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ABSTRACT: Anthropogenic land-use change, irrigation, is considered to strongly modulate the hydroclimate at the
regional scale by directly triggering evaporative cooling as the preliminary local effect. However, subsequent interactions
with the background climate are highly nonlinear, which introduces diverse and unexpected consequences. The North
China Plain (NCP) is one of the regions where irrigation has expanded the most rapidly since the twentieth century. The
scarce rainfall in this region makes it necessary for irrigation to supplement the level of soil water for agricultural produc-
tion. In this study, we quantify the effect of irrigation on the regional climate in China. Two regional climate models, WRF
and RegCM, are used to mimic the large-scale practice of irrigation on the NCP. The results of our experiments show con-
sistent cooling and moistening effects centered over the NCP across all experiments. Although the moisture budget and
wind field pattern demonstrate that the vertical downdraft and low-level divergence could inhibit rainfall, the humidifica-
tion dominates the climatic response in the dry April–June and increases the amount of precipitation significantly and con-
sistently in the NCP region and the surrounding area in northern China. The enhanced CAPE increases sharply on some
“calm days” when the vertical moisture advection is small, especially during the afternoon, triggering frequent light rains
convectively by destabilizing the atmosphere. The consistent response to irrigation in two different models that employ
structurally different land surface schemes could enhance the robustness of the physical mechanism behind the precipita-
tion increase in the heavily irrigated region of NCP.
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1. Introduction

As an effective solution to guarantee the water demand in
productive cultivation (Foley et al. 2011), irrigated agriculture
accounts for roughly 40% of total world cereal production
(Bonfils and Lobell 2007). With its substantial expansion since
the twentieth century, irrigation is now responsible for over
70% of global freshwater withdrawals (Siebert et al. 2010).
Unsurprisingly, therefore, this intensive and extensive irriga-
tion has attracted considerable attention from scientists and
the general public alike, especially against the current back-
ground of climate change.

Compared with rain-fed agriculture, irrigation adds extra
water into the system, and alters the land surface conditions
by increasing the soil moisture and fraction of green vegeta-
tion (Wu et al. 2018). On a local scale, wet soil facilitates
evaporation and vigorous plant growth enhances transpira-
tion, both of which generate relatively more latent heat in irri-
gated areas, as well as a surface cooling effect during the
growing season, which is considered the first-order effect of
irrigation (Cook et al. 2011; Segal et al. 1998). Moreover, the

elevated levels of water vapor derived from the associated
evapotranspiration lead to potential variations in radiative
forcing and water cycling (Gordon et al. 2005; Wada et al.
2017; Yang et al. 2019). The enhanced water vapor and latent
heat may facilitate moisture condensation and upward air
movement that have the tendency to trigger precipitation
(Boucher et al. 2004). On the other hand, the surface sensible
heat flux is curtailed owing to energy repartition (Pokhrel
et al. 2012) and the primary cooling effect may stabilize the at-
mosphere, both of which inhibit convection locally (Pei et al.
2016). These contradicting forces shape an unpredictable pre-
cipitation response to irrigation that depends greatly on the
local prerequisite conditions for rainfall formation. Moreover,
other climatic processes such as cloud formation, local circula-
tion, moisture transport and so on, are probably affected im-
plicitly, and these changes may exert further influence on the
local climate during the irrigation season (Boucher et al. 2004;
Huber et al. 2014). Furthermore, a few studies have implied
that the irrigation impact can extend temporally and spatially,
for instance by exerting a warming effect in boreal winter in
midlatitude and tropical regions in the Northern Hemisphere
and altering the scale of circulation in the planetary boundary
layer to affect the continental climate (Puma and Cook 2010;
Lee et al. 2011).

The climatic impact of irrigation varies from region to re-
gion because of different irrigation extents, local climatology,
and land–atmosphere interaction mechanisms (Boucher et al.
2004; Koster et al. 2004; Lobell et al. 2009). Previous assess-
ments analyzed the impact on regional climate using historical
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observation data and numerical climate models to isolate the
irrigation impact from the background climate, especially in
regions with particularly intense levels of irrigation. In gen-
eral, the primary cooling effect of irrigation during the grow-
ing season was demonstrated in most major irrigation regions,
such as the central United States, eastern China, India, and
West Africa, with a significant increase in surface latent heat
flux (Im et al. 2014; Tuinenburg et al. 2014; Mueller et al.
2017; Kang and Eltahir 2018). Despite the relative consensus
on evaporative cooling, the response to irrigation of local and
remote precipitation is more complex because of regional dis-
tinctions. For instance, irrigation in India was believed to re-
duce rainfall by weakening the summer monsoon (Puma and
Cook 2010; Tuinenburg et al. 2014) and enhancing the winter
monsoon (Wey et al. 2015), and West Africa and Saudi Arabia
also saw a consistent reduction in local rainfall over irrigated
land, but at the same time a remote increase in precipitation
was generated (Im et al. 2014; Lo et al. 2021). The complexity
of the situation can also be seen in various studies that have fo-
cused on similar study domains. Several researchers suggested
that irrigation in the central United States caused higher hu-
midity and weaker Great Plains low-level jet that favor precip-
itation (Alter et al. 2018; DeAngelis et al. 2010; Yang et al.
2019, 2020). But due to the inhibition of both local convection
and large-scale moisture convergence, the precipitation in-
crease over the irrigated region was also argued to be rela-
tively small, even insignificant compared to its water input
(Harding and Snyder 2012a,b; Huber et al. 2014; Qian et al.
2013). Such disagreement on the extent of influence may result
from different model settings, since current modeling attempts
are still limited in their ability to simulate the effect of irriga-
tion (Leng et al. 2013; Sorooshian et al. 2011).

China is home to 21% of global cereal production in 2019,
with the largest agricultural land extent in the world (FAO
2021). More than 40% of the harvested area in China is lo-
cated on the North China Plain (NCP), and about 41% of the
farmland on the NCP is reliant on irrigation. As one of the
most intensified agricultural regions in the world, the NCP is
characterized by insufficient rainfall and scarce water resour-
ces, which greatly enhance the need for irrigation (Zhu et al.
2013). Apart from the region’s hydrometeorological back-
ground, the distinct thermal contrast between the land and
ocean (Lee et al. 2009) also adds complexity to the atmo-
spheric response to irrigation, and there is some debate over
the strength of land–atmosphere coupling in China (Koster
et al. 2004, 2009; Liu et al. 2014). All these inherent properties
of the NCP set it apart from other irrigation hotspots, prompt-
ing us to explicate the impacts of irrigation on its regional
climate.

