
LLNL-JRNL-793010

Irrigation Impact on Water and Energy
Cycle During Dry Years over the United
States using Convection-permitting WRF
and a Dynamical Recycling Model

Z. Yang, Y. Qian, Y. Liu, L. K. Berg, H. Hu, F.
Dominguez, B. Yang, Z. Feng, W. I. Gustafson, M.
Huang, Q. Tang

October 8, 2019

Journal of Geophysical Research: Atmospheres



Disclaimer 
 

This document was prepared as an account of work sponsored by an agency of the United States 
government. Neither the United States government nor Lawrence Livermore National Security, LLC, 
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein 
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States government or Lawrence Livermore National Security, LLC. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United States government or 
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product 
endorsement purposes. 
 



Confidential manuscript submitted to the Journal of Geophysical Research: Atmospheres 

1 

Irrigation Impact on Water and Energy Cycle During Dry Years 1 
over the United States using Convection-permitting WRF and a 2 

Dynamical Recycling Model 3 
4 

Zhao Yang1*, Yun Qian1*, Ying Liu1, Larry K. Berg1, Huancui Hu1, Francina Dominguez2, Ben 5 
Yang3, Zhe Feng1, William I. Gustafson Jr.1, Maoyi Huang1 and Qi Tang4 6 

1. Pacific Northwest National Laboratory7 

2. Department of Atmospheric Sciences, University of Illinois, Urbana-Champaign8 

3. School of Atmospheric Sciences, Nanjing University, China9 

4. Lawrence Livermore National Laboratory10 

*Corresponding authors:11 

Zhao Yang zhao.yang@pnnl.gov 12 

Yun Qian yun.qian@pnnl.gov 13 

Key Points: 14 

• Irrigation increases evapotranspiration and the associated latent heat flux, cools surface15 
air temperature and reduces sensible heat flux.16 

• Irrigation leads to enhanced moisture flux divergence over the irrigated regions.17 
• Irrigation intensifies the hydrologic cycle, highlighted by increased precipitation,18 

evapotranspiration, and recycling ratio.19 

LLNL-JRNL-793010



Confidential manuscript submitted to the Journal of Geophysical Research: Atmospheres 

 2 

Abstract 20 

An irrigation scheme is implemented in the Weather Research and Forecasting (WRF) model to 21 
investigate irrigation impacts over the Continental US (CONUS). Four major irrigated regions and 22 
two downwind regions were chosen to understand irrigation impacts over different climate regimes 23 
with a focus on irrigation-induced changes on the water and energy cycles. The Dynamic 24 
Recycling Model (DRM) is employed to quantify precipitation induced by irrigation and the 25 
precipitation recycling ratios over each irrigated region. With the irrigation scheme, WRF 26 
improves the simulated precipitation, surface skin temperature, and energy fluxes compared to 27 
reference datasets. For the energy cycle, irrigation increases latent heat flux over the irrigated 28 
regions along with reduced sensible heat flux. The evaporative cooling effect induced by irrigation 29 
leads to a cooler surface and less outgoing longwave radiation at the surface. Irrigation also 30 
intensifies the hydrological cycle over the irrigated regions, reflected by the increased 31 
precipitation, evapotranspiration, recycling ratio, and moisture export. Downwind regions exhibit 32 
increased precipitation and evaporation, decreased moisture flux divergence, and less consistent 33 
variations in recycling ratio. The precipitation increases over the irrigated regions can be partly 34 
explained by the more unstable low-level conditions, while reduced net moisture export is 35 
coincident with the precipitation increases over the downwind regions. 36 
  37 
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 1 Introduction 38 

Irrigation, by adding extra water into the soil, can modify energy partitioning between 39 
sensible and latent heat flux and consequently leads to a cooling effect on daytime temperature, 40 
which has been shown by both observational and modeling studies (e.g. Adegoke et al. 2003; 41 
Mahmood et al. 2006; Sacks et al. 2009).  Numerous studies have demonstrated irrigation cooling 42 
effect on daytime temperature from regional to global scales (Ozdogan et al. 2010; Qian et al. 43 
2013; Huang and Ullrich 2016; Yang et al. 2016; Yang et al. 2017; Sacks et al. 2008). However, 44 
irrigation effects on nighttime temperature still remains unclear and contrasting results have been 45 
reported (e.g., Bonfils and Lobell 2007; Kanamaru and Kanamitsu 2008).  46 

Irrigation’s effect on precipitation is more uncertain and complex, partly due to a number 47 
of positive and negative feedbacks occurring at the land and atmosphere interface. From the local 48 
perspective, irrigation cools the surface temperature and increases the surface moisture, which 49 
have opposing effects on the development of convective precipitation over the irrigated areas. 50 
Increasing low level moisture from irrigation leads to more convective available potential energy 51 
(CAPE), which is conducive to producing more convective precipitation (Crook 1996; Pielke 52 
2001; Yang et al. 2017). In contrast, cooler surface temperature increases convective inhibition 53 
(CIN; Bluestein 1993), which makes it more difficult to initiate convection (Crook 1996; Boucher 54 
et al. 2004; Sacks et al. 2009; DeAngelis et al. 2010). From the non-local perspective, irrigation 55 
can influence regional precipitation by transporting water vapor downwind (Yang et al. 2017; Lo 56 
and Famiglietti 2013; DeAngelis et al. 2010) and through irrigation-induced secondary 57 
atmospheric circulations (Kanamitsu and Mo 2003; Yang et al. 2017). Irrigation can also lead to 58 
changes in soil moisture memory, which could induce seasonal precipitation changes (Koster and 59 
Suarez 2001; Rene and Seneviratne 2012). When combined, all of these factors results in a 60 
complex response of regional precipitation to irrigation. 61 

