
agricultural regions around the world, including the North
China Plain and northern India (Döll et al 2012). The domain
was discretized with uniform horizontal resolution of 1 km
and vertical resolution of 0.5 m, with a deep subsurface
(>90 m) to capture deeper groundwater flow as well as
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shallow subsurface flow. The watershed is characterized by
rolling terrain; soils within the watershed are predominately
loam and loamy sand, with some areas of sand and silt loam.
Vegetation includes grasslands, open shrublands, croplands
and interspersed trees. The domain was constructed using
previously published elevation, soils and vegetation data
(Maxwell et al 2007, Kollet and Maxwell 2008).

Seven equilibrium simulations were conducted to quan-
tify watershed response to climate change and water man-
agement practices: one control (CNTRL) based on observed
meteorology and no treatment of water management; three
climate perturbation scenarios; and three water management
perturbation scenarios. The CNTRL simulation was previ-
ously described in detail by Kollet and Maxwell (2008) and
was shown to agree quite well with available observations
of streamflow, soil moisture, and latent and sensible heat
flux from within the study area. Climate scenarios are based
on future climate projections for central North America
based on some 20 global climate models (Christensen et al
2007); perturbations consisted of (1) systematic increase in
air temperature by 2.5 ◦C with all other forcings unchanged
(hot, H); (2) increase in air temperature by 2.5 ◦C with
a 20% increase in precipitation (hot–wet, HW); and (3)
increase in temperature by 2.5 ◦C with a 20% decrease in
precipitation (hot–dry, HD). Climate scenarios analyzed here
were previously analyzed by Maxwell and Kollet (2008a)
and Ferguson and Maxwell (2010) and represent the median
projected temperature change and range of precipitation
change over the study region by the year 2050. Changes were
not made to rainfall timing (as suggested by e.g. Crosbie
et al 2012), though changes in intensity are included in these
systematic perturbations of precipitation. It should be noted
that predicted rainfall frequencies and intensities for future
climate scenarios depend upon cloud parameterizations and
are thus highly uncertain (Solomon et al 2007).

Water management scenarios are designed to evaluate
the individual and combined effects of groundwater pumping
and irrigation on local and basin-scale water and energy
budgets. They consisted of (1) daily irrigation application to
agricultural grid cells over the growing season (irrigation-
only, I); (2) groundwater pumping from agricultural grid
cells over the growing season (pumping-only, P); and (3)
combined irrigation and pumping from agricultural grid cells
(pumping + irrigation, PI). Scenario PI is representative
of irrigation using groundwater from on-farm wells, and is
consistent with the dominant irrigation practice throughout
the study region; scenario I is representative of irrigation
using water imported via inter-basin transfer. Scenario P is
not representative of water management practices in the study
area, but serves as an end-member in assessing impacts of
local water management practices. Management scenarios
were previously analyzed by Ferguson and Maxwell (2011)
and are based on estimated annual irrigation demand for
a nearby watershed as detailed information on irrigation
practices within the study area is not available. Irrigation was
applied daily from 07:00–19:00 local time during the growing
season (1 June–15 September). The rate of irrigation was
0.396 mm h−1 for a total of 508 mm (20 inches) of water

applied to the crop cells. While actual irrigation practices
depend on on-farm conditions, this amount is consistent with
the average annual irrigation demands for common crops
in the study area (e.g. wheat, alfalfa and corn) and across
the Southern Great Plains of North America (Masoner et al
2003). For the pumping cases (P and PI) the amount of
pumping was equal to the irrigation applied at each cell,
for consistency, and water was only withdrawn from the
agricultural cells. Additionally, the timing of groundwater
pumping was assumed to equal that of irrigation and irrigation
scheduling was not varied in response to weather or soil
moisture conditions.

Each scenario was spun-up for several years to achieve
quasi-equilibrium conditions. Scenarios were initialized
from CNTRL state and forced repeatedly with perturbed
meteorology or water management treatment until the change
in mass and energy balance over the water year dropped below
a specified threshold. Only the last year of each simulation is
analyzed.