Although several global-scale irrigation studies have looked
at the impact in northern China with general circulation mod-
els (Boucher et al. 2004; Lobell et al. 2009; Puma and Cook
2010; Sacks et al. 2009), regional climate modeling can pro-
vide more detailed and region-specific results because of the
higher spatial resolutions and the better ability to capture spa-
tial variability. For instance, Kang and Eltahir (2019) coupled
the Massachusetts Institute of Technology Regional Climate
Model, including its irrigation module to the Integrated

Biosphere Simulator land surface scheme; Yang et al. (2016)
incorporated an irrigation module into the Noah land scheme in
the Weather Research and Forecasting (WRF) Model; and Wu
et al. (2018) further implemented a more complex irrigation
scheme in the Noah-Multiparameterization (Noah-MP) land
scheme in WRF that takes the sources of irrigation water and the
dynamic feedback of irrigation to vegetation into consideration.
Different regional climate models (RCMs) consistently produce
the irrigation impact as an overall decreasing temperature and
lower planetary boundary layer height (PBLH) near the surface
of the NCP and most parts of eastern China (Kang and Eltahir
2019; Wu et al. 2018; Yang et al. 2016), but with distinct preci-
pitation features. More specifically, Kang and Eltahir (2019)
suggested that in May–July, irrigation-induced anticyclonic circu-
lation caused by the lower PBLH interacts with the background
monsoon and strengthens the low-level moisture convergence
along the Taihang Mountains, which significantly increases the
precipitation in the NCP region by 20%–40%. However, Yang
et al. (2016) and Wu et al. (2018) argued that the stabilization of
the cooler atmosphere caused by irrigation counteracts the in-
creasing humidity over the NCP, thereby resulting in heteroge-
neous changes in summer precipitation; whereas in spring when
the atmosphere is relatively stable and dry, the rising moisture
overwhelms the cooling effect and thus enhances the precipitation
at that time of year. In terms of the remote irrigation impacts,
Yang et al. (2016) highlighted increased rainfall in the Yangtze
River basin, which borders the south of the NCP, and drier condi-
tions in northern and southern China. Wu et al. (2018) also re-
ported less precipitation in Inner Mongolia and southern China,
but the cooling air in the northeast significantly lowers the geopo-
tential height and produces intense cyclones that induce more
spring and summer rainfall there. To sum up, there are as yet no
firm conclusions or consensus regarding the response of precipita-
tion to irrigation, most likely because of the distinct sensitivities of
different RCMs or land schemes.

This study aims to investigate the regional impact of irriga-
tion on precipitation over the NCP and its adjacent area in
eastern China by comparing results from two state-of-the-art
models: WRF4 and RegCM4. The dynamic crop module in
the Noah-MP land scheme and CLM4.5CNCROP module in the
Community Land Model (CLM) are activated to realize the ap-
plication of irrigation based on the soil condition and require-
ments of plants. To assess the irrigation impact, we conduct a
natural experiment (NAT) that simulates natural crop growth
without irrigation, and irrigation experiments (IRR) using each
climate model. By examining the similarities and distinctions be-
tween the different climate models and land schemes, we aim to
arrive at some robust conclusions and reveal the potential uncer-
tainty derived from using climate models. Moreover, we also de-
sign three sensitivity tests using both WRF and RegCM to
simulate the response of the climate to different water forcings,
thereby enabling us to ascertain the relationship between the
amount of irrigation and the extent of the climatic reaction. Our
analysis focuses on identifying the characteristics of spatial pre-
cipitation patterns and uncovering which of those patterns of
precipitation are more sensitive to the presence or extent of irri-
gation. Additionally, we assess the dominant factors behind the
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observed precipitation changes by presenting the circulation pat-
tern and instability of the vertical column.

2. Model configuration and experimental design

a. Domain settings

Figure 1 depicts the topography and the fraction of irriga-
tion in our model domain. Following the previous studies
(Yang et al. 2016; Kang and Eltahir 2019), the NCP region in
this paper is defined as (348–418N, 1138–1218E), which in-
cludes the most intensified agricultural region in northern
China (Figs. 1c,d). As the largest alluvial plain in China
(Zheng et al. 2010), the NCP has an average terrain height be-
low 200 m (Figs. 1a,b). To evaluate the regional impact in
the NCP and its adjacent area, the whole model domain
encompasses the targeted NCP and most of eastern China
(188–458N, 1078–1288E) with a horizontal resolution of 25 km
and 38 vertical layers with 50 hPa as the model top. WRF
adopts GMRED2010 (Global Multiresolution Terrain Eleva-
tion Data) (Skamarock et al. 2019) for topography, while
RegCM adopts GLOBE (Global Land One-km Base Elevation
Digital Elevation Model) (Hastings et al. 1999; Oleson et al.
2013), and both of them apply the FAO AQUASTAT
database (Global Information System on Water and Agricul-
ture Database of The Food and Agriculture Organization;
Portmann et al. 2010; Siebert et al. 2013) as the irrigated
land fraction, but different versions. Although their general
shapes are similar, RegCM seems to have smoother topogra-
phy and irrigation fraction under the same resolution as

WRF, which is caused by different interpolation methods in
the preprocessing. The boundary between the second and
third “staircases” of China’s topography is clearly outlined
by the sharp transition from the plain (in green) to the moun-
tains (in beige).

b. Experimental design

Since the NAT experiments are designed to simulate the
climate without irrigation, irrigation amount should be set to
zero, and the irrigation land-use types should be converted to
nonirrigation (e.g., rain-fed) cropland, in order to exclude the
irrigation impact as much as possible. Then, active irrigation
schemes and irrigated plants are incorporated in IRR experi-
ments to estimate the irrigation impact based on historical
data in the late twentieth century and early twenty-first cen-
tury. IRR experiments with small water amounts, moderate
water amounts, and large water amounts are conducted using
both WRF (WRFs, WRFm, WRFl) and RegCM (REGs,
REGm, REGl). WRFm and REGm are designed to be com-
parable with similar irrigation amounts (Table 1) and irri-
gated land fractions (Figs. 1c,d). Although moderate water
forcing is calibrated according to China’s total observed irri-
gation amount (National Bureau of Statistics of China 2005),
the experiment may still overestimate or underestimate the
irrigation impact during the simulation processes. To assess
the robustness of the results and quantify the uncertainty, sen-
sitivity tests with noticeably smaller and larger water forcings
are conducted. Starting from 1 December 1990 and running
continuously until the end of February 2011, each experiment

FIG. 1. Model domain showing the (a),(b) terrain height and (c),(d) irrigated land fraction in RegCM and WRF experiments with a hor-
izontal resolution of 25 km (the black box circumscribes the NCP region). Note that the land fraction in (c) will only be used for REGm
but not REGs or REGl.

TABLE 1. Abbreviations and irrigation amount of all experiments.

Experiment Abbreviation Irrigation amount (km3 yr21)

RegCM natural experiment without irrigation REGn 0
RegCM irrigation experiment with a small water amount REGs 250
RegCM irrigation experiment with a moderate water amount REGm 360
RegCM irrigation experiment with a large water amount REGl 600
WRF natural experiment without irrigation WRFn 0
WRF irrigation experiment with a small water amount WRFs 140
WRF irrigation experiment with a moderate water amount WRFm 360
WRF irrigation experiment with a large water amount WRFl 790
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covers 20 years with the first 3 months used as spinup (i.e., re-
sults between 1 March 1991 and 28 February 2011 are valid).

