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ARTICLE INFO ABSTRACT

Keywords: The cooling effects of agricultural irrigation on land surface temperature (LST) are more evident in arid areas like
Waff""sa"i“g irrigation Xinjiang Uygur Autonomous Region (Xinjiang) in northwest China. In the 21st century, irrigation practices
Xinjiang improved, and the water-saving irrigation (WSI) area increased substantially from 1266 ha in 2000 to 2916 ha in
]Js:irsirsf:ce temperature 2019. However, it remains unclear how the cooling effects changed along with the increasing WSI area relative to

traditional irrigation. Here we examine the changes in irrigation cooling effects on LST in Xinjiang from 2000 to
2020 at multi-spatiotemporal scales and analyze their relationship with irrigation water use (IWU). We find a
significant decrease in daytime cooling effects (0.21 K/decade) but an increase in nighttime cooling (0.17 K/
decade) over stable croplands in Xinjiang, both of which significantly (P < 0.05) correlate to the decreased IWU.
Seasonally, the weakened daytime cooling effect is most evident in late summer and early spring. Spatially, the
decrease in the cooling effects is much more prominent in South Xinjiang (0.48 K/decade, p < 0.05) than in
North Xinjiang, possibly due to their different WSI extents, intensities, and climate conditions (e.g., precipita-
tion). Furthermore, we identify different cooling alleviation trends in two different agricultural systems: state
farms with more advanced WSI measurements and conventional farms with fewer WSI infrastructures. We find
that the state farms had a higher LST (ALST: 0.60 K) and vapor pressure deficit (AVPD: 0.013 kPa) than con-
ventional farms in 2000, but that gap significantly decreased to 0.32 K and 0.002 kPa in 2020 due to increasing
WSI in conventional farms, suggesting that the promotion of WSI dampened the irrigation cooling effects in
Xinjiang. Our findings show that WSI lessens the cooling effect of irrigation, and we suggest that WSI-related
effects on temperature should be considered in climate modeling and climate change scenarios.

Weakened cooling effect

1. Introduction

Irrigated agriculture constitutes about 40% of global food produc-
tion, comprises 18% of global croplands, and consumes more than 60%
of freshwater withdrawals (Bin Abdullah, 2006; Puma and Cook, 2010;
Wu et al., 2022a; Zhang et al., 2022f). As one of the most pervasive
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human activities, irrigation has a pronounced impact on earth surface
properties, land-atmosphere interactions, hydrological cycles, and
climate changes (Kueppers et al., 2007; Lobell and Bonfils, 2008; Sacks
etal., 2009; Shen et al., 2021), by conveying water from rivers, lakes and
underground to croplands (Puy et al., 2021). Some biophysical factors
like ground surface albedo, soil and vegetation evapotranspiration (ET),
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and aerodynamics have been changed by large-scale irrigation practices,
and thus the irrigation effect on regional climate attracted increasing
attention (Ambika and Mishra, 2019; Liu et al., 2021; Nocco et al., 2019;
Wang et al., 2021b; Zhang et al., 2017¢). The irrigation effect on climate
is more evident in arid regions like Xinjiang Uygur Autonomous Region
(hereafter Xinjiang) in northwest China where crop growth heavily de-
pends on irrigation (Zhang et al., 2022e, 2022d). The accelerated
expansion of croplands with a heavy dependence on irrigation has not
only stressed local water resources but has also significantly altered
regional climate by reducing land surface temperature (LST) and
enhancing precipitation (Zhang et al., 2020b; Zhou et al., 2016, 2021a).

Numerous studies have reported that irrigation cooled near-surface
or land surface temperature by enhancing evapotranspiration and
reducing albedo using in situ measurements (Lobell and Bonfils, 2008;
Mahmood et al., 2004; Nocco et al., 2019), satellite observations (Yang
et al., 2020b; Zhang et al., 2022g; Zhang et al., 2023), and model sim-
ulations and control experiments (Ambika and Mishra, 2021; Lobell
et al., 2009; Lu et al., 2017; Thiery et al., 2020; Zhang et al., 2017c). For
instance, Mahmood et al. (2006) found that irrigation resulted in 1 K
cooling during the post-1945 years based on comparisons of
near-surface air temperatures between irrigated and non-irrigated sites
in the northern Great Plains, USA. Yang et al. (2020a) reported that
irrigation cooled daytime LST by 1.15 K and nighttime LST by 0.13 K
across China using pairwise comparison of satellite observations of
irrigated and nearby non-irrigated areas in the same year. Using a
coupled land-atmospheric simulation with the Weather Research and
Forecast (WRF) model, Zhang et al. (2017c) found the daily mean
temperature decreased by 1.7 K and humidity increased by 2.3 g kg ™!
because of irrigation in the Heihe River Basin, northwest China. So far,
the cooling effect of irrigation and its biophysical mechanisms have been
thoroughly studied (Liu et al., 2021, 2022; Wang et al., 2021b; Zhang
et al., 2017¢, 2022 g). However, most previous studies were based on a
static irrigation map and did not consider the effects of changes in
irrigation methods on climate, such as water-saving irrigation (WSI)
practices and technologies, which impedes our understanding of how
irrigation-climate feedbacks are changing.