Previous studies investigating irrigation impact have either focused on an intensely 62 
irrigated region, such as the California Central Valley, the Great Plains in the United States, or the 63 
Niger River in the West Africa, using regional climate models (RCM; e.g., DeAngelis et al. 2010; 64 
Qian et al. 2013; Marcella and Eltahir, 2013; Huber et al. 2014; Yang et al. 2016; Huang and 65 
Ullrich, 2016; Yang et al. 2017, among others) or global scale irrigation with global climate models 66 
(GCM; e.g., Boucher et al. 2004; Sacks et al. 2008; Puma and Cook 2010), while research on the 67 
impact of irrigation on the continental scale is still lacking (e.g., Ozdogan et al. 2010; Saeed et al. 68 
2013; Pei et al. 2016). In addition, large uncertainties associated with convective parameterizations 69 
lead to large uncertainties in the location, intensity and amount of convective precipitation (e.g., 70 
Yang et al. 2012; Hohenegger et al. 2009), which subsequently influence the soil moisture and 71 
land atmosphere interactions (e.g., Hohenegger et al. 2009; Taylor et al. 2013). This study intends 72 
to bridge the gap between the regional and global scale irrigation studies by quantifying the 73 
irrigation impact on the continental scale with convection-permitting resolution for better 74 
simulation of precipitation processes. The objectives of this study are two-fold:  75 

a) Understanding irrigation impact on the surface and atmospheric water and energy budgets. 76 
The water and energy analyses are performed to understand the irrigation impact on the water 77 
and energy budgets across different climate regimes. These analyses serve as a basis for 78 
understanding the irrigation impact on precipitation over and downwind of the irrigated 79 
regions. Due to the large variability of climatology over the US, four major irrigated regions, 80 
including the California Central Valley (CCV), Columbia River Basin (CRB), the Great Plains 81 
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(GPs) and the Mississippi River Valley (MRV), as well as two major downwind regions, i.e., 82 
the Midwest (MW) and the Southeast (SE) are chosen to perform the analysis (see Figure 1).  83 

b) Understanding irrigation impact on precipitation from the irrigated regions. A back-trajectory 84 
technique (i.e., Dynamic Recycling Model: DRM) based on Dominguez et al. 2006 is 85 
employed to understand where evapotranspiration from the irrigated regions falls as 86 
precipitation over the domain. Earlier attempts by DeAngelis et al. (2010) and Harding and 87 
Snyder (2012) have employed the same model to investigate the irrigation impact of the Great 88 
Plains. To the best of the authors’ knowledge, no previous studies have demonstrated the 89 
irrigation impact on the continental scale using the DRM.   90 

This paper is organized as follows, Section 2 introduces the methodology, including a brief 91 
description of the irrigation scheme and the DRM model. Section 3 presents the validation of the 92 
model performance and results. Section 4 presents the conclusion and discussion. 93 

2 Methodology 94 

2.1 Model setup  95 

To evaluate the impact of irrigation on the surface and atmospheric water budget, radiation 96 
budget, and moisture flux over the CONUS, two simulations were performed using the Advanced 97 
implementation of the Weather Research and Forecast Model (WRF) version 3.8.1 (Skamarock et 98 
al. 2008): one with the irrigation scheme (hereafter, IRRG; described in section 2.3) and one 99 
without the irrigation scheme (hereafter, CNTL). The model domain encompasses the entire 100 
CONUS with its spatial extent shown in Figure 1. To better resolve convective processes, we use 101 
4 km horizontal grid spacing with convective parameterization turned off. There are 64 vertical 102 
levels with top of the atmosphere pressure at 50 hPa. Physical parameterizations used in the model 103 
include: Thompson microphysics (Thompson et al. 2008), RRTMG radiation (Iacono et al. 2008), 104 
MYNN planetary boundary layer physics (Nakanishi and Niino, 2006) and Noah land surface 105 
model (LSM; Chen et al. 1996). Wind, temperature, water vapor, pressure, and underlying surface 106 
variables including soil moisture and surface temperature that are used to generate initial and 107 
boundary conditions are derived from the NCEP FNL (Final) Operational Global Analysis data 108 
that are provided on 1-degree grid resolution at every six hours (NCEP, 2000). Continuous 109 
simulations were performed to represent two separate years starting from March 15 through 110 
October 31 in 2011 and 2012, respectively. No nudging is employed to the simulations. 2011 ranks 111 
as the third driest year in terms of annual precipitation and 5th driest in terms of JJA precipitation 112 
from 1981 to 2014 over the Great Plains based on the PRISM precipitation (Daly et al. 2008). In 113 
2012, drought conditions were prevalent in many heavily irrigated regions, including the most 114 
severe drought in the Central Great Plains since 1895 (Hoerling et al. 2014). The reason for 115 
choosing two dry years is that irrigation is expected to have less impact on regional climate during 116 
wet years (Qian et al. 2013).  Two dry years were included to add robustness to the analysis while 117 
fitting with available computational resources.  118 

2.2 Reference Datasets 119 

a. Precipitation datasets 120 
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Four precipitation reference datasets are chosen to minimize the uncertainty that may result 121 
from the application of a single product. The precipitation reference datasets employed in this 122 
study include:  123 

i) Parameter-elevation Relationships on Independent Slopes Model (PRISM)  124 

PRISM precipitation data is the official spatial climate dataset of the U.S. Department of 125 
Agriculture. It is available at 4 km resolution at daily time scale. PRISM calculates a 126 
climate-elevation regression for each digital elevation model grid cell and considers 127 
different factors of the terrain that may influence the precipitation, including location, 128 
elevation, coastal proximity, topographic facet orientation, vertical atmospheric layer, 129 
topographic position, and orographic effectiveness of the terrain (Daly et al. 2008). Data is 130 
available online at http://prism.oregonstate.edu/. 131 

ii) NCEP Stage IV precipitation 132 

The Stage IV precipitation product is a near-real-time product that is based on the 133 
NEXRAD precipitation processing system (Fulton et al. 1998) and the NWS River Forecast 134 
Center precipitation (RFC) processing (Seo and Breidenbach 2002). Stage IV data are 135 
mosaicked data from the 12 RFCs. Precipitation data from each RFC is sent to NCEP, 136 
which compiles the mosaic and provides the gridded precipitation estimates at 4 km with 137 
1-hourly and 6-hourly intervals (Nelson et al. 2016). Nelson et al. (2016) evaluated the 138 
Stage IV precipitation estimates and showed their usefulness, in particular for medium to 139 
heavy precipitation, although the Stage IV suffers discontinuity problems due to data 140 
merging and different processing algorithms used at different RFCs. Data is available at 141 
http://www.emc.ncep.noaa.gov/mmb/ylin/pcpanl/stage4/. 142 

iii) NSSL Multi-Radar/Multi-Sensor (MRMS) 143 

The MRMS system was initially developed at the National Severe Storms Laboratory 144 
(NSSL) and the University of Oklahoma (Zhang et al. 2016). It integrates input from about 145 
180 operational radars into a radar base map with very high spatial (1 km) and temporal (2 146 
min) resolution. Then the radar base map is integrated with atmospheric environmental 147 
data along with other observation data, including satellite data, lightning and rain gauge 148 
observations to provide quantitative precipitation estimation products. The MRMS 149 
precipitation data used in this study employs a rain gauge bias correction to the radar 150 
precipitation estimates at 1 km spatial and hourly temporal resolution. Data is available at: 151 
https://www.nssl.noaa.gov/projects/mrms/.  152 

