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ABSTRACT
Since World War II, the expansion of irrigation throughout the Great Plains has resulted in a significant
decline in the water table of the Ogallala Aquifer, threatening its long-term sustainability. The addition of
near-surface water for irrigation has previously been shown to impact the surface energy and water budgets by
modifying the partitioning of latent and sensible heating. A strong increase in latent heating drives nearsurface cooling and an increase in humidity, which has opposing impacts on convective precipitation. In this
study, the Weather Research and Forecasting Model (WRF) was modified to simulate the effects of irrigation
on precipitation. Using a satellite-derived fractional irrigation dataset, grid cells were divided into irrigated
and nonirrigated segments and the near-surface soil layer within irrigated segments was held at saturation.
Nine April–October periods (three drought, three normal, and three pluvial) were simulated over the Great
Plains. Averaging over all simulations, May–September precipitation increased by 4.97 mm (0.91%), with
localized increases of up to 20%. The largest precipitation increases occurred during pluvial years (6.14 mm;
0.98%) and the smallest increases occurred during drought years (2.85 mm; 0.63%). Precipitation increased
by 7.86 mm (1.61%) over irrigated areas from the enhancement of elevated nocturnal convection. Significant
precipitation increases occurred over irrigated areas during normal and pluvial years, with decreases during
drought years. This suggests that a soil moisture threshold likely exists whereby irrigation suppresses convection over irrigated areas when soil moisture is extremely low and enhances convection when antecedent
soil moisture is relatively high.

1. Introduction
The expansion of irrigation in the Great Plains since
World War II has significantly affected the Ogallala
Aquifer—a shallow aquifer that stretches from the Texas
Panhandle to South Dakota (Fig. 1). Large withdrawals
from the Ogallala Aquifer have resulted in declines in the
water table by more than 40 m (McGuire 2007), making
extraction for municipal and agricultural uses more expensive (McGuire et al. 2003) and jeopardizing the
viability of future groundwater extraction. Irrigation is
heavily concentrated within and adjacent to the Ogallala Aquifer as identified by United States Department
of Agriculture (USDA) and satellite-derived irrigation
estimates (Ozdogan and Gutman 2008). In some areas,
up to 80% of the land has been irrigated since predevelopment (Mahmood et al. 2006), roughly doubling
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water available for evapotranspiration (ET) within the
domain of the Ogallala Aquifer (Moore and Rojstaczer
2001). Most of the water applied to the surface through
irrigation is evapotranspired rather than being lost
through runoff or drainage (DeAngelis et al. 2010; Moore
and Rojstaczer 2001). This results in changes to the atmospheric branch of the hydrologic cycle as the evapotranspired water eventually falls out as precipitation.
The goal of this study is to explore the impact that
irrigation has on the hydrologic cycle using a highresolution coupled land–atmosphere model. Simulations
using the Weather Research and Forecasting Model
(WRF; Skamarock et al. 2008) were performed both with
and without irrigation for a suite of years for different
precipitation regimes. This includes El Niño–Southern
Oscillation (ENSO) years that have a marked influence
on Great Plains precipitation (Twine et al. 2005).
The availability of such a large quantity of water for
ET has a sizeable effect on surface energy and water
budgets (Pielke 2001). Increases in latent heating with
additional water are offset by decreases in sensible
heating, resulting in changes to the surface temperature
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FIG. 1. (a) The dominant MODIS land use category used as input to WRF and (b) the irrigated fraction from
Ozdogan and Gutman (2008) over the WRF domain. The region of study shown in (b) is a subset of the WRF domain
chosen to minimize model edge effects.

and moisture fields (Barnston and Schickedanz 1984;
DeAngelis et al. 2010; Kueppers et al. 2007; Ozdogan et al.
2010; Pielke 2001; Sacks et al. 2009). The repartitioning of
net radiation into latent heating at the expense of sensible
heating decreases the surface air temperature and increases the surface dewpoint temperature as shown by
numerous modeling and observational studies (Adegoke
et al. 2003; Baidya Roy et al. 2003; Kueppers et al. 2007;
Lobell et al. 2006; Mahmood et al. 2004, 2006; Sacks et al.
2009). Mahmood et al. (2006) observed a mean surface
temperature decrease of approximately 18C over the
growing season for heavily irrigated sites in Nebraska
during the second half of the twentieth century while
Baidya Roy et al. (2003) simulated a cooling of up to 18C
over the Great Plains and Midwest using a regional
model. Similarly, Mahmood et al. (2006) observed a
seasonally averaged 48–58C dewpoint temperature
difference between irrigated and nonirrigated sites in
Nebraska while Adegoke et al. (2003) simulated a
dewpoint increase of 2.68C over Nebraska in July.
Convective precipitation develops when sufficient
quantities of convective available potential energy
(CAPE), precipitable water, and a lifting mechanism
occur in the presence of a sufficiently thick planetary
boundary layer (PBL) and relatively small amounts of
convective inhibition (CIN; Bluestein 1993). Changes