WSI techniques like drip and sprinkler irrigation are effective to
promote agricultural sustainability by increasing water use efficiency
while maintaining or even increasing crop yields (Molden et al., 2010;
Xu et al., 2018; Yang et al., 2023; Zhang et al., 2017a; Zhou et al.,
2021b). It is estimated that the non-beneficial water consumption across
the world’s river basins can be reduced by 54% and 76%, respectively,
by replacing surface irrigation with sprinkler and drip systems
(Jagermeyr et al., 2015). As one of the most water-scarce countries,
China experienced rapid development of WSI and thus reduced irriga-
tion water use per hectare by ~30% during the last two decades (Min-
istry of Water Resources, 2021). In arid northwest China where mean
annual precipitation is less than 200 mm (Yao et al., 2022a), the pro-
motion of WSI has greatly contributed to the continuous agricultural
expansion by reducing the crop water stress (Fu et al., 2022b). WSI
techniques were first tested in the late 1970s by the Xinjiang Production
and Construction Corps (XPCC) (Zhao et al., 1996) and were gradually
promoted to the whole of Xinjiang after 1998 (Deng et al., 2006; Zhang
et al., 2014; Zhong et al., 2009, 2016). As a result, the WSI area
expanded by 130%, and the mean water use per hectare decreased by
over 26% since the 21st century (Yang, 2019). Further, several studies
reported that the promotion of WSI in northwest China has led to the
reduction of ET, soil moisture, and relative air humidity, and thus pro-
ducing non-negligible impacts on local and regional climate (Fu et al.,
2022b; Han et al., 2021, 2017a; Kamran et al., 2023; Wang et al., 2022).

Thus, the expansion of WSI raises an important question: Was the
cooling effect of irrigation reduced or even reversed with the promotion
of WSI? Yao et al. (2022b) argued that different irrigation methods (e.g.,
flood, sprinkler, and paddy techniques) have different effects on surface
fluxes despite the small magnitudes, simulated by incorporating six
different irrigation schemes in Community Land Model. A study based

Agricultural and Forest Meteorology 333 (2023) 109397

on WRF model simulations indicated that switching from conventional
(channel) to efficient (drip) irrigation leads to moderate warming (~0.2
K) over the Indo-Gangetic Plain (Ambika and Mishra, 2022). Using
long-term observations from meteorological stations at controlled and
irrigated sites, Fu et al. (2022a) found that the large-scale application of
WSI techniques in northwest China increased growing-season air tem-
perature by 0.3 K and reduced relative humidity by 2%. However,
existing studies were susceptible to the uncertainties of model parame-
terization or cannot be upscaled to broad regions to represent spatial
discrepancies. On the one hand, different regions like North and South
Xinjiang had different development stages and varied WSI intensities
(Qi et al., 2022; Zhou et al., 2020); on the other hand, different climate
backgrounds (e.g., precipitation and air temperature) may differ a lot in
affecting the irrigation cooling effects (Chen and Dirmeyer, 2019; Yang
et al., 2020a). Satellite observations may provide us an alternative to
study to what extent the increasing WSI has affected the irrigation
cooling effect across Xinjiang, considering both spatial and temporal
discrepancies.

Here we first made two hypotheses: 1) the irrigation cooling effects
have changed in Xinjiang in the last two decades and this change has
spatial and temporal patterns; and 2) the expansion of WSI negatively
affected irrigation cooling trends due to less water use. Second, we
conducted two analyses to test our hypotheses: 1) we extracted the
cooling effects of stable irrigated croplands and examined their trends at
the pixel scale, and investigated the relationship between the cooling
trend and changes in water use at the regional scale (i.e., North and
South Xinjiang); and 2) we compared the climatic difference between
farmlands inside and outside of XPCC farms, which have different WSI
development stages (early development inside of XPCC since the 1970s
and late promotion outside of XPCC after 1998), and observed whether
the differences were minimized due to the increased WSI area outside of
XPCC. Our findings could advance our understanding of how changes in
irrigation practices impact the climate in Xinjiang.

2. Materials and methods
2.1. Study area

Xinjiang is in northwest China, has a total area of 1.66 x 10° km?,
and spans from the Pamir and the Western Tianshan Mountains in the
west to the Gobi Desert in the east, and from the Altai Mountains in the
north to the Kunlun Mountain in the south. Xinjiang is covered by
extensive deserts, oases, mountain glaciers, and snow cover. The terrain
of Xinjiang is characterized by three mountain ranges that surround the
two desert basins (Fig. 1), which creates a unique mountain-basin sys-
tem with distinct hydrological processes. Xinjiang has a typical inner-
continental dry climate and is one of the aridest regions in the world.
Annual precipitation is less than 200 mm (Fig. S2) but potential ET
ranges from 1600 to 2300 mm (Han and Yang, 2013). Xinjiang is an
important crop and grain base and produces a lot of wheat, maize,
cotton, vegetables, and other grain and cash crops (Zhang et al., 2022a).
Almost all crops in Xinjiang rely heavily on irrigation, which usually
lasts from May to September (Zhang et al., 2022b, 2022c). In addition,
irrigation is also implemented during early spring and winter for salt
leaching and the conservation of soil moisture (Han and Yang, 2013).
Under the background of global warming, the oasis economy and desert
ecology in Xinjiang are particularly fragile and acute due to the overuse
of water resources (Yao et al., 2022a). In recent decades, WSI techniques
were widely promoted in Xinjiang to enhance water use efficiency and
reduce the heavy dependence of agriculture on snow and glacier melt,
exerting non-negligible climatic effects (Fu et al., 2022b).

2.2. Data

2.2.1. Land use and land cover data
We acquired the NLCD (National Land Cover Dataset of China)
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Fig. 1. The digital elevation model (DEM) of Xinjiang (XJ) (a) and the location of XJ in China (b). (c) Precipitation and temperature of XJ, South XJ, and North XJ
derived from TerraClimate (Abatzoglou et al., 2018) from 2000 to 2020. (d) The traditional irrigation area (hollow bar), water-saving irrigation area (solid bar), and
mean water use for irrigation (blue line) for XJ. IrrAera = Irrigation area, XPCC = Xinjiang Production and Construction Corps.

dataset from the Data Center for Resources and Environmental Sciences
of the Chinese Academy of Sciences (https://www.resdc.cn). This
dataset was generated every five years since the 1980s using visual
interpretation of Landsat imagery and has an accuracy of over 90% (Liu
et al., 2014, 2005, 2010), and has been widely used in various studies
(Xin et al., 2020; Zhang et al., 2017b, 2020a). There are six first-level
land cover types (i.e., cropland, forest, grassland, water, construction
land, and unused land) in the NLCD with three spatial resolutions (i.e.,
30 m, 100 m, 1000 m). Here we adopted the 1-km dataset from the
1980s to 2020.