iv) TRMM 153 

The Tropical Rainfall Measuring Mission (TRMM) is a joint mission between NASA and 154 
the Japan Aerospace Exploration Agency (JAXA) designed to monitor and study tropical 155 
rainfall (Huffman et al. 2007). The 3B42 algorithm produces rain gauge adjusted multi-156 
satellite precipitation rate and root-mean-square precipitation-error estimates. TRMM 157 
3B42 dataset provides 3-hourly precipitation datasets with 0.25° spatial resolution 158 
spanning 50°S to 50°N from March 2000. Data is available at https://pmm.nasa.gov/data-159 
access/downloads/trmm. 160 

b. Surface meteorology and flux measurements  161 

Observational sites over the Southern Great Plains that measure surface variables including 162 
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precipitation, air temperature and surface energy fluxes are shown in Figure 1. These networks 163 
include: Department of Energy Atmospheric Research Measurement (ARM) User Facility Surface 164 
Meteorology Systems (MET), The Oklahoma Mesonet stations (OKM, number of stations: 127), 165 
and Kansas Mesonet (KAM, number of stations: 13). These networks use conventional in situ 166 
sensors to obtain surface meteorological variables such as surface wind speed, wind direction, air 167 
temperature, relative humidity, barometric pressure, and precipitation. 168 

 Surface energy fluxes are available at the ARM sites. The ARM network measures surface 169 
latent (LH) and sensible heat fluxes (SH) at the eddy correlation (ECOR) and energy balance 170 
Bowen ratio (EBBR) stations (http://www.arm.gov/instruments/ecor; http://www.arm.gov 171 
/instruments/ebbr). The EBBR calculates bulk aerodynamic LH and SH for periods when the 172 
Bowen ratio is between -1.6 and -0.45 (to reduce uncertainties near sunset and sunrise). ARM has 173 
enhanced the ECOR systems through series of quality control procedures, and this study employs 174 
the best estimate of the ARM station-based surface datasets (Tang and Xie 2015, Tang et al. 2018). 175 

2.3 Irrigation scheme 176 

The irrigation scheme is added to the Noah LSM to account for the anthropogenic water 177 
source. It is implemented in a similar way as the irrigation scheme used in Qian et al. 2013. The 178 
Noah LSM has four layers with depth of 0.1, 0.3, 0.6 and 1.0 m, extending from the surface to 2 m 179 
under ground. The Noah LSM has a free drainage at the bottom layer without accounting for the 180 
exchange of water flux between the free water table and soil column (Martinez et al. 2016). 181 
Irrigation is applied only to grassland and cropland, based on the Moderate Resolution Imaging 182 
Spectroradiometer (MODIS) 20-category land use and land cover dataset.   183 

The key questions that an irrigation scheme need to address are: a) where to irrigate, b) 184 
when to irrigate and c) how much to irrigate.  185 

a) Where to irrigate 186 

An irrigation fraction map is used to indicate where irrigation might occur. In this study it 187 
is obtained from the Food and Agriculture Organization of the United Nations (Siebert et al. 2013). 188 
Irrigation is only applied to grid cells identified as grassland or cropland with irrigation fraction 189 
greater than 0.  190 

b) When to irrigate 191 

Irrigation is triggered during the growing season which is defined based on a threshold 192 
using greenness vegetation fraction (GVF), see (1) below.  193 

 ,  (1) 194 

where GVFmax and GVFmin represent the climatological annual maximum and minimum GVF, 195 
respectively. During growing season, irrigation is activated when moisture availability (MA, 196 
defined in (2)) is below a specified threshold.   197 

 ,  (2) 198 

where SM is the current soil moisture, SMWP and SMFC denote the soil field capacity and wilting 199 
point, respectively.  200 

GVFthresh = GVFmin + 0.4× (GVFmax −GVFmin )

MA=
SM −SMWP

SMFC −SMWP
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c) How much to irrigate 201 

Once irrigation is triggered, the amount of water applied is the difference between the 202 
current soil moisture content and field capacity of the root zone. Irrigated water will be added as 203 
precipitation evenly from 6 a.m. to 10 a.m. local time to mimic typical overhead sprinkler 204 
operation. More details for the irrigation scheme can be found in Qian et al. (2013) or Ozdogan et 205 
al. (2010).  206 

The amount of water irrigated over grid boxes with irrigation fraction greater than 0.1 is 207 
shown in Figure 2. A clear seasonal pattern is shown with intense irrigation during the JJA growing 208 
season. The most intense irrigation occurs in July and then gradually diminishes until the end of 209 
the simulation. According to Sorooshian et al. (2011) and Hanson et al. (1999), the long-term 210 
average amount of irrigation applied over the CCV is around 350 mm year-1. Here, our simulation 211 
tends to overestimate irrigation amount with 486 (539) mm year-1 for 2011 (2012) over the same 212 
region. Since both 2011 and 2012 are drought years (Wei et al. 2016), overestimating the average 213 
irrigation is expected. The objective of this study is to investigate the impact induced by 214 
incorporating irrigation into the model. Bearing that in mind, caution should be warranted when 215 
interpreting the results and extrapolating beyond the simulated years.  216 

2.4 Surface and atmospheric moisture budget analysis 217 

To evaluate changes induced by irrigation on the surface, each component in the surface 218 
water budget is represented in equation (3) (all in mm/day):  219 

   (3) 220 

where dSM is the change in soil moisture content, P is precipitation, ET is evapotranspiration, 221 
udroff and sfroff are runoff generated under the ground and on the surface, and IRR is the irrigation 222 
amount, if any. Irrigation induced changes in each component in (3) are presented for the four 223 
irrigated and two downwind regions shown in Figure 1, to show the distinct impact of irrigation at 224 
different climate regimes across the US.  225 

Changes in atmospheric moisture content is determined through local evapotranspiration 226 
and moisture flux convergence, which are connected to soil moisture via boundary layer processes 227 
and atmospheric circulations (Kanamitsu and Mo 2003). In other words, regional precipitation on 228 
a seasonal timescale is roughly a balance between local change in atmospheric moisture storage, 229 
local evaporation, and remote moisture transport (Brubaker et al. 1993). It can be formulated as: 230 
    231 