in the surface temperature and moisture fields with
irrigation have opposing effects on the development
of convective precipitation. Additional near-surface
moisture from irrigation enhances convection by increasing CAPE, despite lower temperatures with irrigation (Crook 1996; Pielke 2001; Segal et al. 1998) because
CAPE is more dependent on changes in low-level moisture than temperature (Crook 1996). However, surface
cooling and enhanced cloud cover from irrigation also
increase CIN, which is more sensitive to changes in temperature than moisture (Crook 1996), inhibiting the development of deep convection (Barnston and Schickedanz
1984; Boucher et al. 2004; De Ridder and Gallée 1998;
DeAngelis et al. 2010; Sacks et al. 2009). Findell and
Eltahir (2003b) showed that reduced sensible heating
over moist soils can suppress the vertical growth of the
PBL enough to prevent turbulent eddies from reaching
the level of free convection (LFC). This was shown to
frequently occur over the southern Great Plains in the
presence of a dry lower troposphere and steep lapse
rates (Findell and Eltahir 2003a). Over irrigated areas
where localized cooling occurs, the suppression of
convection from decreased PBL heights and increased
CIN is especially magnified (DeAngelis et al. 2010;
Sacks et al. 2009). DeAngelis et al. (2010) proposed
that locations downwind of irrigated areas experience
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increases in CAPE without increases in CIN because
while additional moisture is advected in from irrigated
regions, temperature decreases do not occur in the
absence of latent cooling. When synoptic conditions
are favorable for the forcing of convection, an increase
in CAPE downwind of irrigated locations enhance
convective precipitation. Because a large percentage of
precipitation over the Great Plains is driven by convection [80% of July and August precipitation over the
Ogallala Aquifer domain (Changnon 2001)], it is reasonable to assume that increased CAPE with irrigation
will contribute to greater precipitation.
The addition of low-level moisture from irrigation
increases precipitation not only through enhanced convection, but also through an increase in precipitable
water (Boucher et al. 2004). Koster et al. (2004) noted
that soil moisture is positively correlated with precipitation over the Great Plains. Increased soil moisture
drives an increase in ET, thereby providing the atmosphere with additional precipitable water, which has
been shown to be positively correlated with precipitation at both global and regional scales (Trenberth et al.
2003). Because CAPE and precipitable water increase
with irrigation, precipitation increases are expected to
occur downwind of irrigated areas provided that the
forcing for convection (i.e., low-level convergence,
moisture flux convergence, and upper-level divergence)
is unchanged (Banacos and Schultz 2005; DeAngelis
et al. 2010).
Numerous observational studies have attempted to
determine the impact of irrigation on precipitation,
with generally contradictory results. Barnston and
Schickedanz (1984) observed a precipitation increase
of up to 20% over the Texas Panhandle from 1930 to
1970, coincident with the rapid adoption of irrigation.
Contrarily, Moore and Rojstaczer (2001) were unable to
attribute changes in precipitation to irrigation over the
Great Plains from 1950 to 1982 using an EOF analysis of
precipitation. DeAngelis et al. (2010) observed an increase in July precipitation downwind of irrigated areas
over the Ogallala Aquifer with the rapid adoption of
irrigation. Similarly, Jódar et al. (2010) observed orographic precipitation increases downwind of irrigated
areas in Spain.
Observational studies have yielded contradictory results partly because they have been conducted for periods
when irrigation expansion was too small to influence
precipitation or they took place over small areas where
downwind effects cannot be realized (DeAngelis et al.
2010). Additionally, the exact impact of irrigation cannot
be isolated from numerous compounding climatic factors.
Simulating the precipitation response from irrigation
can be used to overcome observational limitations by
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controlling for climate variability. Previous studies
have found a generally consistent precipitation response
to irrigation using mesoscale models (Pielke et al. 1997;
Segal et al. 1998), regional atmospheric models (Adegoke
et al. 2003; Baidya Roy et al. 2003; De Ridder and Gallée
1998), global climate models (GCMs; Lee et al. 2011;
Puma and Cook 2010; Sacks et al. 2009), and offline land
surface models (LSMs; Ozdogan et al. 2010). Segal et al.
(1998) simulated a slight increase in precipitation over
North America while Sacks et al. (2009) simulated a
1.24% June–August increase in precipitation globally
over land. De Ridder and Gallée (1998) simulated conditions that favored increased moist convective development in southern Israel.
Limited computational resources have prevented
many models from being run at sufficiently high spatial
resolutions to adequately resolve small-scale land–
atmosphere interactions and mesoscale convection
(Segal et al. 1998). Modeling studies run at coarse spatial
resolutions over large areas provide a good sense of the
general impacts of irrigation on precipitation, but higher
resolutions are needed to fully resolve the processes that
influence precipitation in regions dominated by convection. Similarly, studies that were run at high spatial resolution were implemented over small domains for short
time periods, yielding results that do not include downwind effects or are not applicable outside of the simulated
periods.
Models have been used to simulate irrigation with
varying levels of complexity. Using a regional climate
model, Kueppers et al. (2007) held the soil at field capacity for all irrigated grid cells in California, while
Adegoke et al. (2003) saturated all irrigated grid cells
once daily in Nebraska. Sacks et al. (2009) applied water
to the cropland fraction of grid cells when the leaf area
index (LAI) reached 80% of the annual maximum.
Puma and Cook (2010) applied soil moisture to the
vegetated portion of irrigated grid cells whenever soil
moisture dropped below crop-dependent thresholds,
while Ozdogan et al. (2010) used a daily irrigation trigger to determine whether to irrigate.
In this study, WRF was run over the Great Plains at
a 10-km spatial resolution while holding the irrigated
portion of grid cells at saturation—an approach similar to
Adegoke et al. (2003) but with the addition of subgridscale irrigation similar to Puma and Cook (2010) and
Sacks et al. (2009). This experimental design allows for
determination of the upper limits of the impact that irrigation has on precipitation and the energy and water
budgets over the Great Plains. Various climatic regimes
were chosen to represent a variety of precipitation
conditions that influence the warm-season climate of the
Great Plains. This approach can be used to assess the
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general impact of irrigation on the climate of the Great
Plains and whether these impacts vary with different
precipitation regimes.

2. Methods
a. WRF–Noah model description
The regional WRF version 3.2 (Skamarock et al. 2008)
was used to simulate the atmospheric response to irrigation. WRF is a mesoscale and nonhydrostatic atmospheric
model that can be used both for research and operational
forecasting. The model uses a terrain-following vertical
coordinate system that extends from the surface to
50 hPa. The Noah LSM, which has been coupled to
WRF, was used to provide surface fluxes of energy,
momentum, and mass to WRF.
The Noah LSM includes a static vegetation component
with four soil layers and one canopy layer. The LSMs
currently coupled to WRF do not include dynamic vegetation. While vegetation in Noah influences the atmosphere, it does not change in response to the atmospheric
conditions provided by WRF, and thus only one-way
feedbacks can be examined. Vegetation and soil parameters and land cover data were assimilated into Noah
from the 20-category, 30-arc-second-resolution Moderate
Resolution Imaging Spectroradiometer (MODIS) land
use dataset (Friedl et al. 2002). Because Noah represents
vegetation statically, LAI is forced to follow the same
annual cycle observed by MODIS and does not respond
to atmospheric conditions. ET is calculated as the sum
of direct ground and canopy evaporation, transpiration
from vegetation, and sublimation (Chen and Dudhia
2001; Hong et al. 2009), all of which are calculated
through simple linear methods using soil and vegetation
parameters based on MODIS (Betts et al. 1997; Friedl
et al. 2002; Jacquemin and Noilhan 1990; Noilhan and
Planton 1989).

b. Irrigation representation
Irrigation was represented on a subgrid cell basis
to capture the small-scale heterogeneity of irrigation
without being computationally prohibitive or resulting
in the breakdown of the model physics. The fraction of
irrigation in each grid cell was obtained from the 500-mresolution MODIS-derived fractional irrigation dataset
from Ozdogan and Gutman (2008) and aggregated to
a 10-km domain (Fig. 1). The MODIS irrigation dataset
represents the fractional irrigation area from 2001 and is
highly correlated to the 2002 USDA–National Agricultural Statistics Service (NASS) irrigation dataset on a state
level (R2 5 0.8833) (NASS 2002). The MODIS-derived
dataset was chosen because it is based on observations
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whereas the USDA–NASS dataset was compiled from
county-level reports that may be subject to more errors or
missing data.
The Noah LSM was modified to calculate surface
fluxes based on the soil moisture in the irrigated and
nonirrigated parts of each grid cell. Irrigation was simulated by applying water directly to the soil surface of
the irrigated portion of each grid cell and maintaining
the soil moisture at saturation to a depth of 2 m. The soil
moisture in the nonirrigated portion was controlled by
the unmodified physics of the Noah LSM. Because the
static vegetation cannot respond to the increase in soil
moisture with irrigation, an increase in ET can only
occur in response to reduced plant moisture stress and
soil evaporation, not from accentuated plant growth.
MODIS land use categories were left unchanged and
irrigation was applied based on the fractional irrigation
dataset from Ozdogan and Gutman (2008). Surface fluxes
and variables for each grid cell were calculated separately
for the irrigated and nonirrigated portions of a grid cell at
each time step and were weighted based on the irrigated
fraction as shown in Eq. (1):
H 5 fi Hirrigated 1 (1 2 fi )Hnon irrigated ,