Comparison of the NAT and IRR experiments will allow
us to quantify the irrigation impact on climatic factors, and
the results from different models will further assess the reli-
ability and identify the model-related uncertainty. Table 1
lists the abbreviations and the irrigation amount of all the ex-
periments. Due to the data availability, the irrigation is cali-
brated by country-level data but not grid-based data. This
might produce a slight overestimation of the irrigation
amount, but the overestimation should be smaller than the
difference gap between the sensitivity tests.

For both RegCM andWRF, the initial and lateral boundary
conditions are obtained from the ERA Interim Reanalysis re-
leased by European Centre for Medium-Range Weather
Forecasts, with a resolution of 1.58 3 1.58 and 6-h output in-
tervals, which minimizes the uncertainty arising from the
boundary condition (Dee et al. 2011).

c. WRF configuration

As a nonhydrostatic numerical weather prediction model, the
Advanced Research version of the WRF Model (version 4.3) is
adopted in this study. The main physical options include the
WRF double-moment 5-class microphysical parameterization
(Hong et al. 2004), the Rapid Radiative Transfer Model as the
longwave radiation scheme (Mlawer et al. 1997), the Dudhia
shortwave radiation scheme (Dudhia 1989), the Yonsei Univer-
sity planetary boundary layer scheme (Hong et al. 2006), the
Kain–Fritsch cumulus parameterization scheme (Kain 2004),
and Noah-MP for the initial soil condition as the collocation of
the irrigation scheme (Ek et al. 2003).

WRF4.3 (Skamarock et al. 2019) incorporates an irrigation
model with Noah as the land surface model (Valmassoi et al.
2020a,b) and another irrigation model with Noah-MP (Niu
et al. 2011; He et al. 2023). We adopt the one in Noah-MP
since its irrigation is dynamically calculated at each time step
based on the soil water deficit, which leans close to the
RegCM irrigation scheme, while the Noah one conducts a
fixed water amount every day. The irrigation scheme is modi-
fied to be applied together with the crop module Liu et al.
(2016) only to the grid cells belonging to the crop-related
land-use category (“croplands” or “cropland/natural vegeta-
tion mosaic”) shown in Fig. 1d. Since there will be canopy in-
terception using “sprinkler” and surface loss due to fast
“flooding,” “drip” is chosen to be applied to all grid cells. It
imburses water directly to the soil with the least water loss,
which maximizes the utilization rate of water resources, fur-
ther amplifying the irrigation response. Since irrigation sus-
pension during soil-freezing period is not included in the
current scheme, we pause the crop model at the end of
November and restart it in the mid-April to exclude the enor-
mous amount of irrigation water in winter and early spring
triggered by the dry soil. During the irrigation period, the
monthly mean soil temperature in the NCP region is greater
than 58C according to ERA reanalysis data, which is suitable
for irrigation (Ozdogan et al. 2010). To maintain consistency

with RegCM, the minimum land fraction requirement of irri-
gation is set to 0.05 (more explanation in section 2d).

Inside the irrigation module, management allowable deficit
(MAD) is tuned to apply different water forcings in the simu-
lation. MAD is a decimal number between 0 and 1, represent-
ing the level of soil wetness between the wilting status and
saturation status. The irrigation module replenishes the soil
moisture to this threshold and calculates the water supple-
ment as the irrigation amount if the soil moisture is deficient.
Each irrigation ends immediately once the soil moisture
reaches the threshold. In the NAT experiment, the irrigation
model is turned on but with zero MAD to put no irrigation
water, and in WRFm, MAD is set to 0.8 to yield an overall
moderate annual water utilization of about 360 km3 yr21 com-
pared with the real observation of 380 km3 yr21 in 2000 for
mainland China (National Bureau of Statistics of China
2005). Besides, sensitivity tests with about half and double of
the irrigation amount are also conducted with MAD values
equal to 0.7 and 0.9, respectively. Then the crop model calcu-
lates the dynamic vegetation growth based on the current soil
conditions and agricultural seasons (e.g., planting stage or
harvesting stage), leading to more complex climatic responses.
Dynamic vegetation for the noncrop region is also turned on
to simulate real foliage (Wu et al. 2018).

d. RegCM configuration

To be comparable with the WRF experiment, a nonhydro-
static core is chosen when running RegCM4.7 (Coppola et al.
2021). The domain settings are exactly the same as in the
WRF experiment, but the number of vertical layers is set to
23 so as to fit the calculation capability of RegCM. To carry out
irrigation scenarios, CLM4.5, with a refined crop model, is used
in this study to investigate the irrigation impact (Lawrence et al.
2011; Oleson et al. 2013). Besides, MIT-Emanuel (Emanuel and
Živković-Rothman 1999), the subgrid explicit moisture scheme
(SUBEX) (Pal et al. 2000), Holtslag (Holtslag and Boville 1993),
and the Community Climate Model version 3 (Kiehl et al. 1998)
are chosen as the cumulus convection scheme over land and
ocean, moisture scheme, the boundary layer physics scheme, and
radiation scheme, respectively. These parameterizations are care-
fully selected based on sensitivity tests over the East Asian do-
main running a nonhydrostatic core and crop model (Gao et al.
2016; Nguyen-Xuan et al. 2022, 2020).

The interactive irrigation module calculates the daily irriga-
tion at 0600 local time (LT) dynamically according to the
soil moisture conditions and crop growth stage (Oleson et al.
2013), which is loosely based on Ozdogan et al. (2010). The ir-
rigation lasts for at most 6 h day21. When the crop model is
inactive, all crops are treated as a single land type (i.e., generic
crop) and CLM ignores minor land types accounting for less
than 19% to avoid processing trivial information. But this cur-
tail of 19% becomes inappropriate after turning on the crop
function when a single crop land is classified into eight catego-
ries and none of their proportion can reach 19%. Thus, to
conduct the irrigation-related experiment, a curtail reduction
from 19% to 5% is necessary in order to allow the existence of
cropland fractions of more than 5% and to ignore the minor
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land types accounting for less than 5%. The 5% is adopted since
the irrigated fractions between REGm and WRFm are more
consistent at this curtail. Similar to WRF, the irrigation module
in RegCM targets a soil moisture threshold that is defined as a
weighted average between minimum soil moisture under no wa-
ter stress and the maximum soil moisture at saturation state. It
depends on the soil texture and the relative proportion of mini-
mum soil moisture which is denoted as irrigation factor (IR). A
calibrated IR can establish a more realistic relationship between
the irrigated fraction and the water amount. The default IR in
the irrigation module in RegCM is calibrated with total world
irrigation amount, but it produces overestimation in our do-
main. Thus, it is essential to recalibrate it again using the statisti-
cal data in China. In the REGm, the IR is set to 0.3 to adjust
the total simulated water consumption over the target domain
to about 370 km3 yr21.