   (4)                                                                 232 

where is the change in atmospheric moisture storage,  is evaporation,  233 

is precipitation, is specific humidity,  is the horizontal wind, Pt is the pressure at the top of the 234 

atmosphere, Ps is the surface pressure,  is the moisture flux divergence (MFD) 235 

which represents the net moisture transported into and out of an atmospheric column. MFD is 236 

dSM = P − ET − udroff − sfroff + IRR

1
g
∂
∂t

q dp = ET − P −
Pt

Ps

∫
1
g
∇⋅ V ⋅qdp

Pt

Ps

∫

dPW = 1
g
∂
∂t

q dp
Pt

Ps

∫ ET P

q V
1
g
∇⋅ V ⋅qdp

Pt

Ps

∫
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further decomposed into horizontal moisture advection (HA) and horizontal velocity divergence 237 
(HD) following (5),  238 

   (5) 239 

where HA and HD are the first and second terms on the right side of equation (5), respectively. 240 
Similar to the surface water budget, for each term only changes induced by irrigation are shown to 241 
indicate the irrigation impact (all in mm/day).  242 

2.5 Moisture tracking using the DRM 243 

To separate the influence of irrigation over the irrigated regions delineated in Figure 1, we 244 
perform a detailed investigation of the evaporative source of precipitation using the DRM 245 
(Dominguez et al. 2006; Martinez and Dominguez, 2014). The DRM is a 2D analytical model that 246 
accounts for moisture storage and assumes a well-mixed atmosphere. Compared to other simpler 247 
analytical models that do not include the moisture storage term (Brubaker et al. 1993; Eltahir and 248 
Bras, 1996), the DRM can be used at daily time scales (Dominguez et al. 2006). The well-mixed 249 
assumption implies that the ratio of local recycled precipitation is equal to the ratio of local 250 
evapotranspiration to total precipitable water in the atmospheric column. Combining the mass 251 
conservation for both advected and local moisture, the fraction of atmospheric moisture collected 252 
by an air column along its trajectory is formulated as follows after introducing a Lagrangian 253 
coordinate system with , , and .  254 

   (6) 255 

where  is the evapotranspiration,  is the precipitable water along the two-256 
dimensional trajectory . Martinez and Dominguez (2014) extended the DRM to quantify the 257 
relative contributions from different sources to the atmospheric moisture over a given sink region. 258 
In this study, the extended DRM is used to determine the distribution of irrigation-induced 259 
precipitation from each of the irrigated regions. There are two options to evaluate the irrigation-260 
induced precipitation, one is to define the source region as the irrigated grid cells only, and the 261 
other is to define the source region as the irrigated cells along with their surrounding non-irrigated 262 
grid cells. We argue that because this back-trajectory technique links precipitation over one grid 263 
cell to ET in the upstream grid cells and irrigation changes ET both in the irrigated grid cells and 264 
their nearby non-irrigated grid cells, that it would be more informative to include both cell types 265 
when evaluating the irrigation induced precipitation.  266 

The DRM is run for both the CNTL and IRRG simulations to obtain the fraction of 267 
precipitation from a given source region. The amount of precipitation from the source region ET 268 
is then multiplied by the fraction with total precipitation to yield a weighted contribution. Finally, 269 
the irrigation-induced precipitation is calculated as the difference between the CNTL and the IRRG 270 
simulation.  271 

3 Results: 272 

3.1 Model evaluation of precipitation, surface fluxes and surface skin temperature 273 

MFD = 1
g

V
Pt

Ps

∫ ⋅∇qdp + 1
g

q
Pt

Ps

∫ ⋅∇Vdp

χ = x − ut ξ = y − vt τ = t

R(χ ,ξ ,τ ) = 1− exp[− ε(χ ,ξ ,τ )
ω (χ ,ξ ,τ )

∂τ '
0

τ

∫ ]

ε(χ ,ξ ,τ ) ω (χ ,ξ ,τ )
(χ ,ξ )
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To estimate the impact of irrigation on regional climate, it is imperative that the WRF 274 
model is able to realistically represent the surface variables such as precipitation, surface energy 275 
fluxes, and surface temperature. Here precipitation is evaluated against four reference datasets to 276 
minimize the uncertainties that may be associated with a single product. The comparison is 277 
performed for 2012 (conclusion remains the same for 2011 and not shown). An overall west-east 278 
gradient in precipitation is observed from the precipitation spatial pattern with wetter conditions 279 
towards the east (Figure 3). Daily precipitation with more than 3 mm day-1 occurred over the 280 
southeast coast of the US while dry conditions are shown in the Southwest with almost no 281 
precipitation occurred over California. Different reference datasets are in good agreement both in 282 
terms of spatial pattern and magnitude. Slight differences do exist, for example, TRMM shows 283 
larger precipitation over the central Great Plains and Midwest than other reference datasets. 284 
Compared to the references, the CNTL simulation clearly underestimates precipitation over the 285 
central and Southeast US, including the Great Plains and southeast coastal areas. Adding irrigation 286 
reduces the bias in the CNTL simulation, indicated by the reduction in absolute bias in Figure 3i, 287 
leading to more consistent spatial pattern with the four reference datasets. Heavy precipitation 288 
associated with mesoscale convective systems is also largely improved in the IRRG simulation 289 
both in terms of location and timing (not shown).   290 

To further assess the capability of the irrigation scheme, surface variables extracted from 291 
the SGP observation sites shown in Figure 1 are compared against the simulated variables over 292 
grid boxes where observations are available (see Figure 4). The warm and dry biases in the CNTL 293 
simulation are both reduced by application of the irrigation scheme. Warm bias in temperature is 294 
reduced from 1.9 to 0.7 K while the dry bias is reduced from 24.0 to 19.4 mm month-1.  Simulated 295 
LH and SH also tends to be closer to the SGP observations in both years in the IRRG simulation. 296 
Biases in LH and SH are reduced from 18.7 and 22.0 W m-2 to 10.3 and 20.2 W m-2, respectively. 297 
Overall, irrigation reduces model bias in the simulated precipitation, surface temperature, and 298 
energy fluxes, indicating that it is important to include irrigation in modeling the land surface 299 
processes.  300 

3.2 Irrigation Effects on Surface Water and Energy Balance  301 

Since irrigation adds additional water to the land surface, it directly changes the surface 302 
energy budget and water balance. The response of surface variables to irrigation is shown in this 303 
section. The results of the IRRG run are compared with the CNTL run and the difference of the 304 
two simulations show the irrigation impact. We choose to focus on JJA because irrigation is most 305 
intense during these summer months (Figure 2).  306 