(1)

where H is the sensible heat flux for a grid cell, fi is the
irrigated fraction, Hirrigated is the sensible heat flux over
the irrigated portion of a grid cell, and Hnon irrigated is the
sensible heat flux over the nonirrigated portion. The
areal extent and amount of irrigation were kept constant from April to September, overlapping the period of
heaviest annual irrigation in the Great Plains (DeAngelis
et al. 2010). Because the soil moisture was kept at saturation, this resulted in the overuse of irrigated water
compared to reality. For example, for Colorado, Kansas,
and Nebraska, water use for irrigation for May–September
2000 in WRF was 7.06 3 1010 m3, which is slightly
more than double USDA annual irrigation surface
and groundwater withdrawals of 3.3 3 1010 m3 (Hutson
et al. 2004). Such a simplistic and somewhat aggressive
irrigation scheme was necessary because with realistic
(lower) application amounts the additional transpiration over irrigated areas from accentuated plant growth
will not occur with static vegetation and the total ET
will be lower than observed. Such shortcomings could
be reduced with the inclusion of a dynamic vegetation
model in WRF, but because no such model is currently
available, the irrigation approach used here is deemed
adequate.

c. Experimental design
This study includes three precipitation regimes representing the range of climatic and antecedent soil
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TABLE 1. Summary of precipitation regimes used in this study. ENSO events are listed for years with notable precipitation anomalies.
Precipitation regimes
Simulations
Current vegetation, irrigated (IRRIG)

Current vegetation, nonirrigated (CONTROL)

Drought

Normal

Pluvial

1983 (El Niño)
2000
1988 (La Niña)
1983 (El Niño)
2000
1988 (La Niña)

1997
1990
1985
1997
1990
1985

1993 (El Niño)
2008 (Neutral)
2007
1993 (El Niño)
2008 (Neutral)
2007

moisture conditions observed over the Great Plains. The
characterization of drought, normal, and pluvial years
was determined by calculating the 1980–2008 average
May–September precipitation for the region of study
(Fig. 1b) using the North American Regional Reanalysis
(NARR) dataset (Mesinger et al. 2006). Drought years
were identified as being at least one standard deviation
below the 1980–2008 mean while pluvial years were
identified as being at least one standard deviation above
the mean. Normal years were identified as being within
one standard deviation of the mean. Nine hydrologically
unique years were then chosen to represent the three
precipitation regimes (Table 1).
Determination of the model parameters was based on
the performance of 14 simulations of WRF without irrigation from 1 to 30 June 2005—a normal precipitation
and neutral ENSO year. Simulations incorporated a variety of spatial and temporal resolutions, domain sizes,
and model parameters to achieve a suitable array of
possible model configurations. The model configuration
used in this study was based on the performance of the
simulated precipitation compared to National Centers
for Environmental Prediction (NCEP) Stage IV (Lin
and Mitchell 2005) and Climate Prediction Center
(CPC)’s Unified Precipitation (Higgins et al. 2000) datasets, the computational efficiency of the model, and
the capability of the model to resolve physical processes
between the land surface and the atmosphere.
WRF was initialized using 3-hourly data from NARR
for all identified years in Table 1. All model simulations
were completed using the same 180 3 195 grid with a 10-km
horizontal resolution, 38 vertical levels, and a 30-s time step
(except for 2007, which had a 25-s time step because of
instabilities with the forcing dataset during that year).
Control (CTRL) and irrigation (IRRIG) simulations
were run for each year from 1 April to 1 October, overlapping the period of heaviest annual irrigation in the
Great Plains (DeAngelis et al. 2010). The Morrison twomoment microphysics scheme (Morrison et al. 2009),
Yonsei University (YSU) planetary boundary layer
(PBL) scheme (Hong et al. 2006), Rapid Radiative
Transfer Model (RRTM) longwave radiation scheme

(Mlawer et al. 1997), Dudhia shortwave radiation
scheme (Dudhia 1989), and fifth-generation Pennsylvania
State University–National Center for Atmospheric Research Mesoscale Model (MM5) surface-layer scheme
were used (Skamarock et al. 2008). No cumulus parameter was employed.
Depending on the model configuration, the exclusion of
a cumulus parameter (CP) can result in difficulties initiating and resolving deep convection (Kain et al. 2008),
generally leading to less precipitation compared to observations. However, based on a suite of sensitivity simulations for April–September 1997 compared to the CPC
dataset, including a CP actually led to a large overestimation of precipitation by 83% as compared to 11%
without a CP. Analysis of these results suggests that convective overturning is sufficiently resolved for this model
configuration and the exclusion of a CP produces precipitation estimates that are closer to observations. To test
whether the NARR forcing dataset was responsible for
the overestimation of precipitation and not the exclusion
of a CP, additional simulations were run with the NCEP–
Department of Education (DOE) reanalysis (Kanamitsu
et al. 2002). Over April–September 1997, the simulated
precipitation using a CP was overestimated by 58%,
compared to only 10% for an identical simulation without
a CP (not shown), suggesting that the overestimation of
precipitation was independent of the forcing dataset.
Considering the precipitation that fell within the region
of study as shown in Fig. 1b for May–September of all
simulated years, WRF overestimated precipitation by
19.0% when using the selected model configuration for
the average of all simulated years (Fig. 2) compared with
the CPC dataset (Higgins et al. 2000). While WRF overestimated precipitation, the model simulated the west–east
precipitation gradient that is present over the Great Plains
in the CPC dataset reasonably well (Fig. 2). Because this
overestimation was similar for both irrigation and control
simulations, the results contained no systematic bias.

d. Statistical significance
Student’s t tests using a matched pairs design were
employed to test for statistical significance when
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FIG. 2. (a) Average May–September control (no irrigation) simulated precipitation (mm) from WRF for all years.
(b) Average May–September precipitation (mm) from the CPC U.S. Unified Precipitation dataset for the same years
as in (a) (Higgins et al. 2000).

comparing variables between control and irrigation
simulations. In a matched pairs design, the control and
treatment (irrigated) groups share the same variance
between individual samples and only the variance of the
difference between the groups is considered so as to
avoid testing on shared variance (interannual variability) between groups. In this study, the set of differences
is considered to be the set of control simulations subtracted from the set of irrigation simulations, unless otherwise noted. All t tests were performed using two tails
with a 95% confidence level, unless otherwise noted.