Moreover, the irrigation module in the RegCM is only im-
plemented for three of the four irrigated crops (i.e., the irriga-
tion module works for “irrigated corn,” “irrigated cereal,”
and “irrigated soybean,” but not “C3 unmanaged irrigated
crop”) (Oleson et al. 2013). Since the irrigation response de-
pends heavily on the plant reaction (e.g., increased leaf area
and evapotranspiration rate after irrigation), all irrigated
crops are merged into the corresponding rainfed crop in the
natural experiment (REGn). But in REGm, it is necessary to
merge the plants in C3 unmanaged irrigated crop into Irri-
gated Cereal which takes the greatest accounts among the
three irrigated crops in the NCP region according to the input
data. Otherwise, REGm will contain fewer irrigated crops
than WRFm, leading to an unfair comparison between
REGm and WRFm. Unlike WRF, the crop phenology deter-
mined by the carbon–nitrogen dynamics and crop model
(CLM-CNcrop) in RegCM is only growing-stage dependent
but not soil moisture dependent. The model prognoses the
crop stage based on the recent weather, but the plant distribu-
tions are prescribed (Wang et al. 2016). Thus, when conducting
the sensitivity tests (REGs, REGl), we directly adjust the

irrigated land fraction while maintaining the relationship be-
tween land and water unchanged (i.e., IR unchanged). Both C3
unmanaged irrigated crop and C3 unmanaged rainfed crop are
combined with irrigated cereal in REGl for those grid cells that
already have irrigated crops in REGm, while none of them are
modified in REGs. The altered irrigation fractions simulate dif-
ferent vegetation growth under distinct water forcings, leading
to different irrigation demands according to the relationship
settled in the REGm (Fig. S1 in the online supplemental
material). Due to the inflexibility of changing plant types, irri-
gation differences between REGs and REGl are not as large
as that betweenWRFs and WRFl. But there are noticeable dis-
tinctions within the sensitivity tests to clearly identify the corre-
lation between water forcing and irrigation impact in later
analysis.

3. Results

a. Validation

Before assessing the irrigation impact, we first compare the
model results with observations to prove their predictability.
APHRODITE (Yatagai et al. 2012), with comparable resolu-
tion to our experiments, is chosen to be the validation data
for temperature, while precipitation is compared with the
China Meteorological Forcing Dataset (CMFD), with higher
resolution. The bar chart in Fig. 2 depicts the annual cycle of
the NCP’s monthly precipitation in natural simulations. Over-
estimation of precipitation by REGn seems to systematically
exist over the year, while the bias in WRFn is concentrated in
the summer when precipitation has higher variability. Although
REGn and WRFn overestimate the precipitation amount, both
RegCM and WRF still show a reasonable ability in reflecting
the temporal variability, especially the pattern of rainy summers
(i.e., in July and August). This distinctive surge of summer pre-
cipitation in the NCP region, which is widely found in other pre-
cipitation data, has a strong correlation with the East Asian

FIG. 2. Monthly precipitation (bars) and irrigation amount (lines) averaged over 20 years.
Vertical error bars present the interannual standard deviation of each month. The shading area
is bounded by the REGl and WRFl from the top and bounded by REGs and WRFs from the
bottom.
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monsoon (Moiwo and Tao 2015; Sun et al. 2020; Zhang and Lu
2019). The vertical error bars quantify the uncertainty by pre-
senting the interannual standard deviation of each month over
the 20-yr period. A similar length of error bars between the ob-
servation data and model results validates the models’ ability to
capture the yearly variation.

Moreover, the lines in Fig. 2 depict the average NCP irriga-
tion amount in each irrigation experiment. The two experi-
ments with moderate water forcing (i.e., the blue and red
lines) have comparable annual average irrigation amounts,
but REGm performs less temporal variability than WRFm.
The smaller distinctions between RegCM sensitivity tests
than the WRF group can be attributed to fewer differences in
total irrigation amount (Table 1). It is reasonable to see that
intense irrigation happens in the growing season between
April and June. Both WRF and RegCM have a clear response
to precipitation replenishment, especially in the wet summer,
when irrigation culminates before or in the early summer (i.e.,
May or June). The presummer irrigation peak has also been
found in other irrigation estimation studies, when crop water
demand reaches a maximum together with insufficient precip-
itation (Koch et al. 2020; Wu et al. 2018; Yang et al. 2016).
The most significant irrigation impact occurs around May, when
the irrigation amount (around 1.5 mm day21) is almost equiva-
lent to half of the monthly precipitation (around 3 mm day21)
in April–June (AMJ). Thus, we choose to focus on AMJ when
analyzing the irrigation impact, since its substantial water forc-
ings and dry environment give prominence to the irrigation
response.

Figures 3 and 4 display spatial comparisons of the mean
temperature and precipitation between observations and the
natural and irrigation experiments in AMJ. The climatological
mean pattern is displayed in the upper row, and then their
corresponding bias patterns are in the row below. Irrigation

experiments with moderate water forcing are chosen as repre-
sentatives of all the irrigation experiments. In Figs. 3a–e, tem-
perature shows a gradual decrease from southeast to northwest
in eastern China, and this is successfully reproduced by all ex-
periments, with pattern correlation coefficients (CCs) greater
than 0.95 and root-mean-square errors (RMSEs) smaller than
1.58C. WRF performs slightly better than RegCM in capturing
the temperature pattern, as indicated by its slightly higher CC
and lower RMSE. The natural experiment produces a warm
bias especially in REGn, since we modify its default vegetation
distribution by merging all irrigated plants to rainfed ones,
which slightly reduces its evapotranspiration. The irrigation-
induced cooling is already recognizable. Compared with the
natural experiments, the irrigation experiments reduce the
warm bias over the NCP with both RegCM and WRF, and
even generate a cold bias, especially in WRF (Figs. 3f–i). The
RegCM performs better in irrigation experiment while WRF
performs better in the natural experiment, which is a reflection
of the models’ default settings. Specifically, WRF is de-
signed to have no irrigation module in the mainstream ver-
sion (Skamarock et al. 2019), while RegCM comprises
several irrigated crops in the vegetation types by default
(Oleson et al. 2013). Besides, there is a warm bias at the
northwest boundary and to the south of the middle part of
the Yangtze River basin in the RegCM experiments, while
WRF produces a cold bias at the northeast boundary as well
as along the Yangtze River. This can be broadly concluded
as a positive temperature bias in RegCM and a negative
bias in WRF.