In general, for the two JJA seasons the amount of irrigated water is dependent on the 307 
geographic location and climate regimes. In comparison with precipitation, the amount of water 308 
irrigated is almost comparable or even more than the precipitation amount over the irrigated 309 
regions in CCV, CRB, GPs and MRV. This also speaks to the necessity to include an irrigation 310 
scheme in the climate models.  311 

Figure 5a and 5b show the JJA soil moisture (from the surface to a depth of 10 cm) change 312 
due to irrigation. Overall, the additional water input by irrigation increases soil moisture primarily 313 
over the irrigated regions. Outside the irrigated regions, the SE and MW generally show an 314 
increase in soil moisture as well, especially later in the summer (not shown), likely to be associated 315 
with changes in precipitation. Compared to precipitation, irrigation water and ET show more 316 
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localized changes over the irrigated area, whereas changes in precipitation are most obvious over 317 
the MW and east US in the downwind regions (Figure 5 c-h).  318 

Changes in soil moisture for different soil layers indicate that irrigation generally increases 319 
soil moisture in the top meter (not shown). This is related to how irrigation is prescribed. Since 320 
irrigation here is specified as sprinkler-type, which behaves in a similar way as precipitation (Qian 321 
et al. 2013). As a result, the majority of the added water evaporates to the atmosphere or becomes 322 
surface runoff before the water infiltrates deeper into the soil column.  323 

Figure 6 shows the changes in each component of the surface water budget (equation (1)) 324 
due to irrigation. An interesting feature is shown with transition from the west to the east. In the 325 
west, irrigation water shows the largest change in the budget and followed by evapotranspiration 326 
and, to a lesser extent, soil moisture storage. Further to the east in the downwind MW and SE, 327 
precipitation shows the largest increase, suggesting the non-local effect of irrigation on 328 
precipitation over non-irrigated regions. This also indicates that irrigation leads to more 329 
precipitation over the relatively wet eastern US, increasing the gradient of precipitation over the 330 
US by making the wet regions wetter.   331 

Due to the additional water input, more available energy is partitioned into latent heat flux 332 
and less energy is available for the sensible heat flux (Figure 7). The evaporative cooling effect 333 
cools the surface skin temperature and reduces outgoing longwave radiation. The strongest 334 
irrigation impact is located over the GPs where irrigation is the largest of the regions included in 335 
this study. Over the GPs, latent and sensible heat fluxes are increased by 46.7 and -33.4 W m-2, 336 
respectively, leading to an increase in net available energy by 13.2 W m-2 and a cooling of the 337 
surface skin temperature of ~2.5 K averaged over the two years. Analyzing the surface radiation 338 
budget reveals that the increase in available energy is directly related to the reduction in outgoing 339 
longwave radiation due to the decrease in surface skin temperature (Figure 7 and 8). For example, 340 
in the GPs changes in the incoming longwave and shortwave radiation are 2.4 and -1.0 W m-2, 341 
respectively, whereas outgoing longwave radiation is decreased by 14.9 W m-2. As a result, net 342 
radiation is increased by 13.3 W m-2. In summary, irrigation increases surface evapotranspiration 343 
and the associated latent heat flux, reduces sensible heat flux and surface skin temperature due to 344 
the evaporative cooling effect. The reduced surface skin temperature emits less outgoing longwave 345 
radiation and in turn increases the surface available energy.  346 

3.3 Irrigation effects on the atmospheric water budget 347 

This section focuses on the variations in the atmospheric water budget in equation (2), 348 
which later serves as a basis for analyzing moisture sources and sinks in Section 3.4. Figure 9 349 
shows the irrigation induced changes in precipitable water (PW), moisture flux divergence, and 350 
integrated water vapor flux (IWVF). When combined with changes in precipitation and 351 
evapotranspiration, a full description of the budget equation is described (see equation (4)). 352 
Overall, changes in the storage term are negligible when compared with other terms. There is 353 
coherent moisture flux divergence over the irrigated regions over the two years (Figure 9b, 9d), 354 
especially over the intensely irrigated GPs. IWVF shows northerly anomalies over the GPs in both 355 
years. The northerly anomaly is also seen in other studies investigating irrigation impacts over the 356 
GPs (e.g., Huber et al. 2014; Pei et al. 2016), suggesting a weakening of the Great Plains low-level 357 
jet. The weakening of the low-level jet will result in less moisture transport from the South (shown 358 
later). 359 
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The atmospheric water budget suggests that adding irrigation strengthens moisture flux 360 
divergence over the irrigated regions except for MRV in 2012 JJA (see Figure 10, increase in MFD 361 
indicates more moisture export). This suggests that adding irrigation generally increases the 362 
amount of moisture export from the irrigated region. On the contrary, the downwind MW and SE 363 
show decrease in MFD, meaning that moisture convergence or import is increased over the 364 
downwind regions in the IRRG simulations, consistent with additional export in these volumes 365 
from the irrigated areas.  366 

Decomposition of MFD into HA and HD allows us to identify which process is responsible 367 
for the change in MFD. Note that negative HD indicates horizontal velocity convergence. In almost 368 
all regions, horizontal velocity convergence is strengthened in magnitude with the exception of 369 
CCV and 2012 MW. Previous studies have shown that mesoscale convergence can have a 370 
dominant role on cloud formation. Using a two-dimensional model, Chen and Orville (1980) 371 
showed that convergence can lead to strong convection. Leichter (1974) also found significant 372 
convection to be associated with mesoscale convergence. Given the convective nature of JJA 373 
precipitation, it suggests that precipitation increase is also associated with the enhanced horizontal 374 
velocity convergence. In contrast, HA is consistently increased over the irrigated CRB, GPs, and 375 
MRV, counteracting the effect of increased horizontal velocity convergence on MFD. In sum, 376 
changes in MFD is generally dominated by the increased HA, indicating that moisture export is 377 
mainly induced by horizontal moisture advection over these regions, likely because of the 378 
increased moisture gradient between the irrigated and non-irrigated regions. In contrast, the 379 
downwind regions MW and SE show decreased HA, meaning that both horizontal velocity 380 
convergence and horizontal moisture advection contribute to the reduction in MFD for these 381 
regions.  382 

An interesting characteristic of the moisture budget is how the relative contributions 383 
changes when moving from the west to east across the country. The ET and MFD are the 384 
dominating factors over the west US (Figure 10). Over the central GPs and MW, P, ET, and MFD 385 
are of equal importance. Further to the east, P and ET are the dominating factors instead. This 386 
reflects the different behavior of the atmospheric moisture budget across different climate regimes 387 
over the US. This is seen both with and without irrigation, with the irrigation only adding a 388 
perturbation onto the dominant natural processes.  389 