3. Results and discussion

Figure 1 shows the spatial distributions of annual mean latent
heat flux (LE, (W m−2)), potential recharge (precipitation
plus irrigation minus evapotranspiration, referred to here
as P–E, (mm)), and water table depth (Dwt, (m)) for
CNTRL and annual mean differences for each scenario
(scenario−CNTRL). LE is representative of the coupled
water and energy balance at the land surface, while P–E
and Dwt are representative of the water balance at the
land surface and subsurface, respectively. All three variables
exhibit similar spatial structures in CNTRL, highlighting
the strong interdependence between local-scale water and
energy budgets. Topographically driven groundwater flow
results in groundwater convergence and shallow Dwt along
the river valley; vertical moisture transport from shallow
groundwater contributes to root zone soil moisture and
high evapotranspiration (equivalently, high LE) and negative
P–E in these areas. Where Dwt is greater, groundwater is
disconnected from the land surface; soils in these areas
become moisture limited during hot, dry summer conditions,
resulting in decreased evapotranspiration (decreased LE) and
positive P–E.

Figure 1 shows significant differences in local-scale water
and energy budgets for all scenarios with respect to CNTRL.
The magnitude of differences is similar between climate
and management scenarios; however, spatial distribution
varies substantially, with climate change scenarios exhibiting
widespread differences throughout the study area and
management scenarios exhibiting differences only in crop
areas where pumping and irrigation occur. Maximum absolute
difference in annual mean LE exceed 10 W m−2 in all
scenarios, with corresponding differences in evaporative
fraction (fraction of total land–atmosphere energy flux as
latent heat) greater than 25% (not shown). Difference in
P–E exceeds 1 mm/day over irrigated areas, with negligible
change outside of crop cells (figure 1; I and PI); pumping
has a weaker but notable effect on P–E, with the maximum
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Figure 1. Spatial distributions of annual mean latent heat flux (LE) (W m−2), potential recharge (P–E) (mm), and water table depth (Dwt)
(m) for CNTRL (top row) and annual mean differences for each scenario (scenario−CNTRL). The Little Washita watershed is shown in
gray; boxes delineate climate change scenarios (hot H, hot–wet HW, hot–dry HD) and water management scenarios (irrigation-only I,
pumping-only P, pumping + irrigation PI).

difference exceeding 0.5 mm/day (figure 1; P). Differences
in P–E in climate scenarios are generally weaker but
encompass most of the watershed (figure 1; H, HW and
HD). Note that pumping and irrigation both result in positive
differences in potential recharge: pumping reduces moisture

availability, reducing evapotranspiration, thus increasing P–E;
by contrast, increased inputs from irrigation outweigh the
resulting increase in evapotranspiration, thus increasing P–E.
Differences in Dwt in scenarios P, I and PI are similarly
limited to areas up-gradient of wells or irrigation; by contrast,
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Figure 2. Basin-integrated water balance; all variables are integrated over the watershed and normalized by basin area. Top row shows
cumulative evapotranspiration (ET) for CNTRL and all scenarios (mm) (left) and differences between each scenario and CNTRL (mm)
(right). Middle row shows cumulative discharge (Q) from the watershed outlet for each scenario and CNTRL (mm) (left) and differences
between each scenario and CNTRL (mm) (right). Bottom row shows cumulative net groundwater recharge (1S) (recharge minus losses)
(mm) (left) and differences in total groundwater storage (S) between scenarios and control (right). Note in this figure that climate change
scenarios are hot H, hot–wet HW, hot–dry HD and water management scenarios (irrigation-only I, pumping-only P,
pumping + irrigation PI).

differences in scenarios H, HW and HD all encompass
areas except those with initially shallow groundwater levels
(Dwt[CNTRL] < 2.5 m), where groundwater convergence
maintains shallow water table conditions in all scenarios
(Maxwell and Kollet 2008a, Ferguson and Maxwell 2010).
Note that as shown in previous studies Dwt decreases in
scenario I, indicating increasing groundwater storage due to
irrigation with imported water.

Local-scale differences in LE are strongly dependent on
feedbacks between energy and moisture availability. While
the spatially-uniform increase in air temperature in scenarios
H, HW and HD drives a uniform increase in potential
evapotranspiration, moisture limitations result in decreased
LE over portions of the domain in H and more notably
in HD (figure 1, H and HD). Increased precipitation in
HW increases moisture availability, resulting in increased
LE throughout the domain (figure 1, HW). Consistent with
previous studies, irrigation increases moisture availability

over agricultural areas, increasing LE from direct canopy
evaporation and plant transpiration (figure 1, I (e.g. Lobell
et al 2009, Ozdogan et al 2010, Döll et al 2012)); as expected,
pumping reduces groundwater levels, decreasing LE in areas
where groundwater contributes to moisture availability at
the surface (figure 1, P). When pumping and irrigation are
combined, irrigation increases LE in agricultural areas, while
pumping-induced groundwater declines decease LE in some
adjacent areas.