2.2.2. MODIS LST and TerraClimate data

We used the 8-day LST data with 1 km resolution from MOD11A2
(Terra), calculated through a split-window algorithm using MODIS
emissivity bands 31 and 32 (Wan, 2008), as the primary data. The LST
data include daytime (local solar time ~ 10.30 a.m.) and nighttime
(~10:30 p.m.) observations under the clear sky from 2000 to 2020. To
ensure only high-quality and cloud-free pixels were used, we filtered the
LST products using the quality control (QC) layers. Only “good quality
data” and “other quality data” but with “average emissivity error <
0.02"” and “average LST error < 1 K” were selected (Li et al., 2015).
TerraClimate with a spatial resolution of 4000 m is a dataset of monthly
climate and climatic water balance for global terrestrial surfaces and
combines the WorldClim dataset, CRU Ts4.0, and JRAS55 using climat-
ically aided interpolation (Abatzoglou et al., 2018). The dataset has been
widely used in multi-discipline studies including climate changes (Li
et al., 2022; Wu et al., 2022b), hydrological cycles (Stahl and McColl,
2022), and ecological evaluations (Kitzberger et al., 2022). Based on our
validation (see Text S1 and Fig. S1 for more details), the TerraClimate

had a satisfactory performance in Xinjiang and could be used to do the
attribution analyses of ALST changes and to investigate the different
climate effects of traditional and water-saving irrigation. All of these
data sets were extracted from the Google Earth Engine platform (Gor-
elick et al., 2017) and averaged to monthly and annual values, except
annual precipitation which was accumulated from monthly data.

2.2.3. Other data sets

We used the Shuttle Radar Topography Mission (SRTM) digital
elevation model (DEM) dataset with 90 m resolution (Jarvis, 2008) to
extract the valid grids (excluding the topographic effects) when inves-
tigating the irrigation cooling effects. The distribution map of XPCC
farms was obtained from the Bureau of Natural Resources of XPCC and
was digitized into shapefile format in ArcGIS. Agricultural water use
data was from the Water Resources Bulletin of Xinjiang from 2002 to
2019. We also used air temperature from the Peng 1 km dataset (Peng
etal., 2019) to examine the temperature difference between farms inside
and outside of XPCC, corroborating the findings derived from the Ter-
raClimate. The air temperature (Peng_1 km) with a resolution of 0.5
arcmins (~1 km) was spatially downscaled from CRU TS v402 using
Delta downscaling method from 1901 to 2020 and was validated as
reliable in China (Peng et al., 2019). All raster data in this study were
resampled to 1000 m, using the nearest neighbor sampling method
(Table 1).

2.3. Methods

The workflow of this study is illustrated in Fig. 2.


https://www.resdc.cn

C. Zhang et al.

Table 1

The data sets used in this study. NLCD = National Land Cover Dataset of China,
LST = Land surface temperature, Ta = Air temperature. ETa and ETr represent
actual and reference evapotranspiration, respectively. VPD = Vapor Pressure
Deficit. SM = Soil moisture, SR = Solar radiation.

Dataset Resolution Temporal Type Reference
period
NLCD 1000 m 1980s-2020 Land use and Liu et al.
(5-year land cover (2014)
interval)
MOD11A2 1000 m, 8- 2000-2020 LST (Terra) Wan (2008)
day
TerraClimate 4000 m, 1980-2020 Ta, ETa, ETr, Abatzoglou
monthly VPD, SM, SR et al. (2018)
Peng_lkm 1000 m, 1980-2020 Ta Peng et al.
monthly (2019)
SRTM 90 m static Elevation Jarvis et al.
(2008)
Water use provincial 2002-2019 Mean -
irrigation
water use
Statical data provincial 2000-2019 Irrigation -

area
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2.3.1. Pairwise comparison based on a flexible window-searching algorithm

The pairwise comparison method is effective for evaluating the dif-
ferences in ecological, hydrological, and climatic factors caused by land
use and land cover changes (Li et al., 2015; Wang et al., 2021a, 2018).
Like Yang et al. (2020a), we used this approach to examine the cooling
effects of agricultural irrigation, as quantified by the LST difference
between irrigated croplands and non-irrigated grasslands. It is
commonly assumed that irrigated and non-irrigated pixels within a
small extent share similar large-scale climate forcing and the nonlocal
signals of background climate can be removed after the differentiation
(Li et al., 2016; Xu et al., 2022). Here we adopted a flexible
window-searching algorithm to delimit the irrigated pixels and nearby
non-irrigated pixels at the 31 x 31 km scale (Yang et al., 2020a). Two
other window sizes including 21 x 21 km and 41 x 41 km were also
examined to test the robustness of our approach.