An examination of line integral of the vertically integrated moisture fluxes across each 390 
border of the boxes is shown in Figure 11. Zonal moisture fluxes are much stronger than the 391 
meridional components, with the exception of the GPs, where the meridional and zonal moisture 392 
transport are almost of equal magnitude. In the GPs low-level jets are responsible for transporting 393 
large amounts of moisture from the Gulf of Mexico (Berg et al. 2015). Over the GPs and MRV, 394 
irrigation has weakened the meridional moisture components while strengthening in the zonal 395 
component. This is likely associated with circulation changes and apparent weakening of the low-396 
level jets associated with irrigation (see Figure 9). Even though moisture coming in from southern 397 
border into the GPs is less in the IRRG simulation, irrigation-induced ET partly compensates this 398 
loss of moisture and precipitation over the GPs is still increased (see Figure 6).  399 

Note the sum of the moisture fluxes transported across four borders into a region (i.e., the 400 
net moisture fluxes in Figure 11) is equivalent to the regionally averaged negative MFD in Figure 401 
10 (see derivation in Schmitz and Muller (1997) for details). Over irrigated regions, the amount of 402 
moisture export has been increased, as represented by the enhanced negative net moisture fluxes 403 
(Figure 11), consistent with the moisture flux divergence pattern seen in Figures 9b, 9d and Figure 404 
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10. Conversely, over the downwind regions, the amounts of moisture export are generally reduced 405 
except for 2012 MW. In the 2012 SE, there is even net import of moisture (sign reversed). The 406 
different behaviors of moisture export caused by irrigation over the irrigated and downwind 407 
regions have different implications on precipitation recycling (shown later).  408 

3.4 Irrigation Effects on Moisture Transport 409 

We have analyzed the irrigation induced changes in water and energy budget. However, 410 
how the water added over each irrigated region would affect precipitation across the US is still 411 
unknown. With DRM, this section aims to answer this important question.  412 

The left column of Figure 12 shows the fraction of precipitation at each grid box that 413 
originates from ET in the source regions (indicated by the red boxes) for the CNTL simulations 414 
for 2012 JJA. Not surprisingly, ET influences the respective sources regions most strongly, as well 415 
as the nearby downwind regions. Overall, the CRB shows the highest fraction of precipitation 416 
(~0.15) over the northeastern side of the CRB. This indicates that the CRB ET tends to remain 417 
within the CRB compared to other regions. Over the GPs, precipitation fraction reaches values of 418 
~0.12 locally over the northern Kansas and southern Nebraska and further affects its downwind 419 
regions including the Midwest. MRV ET mostly affects the southeastern US following the 420 
climatological wind direction.  421 

This precipitation fraction multiplied by precipitation amount becomes the precipitation 422 
induced by source region ETs (see Figure 12 2nd column). The CCV ET induced precipitation 423 
shows more limited spatial extent and magnitude due to its dry climate. In contrast, the GPs and 424 
MRV ET contribute to much greater amount of precipitation. The difference in the amount of 425 
precipitation induced by source region ET between the IRRG and the CNTL is then the irrigation 426 
induced precipitation (shown in Figure 12 3rd column). The most intense irrigation induced 427 
precipitation is due to irrigation over the GPs, with differences up to 0.4 mm day-1 in Iowa, which 428 
amounts to an increase in precipitation of more than 20%. Compared to the GPs, other irrigated 429 
regions show less impact in terms of irrigation induced precipitation, although the spatial patterns 430 
of relative changes are more obvious (Figure 12 4th column). The relative change in precipitation 431 
induced by irrigation also suggests that the impact of irrigation could be far from its source region. 432 
For instance, irrigation over the CCV increases precipitation as far away as the northern GP, 433 
including areas in Nebraska, the Dakotas, and Minnesota, with increases up to ~8%; irrigation over 434 
the GP affects the central and eastern US with irrigation induced precipitation increases of more 435 
than 15%. The spatial extent of irrigation impacts on precipitation is much more far-reaching than 436 
previously reported. 437 

Recycling ratio over each source region is also calculated. It is the fraction of precipitation 438 
coming from the local evapotranspiration to total precipitation over each box. In general, there is 439 
a consistent increase in recycling ratio over the irrigated regions. This increase is partly due to the 440 
increased ET, as well as the increase in moisture flux divergence (i.e., increased net moisture 441 
export, see Figure 10). As a result, local ET accounts for a larger fraction of precipitable water 442 
over the irrigated regions. Consequently, when it rains, the well-mixed assumption within the 443 
DRM yields a larger local recycling ratio over the irrigated regions. As an example, the recycling 444 
ratio over the GP increases from 0.063 to 0.11 for 2011 JJA and from 0.068 to 0.126 for 2012 JJA 445 
when irrigation is considered. The recycling ratio is more variable in the downwind regions. For 446 
example, the downwind SE region experiences a net gain of moisture due to horizontal moisture 447 
import in 2012 JJA (Figure 11). Even though local ET is increased, due to net import of moisture, 448 



Confidential manuscript submitted to the Journal of Geophysical Research: Atmospheres 

 13 

the recycling ratio is reduced from 0.105 (CNTL) to 0.097 (IRRG). Moisture is still exported out 449 
of the SE in 2011 and the recycling ratio is slightly increased from 0.068 to 0.078.  450 

Irrigation induced precipitation, when averaged over irrigated regions, are 0.003, 0.03, 0.08 451 
and 0.18 mm day-1 for the CCV, CRB, GP and MRV regions, respectively, while total 452 
precipitations increases are 0.02, 0.11, 0.29 and 0.42 mm day-1 over these irrigated regions 453 
according to our simulations. The difference between irrigation induced precipitation and total 454 
precipitation increase implies that moisture imported from external source also contributes to 455 
precipitation increase over irrigated regions. The consistent enhanced net moisture export over the 456 
irrigated regions implies that the efficiency of moisture to become precipitation should be higher. 457 
Figure 13 shows the vertical profile of moist static energy (MSE) over the GPs and SE for both 458 
daytime and nighttime. These two regions were selected to represent typical profiles over the 459 
irrigated and downwind regions. MSE is an indication of moist static instability and higher values 460 
are usually associated with more convective instability and higher probability to rain (Eltahir 461 
1998). Over the GPs, there is larger MSE close to the ground in the IRRG simulations especially 462 
during the day, making it more unstable and easier to trigger precipitation. Over the downwind 463 
SE, MSE at low levels is slightly smaller in the IRRG simulations, indicating a more stable 464 
environment over the SE caused by irrigation. Therefore, precipitation increase over the SE is 465 
more related to moisture availability (less net moisture export), and less likely to be associated 466 
with changes in instability. 467 