From the precipitation validation results presented in Figs. 4a–e,
we can see that all experiments capture the general northward
decreasing precipitation pattern, with CCs above 0.75 and
RMSEs around or below 2.5 mm day21. Lower RMSEs indi-
cate that RegCM is generally more accurate than WRF, while

FIG. 3. Spatial distributions of climatological mean temperature (8C) from APHRODITE observations and experiments in AMJ, and their
bias. CC stands for correlation coefficient, and RMSE is root-mean-square error.
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WRF is better in depicting spatial discrepancy, with a better
CC of over 0.9. Different abilities between the two models in
reproducing the latitudinal distribution of precipitation are
also shown in the bias pattern. WRF generates a wet bias in
the southern coastal area, and its wave pattern can probably
be attributed to the cumulative impact of gridded land charac-
teristics on convection. RegCM overestimates the precipita-
tion in northern China and underestimates it in southern
China, which ultimately leads to a weaker trend but a better
balance in overall accuracy. Moreover, both RegCM and
WRF generate greater bias along the mountains between the
second and third staircases of China’s topography. RegCM has
a higher sensitivity in the mountainous region, especially
around the Qinling and Wushan Mountains near 308N and
1138E. Indeed, its unsatisfactory performance in the leeward
mountainous region has also been reported in other papers
(Cheng and Li 2021; Maurya et al. 2020; Verma et al. 2022).
However, most of the deviations are consistent within the
same model group and can be partially removed by subtrac-
tion between the natural and irrigation experiments.

b. Irrigation impact comparison between RegCM
and WRF

In this section, we will compare the climatological response
to irrigation in AMJ simulated by RegCM and WRF (i.e.,
REGm and WRFm), which help to understand the model de-
pendencies of water forcing. First, we would like to examine if
a similar cooling impact exists, as other studies have pro-
posed. Figure 5 presents the difference in the spatial pattern
of the mean irrigation amount, latent heat, PBLH, and near-
surface temperature between the moderate irrigation experi-
ments and the natural experiments in AMJ. The pattern of
the irrigated regions in Figs. 5a and 5e is highly similar to the
irrigation fraction maps in Figs. 1c and 1d. In WRFm, stronger

irrigation impact is found in the northern NCP, which is prob-
ably caused by the latitudinal transition of soil moisture (Qian
and Leung 2007). Due to the sensitivity of RegCM in the area
of mountainous terrain, REGm applies excessive water on
the leeward side of Taihang Mountain at the western bound-
ary of the NCP’s irrigated area. Also, REGm adds less water
than WRFm in the northern part of the Yangtze River delta,
probably related to its overestimation along the Yangtze
River. But, generally speaking, REGm and WRFm produce
comparable scales of irrigation.

The increase in latent heat is generally proportional to the
water forcing, but in REGm (Fig. 5b), the mountain is not as
highlighted as that in the water forcing map (Fig. 5a). This
again proves that the overestimation by REGm of the irriga-
tion in the mountainous area can be attributed to its model
sensitivity, which should not result in significant deviation in
other places. Next, the compression of the PBLH and cooling
at the near-surface level are further derived from the incre-
ment of latent heat. Compared with WRFm, REGm reacts
stronger in terms of PBLH, and also yields a fiercer cooling
over the NCP. Both REGm and WRFm experience a greater
than 28C cooling in the central NCP with the land fraction of
intense irrigation exceeding 50%, as well as a large-scale ef-
fect covering almost the whole domain of eastern China with
a temperature drop of less than 0.58C. Compared with other
irrigation studies in the NCP region, the cooling impact re-
ported here is stronger than the responses in spring and sum-
mer using smaller or comparable water forcings, because our
study focuses only on the most vulnerable month of AMJ
(Yang et al. 2016; Wu et al. 2018). But still, our temperature
results are weaker than some results using exaggerated water
forcings (Kang and Eltahir 2019).

Figure 6 illustrates how irrigation stimulates and transports
moisture to form changes in precipitation in AMJ. The spatial

FIG. 4. Spatial distributions of climatological mean precipitation (mm day21) from CMFD observations and experiments in AMJ, as well
as their bias.
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distribution of relative changes in specific humidity is dis-
played in cyan color in Figs. 6b and 6f. The greatest humidity
change in the NCP region exceeds 30% (i.e., more than
0.000 16 kg kg21) due to its dry background climate, with simi-
lar patterns of increased evaporation. Based on this, the total
precipitable water over the air column increases in Figs. 6c
and 6g, which ensures water availability when the dynamic
conditions are suitable for rainfall. Humidity rises in the
northern NCP on the leeside of the mountain range are more
likely to be retained as precipitable water. The black arrows
imposed in Figs. 6b and 6f denote the climatological wind
vectors at 850 hPa from the natural experiment, and the
moderate-irrigation-induced wind anomalies are indicated by
the red arrows. The transport of moisture flux is drawn in a
similar way in Figs. 6c and 6g. Similar to other papers (Kang
and Eltahir 2019; Im et al. 2014; Lo et al. 2021; Li et al. 2022),
irrigation-induced cooling triggers a large-scale clockwise cir-
culation of wind or moisture flux centered over eastern China
at low levels and probably stabilizes the atmosphere. The anti-
cyclone drives westerlies in northern China, including the
NCP region, the direction of which is the same as the back-
ground climate. This wind originates from the arid inland areas
of Asia and carries little water vapor (Figs. 6b,f). The water con-
tent is replenished as the air passes over the NCP region, and it
continues to deliver moisture to northeastern China. In other
words, the anomalous westerly flow induced by irrigation

intensifies the existing background wind and strengthens mois-
ture transport from the NCP to the northeast, ultimately contrib-
uting to a notable humidification in that region. The stronger
response in WRF is likely caused by its more concentrated irri-
gation amount in AMJ.

The humidity increment builds a solid base for precipitation
alteration. Figures 6d and 6h only show the precipitation dif-
ferences in the regions where those differences are statistically
significant at the 90% confidence level based on a paired t test
of the 20-yr monthly mean in AMJ. These grid cells are con-
sidered to have “significant” precipitation changes. Similar to
the precipitable water increment in Figs. 6c and 6g, precipita-
tion shows a generally increasing trend in northern China, but
a less significant change in southern China in Figs. 6d and 6h.
The superimposed dots indicate the areas where the precipita-
tion increases consistently for greater than or equal to 16 years.
The statistical testing filters out the ignorable noise and gives
prominence to the significant and consistent increases in pre-
cipitation in northern China. WRFm simulates a more sub-
stantial and expansive precipitation increase that reaches over
0.8 mm day21 and 30%, which matches the magnitude re-
ported in Kang and Eltahir (2019). Although WRFm and
REGm have a comparable increase in the near-surface humidity,
the precipitation incremental signal in REGm is not as
expansive as WRFm, which could be attributed to two rea-
sons. First, it is likely that RegCM itself, especially the MIT-

FIG. 5. Spatial distributions of the (a),(e) irrigation amount (mm day21) and irrigation impact on (b),(f) latent heat (Wm22), (c),(g) plane-
tary boundary layer height (310 m), and (d),(h) 2-m temperature (8C), as simulated by (top) REGm and (bottom) WRFm in AMJ.
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Emanuel convective scheme, is less sensitive to the humidity
increase, leading to less increase in precipitable water and
daily rainfall. Second, the overestimation in the NCP precip-
itation simulated by RegCM may decrease the model sensi-
tivity to additional moisture, which makes RegCM less
sensitive than WRF. To assess the dependence of irrigation
response on initial conditions, we did another three tests
with different initial conditions using RegCM since it con-
tains a weaker signal than WRF (i.e., REGd1, REGd2, and
REGd3 are started 1 day, 2 days, and 3 days later than
REGm, respectively). Based on Fig. S2, REGd2 and REGd3
perform greater precipitation increase than REGm, while
REGd1 has less increase. Generally, they produce highly simi-
lar irrigation impacts such as cooling and increasing precipita-
tion, which shows that different initial conditions may not
generate significant deviation in our main conclusions. Al-
though REGm has a weaker signal than WRFm, both of them
can attain rises of 15% (about 10.3 mm day21), which is com-
parable to the spring precipitation response reported in Wu
et al. (2018).