First, we overlaid the five NLCD data sets from 2000, 2005, 2010,
2015, and 2020 to identify pixels that were consistently cropland or
grassland over the last two decades. Second, the flexible window-
searching algorithm was used to identify valid irrigated pixels. Specif-
ically, a Ly x Ly window centered on an irrigated pixel was established
and the non-irrigated pixels in this window were counted. A valid irri-
gated pixel was the one with at least N non-irrigated (reference) pixels
and their elevation difference with the irrigated pixel was less than a
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Fig. 2. Our workflow for determining changes in irrigation cooling effect and its relationship with irrigation water use. NLCD = National Land Cover Dataset of
China. TI - WSI = Climatic factors of farms using traditional irrigation (TI) minus that of water-saving irrigation (WSI). The three circles inside the top row indicate
the Google Earth Engine platform, a sketch map of land use/cover (yellow and green represent cropland and grassland, respectively), and a sketch map of farms (red)
inside the XPCC and their buffer zones (blue), respectively. XPCC = Xinjiang Production and Construction Corps.
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threshold (E). If the central irrigated pixel did not meet the criteria in the
Ly x Ly window, the window size was amplified step-by-step by 2 km,
and the counting process was repeated until it met the criteria or the
window edge reached a maximum length (Lqy)-

We set the above parameters as Ly = 31 km, N = 10, E = 50 m, and
Lmax = 100 km. Other parameters were also tested to demonstrate
robustness (see Section 4.4). The difference in LST between irrigated
pixels and their reference non-irrigated pixels (Eq. (1)) showed the LST
changes (ALST) induced by agricultural irrigation. A positive or nega-
tive ALST represents the warming or cooling effect of irrigation,
respectively.

ALST cooiing = LSTirrigation — LSTwon——irrigation @
2.3.2. Quantification of the cooling effect trends and attribution analysis

Based on the annual ALST time-series images from 2000 to 2020, we
calculated the trend of ALST using linear regression at the pixel scale,
quantifying the temporal pattern of ALST changes in the last two de-
cades. Next, the pixel-wise ALST was aggregated into Xinjiang, North
Xinjiang, and South Xinjiang to show the regional variations and dis-
crepancies. In terms of temporal dimensions, we conducted the analyses
at annual, seasonal, and diurnal scales.

We investigated the relationship between ALST changes and mean
agricultural water use and climate factors (i.e., precipitation, air tem-
perature, and solar radiation) using partial correlation analyses in both
Xinjiang and its two subregions. Note that the provincial water use data
was used for Xinjiang, North Xinjiang, and South Xinjiang, due to the
lack of regional-specific data.

We also quantified the relative importance of water use and three
climate factors to ALST using a dominance analysis of the multiple linear

Water-saving irrigation
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regression model (Eq. (2)).

ALST = by + by X INU + by X Pr+bs x Ta+ by X Sr+ € 2)
where IWU, Pr, Ta, and Sr represent irrigation water use, precipitation,
air temperature, and solar radiation, respectively. ¢ indicates other
factors that may contribute to LST changes. The dominance analysis was
expected to identify the individual contributions of the above four fac-
tors to ALST and was conducted using the Python package “dominance
analysis” (https://github.com/kaladharprajapati/dominance_analysis),
which is based on the decomposition of variance for multiple linear
regression models. According to the dominance analyses, a higher value
means higher contribution (importance) and will be identified as the
dominant driver.

2.3.3. Comparison of the climatic effects between water-saving irrigation
and traditional irrigation

We assumed that different irrigation methods, like traditional irri-
gation (channels and ditches) and WSI (drip or sprinkler), have different
impacts on LST since they differ in water supply, soil moisture, and ET
(Ambika and Mishra, 2022; Han et al., 2017a). Many studies reported
that WSI was mainly used at XPCC farmlands before the late 1990s and
was then gradually promoted outside of XPCC farmlands (Han et al.,
2021; Zhang et al., 2019; Zhao et al., 1996; Zhong et al., 2009). Thus, we
used these two types of farmlands to investigate the cooling effects
induced by different irrigation methods (Eq. (3)). Specifically, we
defined the farms equipped with WSI using the official boundaries of
XPCC jurisdiction (Fig. 1a) and delimited the farms using traditional
irrigation as those inside of the 20-km buffers around the XPCC. The LST
difference due to irrigation methods was quantified using the LST of all

vs. Flooding irrigation

Water-saving irrigation

-

Flooding irrigation

Fig. 3. Schematic of the comparison between water-saving irrigation vs. traditional irrigation (flooding) at the farm level. (a) Zoom-in view of Xinjiang Production &
Construction Corps (XPCC, mean area of farms: 684 km?). (b) Full view of the XPCC. (¢) and (d) indicate farmlands using water-saving and flooding irrigation

methods, respectively.
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cropland pixels inside the XPCC minus that inside the buffers. The
schematic diagram of the comparison between WSI and traditional
irrigation is shown in Fig. 3.

ALSTWSI—TI = LSTwater—saving irrigation LSTLradilional irrigation (3)

Apart from MODIS daytime LST, the differences in various climatic
factors from the TerraClimate dataset, including maximum air temper-
ature (Ta), actual and reference ET (ETa and ETr), vapor pressure deficit
(VPD), and soil moisture (SM), were also computed using Eq. (3). The
long-term dataset from 1980 to 2020 allowed us to not only examine the
climatic differences between traditional irrigation and WSI but to also
observe their trends as WSI became more commonplace on conventional
farms. Note that the croplands inside and outside XPCC were extracted
from the NLCD dataset and each nominal year’s land cover was extended
to five years that included two preceding and two subsequent years (e.g.,
1990 represented 1988-1992). An exception was the land cover for the
1980s, which weas used for years 1980-1987.