Changes in local-scale water and energy budgets alter
spatially-distributed recharge and runoff processes, which
subsequently impact on basin-scale and averaged hydrologic
response. Figure 2 shows cumulative evapotranspiration (ET,
(mm)) summed spatially over the basin, stream discharge at
the basin outlet (Q, (mm)), and net groundwater recharge
also summed over the basin (1S, (mm)) for CNTRL and
each scenario, normalized by basin area (left column),
and differences in cumulative ET, cumulative Q, and total
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Table 1. Difference in basin-integrated annual ET, stream discharge Q and groundwater storage Sgw between CNTRL and scenarios
normalized by basin area (mm).

Scenario

H HD HW I P PI

1ET 58.5 −17.7 113.9 34.6 −16.6 26.1
1Q −31.5 −79.7 39.1 40.3 −60.5 −29.8
1Sgw −163.8 −572.0 258.9 62.0 −239.9 −167.6

groundwater storage (Sgw; (mm)) between each scenario and
CNTRL (scenario−CNTRL; right column). Differences in
basin-integrated annual ET, Q and Sgw are shown in table 1.

Impacts of climate change and water management
on basin-scale cumulative ET exhibit the same order of
magnitude but distinct seasonal characteristics. Differences in
cumulative ET due to pumping and irrigation, respectively, are
monotonic over the water year. That is, moisture availability
increases due to irrigation and decreases due to groundwater
pumping with no change in atmospheric conditions. This
change in soil moisture drives a monotonic increase in
cumulative ET for irrigation and a decrease for pumping.
Irrigation increases moisture availability throughout the year,
which in turns drives a monotonic increase in cumulative
ET; conversely, groundwater pumping decreases moisture
availability throughout the year, driving a monotonic decrease
in cumulative ET. However, differences in basin-integrated ET
in scenarios I, P and PI are negligible outside of the growing
season, as evidenced by negligible change in cumulative
difference from October to June (figure 2(b)). In scenario HW,
uniform increases in precipitation and temperature over the
year drive an approximately constant, monotonic increase in
cumulative ET throughout the year. In scenarios H and HD,
however, changes in cumulative ET are not monotonic, again
illustrating that dependence of changes in land surface water
and energy fluxes on both moisture and energy availability.

Figure 2(d) shows striking similarities between impacts
of climate change and water management on stream discharge
Q: precipitation-driven increases in Q under scenario HW
are approximately equal to irrigation-driven increases under
scenario I; temperature-driven reductions under scenario HW
are approximately equal to pumping-induced reductions under
scenario PI; and combined precipitation and temperature-
driven reductions under scenario HD are similar to pumping-
induced reductions under scenario P. Uniform climate
perturbations over the water year results in relatively constant
differences in Q, as evidenced by the predominately linear,
monotonic changes in figure 2(d). Differences due to water
management are monotonic, but exhibit greatest slopes during
the growing season and negligible slopes outside of this
period.

Net recharge is characterized by short periods of positive
recharge associated with precipitation events followed by
gradual losses to ET and baseflow between events. Figure 2(e)
shows that net recharge follows a similar pattern in all
scenarios at both event and seasonal timescales. Close
inspection of figure 2(e) shows, however, that differences
in event recharge are generally small and differences in
cumulative net recharge are driven primarily by differences

in ET between scenarios. Differences in cumulative net
recharge result in large changes in groundwater storage Sgw
within the basin (figure 2(f)). Whereas changes in Q are
nearly equal for climate and water management scenarios
(figure 2(d)), changes in S are much greater for climate
scenarios. Groundwater depletion is approximately equal in
scenarios H and PI, but is substantially greater in scenario
HD than scenario P; similarly, increased groundwater storage
is substantially greater in scenario HW than scenario I.
While figure 1 shows that local-scale changes in water
table depth due to irrigation and groundwater pumping are
comparable to those due to climate change, these changes are
generally localized to agricultural areas within the domain;
climate-driven changes in groundwater storage are thus much
greater when viewed at the basin scale.