3. Results
All results are reported for the region of study (as
shown in Fig. 1b) using area-weighted averages over the
domain for all simulated years from May to September
unless otherwise noted.

a. Model validation
Assessment of WRF’s ability to simulate the impact of
irrigation on surface fluxes is determined from comparison
of monthly averages of observations from two Ameriflux
sites near Mead, Nebraska, for 2002–09 with WRF averages for all simulated years from a grid cell in WRF centered 8 km from the Ameriflux sites. Comparison of
the monthly average latent heat flux values from each

Amerflux site with WRF shows a general overestimation
of latent heating by WRF. Control simulations of WRF
show an overestimation of the latent heat flux by 19.1%
compared with the Ameriflux Mead rainfed site
(41.17978N, 96.43968W; Fig. 3a) (Verma et al. 2005),
while irrigation simulations of WRF overestimate latent
heating by 15.8% compared with the Ameriflux Mead
irrigated rotation site (41.16498N, 96.47018W; Fig. 3b)
(Verma et al. 2005). Given that eddy-covariance methods
generally underestimate latent heating on the order of
20% when closure of the energy budget is not achieved (as
was the case with these two sites) (Twine et al. 2000;
Wilson et al. 2002), it is reasonable to assume that the
observed latent heating is likely higher than measured and
more in agreement with WRF. When considering the individual sites (Figs. 3a,b), WRF simulates the seasonality
of latent heating, but not the seasonality of the difference
between the sites. However, the seasonally averaged difference simulated by WRF is 6.20 W m22 compared with
an observed difference of 7.74 W m22, suggesting that
WRF adequately represents the effect of irrigation on
latent heating on seasonal time scales. Despite the fact
that WRF underestimates the seasonal average of the
difference in sensible heating (Fig. 3f), WRF performs
reasonably well in capturing the seasonality and seasonal
average of the 2-m temperature difference (Fig. 3l).
Similarly, WRF simulates the seasonality of net radiation
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FIG. 3. (a) Monthly averaged latent heat flux (W m22) observed at Ameriflux Mead rainfed site for 2002–09
(blue) and simulated by WRF at a grid cell (centered 8 km from the Ameriflux site locations) in control simulations for all simulated years (red). (b) As in (a), but observed at Ameriflux Mead irrigated rotation site (blue)
and simulated by WRF with irrigation (red). (c) As in (a), but for latent heat flux difference (W m22) between
Ameriflux Mead irrigated rotation and rainfed sites (blue) and WRF irrigated and control simulations (red).
(d)–(f) As in (a)–(c), but for sensible heat flux (W m22) . (g)–(i) As in (a)–(c), but for net radiation (W m22) .
(j)–(l) As in (a)–(c), but for 2-m temperature (8C).
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TABLE 2. May–September area-weighted averages of differences between control and irrigated simulations for all simulated years.
Area-weighted averages were calculated for the region of study, for grid cells with at least 10% irrigation within the region of study, and for
grid cells with less than 10% irrigation within the region of study. Significance values for paired t tests are as follows: * (p , 0.1),
** (p , 0.05), and *** (p , 0.01).

Irrigated area (km2)
Soil moisture difference (m3 m23)
Latent heat flux change (W m22)
Sensible heat flux change (W m22)
Net radiation change (W m22)
2-m temperature change (8C)
2-m mixing ratio (g kg21)
Precipitable water change (mm)
CAPE change (J kg21)
CIN change (J kg21)
PBL height change (m)
LFC change (m)
Convergence change (s-1)
Precipitation change (mm)

Region of study (RoS)
averages

10%1 irrigated grid cells
within RoS

Grid cells with , 10%
irrigation within RoS

6.39 3 104
0.014 (5.68%)***
4.293 (4.29%)***
23.235 (27.74%)***
0.107 (0.06%)
20.159*
0.191 (1.79%)***
0.137 (0.50%)***
16.128 (5.01%)***
0.214 (0.61%)
223.533 (22.88%)***
2154.88 (22.22%)***
23.27 3 1029 (24.75%)*
4.974 (0.91%)**

5.0 3 104
0.059 (27.0%)***
20.745 (22.6%)***
214.542 (230.2%)***
1.580 (0.94%)**
20.485***
0.519 (5.24%)***
0.186 (0.74%)***
45.099 (16.0%)***
2.091 (5.71%)*
267.854 (27.80%)***
2333.48 (24.61%)***
28.87 3 1028 (284.2%)***
7.861 (1.61%)

1.83 3 104
5.61 3 1023 (2.27%)***
1.305 (1.28%)***
21.182 (22.91%)***
20.160 (20.09%)
20.100
0.131 (1.22%)***
0.128 (0.46%)***
10.866 (3.30%)***
20.127 (20.37%)
215.483 (21.92%)***
2122.45 (21.77%)***
1.224 3 1029 (19.6%)***
4.449 (0.80%)**

(Figs. 3g,h) and 2-m temperature (Figs. 3j,k), with considerably less accuracy when considering sensible heating
(Figs. 3d,e). Because WRF captures the seasonality in the
surface energy budget terms and temperature with irrigation, it is determined that the irrigation submodel accurately represents the atmospheric impact of irrigation
despite the aggressive and conceptually unrealistic application of moisture to the soil.

b. Overall model results
In the following sections, ‘‘overall’’ results refer to
May–September area-weighted averages over the entire
region of study, while results for ‘‘irrigated grid cells’’
refer to May–September area-weighted averages of grid
cells with at least 10% irrigation within the region of
study, and ‘‘nonirrigated grid cells’’ refer to grid cells
with less than 10% irrigation.
Soil moisture increases of 27% in irrigated grid cells
(Table 2) contribute to statistically significant increases
in latent heating (Fig. 4a) and decreases in sensible
heating (Fig. 4b). Latent heat flux increases of 20.7 W m22
(22.6%) and sensible heat flux decreases of 14.5 W m22
(230.2%) occur in irrigated grid cells (Table 2). The increase in latent heating drives statistically significant increases in 2-m mixing ratio over much of the Great Plains
(Fig. 4c; Table 2). Similarly, decreases in sensible heating
are coincident with statistically significant decreases in
the 2-m temperature in the vicinity of irrigated grid
cells (Fig. 4d), with 0.58C temperature decreases over
irrigated grid cells, 0.18C decreases over nonirrigated
grid cells, and 0.28C decreases overall (Table 2).
The increase in low-level moisture results in statistically
significant increases in surface-based CAPE throughout

much of the Great Plains (Fig. 5a) with an amplified response over irrigated grid cells (Table 2). The addition of
low-level moisture from irrigation leads to statistically
significant increases in column precipitable water (Fig. 5d;
Table 2) and increases in low-level cloud cover adjacent to
irrigated areas (not shown), but net radiation increases
slightly (Table 2) because of decreases in upwelling longwave radiation (not shown). Low-level cooling contributes
to CIN increases and decreases in the PBL height over
much of the Great Plains from low-level cooling (Fig. 5c;
Table 2). However, larger declines in the LFC (Table 2)
imply that turbulent eddies within the PBL can more easily
reach the LFC to initiate convection, suggesting that declines in the PBL height likely do not contribute significantly to suppressing convective precipitation. While
increases in CIN are present over irrigated areas
throughout the Great Plains, only a small number of
irrigated grid cells see increases that are statistically
significant (Fig. 5b). Low-level cooling also results in
a decrease in surface convergence over irrigated grid
cells, with smaller decreases overall, and increases in
convergence over nonirrigated grid cells (Table 2).
Statistically significant average precipitation increases
of 4.97 mm (0.91%) and 4.25 mm (1.29%) are observed
overall for May–September and June–August, respectively (Fig. 6a), with localized precipitation increases of up
to 20% over parts of Nebraska, Kansas, and Oklahoma
(Fig. 6c). The average overall May–September precipitation increase is smaller than the increase in evapotranspiration (22.70 mm), meaning that irrigation results in
a net loss of water by 17.73 mm. On average, precipitation
increases are larger for irrigated grid cells compared with
the entire region of study and nonirrigated grid cells during
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FIG. 4. (a) Average May–September simulated latent heat flux difference (IRRIG minus CTRL) for all years.
(b) As in (a), but for sensible heat flux (W m22). (c) As in (a), but for 2-m mixing ratio (g kg21). (d) As in (a), but for
2-m temperature (8C). Differences are shown only for grid cells found to be significant using a two-tailed, paired t test
at the 95% confidence level.