3. Results
3.1. Spatial patterns of the changing irrigation cooling effects in Xinjiang

The difference in LST between irrigated and non-irrigated pixels was
examined by pairwise comparison in 31 x 31 km windows and their
trends were calculated to observe changes over time (Fig. 4, Fig. S3). In
total, we identified 58,724 valid irrigated pixels, with 57% and 43% of
them distributed in North and South Xinjiang (Fig. S4), respectively.
Overall, the irrigated areas had a lower annual mean LST than non-
irrigated areas both in the daytime (—2.40 K) and nighttime (—0.19 K)
over the study period. Spatial discrepancies were found in ALST with a
mean daytime cooling of —1.57 K in North Xinjiang and —3.46 K in
South Xinjiang. The cooling effects of irrigated croplands changed
extensively since 2000 with 31% of them having a significantly positive
trend (p < 0.1) in the daytime (Fig. 4b), which indicated that the
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daytime cooling effect weakened with time. The attenuated daytime
cooling effect was more prominent in South Xinjiang than in North
Xinjiang, where the proportion of significantly positive trends was 31%
and 16%, respectively (Fig. 4c), probably due to the larger area of WSI in
South Xinjiang and will be discussed in the following sections. In
contrast, 32% of the irrigated croplands showed a significantly negative
trend (p < 0.1) in the nighttime (Fig. S3b), indicating the aggravated
nighttime cooling effect. The intensified nighttime cooling was more
evident in North Xinjiang than in South Xinjiang (proportions of
significantly negative trends: 19% vs. 13%, Fig. S3c).

3.2. Changing cooling effects of irrigation at annual, seasonal, and
diurnal scales

We aggregated the pixel-wise ALST into three regions (i.e., Xinjiang,
North Xinjiang, and South Xinjiang) and calculated their temporal
trends at annual, seasonal, and diurnal scales, respectively. As Fig. 5
illustrated, the mean annual daytime ALST in Xinjiang significantly
increased with a trend of 0.208 K/decade (p < 0.05), indicating a
weakened daytime cooling effect. Regionally, South Xinjiang had a
steeper trend in annual daytime ALST of 0.482 K/decade (p < 0.05), and
no significant trend was found in North Xinjiang (slope = 0.004, p >
0.1). In terms of nighttime ALST changes, all three regions had a clear
intensified cooling trend, among which North Xinjiang had the steepest
trend (—0.130 K/decade, p < 0.05), followed by Xinjiang (—0.117 K/
decade, p < 0.05) and South Xinjiang (—0.100 K/decade, p < 0.1). The
annual ALST trends evidently correlated to mean irrigation water use
with asymmetric characteristics. Daytime ALST magnitude was magni-
fied and nighttime ALST magnitude was reduced with increasing irri-
gation water use (Fig. 5c¢, d), meaning that less water use due to WSI
could alleviate the daytime cooling effect and intensify the nighttime
cooling effect. The correlation relationships were significant (p < 0.1) at
all regional scales except North Xinjiang, which may be due to the
confounding effect of background climate like precipitation and will be
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further investigated in the next section.

We also calculated the daytime and nighttime mean ALST for each
month for seasonal analysis from 2000 to 2020 (Fig. 6). The irrigation
cooling effect was most evident in the growing season (from May to
September) with a mean daytime cooling of —4.19 K (Table S1) and
nighttime cooling of —0.47 K (Table S2) for Xinjiang, and was especially
strong in July and August. South Xinjiang had a higher daytime cooling
magnitude than North Xinjiang in nearly all months. For the nighttime,
South Xinjiang had contrasting seasonal effects with warming in spring
and winter, and cooling in summer and autumn, while North Xinjiang
always had a slight nighttime cooling effect in all seasons. In the
nighttime, the ground surface releases energy stored in the daytime and
heats the atmosphere (Chen and Jeong, 2018), but this heating effect
will be mediated or surpassed by the enhanced latent flux in the inten-
sively irrigated growing season (in South Xinjiang) or relatively humid
environment (in North Xinjiang) (Fig. 6b). In terms of cooling trends,
daytime ALST in most months in Xinjiang decreased, which was more
evident in spring and autumn. Regionally, the weakened daytime cool-
ing trend was more marked in South Xinjiang, and the increased
nighttime cooling pattern was more evident in North Xinjiang, which
may be due to their different irrigation extents and intensities.

3.3. Attribution analyses of the changing irrigation cooling effects

In general, the LST is tightly coupled with soil moisture, ET, and
albedo (Liu et al., 2019; Qiu et al., 2022; Shen et al., 2019; Zeng et al.,
2021), which are affected by irrigation and background climates like
precipitation, air temperature, and solar radiation (Pitman et al., 2011).
In Xinjiang, the average water use for agricultural irrigation has
decreased from 11505 m®/ha in 2002 to 8481 m®/ha in 2019 at a rate of
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Fig. 6. Monthly mean ALST and ALST trends of croplands in Xinjiang, South
Xinjiang, and North Xinjiang from 2000 to 2020 during the daytime (a) and
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dent’s t-test. XJ = Xinjiang.
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—177.3 m®/ha per year (Fig. 1d). Here we quantified the relationship
between the temporal changes of cooling effects and mean irrigation
water use (IWU) and three climate factors using partial correlation
analysis.

As illustrated in Fig. 7, both daytime and nighttime ALST were
significantly correlated with the mean IWU (p < 0.05) in Xinjiang, North
Xinjiang, and South Xinjiang after controlling the climate factors.
Declining IWU dominated ALST changes with a contribution of more
than 30% at all regional and temporal scales except in North Xinjiang in
the daytime (7.7%, Fig. 7c, Table S4). Contrasting diurnal correlations
between ALST with IWU were found and were characterized by a
negative correlation in the daytime and a positive correlation in the
nighttime. Specifically, the daytime ALST in South Xinjiang was more
negatively correlated with IWU than in North Xinjiang (partial corre-
lation coefficient: —0.688 vs. —0.544, p < 0.05, Table S3). Note that
precipitation played a more important role than IWU in North Xinjiang
in the daytime (partial correlation coefficient: 0.603 vs. —0.544 and
relative importance: 38.9% vs. 7.3%, Fig. 7a, c) since precipitation is
relatively higher and the WSI area is less compared to South Xinjiang
(Fig. 1c). In contrast, nighttime ALST was positively correlated with
IWU at all regional scales, which indicated that the nighttime cooling
effect intensified as IWU decreased (Fig. 5d). This aggravated trend may
be related to the decreased soil moisture and increased albedo in the
daytime (because of brighter soil color). Since the land surface assimi-
lates solar radiation in the daytime and releases energy at night (Li et al.,
2015), less energy absorbed in the daytime (due to increased albedo) can
be dissipated in the nighttime, thus intensifying the nighttime cooling
effect (Peng et al., 2014). Regionally, the nighttime ALST in South
Xinjiang was slightly more correlated with IWU than in North Xinjiang
(partial correlation coefficient: 0.790 vs. 0.740, p < 0.05).