Careful inspection of figure 1 indicates widespread
decreases in water table depths under scenario I, as well as
isolated areas of decreased water table depth in scenario PI,
indicating increased groundwater recharge from irrigation,
consistent with other recent studies (e.g. Döll et al 2012). Note
also that this figure demonstrates that the storage changes for
P are less than for H due to the localized nature of pumping
(the cones of depression a clearly seen in figure 1) and the
total amounts: changes in ET due to changing temperature and
temperature yield greater recharge changes than pumping due
to water management.

Impacts of climate change and water management
practices are likely to differ between regions depending
on local climate, geologic and hydrologic conditions, as
well as local cropping and irrigation practices. Notably, in
addition to changes in annual precipitation amount, impacts
of climate change on runoff and recharge are likely to
depend on changes in precipitation frequency and intensity.
Impacts of irrigation and groundwater pumping are likely
to depend on local cropping practices, irrigation scheduling
and technology, irrigation source (i.e., groundwater versus
local surface water versus imported surface water), and well
depth and distribution, along with initial water table depth and
distribution. Further analysis of factors affecting watershed
response to climate change and water management is beyond
the scope of this study.

4. Conclusions

In summary, this study uses a fully-integrated model of
groundwater, surface water and land surface processes to
evaluate and compare impacts of large-scale climate change
and local-scale water management practices on local and
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basin-scale water and energy budgets for an agricultural
watershed the semi-arid Southern Great Plains, USA. Our
results demonstrate, surprisingly, that water management
impacts on land surface fluxes and basin-scale surface water
and groundwater resources can be comparable to those of
climate change. Notably, the effects of climate change and
water management on stream discharge and groundwater
storage are nearly equivalent for the study area and scenarios
evaluated here.

Our results show that changes in climate directly alter
local, spatially-distributed surface fluxes throughout the
study area, with subsequent feedbacks on surface water
and groundwater resources. Conversely, water management
practices directly alter water availability and distribution,
with feedbacks on land surface fluxes. These results
imply that many semi-arid basins worldwide that practice
widespread groundwater pumping and irrigation may already
be experiencing similar hydrologic impacts as would be
expected from a warming climate and underscore the need to
account for the hydrologic and land energy impacts of local
water management practices in developing climate change
projections and adaptation and mitigation strategies for water
resources.

These results suggest that feedbacks from large-scale
pumping and irrigation, currently omitted from most studies,
might exacerbate climate impacts in agricultural watersheds;
a topic ripe for future study. Moreover, while it is well known
that ET feedbacks from irrigation may propagate in coupled
atmospheric simulations (e.g. Lobell et al 2009) feedbacks
from groundwater depletion have not been thoroughly studied.
Our results suggest that management and mitigation strategies
for semi-arid regions need be based on an understanding of
impacts and feedbacks from changes in both climate and water
management.

Global reliance on groundwater to meet agricultural,
municipal and industrial water demands has increased
significantly over recent decades (Döll et al 2012, Scanlon
et al 2012), and recent studies have shown increasing areas
of groundwater overdraft and depletion (e.g. Rodell et al
2009). To date, local-scale groundwater use has been largely
neglected in climate change impact and risk assessments.
Our results suggest that increasing reliance on groundwater
pumping is likely to exacerbate the impacts of climate change
and lessen the resilience of local communities. These results
underscore the importance of accounting for the effects
of local water management practices as well as changing
climate conditions in assessing climate change impacts on
water supplies and in developing local-scale adaptation and
mitigation strategies.

In addition to impacts on water supply, our results demon-
strate significant feedbacks between water management prac-
tices and land energy fluxes. While studies have demonstrated
that land energy fluxes play an important role in driving
local and regional-scale weather and climate, particularly in
semi-arid plains regions where land–atmosphere interactions
drive a significant portion of seasonal-to-interannual climate
variability, irrigation may also have an important impact
on these processes (e.g. DeAngelis et al 2010). Current

projections of climate change neglect interactions between
groundwater dynamics, shallow soil moisture and land energy
fluxes; similarly, effects of water management practices such
as groundwater pumping and irrigation are also neglected.
Our results suggest that water management practices and
local- to basin-scale hydrologic feedbacks significantly affect
land energy fluxes and therefore may impact local and
regional climate. These results emphasize the need to
account for hydrologic and land energy impacts of local
water management practices in developing climate change
projections and adaptation and mitigation strategies for water
resources.
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