May–September (Table 2) and June–August (not shown).
Precipitation increases over irrigated grid cells primarily
occur during the overnight and morning hours (Fig. 7b),
when convection tends to be elevated above the nocturnal
boundary layer (Wilson and Roberts 2006). Slight decreases occur in the afternoon (Fig. 7b) when convection
tends to be more surface based (Wilson and Roberts 2006).

This is coincident with the fact that irrigated grid cells
exhibit strong decreases in surface convergence and increases in CIN, which inhibits convection during the day
but otherwise does not play a role at night. The greatest
increases in precipitation over nonirrigated grid cells occur
in the afternoon hours (Fig. 7a) when convection tends to
be more surface based (Wilson and Roberts 2006), which is
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FIG. 5. (a) Average May–September simulated CAPE (J kg21) difference (IRRIG minus CTRL) for all years.
(b) As in (a), but for CIN (J kg21). (c) As in (a), but for PBL height (m). (d) As in (a), but for column precipitable
water (mm). Differences are shown only for grid cells found to be significant using a two-tailed, paired t test at the
95% confidence level.

coincident with strong increases in surface convergence
over nonirrigated grid cells. No individual months have
statistically significant changes in precipitation (not
shown). No individual grid cells have statistically significant changes in precipitation when considering the spatial
pattern of precipitation changes from irrigation (Fig. 6c).

The effects of irrigation are amplified with increasing
irrigation fraction (Fig. 8). Stronger soil moisture enhancement with increasing irrigation fraction (Fig. 8a)
results in greater partitioning of net radiation into latent
heating for heavily irrigated grid cells (Fig. 8b), at the
expense of sensible heating (Fig. 8c). As a result, surface
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FIG. 6. (a) Area-weighted average of simulated precipitation (mm) difference (IRRIG minus CTRL) over the region of study (defined
in Fig. 1b) during June–August (JJA) and May–September for drought, normal, pluvial, and all years. Error bars denote 95% confidence
interval. (b) Average May–September CTRL simulated precipitation (mm) for all years. (c) Average May–September IRRIG minus
CTRL simulated precipitation (mm) for all years. No differences in (c) were found to be statistically significant using a two-tailed, paired
t test at the 95% confidence level.

cooling (Fig. 8d) and surface moisture enhancement
(Fig. 8e) intensify as irrigation becomes more concentrated. Greater increases in 2-m mixing ratio with increasing irrigation fraction drive larger CAPE increases
for heavily irrigated grid cells (Fig. 8f). However,
stronger surface cooling with increasing irrigation fraction results in greater CIN increases (Fig. 8g), stronger
decreases in convergence (Fig. 8i), and stronger subsidence (not shown) with increasing irrigation intensity.
Greater latent heating with increasing irrigation intensity contributes to the enhancement of column precipitable water with increasing irrigation fraction until
about 25% irrigation fraction, but decreases in column
precipitable water occurs at higher irrigation concentrations (Fig. 8j). Enhanced low-level divergence from
strong irrigation-induced cooling increases the subsidence of dry air aloft as evidenced by 850-hPa vertical
velocity changes of 20.14 cm s21 over irrigated grid
cells compared with 10.007 cm s21 over nonirrigated
grid cells. Slight increases in precipitation occur with
increasing irrigation fraction, but these increases are not
statistically significant because of the small number of
heavily irrigated grid cells (Fig. 8k).

c. Comparison of precipitation regimes
Because drought years have the lowest antecedent soil
moisture, the largest soil moisture, latent heating, and
sensible heating changes occur during drought years
over irrigated grid cells and overall (Table 3). Greater
latent heating during drought years drives the greatest
2-m mixing ratio increase for irrigated grid cells (Table 3).

Similarly, the strong decrease in sensible heating is coincident with the largest 2-m temperature decreases
(Table 3). The fact that dewpoints increase the most
during drought years means that CAPE increases are
also the largest during drought years (Table 3). However, precipitable water increases are the lowest for
drought years because of strong subsidence of dry air
over irrigated areas, with an average 850-hPa vertical
velocity of 20.14 cm s21 for irrigation simulations during drought years, compared with just 20.04 cm s21 for
all years. Greater temperature decreases during drought
years lead to the greatest increases in CIN (Table 3).
Because of strong CIN increases and the small increase
in precipitable water, the smallest increase in precipitation occurs over the region of study during drought
years [2.85 mm (0.63%)] when considering all precipitation regimes. Meager precipitation increases during drought years are coincident with the greatest
increase in ET (23.84 mm), meaning that irrigation results in the largest loss of water (20.99 mm) during
drought years over the region of study. Similarly, large
increases in CIN and relatively small increases in precipitable water over irrigated grid cells result in a precipitation decrease of 1.26 mm (20.31%) over irrigated
grid cells during drought years, in contrast with a large
increase of 14.87 mm (3.01%) and 9.97 mm (1.77%)
during normal and pluvial years, respectively. These
precipitation decreases are coincident with the largest
increase in ET (115.56 mm) over irrigated grid cells,
meaning that irrigation results in the largest loss of water
(116.82 mm) over irrigated grid cells during drought
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FIG. 7. Area-weighted average of May–September diurnal precipitation (mm; shown in central standard time) for
all simulated years (control, irrigated, and difference) over (a) grid cells with less than 10% irrigation and over
(b) grid cells with at least 10% irrigation over the region of study.

years. While a small precipitation decrease occurs over
irrigated grid cells during drought years, a slight increase
occurs over nonirrigated grid cells during drought years
because of an increase in convergence and smaller increases in CIN compared with irrigated grid cells (Table 3).
The impacts of irrigation are also the most amplified
with increasing irrigation fraction during drought years.
The strongest increase in latent (Fig. 8b) and sensible
heating (Fig. 8c) with increasing irrigation intensity occur during drought years, driving the greatest changes in
2-m temperature (Fig. 8d) and mixing ratio (Fig. 8e)
with increasing irrigation fraction. Greater increases in
mixing ratio for heavily irrigated grid cells during
drought years result in greater CAPE increases with
increasing irrigation fraction (Fig. 8f). However, strong
temperature decreases over heavily irrigated grid cells
lead to stronger CIN increases (Fig. 8g; not significant)
with increasing irrigation fraction. Total column precipitable water increases also sharply decline with increasing irrigation fraction (Fig. 8j) because of increased
subsidence of dry air over heavily irrigated grid cells
(not shown). Amplified CIN increases and smaller increases in precipitable water over heavily irrigated grid
cells result in a decrease in precipitation with increasing
irrigation intensity during drought years (Fig. 8k), despite strong CAPE increases.
While the effects of irrigation are amplified during
drought years, rather ambiguous effects occur during normal and pluvial years. The smallest changes in latent (Fig.
8b) and sensible heating (Fig. 8c) occur in heavily irrigated
grid cells during normal years, which results in the smallest
changes in 2-m temperature with increasing irrigation
fraction (Fig. 8d). Weakened surface cooling over heavily
irrigated grid cells limits the subsidence of dry air above