3.4. Different climatic effects of traditional and water-saving irrigation at
the field scale

Using XPCC farms and non-XPCC farms (Fig. la, Fig. 3), we
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compared daytime LST (from MODIS) and several other climatic factors
(from TerraClimate) of traditional irrigation and WSI lands, respec-
tively. As shown in Fig. 8, both daytime LST and Ta of farms using WSI
methods were significantly higher (p < 0.001) than farms using tradi-
tional irrigation methods (Fig. 8a, b). The annual daytime ALST had a
markedly larger magnitude than ATa (mean value of 0.430 K vs. 0.031 K
for 2000-2020). In addition, the farms using WSI had larger VPD and
ETr, and lower ETa and SM than conventional farms. The gaps between
the climatic effects of WSI and traditional irrigation were dynamic over
the last four decades and we found a turning point in 1998. The WSI had
a higher Ta (mean: 0.055 K) with a slightly upward trend than tradi-
tional irrigation before 1998 but ATa had a downward trend (—0.026 K/
decade, p < 0.001) after 1998 and gradually converged to 0 in 2020.
Similar patterns can be found in the trend of AVPD (Fig. 8c), AETr
(Fig. 8d), AETa (Fig. 8e), and ASM (Fig. 8f). All the temporal trends were
significant (p < 0.1) except for ASM after 1998, possibly due to
complicated climate conditions like extreme precipitation and drought.
The climatic differences (i.e., LST, Ta, VPD, Eta, ETr) between the two
kinds of farms can be attributed to the different irrigation methods they
adopted (Han et al., 2017a). The different trends before and after 1998
may be due to the different development stages and area proportions of
WSI inside and outside of XPCC, which we discussed in Section 4.3.

4. Discussion
4.1. Declining cooling effects of irrigated croplands in Xinjiang

Previous studies have demonstrated that the irrigation cooling effect
is dominated by increased ET as a consequence of additional water
supply (Liu et al., 2019, 2022; Yang et al., 2020b). Compared to the
non-irrigated areas, more energy is transformed into latent heat flux due
to the additional water supply from the irrigation, thus reducing the
sensible heat flux for heating the air. Such a cooling effect is particularly
pronounced in arid regions, especially in Xinjiang, where the potential
ET is generally high (Han et al., 2017b). Based on our results, most of the
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*k

and ** represents p < 0.05 based on Student’s t-test. XJ = Xinjiang.



C. Zhang et al.
(a)
ALST (MODIS)
061
)
7
£ 0.4-
3
02 k = -0.0091
(c) T T T T T
0.015 1 g
=
[T
)
a
[a W
>
3
k=0.0001"" =-0.0005""
(e)
)
£
<
=
m
L
'0.1 _ * X% . *
=-0.0038 k=0.0016
1980 1990 2000 2010 2020

Agricultural and Forest Meteorology 333 (2023) 109397

k=-0.0026""

k=0.0003"
(d) T T

AETr

N
ESN
1

AETr (mm)
=
(3]

) '

=-0.0050""
1990

k = 0.0029
2000 2010

1980 2020

Fig. 8. Differences in multiple climate factors between the farms inside and outside (20-km buffer) of Xinjiang Production and Construction Corps (XPCC) juris-
diction from 1980 to 2020, including daytime ALST (a), air temperature (Ta) (b), AVPD (c), AETr (reference ET) (d), AETa (actual ET) (e), and ASM (soil moisture)
(). All data is from the TerraClimate except LST (MODIS). The blue and red spaces represent before and after the year 1998. Simple linear regressions are
implemented for the time series before (blue dotted line) and after 1998 (red dotted line), respectively. The k and p denote the slope and p-value of the trend,
respectively. Daytime ALST before 2000 is absent due to the unavailability of MODIS LST data. * represents p<0.1 and ** represents p<0.05 based on Student’s t-test.

irrigated croplands in Xinjiang had a weakened daytime cooling effect
from 2000 to 2020 (Fig. S4) and the mean annual decrease was 0.64 K
with a slope of 0.21 K/decade. Also, the relationship between annual
ALST and mean water use for irrigation was significantly correlated both
in the daytime and nighttime.

Limited by the dry climate and scarce water resources in Xinjiang,
WSI techniques were introduced and developed due to policies and
subsidies from the central and local governments (Fig. 9). The gross area
of croplands under WSI expanded from 1266 ha in 2000 to 2916 ha in
2019, and the corresponding mean water use for irrigation fell by over

Financial subsidy for WSI
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'+ 7,500 yuan/ha (SXJ), 6,000 yuan/ha ( NXJ), |

4,500 yuan/ha (EXJ) (2013-2015)
!+ 15,000 yuan/ha in SXJ (2016-)

26% (Fig. 1d). As an advanced irrigation technique, WSI technology like
drip irrigation under plastic films or mulches only supplies water to
roots through lines with small holes, which reduces water use to a large
extent. Fu et al. (2022b) reported that substantial improvements in
irrigation efficiency have reduced irrigation water demand per unit area
by over 60% and saved irrigation water of 18.5 billion m® from 1990 to
2015 in Tarim Basin, Xinjiang. As a result, the soil water content and ET
activity of WSI are obviously less than that of traditional flood irrigation
(Han et al., 2017a). Moreover, a slight increase in potential ET and a
decrease in actual ET trends were found in the cropland area over the
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period 1990 - 2015 (Fu et al., 2022b).
4.2. Spatial and temporal discrepancies of the weakened cooling effects