Figure S3 further shows the irrigation-induced precipitation
response in other sensitivity tests. The irrigation amount is
presented as lines and shadows on the top (same as Fig. 2),
and the monthly average of precipitation increase over the
NCP region is presented as bars below. Similar to the irriga-
tion amount, the RegCM experiments have less monthly fluc-
tuation than WRF experiments. The precipitation sensitivity
to different water forcings between each sensitivity group can
be identified, and both WRF and RegCM contain a positive
correlation between irrigation amount and precipitation
change most of the months. Although the significant increase
only occurs in the northern NCP (Fig. 6), the mean NCP pre-
cipitation still rises up to 0.5 mm day21 in May in WRFl.
REGl also show an increase of 0.2 mm day21 in April and
May. There is a noticeable precipitation decrease around
August, but its magnitude is relatively insignificant during the
rainy season when the August rainfall is about 6 mm day21 in
Fig. 2.

Depicting in a similar way as Figs. 6d and 6h, Fig. 7 shows
the decomposed changes in the frequency and intensity of

FIG. 6. Spatial distributions of (a),(e) irrigation amount, (b),(f) the relative changes in specific humidity (%) with the 850-hPa wind pattern,
(c),(g) relative changes in precipitable water integrated vertically with the 850-hPa moisture flux pattern, and (d),(h) relative changes in pre-
cipitation (%), as simulated by (top) REGm and (bottom) WRFm in AMJ. The black arrows in (b), (c), (f), and (g) are the climatological
vectors from natural experiments, and the red arrows are the anomaly patterns between the moderate and natural experiments. The superim-
posed dots in (d) and (h) indicate the areas where a consistent rainfall signal is shown for more than 15 years. The colors in the precipitation-
related patterns in (c), (d), (g), and (h) are filtered by 5% changes as well as the two-tailed significance t testing at the 90% confidence level.
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rainy days over the whole 20-yr period. A day is classified as
rainy if the cumulative daily precipitation exceeds 1 mm, and
the intensity is calculated as the average daily precipitation
among all rainy days. It is unsurprising to see that the pattern
of precipitation change is maintained across the sensitivity
experiments in northern China. Also, their magnitudes are
proportional to the irrigation water forcing, and the humidifi-
cation impact seems to extend slightly when the water forcing
is enhanced. REGl and WRFl simulate a more substantial sig-
nal that can reach 30% (about10.6 mm day21) of the precipi-
tation increase, which matches the magnitude previously
reported in Kang and Eltahir (2019). In areas with significant
precipitation changes, including the northern NCP, precipita-
tion frequency plays a more important role than intensity.
There are generally more significant increases in the fre-
quency patterns, which should be the principal reason for the
precipitation increment in the NCP region in AMJ, while
the intensity hardly changed. The dominance of frequency on
precipitation response is more prominent with larger water
forcings and WRF experiments. This frequency-leading pre-
cipitation increase in the NCP region is different from the in-
tensity-leading precipitation increase in the downstream area
when irrigation is applied in the central United States in July
(Huber et al. 2014).

Figure 8 breaks down the daily precipitation from the view-
point of convection type. Specifically, grid cells with significant

precipitation changes in REGm and WRFm are regarded as
the targeted regions that Fig. 8 focuses on. The accumulated
bar chart shows the 20-yr average increase in convective and
nonconvective precipitation in AMJ over these significant-
altered regions. Boxes that are right above the bars indicate
their relative increase compared to the natural experiments,
while the dots are the relative changes of each year. Generally,
the increasing convective rainfall accounts for the main reason
for the increment in total precipitation shown by its longer
blue bars and higher blue boxes compared with the red ones.
The dominance of convective rainfall increase is consistently
found in two experimental groups with different convective
schemes, but it is more evident with MIT-Emanuel convection
scheme in RegCM experiments. A convective precipitation
rise of 0.2 mm day21 in REGl can contribute to a more than
40% relative increase. This may imply that the spring atmo-
sphere is overall quite stable and triggers little convection, but
after irrigation, convective rainfall increases significantly and
consistently with the rising pattern of total precipitation.

c. Irrigation impact on convective precipitation

To understand why convective precipitation is heavily influ-
enced by irrigation, we first pick out the time slot when con-
vective rainfall increases the most during the day since some
of the convective activities will not last for the whole day.
Only grid cells that have significant precipitation response in

FIG. 7. Spatial patterns of irrigation-induced relative changes in (a)–(f) mean daily precipitation, (g)–(l) rainy days, and (m)–(r) mean
daily precipitation on rainy days in AMJ. Only regions with significant precipitation response are presented. A day is classified as rainy
when the daily precipitation amount is greater than 1 mm.
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REGm and WRFm are colored in Fig. 9. Inside the region
with significant rainfall changes in NCP, afternoon convection
between 1400 and 2000 LT is most affected by irrigation,
which could probably relate to the higher surface temperature
during the afternoon. Convection before and after the after-
noon (i.e., 0800–1400 LT and 2000–0200 LT) also dominates
in a few grid cells, while changes in convective rainfall during
the early morning hardly dominate a grid. Since REGm and
WRFm irrigate at different times (i.e., REGm irrigates at
0600 LT, WRFm irrigates at any time), the consistency be-
tween REGm and WRFm indicates the results should not be

heavily dependent on the irrigation time. Thus, we can infer
that irrigation promotes afternoon convection, which is the
main reason for the precipitation increase in the northern
NCP. This is different from the precipitation enhancement
mainly induced by nocturnal convection over central United
States (Harding and Snyder 2012a; Harding et al. 2015). The
inconsistency may come from the distinct background climate
since the precipitation mostly happens in the evening and
overnight in central United States while peaks in the after-
noon in the NCP (Song and Wei 2021).

The appearance of an anticyclonic anomaly in Fig. 6 verifies
the existence of a stabilizing effect of irrigation, but it seems
to be overwhelmed by the significant moistening effect. To
better compare their contributions in a quantifiable way, we
analyze the spatial pattern of maximum daily convective
available potential energy (CAPE) and convective inhibition
(CIN). The climatological values retrieved from the natural
experiments are shown in Figs. 10a, 10b, 10e, and 10f, and
their changes are displayed in Figs. 10c, 10d, 10g, and 10h. Al-
though both CAPE and CIN increase, the increment of
CAPE is more intensive and extensive than that of CIN. In
REGm, CAPE increases by more than 50 J kg21, which cov-
ers most of the area in NCP and northern China, while CIN
increases only by about 20 J kg21 along the leeside of the
mountain. Similarly, in WRFm, CAPE rises by even more
than 150 J kg21, but CIN only rises by less than 50 J kg21.
This predominant increase in CAPE is associated with humid-
ification in the dry atmosphere in the AMJ.