irrigated areas (850-hPa vertical velocity of 20.06 cm s21
over irrigated grid cells during irrigation simulations of
normal years compared with 20.14 cm s21 during drought
years), allowing for greater increases in precipitable water
over heavily irrigated grid cells (Fig. 8j). Despite the small
CAPE increase (Fig. 8f) and the large CIN increase (Fig.
8g) with increasing irrigation fraction, precipitation increases with increasing irrigation intensity during normal
years (Fig. 8k) because of precipitable water increases (Fig.
8j) and weak subsidence over heavily irrigated grid cells.
Precipitation increases by 5.94 mm (1.06%) overall and by
14.87 mm (3.01%) for irrigated grid cells during normal
years. Nonirrigated grid cells have smaller increases in
precipitation during normal years [4.31 mm (0.76%)] despite strong increases in surface convergence and precipitable water because of relatively smaller increases in
CAPE compared with other regimes (Table 3).
Pluvial years see the greatest precipitation increases
when considering the entire region of study [6.14 mm
(0.98%)] and nonirrigated grid cells [5.44 mm (0.85%)],
with increases over irrigated grid cells [9.97 mm
(1.77%)]. This is coincident with the smallest decrease
in convergence overall and the smallest percentage decrease in convergence for irrigated grid cells (Table 3).
CIN decreases during pluvial years on average over the
entire region of study, while over irrigated grid cells the
small increase in CIN is the smallest of the three precipitation regimes (Table 3).

d. Sensitivity simulations from time-decay irrigation
technique
Because the approach used to simulate intensive irrigation described in section 2b (ORIGINAL) used
approximately twice as much water used as USDA
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FIG. 8. Area-weighted average of IRRIG minus CTRL simulated (a) volumetric soil moisture content
(kg kg21), (b) latent heat flux (W m22), (c) sensible heat flux (W m22), (d) 2-m temperature (8C), (e) 2-m mixing
ratio (g kg21), (f) CAPE (J kg21), (g) CIN (J kg21), (h) PBL height (m), (i) 10-m convergence (105 s21), (j)
column precipitable water (mm), and (k) precipitation (mm) as a function of gridcell irrigation fraction. Drought,
normal, pluvial (flood), and all years are plotted as described in (a) along with levels of statistical significance.
Only grid cells within the region of study were considered.
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Precipitation change (mm)

Convergence (1029 s-1)

LFC (m)

PBL height (m)

CIN (J kg21)

Precipitable water
change (mm)
CAPE (J kg21)

2-m temperature (8C)
2-m mixing ratio (g kg21)

Net radiation (W m22)

Sensible heat flux (W m22)

Latent heat flux (W m22)

Irrigated area (km2)
Soil moisture (m3 m23)

Normal
6.39 3 104
0.0138
(5.53%)***
3.940
(3.84%)***
22.842
(27.00%)***
0.181
(0.11%)
20.023
0.196
(1.95%)***
0.159
(0.62%)
13.949
(5.71%)***
0.394
(1.32%)
220.333
(22.61%)***
2130.15
(21.66%)*
23.46 3 1029
(217.5%)
5.935
(1.06%)

Drought

6.39 3 104
0.0145
(6.40%)***
4.508
(4.60%)***
23.587
(27.68%)***
20.081
(20.04%)
20.247***
0.209
(1.95%)***
0.115
(0.42%)**
18.963
(5.85%)**
0.743
(2.14%)
226.579
(23.15%)***
2201.73
(22.91%)**
24.08 3 1029
(25.68%)
2.850
(0.63%)

Region of study
Pluvial
6.39 3 104
0.0130
(5.19%)***
4.431
(4.44%)**
23.276
(28.59%)**
0.223
(0.13%)
20.206**
0.168
(1.51%)***
0.136
(0.46%)
15.470
(3.90%)**
20.495
(21.22%)
223.687
(22.85%)**
2132.77
(22.17%)**
22.29 3 1029
(21.99%)
6.136
(0.98%)*

5.0 3 104
0.0623
(30.2%)***
22.291
(24.6%)***
216.115
(231.1%)***
1.171
(0.68%)
20.611***
0.569
(5.71%)***
0.177
(0.71%)***
50.971
(19.4%)**
3.147
(9.12%)
275.017
(28.37%)***
2446.03
(25.94%)**
28.16 3 1028
(2114%)***
21.258
(20.31%)

Drought
5.0 3 104
0.0580
(26.1%)***
19.695
(20.9%)***
212.948
(227.8%)***
2.452
(1.45%)***
20.326
0.528
(5.62%)
0.224
(0.94%)*
40.456
(18.8%)***
3.024
(9.44%)
261.835
(27.44%)***
2279.00
(23.53%)**
29.63 3 1028
(2188%)***
14.866
(3.01%)**

Normal
5.0 3 104
0.0560
(25.0%)***
20.250
(22.5%)**
214.562
(231.8%)***
1.118
(0.68%)
20.519***
0.462
(4.44%)***
0.156
(0.59%)***
43.870
(12.0%)**
0.104
(0.24%)
266.711
(27.55%)**
2275.43
(24.38%)***
28.81 3 1028
(245.5%)**
9.973
(1.77%)

Pluvial

10%1 irrigated grid cells in region of study
1.83 3 104
5.80 3 1023
(2.52%)***
1.278
(1.29%)**
21.312
(22.87%)***
20.308
(20.18%)
20.181***
0.143
(1.32%)***
0.104
(0.37%)**
13.150
(3.92%)*
0.306
(0.88%)
217.78
(22.13%)***
2157.367
(22.31%)**
1.00 3 1028
(13.9%)
3.596
(0.78%)

Drought

1.83 3 104
5.79 3 1023
(2.28%)***
1.079
(1.04%)***
21.007
(22.55%)***
20.231
(20.14%)*
0.032
0.136
(1.33%)***
0.148
(0.57%)
9.135
(3.66%)*
20.084
(20.28%)
212.796
(21.66%)***
2103.110
(21.32%)*
1.34 3 1028
(95.3%)
4.313
(0.76%)

Normal

1.83 3 104
5.24 3 1023
(2.04%)***
1.559
(1.53%)**
21.227
(23.34%)*
0.060
(0.04%)
20.150**
0.115
(1.02%)**
0.133
(0.45%)
10.312
(2.56%)
20.604
(21.50%)
215.874
(1.93%)**
2106.862
(21.75%)**
1.33 1028
(13.2%)
5.439
(0.85%)***