The overall weakened cooling effects in Xinjiang from 2000 to 2020
had both spatial (i.e., North Xinjiang and South Xinjiang) and temporal
(seasonal and diurnal) discrepancies. The attenuated daytime cooling
trend was intensive in South Xinjiang but negligible in North Xinjiang,
probably due to different advancements in WSI and differences in
background environmental conditions between the two regions. South
Xinjiang has a drier climate with less precipitation and water resources
than North Xinjiang (Fig. S2), which challenged the sustainability of
agricultural irrigation (Yao et al., 2022a). Thus, the demand for devel-
oping WSI is stronger in South Xinjiang than in North Xinjiang. Ac-
cording to the official report, the area of high-efficiency WSI increased
by 583,500 ha in South Xinjiang from 2016 to 2020, almost three times
the new WSI area in North Xinjiang (Fig. 9), On the contrary, North
Xinjiang, especially the north slope of Tianshan Mountain, has relatively
abundant water resources, which negates the demand for WSIL. As a
result, the mean IWU per hectare in North Xinjiang may be larger than in
South Xinjiang. In addition, the more humid climate in North Xinjiang
could also lead to smaller irrigation cooling effects than in South Xin-
jiang (Yang et al., 2020a), and the corresponding weakened trend was
not evident.

We also found apparent diurnal and seasonal discrepancies in the
cooling trends in both North Xinjiang and South Xinjiang. The diurnal
cooling trends were asymmetric in the last two decades, characterized
by mitigated daytime cooling and intensified nighttime cooling. Less
water supply usually leads to reduced soil moisture and ET and higher
soil albedo than traditional irrigation (Fu et al., 2022b; Zhang et al.,
2020b). Reduced soil moisture and ET could dampen the daytime
cooling effect. In general, the land surface absorbs and stores energy
from the atmosphere during the daytime and releases heat in the
nighttime (Lee et al., 2011). At night, ET is negligible, and LST must be
closely related to the energy stored during the daytime (Peng et al.,
2014). Higher albedo means less solar radiation (energy) will be
absorbed; therefore, less heat can be dissipated at nighttime, enhancing
the nighttime cooling trends. In addition, the decrease in surface heat
capacity because of less daytime heat storage (lower soil moisture) may
lead to a reduction of air humidity near the surface and a decrease in
boundary layer cloud formation. As a result, less downward longwave
radiation is received from the atmosphere and more longwave radiation
is emitted from the ground surface (Zhou et al., 2007). This longwave
radiative imbalance has a stronger effect at night than during the day-
time (Dai et al., 1999), which also leads to intensified nighttime cooling
trends.

As for the seasonal patterns, the significantly weakened daytime
cooling was concentrated in late summer and early spring, which cor-
responded to the two major stages of irrigation (Han and Yang, 2013).
Crop growth in late summer needs more water, and thus this period has
the most intensive cooling effects during the year, and the weakened
cooling magnitude would be more marked than in other seasons. In the
early spring, irrigation is usually used to leach salt and conserve soil
moisture (Han et al., 2017a), and is thus accompanied by slightly
mitigated cooling trends.

4.3. Different climatic effects between farms using traditional irrigation
and WSI

Since WSI techniques were first tested and promoted on XPCC farms
in the late 1970s, the proportion of WSI peaked when non-XPCC farms
began to adopt and encourage WSI in the late 1990s and early 2000s. As
a result, farms with WSI had a lower ETa and SM than that with tradi-
tional irrigation and the gap magnitude showed an increasing trend
from 1980 to 1998 (Fig. 8e, f), despite some disturbances due to data
uncertainty. Correspondingly, the lower soil moisture and ET of XPCC
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farms led to a higher temperature than non-XPCC farms, and the dif-
ference had a slightly upward trend before 1998 due to the gap in irri-
gation methods (Fig. S5).

Thanks to the stimulus and subsidy policies from the central and
local governments, WSI systems were promoted to farms outside of
XPCC jurisdiction in the late 1990s and developed rapidly. Thus, the gap
in irrigation techniques between these farms decreased, and the differ-
ences in temperature and other climatic factors had a downward trend
after 1998. A most recent study reported that water-saving technologies
increased irrigation efficiency in the source of the Tarim Basin by 17%
from 0.3 in 1990 to 0.35 in 2000, accompanied by faster growth in later
years (49% increase from 0.35 in 2000 to 0.52 in 2015) (Fu et al,
2022b). The different growth velocities before and after 2000 partly
corroborate the varied development phases of WSI in state farms and
conventional farms. Furthermore, our results were consistent with Han
et al.’s studies (Han et al., 2021, 2017a), which found different temporal
trends of potential evapotranspiration before and after 1998 in Xinjiang
based on in situ observations. In addition to using the 20-km buffers to
identify non-XPCC farms, we also tested 15-km and 25-km buffers
(Fig. S6, Fig. S7.) and found that our results were consistent. Moreover,
we replaced Ta from the TerraClimate dataset with that from Peng 1 km
dataset and found a similar declining trend of ATa after 1998 between
farms inside and outside the XPCC (Fig. S8), demonstrating the robust-
ness of our results. Our findings provide new evidence of the effect of
WSI practices on climate under the background of an increasingly
warming and wetting climate in northwest China (Yao et al., 2022a).