Figure 11 explains why afternoon convection is most af-
fected by displaying the relationship between the enhance-
ment of CAPE and afternoon precipitation using 6-h data
during 20-yr AMJ. Averaged value over the NCP region with
significant precipitation changes is depicted in the scatterplot.
Dots in dark blue represent the time step in the afternoon
(1400 LT), while other time steps are in other colors. The dot

FIG. 9. Time step that triggers the maximum changes in daily convective precipitation in AMJ. Only grid cells that
have significant precipitation changes in REGm andWRFm are colored.

FIG. 8. The regional mean of convective and nonconvective pre-
cipitation changes in AMJ is shown by the absolute values (bar
chart with y axis on the left) and in the percentage form (boxplot
with y axis on the right). Vertical dots are yearly values, and boxes
are the 20 years’ climatology mean. Only regions with significant
precipitation changes in REGm and WRFm are considered when
calculating the regional mean.
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position in Figs. 11a and 11e is determined by the maximum
CAPE and CIN, and the dot size is related to the corresponding
precipitation in the natural experiment. During AMJ, afternoon
precipitation is relatively heavy, with almost the lowest CIN
compared to other time steps. During the afternoon, CIN
hardly increases and remains at a low level regardless of the
background CAPE or CAPE increase (Figs. 11b,d,f,h), while
CAPE keeps increasing with the low CIN (Figs. 11c,g). This fi-
nally leads to the sharpest increase in convective rainfall during
the day. On the contrary, the slight increase in CAPE in the
morning may not produce a substantial impact under the con-
trol of its high CIN (i.e., light green color in Figs. 11c,g).

From another perspective, Fig. 12 exposes the vertical struc-
ture of precipitation-related variables over the NCP. By using
the irrigation-induced changes in afternoon CAPE and CIN
integrated from the specific level (denoted as sCAPE and
sCIN) (Figs. 12a,d), moist static energy (MSE) (Figs. 12b,e),
and dynamic terms of vertical moisture advection (Figs. 12c,f),
in which v′ is the vertical p velocity anomaly and q is the cli-
matological mean humidity. As expected from Fig. 10, after-
noon CAPE increases much more than afternoon CIN at the
midlevel and low level (Figs. 12a,d). The cooling-induced sta-
bilization (blue line in Figs. 12b,e and black line in Figs. 12c,f)
dominates the MSE profile (black line in Figs. 12b,e) at
around the 700–800-hPa level. But at lower levels, it is over-
whelmed by the dramatic increase in latent energy (green

line). Finally, driven by the latent moistening, the total MSE
(black line in Figs. 12b,e) shifts to a significant positive posi-
tion. This is consistent with the previous conclusion drawn
from the CAPE analysis. The escalation of convective rainfall
can be explained by the instability shown by the strong in-
creases in CAPE and MSE, which are conducive to rainfall.
However, positive changes in the vertical moisture advection
also indicate downward moisture transport that inhibits con-
vective activities, which imposes an opposing impact on pre-
cipitation to the increasing CAPE.

The averaged irrigation impact on 6-hourly maximum
CAPE and the vertically integrated dynamic term of vertical
moisture advection (MADV) over the NCP region are com-
pared in Fig. 13. Figures 13a and 13d indicate how precipita-
tion relates to MADV and CAPE. Large precipitation (large
dot) is more likely triggered when MADV is more negative,
and drizzle is usually generated under less negative MADV
or even positive MADV. Compared with natural experiments
(i.e., green dots), more precipitation occurs in the irrigation
experiment (i.e., orange dots), especially in the red box where
MADV is small and CAPE is large. These newly added dots
are dense but generally small, which is consistent with the
conclusion from Fig. 7 that irrigation raises the frequency but
not the intensity of the precipitation. Figures 13b, 13c, 13e,
and 13f are portrayed in a similar way as Figs. 13a and 13d,
but without the size difference between dots and their colors

FIG. 10. Spatial patterns of the climatological mean (a),(e) CAPE and (b),(f) CIN calculated from the natural experiment, and the changes
in (c),(g) CAPE and (d),(h) CIN caused by irrigation in AMJ as simulated by RegCM4 andWRF.
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indicating the CAPE or MADV changes. In Figs. 13b and 13e,
the color is gradually deepened along the x axis, indicating that
the stronger CAPE increase will finally lead to a higher CAPE
value in the irrigation experiment. The dots representing the
new rainfall inside the red box have greater CAPE increment
(in deep blue color). In other words, CAPE increases signifi-
cantly on calm days when MADV is small, leading to a high
CAPE with a small MADV that is more possible to trigger driz-
zles. According to Fig. S4, whose color indicates the percentage
of convective rainfall, convection rainfall accounts for more pro-
portions than nonconvective rainfall in these points. Compared
with WRF, convective precipitation is more subordinate in
RegCM simulations because almost all the heavy precipitation
happening with negative MADV is nonconvective (Fig. S4a).
Thus, it would be more difficult to see the blue dots occupy the
right tail in REGm (Fig. S4b). On the contrary, convective rain-
fall happens more frequently in WRFn (Fig. S4c), so most of
the new rainfall is generated convectively in WRFm (Fig. S4d).
In Figs. 13c and 13f, although MADV increases generally, the
colors are more randomly distributed, and there is no significant
MADV increase on those dots within the red box. This could
also be the reason that CAPE increase can successfully trigger
precipitation with little inhibition fromMADV.

4. Discussion

By conducting regional climate models, local precipitation
in the irrigated lands of West Africa, Saudi Arabia, and the

central United States shows a general declining or nonsignifi-
cant increasing trend of change during the irrigation season,
usually the boreal summer. West Africa is controlled by ele-
vated CIN and anticyclonic circulation centered right above
the irrigation region, thereby inhibiting both convective and
nonconvective rainfall (Im et al. 2014). A similar circulation
pattern is found in Saudi Arabia (Lo et al. 2021), probably
due to the similar arid climate background in the Middle East
and North Africa. In the central United States, moisture di-
vergence is considered to be responsible for the inhabitation
on local convection, which undermines the moistening impact
and leads to heterogeneous precipitation changes (Harding
and Snyder 2012b; Yang et al. 2019). Thus, the significant in-
crease found in the present study may provide some new in-
sights into how irrigation modulates the local precipitation,
especially why the moistening impact overwhelms the cooling
stabilization and triggers frequent afternoon convection.