Pluvial

Grid cells with , 10% irrigation within RoS

TABLE 3. May–September area-weighted averages of differences between control and irrigated simulations for all, drought, normal, and pluvial years. Area-weighted averages were
calculated for the region of study, for grid cells with at least 10% irrigation within the region of study, and for grid cells with less than 10% irrigation within the region of study.
Significance values for paired t tests are as follows: * (p , 0.1), ** (p , 0.05), and *** (p , 0.01).
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FIG. 9. Area-weighted average of IRRIG minus CTRL simulated (a) volumetric soil moisture (kg kg21) within the region of study for
simulations of original irrigation method (ORIGINAL) and time-decay irrigation method (DECAY). (b) As in (a), but for latent heat flux
(W m22) with the inclusion of offline (OFF) simulations as described in section 4b. (c) As in (a), but for PBL height (m). (d) As in (a), but
for precipitation (mm).

estimates, sensitivity simulations with a time-decay
irrigation (DECAY) scheme were conducted to determine whether the overuse of water in this study
exaggerates the atmospheric response. WRF simulations using the ORIGINAL approach are referred to
as WRF-ORIG in this section and section 4b, while
WRF simulations using the DECAY scheme are referred to as WRF-DECAY. In WRF-DECAY simulations, the soil moisture in the irrigated portion of grid
cells was set at saturation whenever it dropped below 50%
of saturation. Results from WRF-DECAY simulations of
4 years (2 drought, 1 normal, and 1 pluvial) are compared
with the same 4 years simulated in WRF-ORIG simulations and described below.
Similar May–September precipitation differences occur
between irrigated and control simulations (4.71 mm for

WRF-DECAY compared to 4.95 mm for WRF-ORIG)
despite the fact that soil moisture changes in WRFDECAY simulations are only 41% as large as WRFORIG simulations (Fig. 9a). Overall changes in latent
heating are only 36% as large as WRF-ORIG simulations
(Fig. 9b), which contributes to dewpoint temperature
changes that are 39% as large. Although CAPE increases
are only 35% as large, WRF-DECAY simulations result
in slightly smaller increases in precipitation (Fig. 9d)
compared to WRF-ORIG simulations (1.02% compared
with 1.07%). Changes in latent heating and temperature
from WRF-ORIG simulations are similar to results from
previous observational and modeling studies as discussed
in section 4a, while changes in temperature and latent
heating from WRF-DECAY simulations are significantly
smaller. Simulated changes in latent heat flux and 2-m
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temperature in WRF-ORIG compare reasonably well
with Ameriflux observations in Nebraska (section 3a).
Based on these findings, the ORIGINAL approach is
determined to be an accurate representation of the atmospheric effect on irrigation in WRF despite overusing
water and being conceptually unrealistic. Because such
an extreme irrigation approach was required to achieve
accurate changes in surface fluxes, further work examining the atmospheric response to managed ecosystems
and irrigation in WRF will likely need a more realistic
and robust representation of agriculture and irrigation.

VOLUME 13

4. Discussion

a 1.24% June–August precipitation increase globally over
land reported by Sacks et al. (2009). DeAngelis et al.
(2010) observed a larger precipitation increase of approximately 1.7% over the Great Plains and Midwest
(regions 1–3 in DeAngelis et al. 2010) for May–September
due to irrigation, while Segal et al. (1998) simulated
a smaller 0.68% continentally averaged increase over the
United States using a low-resolution mesoscale model. In
general, precipitation changes in this study are similar to
previous studies despite the fact that temperature and
dewpoint temperature changes are generally smaller.
Although this approach overused water, the surface and
atmospheric responses are of a similar magnitude to
previous studies.

a. Comparison to previous studies

b. Comparison with offline simulations

Overall, simulated latent heating changes from irrigation compare reasonably well with previous studies despite
the overuse of water. June–August average simulated latent heating increases of 21 W m22 over irrigated grid
cells are similar to simulated increases of 20–30 W m22
over the Great Plains from Sacks et al. (2009). Simulated
latent heating increases averaged over Nebraska are only
6.53 W m22 (5.9%) for the period of 7–15 July 1997 (not
shown) compared with 27 W m22 (35%) over the same
period as Adegoke et al. (2003). August latent heating
increases of up to ;35 W m22 occur over heavily irrigated
grid cells in Nebraska (not shown), compared with up to
100 W m22 in offline simulations from Ozdogan et al.
(2010).
Temperature changes over heavily irrigated grid
cells are generally the same as previous studies, while
dewpoint changes are somewhat smaller. Mahmood
et al. (2006) observed a 48–58C growing-season dewpoint temperature difference between irrigated and
nonirrigated sites in Nebraska—well above the 1.58C
differences over similar heavily irrigated grid cells
found in this study. Adegoke et al. (2003) simulated
a 2.68C dewpoint temperature increase over Nebraska,
compared with a 0.538C increase for the same period in
this study. Simulated May–September 2-m temperature decreases of up to 0.98C occur for all simulated
years over the most heavily irrigated areas in the
model domain, compared with observed growingseason temperature decreases of ;18C for heavily
irrigated sites in Nebraska during the second half of
the twentieth century (Mahmood et al. 2006). June–
August simulated temperature decreases of up to 0.98C
over the most heavily irrigated grid cells in Nebraska are
smaller than the 28C temperature decrease reported by
Sacks et al. (2009).
Small but statistically significant precipitation increases
of 1.29% occur from June to August, compared with

Because of the large difference in latent heating
changes in this study with those from Ozdogan et al.
(2010), offline simulations of the Noah LSM were conducted to assess the validity of using offline simulations
to simulate the impacts of irrigation on the energy and
water budgets. Offline simulations were conducted using
the High-Resolution Land Data Assimilation System
(HRLDAS) for all identified years (Chen et al. 2004).
Separate offline irrigation simulations were run using
the irrigation technique described in section 2b
(ORIGINAL) and the time-decay irrigation technique
described in section 3d (DECAY).
Offline simulations of the Noah LSM using the
ORIGINAL technique (hereafter referred to as OFFORIG) show a greater overestimation of latent heating
from irrigation compared with Ozdogan et al. (2010).
Over the region of study, average May–September latent heating changes from OFF-ORIG simulations of
four individual years (the same years simulated in WRFDECAY simulations) are 388% larger than WRFORIG simulations (Fig. 9b). OFF-ORIG simulations
result in May–September latent heat flux changes of up
to 280 W m22 for heavily irrigated grid cells averaged
over all simulated years (Fig. 10b), compared with up to
47 W m22 from WRF-ORIG simulations (Fig. 4a). Latent
heating increases by up to 95 W m22 in OFF-DECAY
simulations (Fig. 10a), which is significantly smaller than
OFF-ORIG simulations (Fig. 10b). However, average
latent heating changes from the OFF-DECAY simulations are still 29.7% larger than values from WRF-ORIG
simulations (Fig. 9b). These results show that overestimation of the latent heating change in offline simulations occurs because the atmosphere cannot respond to
a greater flux of moisture from the surface with irrigation.
This results in an unrealistically large water vapor gradient that drives exaggerated latent heat flux values over
irrigated fields.
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FIG. 10. Average May–September IRRIG minus CTRL simulated latent heat flux (W m22) for all simulated years
using offline (OFF) simulations that employed (a) the DECAY irrigation technique from section 3d (OFF-DECAY)
and (b) the ORIGINAL irrigation technique from section 2b (OFF-ORIG).