4.4. Sensitivity tests, uncertainties, and implications

In this study, we delineated the spatiotemporal patterns of irrigation
cooling effects and their relationship with water use changes at different
scales in Xinjiang in the last two decades. Compared to a recent study
that delineated the WSI-induced warming effect in northwest India
using WRF simulations (Ambika and Mishra, 2022), our study reflected
the actual climate changes due to WSI promotion, immune to the un-
certainties from model parameterization or coarse-resolution irrigation
dataset. Furthermore, relative to a similar study in northwest China
based on in situ observations (Fu et al., 2022a), the adoption of satellite
observations here, which have a spatially explicit nature and frequent
revisit, allowed us to uncover the representative pattern of WSI-induced
indirect warming effect based on analyses at multi-spatiotemporal
scales. The adoption of all stable irrigated croplands allowed us to
examine the change in mean cooling effects with more and more crop-
lands adopting WSI techniques, eliminating the impact of newly
expanded croplands. The flexible window-searching algorithm effec-
tively extracts the LST difference between irrigation and non-irrigation
areas. Although the window size was flexible from 31 km to 100 km to
enhance valid grids, more than 80% of the windows had a 31 km size
(Fig. S9). In addition to the parameters that we adopted (Lg = 31 km, N
=10, E = 50 m, and Ly,q, = 100 km), we also tested other values like Ly
= 21 km, 41 km, N = 15, 20, 25, and E = 60 m, 80 m, 100 m (Fig. S10,
Fig. S11). The sensitivity tests demonstrated that our method was robust
and insensitive to different parameter values.

Nevertheless, some aspects can be improved. First is the bias from the
data quality of the MODIS dataset (e.g., LST), which is susceptible to
cloud contamination (Li et al., 2015; Shen et al., 2020) and may intro-
duce some uncertainties into our results. Further, the land use and land
cover data may also have some misclassifications (Sevcikova and
Nichols, 2021). However, we adopted the 20-year averaged map which
was expected to improve the reliability. Second, we attributed the
mitigated cooling effects of irrigated croplands to the implementation of
WSI, since the partial correlation analysis showed a good causal rela-
tionship between mean water use and ALST. However, some other fac-
tors (i.e., precipitation and solar radiation) may also play a role in
affecting ALST changes at regional scales, such as precipitation in North
Xinjiang and solar radiation in South Xinjiang (Fig. 7). Yang et al.
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(2020a) reported that enhanced precipitation would dampen the irri-
gation cooling effect because the additional water supplied by irrigation
has a weaker impact on the land surface in the humid climate zone than
in the arid climate zone. This phenomenon was evident in North Xin-
jiang due to its relatively higher precipitation than in South Xinjiang. In
addition, the attenuated cooling effect of WSI revealed by this study was
a low boundary because it may be partly counteracted by vegetation
greening, which is closely related to vegetation ET activity (Cui et al.,
2022; Lian et al., 2022; Piao et al., 2020; Shen et al., 2022a, 2022b). For
instance, Forzieri et al. (2017) reported that vegetation greening with
increased LAI contributed to evaporation-driven cooling in arid regions
and the interplay between LAI and surface biophysics is amplified up to
five times under extreme warm-dry and cold-wet years. Yu et al. (2022)
found an evident daytime cooling effect induced by crop greening dur-
ing the growing season in Northeast China. In our future work, regional
climate models assisted by in situ observations will be utilized to
quantify more drivers and feedback of the WSI effect.

Third, due to the lack of finer-scale (e.g., county or prefecture-scale)
IWU data, we used provincial-level data to investigate the relationship
between cooling dynamics and water use changes for North and South
Xinjiang, which may introduce some unmanageable uncertainties.
Furthermore, the provincial water use data corresponds to all croplands
including both stable and new irrigated croplands, which may impair its
explanatory power for the weakened cooling effect. But even so, we
could find a significant correlation between the changes in the cooling
effect and water use, and we believe the explanatory power would be
higher with the availability of finer-scale data.

Fourth, when exploring the climatic differences between state farms
(inside of XPCC) and conventional farms (outside of XPCC), we did not
consider the different cropping structures and other management stra-
tegies between these farms due to the data unavailability, since different
crop types and management methods may have different climatic effects
(Liu et al., 2022; Luyssaert et al., 2014). Moreover, some uncertainties
may be introduced when using the TerraClimate dataset to retrieve the
WSI effects because some XPCC scales are too small to reflect the dif-
ference in temperature between farms inside and outside the XPCC. In
the future, a comprehensive comparison of the climatic discrepancies
between traditional irrigation and WSI should be implemented with
more explicit and solid information about the cropland types, mean
water uses, climate and soil conditions. In addition, future studies can
investigate more biophysical effects of WSI including relative humidity,
wet bulb temperature, and moist heat stress using climate models (i.e.,
WREF).

5. Conclusions

High-efficiency WSI techniques have expanded rapidly in Xinjiang in
recent decades but WSI expansion-induced impacts on local and regional
climates remain rarely investigated. We investigated the impact of
increased WSI on LST from 2000 to 2020 using the pairwise comparison
method at the pixel and farm scales. We found a clear weakened cooling
effect of irrigation over the croplands in Xinjiang in the last two decades.
For the first time, we observed the cooling trend had a contrasting
diurnal cycle with mitigated daytime cooling and intensified nighttime
cooling. The declined daytime cooling had a markedly larger magnitude
than the intensified nighttime cooling and thus dominated the overall
weakened daily cooling trend. Regionally, the weakened cooling was
significant in South Xinjiang but not so in North Xinjiang. Seasonally,
the weakened cooling effect was more significant in late summer and
early spring than in the other seasons.

Decreased mean water use for irrigation could have reduced the
daytime ALST but intensified the nighttime ALST. Through our com-
parison between XPCC farmlands with WSI and non-XPCC farmlands
with traditional irrigation, we further confirmed that the WSI has a
weaker cooling effect than traditional irrigation, but the difference in
the cooling effect between the two farmlands narrowed with the rapid
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expansion of WSI. Our findings provide new insights into the effects of
WSI on climate in northwest China in the last two decades and inform
future modeling and climate adaptation efforts.
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