4 Discussion  468 

It has been well established that due to the chaotic and non-linear nature of the atmospheric 469 
processes, global climate models are sensitive to initial conditions (Villarini and Vecchi 2012; 470 
Done et al., 2014). Regional climate models (RCM) have also shown to have internal variability, 471 
despite the fact that RCMs are forced by the lateral boundary conditions (Alexandru et al. 2007). 472 
The results of the RCM can be decomposed into two components: 1) a reproducible signal 473 
associated with the lower and boundary conditions and 2) an irreproducible component associated 474 
with internal variability (Giorgi and Bi 2000). Focusing on the internal variability of RegCM3 over 475 
South America, Kgatuke et al. 2007 indicated that the internal variability is small when seasonal 476 
totals are considered and there is strong reproducibility of the number of rain spells. Similarly, 477 
Yang et al. 2017 applied three ensemble members to investigate the irrigation impact over the 478 
California Central Valley. Irrigation-induced difference fields agree well and show consistent 479 
pattern among the ensemble members. Given the similarities in irrigation-induced differences in 480 
the two years simulated and that our results are focused on the JJA average, rather the day-to-day 481 
variability, we believe that the conclusions would not be significantly different if an ensemble 482 
were used, and we should draw the same conclusions even if more simulations are included. 483 

The irrigation scheme employed in this study is rather simple and water-centric. We did 484 
not consider harvest time and the associated changes in surface conditions. Vegetation dynamic is 485 
treated following the default Noah LSM and represented by using the climatological GVF. We did 486 
not explicitly consider the different types of irrigation methods applied over the CONUS. While 487 
flood irrigation is also widely used in the US, here we only consider sprinkler-type irrigation 488 
because sprinkler irrigation is the dominate type (~51%) (Leng et al. 2017).  489 

Our irrigation scheme tends to overestimate the amount of water applied based on rough 490 
comparisons to available irrigation water use from 2015 (not shown), which might be improved 491 
with further tuning of the irrigation scheme. Irrigated water amount is sensitive to the value of 492 
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MA, which is universally specified as 0.5 following Ozdogan et al. 2010. It would be extremely 493 
difficult to find an optimal value of MA to realistically represent irrigation amount across the entire 494 
US and that is beyond the scope of this study, particularly given the potential complexity that 495 
would be needed to make the simple scheme more robust. The conclusions drawn from this study 496 
are dependent on the experiment setup, simulation years, physical parameterizations and even the 497 
WRF model employed. Different model setup would be needed to address the modeling 498 
uncertainties in evaluating the irrigation impact on land atmosphere feedbacks. This could be done 499 
in a future study.  500 

5 Conclusion  501 

In this study, we have incorporated an irrigation scheme into the Noah land surface model 502 
coupled to the WRF model to represent anthropogenic impact of irrigation on regional climate. 503 
Specifically, we focus on irrigation induced changes in water and energy balance. Moreover, the 504 
impact of irrigation over each irrigated region is investigated using a moisture tracking DRM.  505 

Our study shows that incorporating irrigation modifies surface water and energy balances. 506 
When compared against the reference datasets, the IRRG simulation outperform the CNTL 507 
simulation in terms of precipitation, surface temperature and energy fluxes. Irrigation has 508 
extensively modified the surface water and energy balance, both over and downwind of the 509 
irrigated regions. As intuitively expected, the surface water budget reveals that irrigation tends to 510 
increase evapotranspiration and soil moisture, especially over intense irrigation regions. 511 
Precipitation increases most over the downwind Midwest and the Southeast US regions in the 512 
irrigation simulations. With irrigation, there is also an overall increase in surface available energy, 513 
mainly induced by a reduction in outgoing longwave radiation caused by cooler surface skin 514 
temperatures. The partitioning of surface available energy shifts to having increased latent heat 515 
fluxes, which is compensated by reduced surface sensible heat fluxes. 516 

Over the irrigated regions MFD is strengthened, predominately by changes in horizontal 517 
moisture advection. MFD is reduced downwind of irrigated regions, leading to a net gain of 518 
moisture in the IRRG as compared to CNTL simulations. Decomposition of MFD reveals that 519 
horizontal velocity convergence generally increases, consistent with changes in precipitation for 520 
all regions with the exception of the CCV. 521 

The DRM is utilized to evaluate the irrigation impact from each irrigation region over the 522 
US. The GPs show the most obvious increase in irrigation induced precipitation with increased 523 
precipitation over the downwind regions to the northeast and east. Irrigation induced precipitation 524 
increases up to 20% occur in Iowa. A less intuitive result from this analysis is that the total 525 
simulated precipitation increase is greater than irrigation induced precipitation over each irrigated 526 
region. This is likely because over the irrigated region, a more unstable atmosphere contributes to 527 
the precipitation increase, as indicated by an increase in MSE at low levels over the irrigated 528 
regions. Since the recycling ratio is less than 1, there is always water vapor originating from outside 529 
the irrigated regions that contributes to precipitation. As such, total precipitation increase is a sum 530 
of contribution from within and outside the irrigated regions. Additionally, it is also possible that 531 
irrigation has altered atmospheric flow and therefore the import and export of moisture from the 532 
irrigated regions. Low-level jets of the Great Plains have been shown to be important for mesoscale 533 
convective systems (Feng et al. 2019). Future study will focus on irrigation impact on low-level 534 
jets. Over the downwind regions, the precipitation increase is more related to moisture amount, 535 
rather than changes in stability. 536 
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Figure 14 summarizes moisture fluxes across the borders, precipitation, evapotranspiration, 537 
and recycling ratio over each region. Overall, intensified hydrological cycle can be detected over 538 
the irrigated regions indicated by increased precipitation, evapotranspiration, as well as recycling 539 
ratio and increased net moisture export. The downwind regions feature increased precipitation, 540 
evapotranspiration, and decreased moisture export and variable changes in recycling ratio.  541 