c. Overall impact of irrigation on Great Plains
precipitation
Simulation of irrigation alters the energy budget and
surface temperature and moisture over the Great Plains
by partitioning net radiation into additional latent
heating at the expense of sensible heating. These
changes have opposing effects on the development of
precipitation and the forcing of convection. When considering how irrigation affects the development of convection, changes in CAPE, CIN, and precipitable water
play a leading role. CAPE and precipitable water increases lead to more precipitation over the study area and
over irrigated grid cells for the average of all simulated
years despite increases in CIN. Because precipitation
increases occur for both irrigated and nonirrigated grid
cells, the enhancement of convection from increased lowlevel moisture with irrigation overwhelms the suppression of convection from irrigation-induced cooling over
the Great Plains. While irrigation results in precipitation
increases, ET increases are much larger, resulting in a net
loss of water over the Great Plains. Despite larger increases in CIN over irrigated grid cells, precipitation increases are greater over irrigated areas compared with
the region of study and nonirrigated grid cells because of
stronger CAPE and precipitable water increases, which is
similar to results as reported by Sacks et al. (2009). Increases in surface divergence over irrigated areas suppress convection in the late afternoon and early evening

(Fig. 7b) when convection is more surface based. Conversely, large nocturnal precipitation increases occur
when convection is elevated above the nocturnal
boundary layer (Wilson and Roberts 2006). During these
times, the elevated convection, which is decoupled from
the surface, is not influenced by surface cooling and divergence. Therefore, nocturnal convective precipitation
increases only as a result of additional precipitable water
and low-level moisture. In contrast, nonirrigated grid
cells see increases in precipitation because of large increases in surface convergence during the late afternoon
hours when convection is frequently surface based
(Wilson and Roberts 2006). However, overall increases in
convective precipitation are not as large over nonirrigated grid cells because of less CAPE and precipitable
water. The fact that greater increases in precipitation
occur over irrigated grid cells during periods when convection is elevated suggests that irrigation has a greater
impact on elevated convection that forms above the
nocturnal boundary layer.
Irrigation becomes more influential with increasing
irrigation fraction. As the gridcell irrigation fraction
increases, greater changes to latent and sensible heating
result in stronger temperature and mixing ratio changes.
Despite the 2-m mixing ratio increase with increasing
irrigation intensity, total column precipitable water decreases with increasing irrigation fraction for heavily
irrigated grid cells. This occurs because increased subsidence above irrigated areas results in drier air aloft,
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reducing the column-integrated precipitable water.
Regardless, large 2-m mixing ratio increases over
heavily irrigated grid cells drive large increases in CAPE
with increasing irrigation intensity. Similarly, stronger
irrigation-induced cooling with increasing irrigation
fraction results in greater CIN increases over heavily
irrigated grid cells. The enhanced CIN increases with
increasing irrigation fraction are more than offset by
strong CAPE increases. As a result, a slight precipitation increase (not significant) occurs on average
for all simulated years as irrigation intensity increases.
Factors that affect the suppression and enhancement
of convection from irrigation are not constant when
considering variations in antecedent soil moisture.
Irrigation has a stronger impact on the surface energy
and moisture budgets during periods with low antecedent soil moisture. Greater water vapor deficits over
irrigated fields during drought years result in larger
latent heating increases over irrigated areas. As a result, greater irrigation-induced cooling and enhancement of surface moisture occurs during drought years.
While CAPE increases are the largest during drought
years, precipitation decreases over irrigated grid cells
because of large CIN increases and strong subsidence.
Similarly, precipitation decreases with increasing irrigation intensity during drought years because of
strong CIN increases, precipitable water declines, and
large increases in subsidence with increasing irrigation
fraction.
The fact that precipitation decreases over irrigated
grid cells during drought years suggests that the level of
antecedent soil moisture is a control for whether irrigation results in suppression or enhancement of convection. For periods when the antecedent soil moisture
is extremely low, irrigation suppresses convection over
irrigated areas. During these times, CIN increases and
subsidence from irrigation-induced cooling overwhelm
the enhancement of CAPE and precipitable water from
increases in surface moisture. By contrast, irrigation
contributes to stronger convection over irrigated areas
when antecedent soil moisture is reasonably high because
the enhancement in CAPE overwhelms the weaker CIN
increases. This is supported by the fact that precipitation
increases occur over irrigated grid cells in the region of
study for normal and pluvial years, but not for drought
years. Because irrigation has opposing effects on precipitation over irrigated areas at low and high antecedent
soil moisture levels, an antecedent soil moisture threshold likely exists where the opposing effects of irrigation
cancel one another. During periods when the antecedent
soil moisture is below the threshold, irrigation suppresses
the development of convective precipitation over irrigated areas. For years when antecedent soil moisture is
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above the threshold, irrigation enhances convective precipitation over irrigated areas.

5. Conclusions
Irrigation has expanded over the Great Plains since
World War II, threatening the sustainability of regional
groundwater supplies. Because of large groundwater
withdrawals from irrigation, declines in the water table
have increased costs for agricultural and municipal water use (McGuire et al. 2003). In this paper, irrigation has
been shown to impact the water cycle over the Great
Plains by enhancing evapotranspiration and precipitation. Increases in evapotranspiration were found
to be much larger than increases in precipitation, confirming that irrigation enhances the net loss of water
over the Great Plains. Irrigation was shown to have the
greatest impact on convection elevated above the nocturnal boundary layer, resulting in greater increases in
precipitation over irrigated grid cells.
The effects of irrigation have also been shown to depend on the level of antecedent soil moisture. During
periods with high antecedent soil moisture, irrigation
enhanced precipitation (especially over irrigated cells),
whereas when antecedent soil moisture was low, precipitation over irrigated cells was suppressed. Therefore,
an antecedent soil moisture threshold likely separates
conditions where irrigation results in either the enhancement or the suppression of convective precipitation.
Knowledge of possible conditions when irrigation
suppresses precipitation could be critical for effectively
managing regional groundwater supplies. Years with low
antecedent soil moisture require the largest volume of
water for irrigation while at the same time experiencing
decreases in precipitation over irrigated areas. For these
reasons, irrigation potentially has the most negative impact on groundwater supplies during drought years. The
combination of high drought sensitivity and future projections of increased drought likelihood with climate
change over the Great Plains (Gregory et al. 1997;
Solomon et al. 2007; Kumar 2007; Manabe et al. 2004;
Rind et al. 1990; Wang 2005; Wetherald and Manabe
1995, 1999) suggest that irrigation might further stress
groundwater supplies in the region.
In a region where drought severity, frequency, and
persistence are expected to increase with climate
change, it is important that we understand the impact
that irrigation has on the water cycle so that we can effectively manage water resources. Part II of this paper
(Harding and Snyder 2012) examines where water that is
added to irrigated fields eventually falls as precipitation,
allowing for additional understanding of the impact
that irrigation has on the water budget. Improved
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understanding will be useful for assisting those who
will be tasked with developing water management
and conservation plans for the Great Plains, helping
to reverse recent depletion of groundwater supplies,
and ensuring a more economically viable supply of
groundwater in one of the world’s most important
agricultural regions.
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