Most studies of the irrigation impact in China have focused
on the boreal summer season, which keeps a level of consis-
tency with the studies mentioned above. However, our study
shows that irrigation culminates before or in the early summer
because of the prevailing East Asian monsoon in the mid- to
late summer. Although Wu et al. (2018) suggest that the in-
creasing pattern of irrigation in spring is dominated by the
moistening over the small downward anomaly, they claimed
the existence of a low-level cyclonic anomaly over northeast
China, which is different from our results. The circulation pat-
tern in summer is also a matter of debate among different

FIG. 11. AMJ 6-hourly (a),(e) maximum CAPE and maximum CIN values in the natural experiment, (b),(f) CAPE and CIN changes
from natural to moderate experiment, (c),(g) CAPE change with CIN value in the natural experiment, (d),(h) CIN change with CAPE
value in the natural experiment using (top) RegCM and (bottom) WRF. Dots represent the averaged value over those NCP grid cells that
have significant precipitation changes in REGm and WRFm. The dot color represents different local times (i.e., yellow is 0800 LT, dark
blue is 1400 LT, pink is 2000 LT, and green is 0200 LT) and the dot size in (a) and (e) is related to the 6-h precipitation in the natural
experiment.
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studies (Yang et al. 2016; Kang and Eltahir 2019). This incon-
sistency is likely caused by the unpredictable disruption of the
monsoon, since Jeong et al. (2014) stated that the strength of
the East Asian summer monsoon can shift and distort the cir-
culation pattern. However, the ambiguity may not falsify our
conclusion in AMJ since most precipitation changes are trig-
gered convectively by structural instability. Moreover, we also
verify the first hypothesis of agricultural intensification pro-
posed by Alter et al. (2018), that irrigation will generally in-
crease the MSE over cropland areas and enhance precipitation.

One of the main limitations of climate studies is the sensitivity
of different climate models and irrigation schemes (Sorooshian
et al. 2011; Leng et al. 2013). Our study adopts two different
models with distinct land schemes (i.e., Noah-MP and CLM),
and draws conclusions on the irrigation impact based only on
their consistency. However, this might not fully eliminate the un-
certainty derived from climate models. Moreover, there are still
notable simplifications and differences in the irrigation behaviors
operated by WRF and RegCM4. For example, irrigation is as-
sumed to be conducted once a day in RegCM simulation, and
there is no temperature-checking procedure in WRF, which is
why we have to manually adjust the irrigation period for WRF to
avoid irrigating in the freezing period in winter. These disparities
could possibly be solved by localizing the irrigation module to fit
the real situation in the NCP region.

This study adopts distinct climate models and convective
schemes in WRF and RegCM, but both of them produce
overestimated precipitation that can be identified in the tem-
poral (Fig. 2) and spatial patterns (Fig. 4). The wetter soil
moisture under the dry background in AMJ may reduce the
precipitation sensitivity to extra water induced by irrigation
(Kim and Wang 2012). In other words, the irrigation impact
on precipitation can probably be weakened by the wet bias
generated in REGn, which could be one of the reasons that
RegCM shows less significant signals than WRF under com-
parative water forcings. There are possibilities that the precip-
itation response would be even stronger if the prediction bias
is eliminated. Although WRF contains relatively less bias during
AMJ, its overestimation in the southern coastal area could be
mitigated by tuning the convective parameters in the Kain–
Fritsch scheme, such as extending the CAPE time (Yang et al.
2012, 2015, 2017). The calibration in MIT-Emanuel also has the
potential to improve the performance of RegCM by reducing its
overestimation of light rains (Zou et al. 2014).

Also, several studies (Wang 2005; Foster et al. 2014; Kang
and Eltahir 2018; McDermid et al. 2019) have incorporated
other anthropogenic factors, such as greenhouse gas accumu-
lation or groundwater depletion, and put forward incongruent
climatic responses such as intensified global warming. Admittedly,
irrigation has the potential to produce diverse consequences

FIG. 12. Vertical profile of difference of (a),(d) sCAPE and sCIN (J kg21) at 1400 LT, (b),(e) MSE (kJ kg21), and (c),(f) dynamic com-
ponent of vertical moisture advection (J kg21 s21) over land area of NCP. (top) The difference between REGn and REGm; (bottom) the
difference between WRFn andWRFm. The shaded area represents the region within 95% confidence intervals for AMJ monthly mean.
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under different scenarios because of the nonlinear reactions to it
in the climate system.

5. Conclusions

This study investigates the impacts of irrigation in the NCP
region and its surrounding area, especially on precipitation.
To quantify the irrigation impact, 20-yr model experiments
are run with and without irrigation using WRF and RegCM.
Multiple experiments with different water forcings are con-
ducted as sensitivity tests. Our experiments verify that the
most intensive irrigation occurs in late spring or early sum-
mer, when there is a large water demand and little precipita-
tion supply. During AMJ, the irrigation-triggered cooling and
moistening effect are proportional to the irrigation amount
over the NCP. The moistening effect leads to greater latent
heat, humidity and more precipitable water in the atmo-
sphere, while cooling drives lower PBL height, large-scale an-
ticyclonic wind differences that cover eastern China, and
increase the vertical moisture advection dynamically, which in-
hibits the formation of precipitation. However, the moistening

effect leads to a sharp increase in CAPE especially in the after-
noon when CIN is small, resulting in more convective rainfall
during the afternoon. On the other hand, CAPE rises signifi-
cantly on some calm days when the vertical moisture advection
is not large enough to prevent rainfall, finally triggering precipi-
tation during more days. Since the small MADV does not favor
heavy precipitation, the magnitude of the newly generated rain-
fall is usually small. MSE analysis also presents the cooling ef-
fect is overwhelmed by the humidification in the lower level.
Thus, a significant and consistent precipitation increase in the
northern NCP is observed in AMJ, and the precipitation incre-
ment shows a proportional response to different water forcings
in both WRF and RegCM. The summarized flowchart of how
irrigation affects the NCP’s climate is displayed in Fig. 14.

This study may put forward some new implications on how
large-scale irrigation leads to increased precipitation under a
particular background climate. Importantly, we draw our con-
clusions from the results based on the consistency between
two state-of-the-art climate models and six sensitivity tests.
This greatly improves the reliability of our findings because
model and parameterization differences are two of the major

FIG. 13. AMJ 6-hourly (a),(d) CAPE and MADV values in both natural experiment and irrigation experiment. (b),(e) CAPE and
MADV values in irrigation experiment colored with CAPE changes. (c),(f) As in (b) and (e), but colored with MADV changes using
(top) RegCM and (bottom) WRF. Dots represent the averaged value over all NCP grid cells. Dot sizes in (a) and (d) represent the precip-
itation rate, and thus, only dots with precipitation greater than 0 will be imposed. In (b), (c), (e), and (f), blue color means an increase, a
green color means insignificant change, and a yellow color means a decrease.

FIG. 14. Schematic diagram of irrigation effects leading to rainfall changes.
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uncertainty sources in climate modeling studies. Nonetheless,
the differences in irrigation module design and climate models
themselves still lead to incongruity in the depiction of summer-
time precipitation in the NCP region. Further improvement in
model design or localization of the parameters may be helpful to
generate more practical and consistent results. Overall, our study
provides a foundation for future analysis of less model-dependent
and more systematic irrigation impacts.
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