Through coupling an irrigation scheme to the land surface model in WRF and utilizing a 542 
DRM approach, this study has examined the water and energy balance and tracks ET that originates 543 
from each of the selected irrigated regions. We note that the DRM is a simple 2-dimensional 544 
analytical model that does not account for the vertical heterogeneity, which is important for 545 
precipitation related processes over some regions of the US (Hu and Dominguez 2015). However, 546 
based on comparisons with other models that calculated moisture contributions (e.g. Hoyos et al. 547 
2017), we are confident that the DRM is able to capture the bulk tendencies in precipitation 548 
induced by irrigation. More accurate estimations accounting for vertical heterogeneity would 549 
require more sophisticated methods (e.g. water vapor “tagging” techniques in climate models) 550 
which can be explored in the future. The weakened Great Plains low level jet induced by irrigation, 551 
as reported in earlier studies, is also an interesting feature that is worth further investigation. 552 
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Figure Caption List: 780 

Figure 1: Model domain consists of 1404 grid cells in the zonal direction and 810 in the 781 
meridional direction. Blue boxes indicate major irrigated regions in the US. Red boxes show the 782 
locations of downwind regions. The snippet shows the locations of measurement sites that 783 
measure precipitation, temperature and energy fluxes in the southern Great Plains. Red dots (blue 784 
circles) indicate site locations where precipitation and air temperature are extracted in 2011 785 
(2012). Red (blue) triangles indicate site locations where surface energy fluxes are extracted in 786 
2011 (2012). 787 

Figure 2: Irrigation rate over each irrigated region shown in Figure 1. Results are for grid cells 788 
with irrigation fraction greater than 0.1.  789 

Figure 3: a) - f) Averaged daily precipitation rate (mm day-1) from May to October 2012 for a) 790 
TRMM, b) Stage IV, c) NSSL MRMS, d) PRISM, e) WRF CNTL simulation and f) WRF IRRG 791 
simulation). g) WRF bias calculated using WRF CNTL minus PRISM. f) WRF bias calculated 792 
using WRF IRRG minus PRISM. g) Absolute bias reduction, using absolute value of g) minus 793 
absolute value of f) or |CNTL – PRISM| – |IRRG – PRISM|. Positive value indicates less 794 
absolute bias and therefore better performance in precipitation in IRRG, and vice versa. 795 

Figure 4: Comparison between WRF and observations at grid cells where observations are 796 
available for May through October 2011 and 2012.  797 

Figure 5. Difference in top layer soil moisture (SM diff; 0-10 cm) between the IRRG and CNTL 798 
in a) 2011 and b) 2012, averaged over the JJA season. c) and d) similar as a) and b) but for 799 
difference in precipitation (PRCP diff). e) and f) similar as a) and b) but for difference in 800 
evapotranspiration (ET diff). g) and h) irrigation amount in JJA in 2011 and 2012. Units are in 801 
mm day-1. 802 

Figure 6: Changes in each component in the surface water budget at each selected box shown in 803 
Figure 1 for JJA in 2011 and 2012.  804 

Figure 7: a) Changes in sensible heat flux induced by irrigation averaged over the two JJAs. b), 805 
c) and d) are similar as a) but for latent heat flux, available energy, and surface skin temperature, 806 
respectively. The box in (a) indicates the GPs region.  807 

Figure 8: a) Changes in simulated incoming shortwave radiation due to irrigation averaged over 808 
the two JJAs. b), c) and d) are similar as a) but for incoming longwave radiation, outgoing 809 
longwave radiation and net radiation, respectively. The box in (a) indicates the GPs region. 810 

Figure 9: a) Spatial pattern of changes in atmospheric water storage (dPW) induced by irrigation 811 
in 2011 JJA. b) Changes in moisture flux divergence (MFD) induced by irrigation (shading) for 812 
2011 JJA, changes in integrated water vapor flux (IWVF) induced by irrigation (vectors). c) and 813 
d) are similar as a) and b) but for 2012 JJA. 814 

Figure 10: Region specific atmospheric water budget components. Blue (red) represents 815 
simulation without (with) irrigation.  816 

Figure 11: Line integral of integrated moisture flux across each border of the regions delineated 817 
in Figure 1. West and east (south and north) mean the moisture amount that transport into and 818 
out of the region in the zonal (meridional) direction. Positive (negative) value indicates moisture 819 
into (out of) the box. Net indicates the summation of moisture fluxes from all four borders. 820 
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Positive net value indicates net gain of moisture due to horizontal moisture transport and vice 821 
versa.   822 

Figure 12: (Left) Fraction of precipitation originated as source region ET for the control 823 
simulation for 2012 JJA, with ET sources regions defined in the red boxes. (2nd column) Source 824 
region ET induced precipitation, obtained by multiply fraction of precipitation with precipitation 825 
over each grid cell for WRF CNTL 2012 JJA. (3rd column) Irrigation ET induced precipitation 826 
changes. (4th column) Irrigation ET induced precipitation changes in percentage with respect to 827 
precipitation in WRF CNTL for 2012 JJA.  828 

Figure 13: Mean vertical profiles of moist static energy (MSE) for the GPs and SE in 2011 JJA 829 
and 2012 JJA. Blue (brown) curves indicate daytime (nighttime). Daytime corresponds to 12 830 
p.m. to 02 p.m. in local time. Nighttime corresponds to 12 a.m. to 02 a.m. in local time. 831 

Figure 14: Schematic representation of precipitation, evaporation and recycling ratios for irrigated 832 
and downwind regions. P represents precipitation. ET is evapotranspiration. Qnet is the net 833 
moisture import/export due to horizontal moisture transport. R is the local recycling ratio. +/- 834 
indicates irrigation induced increase/decrease in a specific variable. Arrows indicate horizontal 835 
moisture transport across the four facets, and Qnet is equal to their summation. 836 
  837 
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Figure 1. 838 
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Figure 2. 840 

 841 
  842 

Apr May Jun Jul Aug Sep Oct
0

2

4

6

8
m

m
 d

ay
-1

a) CCV

2011
2012

Apr May Jun Jul Aug Sep Oct
0

2

4

6

8

m
m

 d
ay

-1

b) CRB

Apr May Jun Jul Aug Sep Oct
0

2

4

6

8

m
m

 d
ay

-1

c) GPs

Irrigation Rate

Apr May Jun Jul Aug Sep Oct
0

2

4

6

8

m
m

 d
ay

-1

d) MRV



Confidential manuscript submitted to the Journal of Geophysical Research: Atmospheres 

 25 

Figure 3. 843 
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Figure 4. 846 
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Figure 5.  849 
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Figure 6.  852 
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Figure 7. 855 
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Figure 8. 859 
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Figure 9. 862 
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Figure 10. 865 
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Figure 11 868 
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Figure 12 871 
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Figure 13 874 
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