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Abstract 

The effect of irrigation on temperature has attracted much attention 

because its cooling effect may mask the warming due to other factors, 

such as greenhouse gas forcing. Although many studies have examined 

the irrigation cooling effect (ICE) based on near-surface air temperature 

from meteorological observations or climate model simulations, few 
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studies have directly addressed the effect of irrigation on land surface 

temperature (LST), which is closely linked to the surface energy balance 

and near-surface air temperature. In this paper, an ICE detection (ICED) 

method is proposed to assess the effect of irrigation on LST using the 

Moderate Resolution Imaging Spectroradiometer (MODIS) products 

across China. The magnitude of the ICE is calculated as the LST 

difference between irrigated area and adjacent non-irrigated area in the 

self-adaptive moving window determined by the ICED method. The 

results show that irrigation cools daytime LST by 1.15 K, and cools 

nighttime LST by 0.13 K, on average, across irrigated areas in China. The 

effect of irrigation on LST differs greatly among the climate zones and 

seasons, characterized by the enhanced ICE in arid regions and the 

growing season. In the arid climate zone, nearly all the irrigated areas 

show a lower daytime LST than the adjacent non-irrigated areas, leading 

to a strong ICE magnitude of greater than 6 K in the growing season. In 

the humid climate zone, the impact of irrigation on LST is generally 

negligible, with a magnitude around zero throughout the year. This study 

provides observational evidence and a comprehensive assessment of the 

effect of irrigation on LST. The proposed ICED method has the potential 

to be used to study the spatiotemporal variation of the effect of irrigation 

on LST over other regions with intensive irrigation. 

Keywords: irrigated area, remote sensing, observational evidence, 
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spatiotemporal variations, Google Earth Engine 

1. Introduction 

The accelerating anthropogenic activities have had significant 

influence on the Earth’s surface properties, by either altering land surface 

properties or modifying the characteristics of the existing land cover 

(Goonetilleke et al., 2005; Grimm et al., 2008; Thiery et al., 2017). 

Irrigation is one of the most pervasive land management activities (Sacks 

et al., 2009), and contributes greatly to global food production (Godfray 

et al., 2010; Ozdogan, 2011). Irrigation can enhance soil moisture, 

increase evapotranspiration, and change land surface properties 

(Seneviratne et al., 2010; Thiery et al., 2017). These biophysical impacts 

of irrigation affect the energy budget, resulting in feedback to the local 

climate, and have potential cooling effect on temperature (Biggs et al., 

2008; Kang and Eltahir, 2019; Nocco et al., 2019; Thiery et al., 2017; 

Wen and Jin, 2012; Zhang et al., 2017).  

The effect of irrigation on near-surface air temperature has been 

investigated in numerous studies, using climate models (Broadbent et al., 

2018; Chen and Jeong, 2018; Chou et al., 2018; de Vrese and Hagemann, 

2017; Lobell et al., 2009; Lobell et al., 2008b; Sacks et al., 2009; Wu et 

al., 2018; Zhang et al., 2017) and/or the analysis of meteorological 

observations (Bonfils and Lobell, 2007; Chen et al., 2018; Han and Yang, 
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2013; Lobell and Bonfils, 2008; Lobell et al., 2008a; Mahmood et al., 

2006; Nocco et al., 2019; Roy et al., 2007; Shi et al., 2014). Most of these 

studies have indicated the irrigation cooling effect (ICE) on near-surface 

air temperature. For example, by the use of a modeling methods, Zhang et 

al. (2017) reveled that irrigation decreased mean air temperature by about 

1.7 K over a river basin located in Northwest China; and Broadbent et al. 

(2018) found that irrigation reduced diurnal average air temperature by 

2.3 K in an urban area of Australia. Furthermore, an obvious ICE has 

been reported in several observational studies based on meteorological 

stations located in irrigated areas of China (Han and Yang, 2013; Shi et 

al., 2014), America (Bonfils and Lobell, 2007; Chen et al., 2018; Lobell 

and Bonfils, 2008; Nocco et al., 2019), and other countries (Lobell et al., 

2008a; Roy et al., 2007). However, these studies, both modeling and 

observational, have mostly focused on near-surface air temperature, and 

few have analyzed the effect of irrigation on land surface temperature 

(LST) which is recognized as being one of the most important climate 

and environmental indices (King, 1999; Wan et al., 2010). Although 

correlated with air temperature, LST differs from it in physical meaning, 

magnitude, and influencing factors (Jin and Dickinson, 2010; Mildrexler 

et al., 2011; Shiflett et al., 2017). Air temperature is largely dependent on 

the atmospheric conditions, whereas LST is in addition significantly 

influenced by soil moisture, land surface properties, and surface energy 
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fluxes (e.g. latent heat and sensible heat) (Jacob et al., 2004; Mann and 

Schmidt, 2003). Compared to air temperature, LST is more sensitive to 

the land surface change induced by natural factors (e.g. snow) and/or 

human activities (e.g. irrigation) (Voogt and Oke, 2003; Winckler et al., 

2019). Therefore, LST can be considered to be a good indicator of 

climate change, and has the potential to provide a new insight into our 

understanding of the effect of irrigation on the land surface. 

The lack of previous research into the effect of irrigation on LST can 

be largely attributed to the difficulty of acquiring enough surface 

temperature observations by the traditional methods (i.e. meteorological 

stations and field experiments). In recent years, with the development of 

remote sensing techniques, LST data can now be easily obtained from 

satellites. The high-quality and spatially continuous satellite LST data, 

such as the Moderate Resolution Imaging Spectroradiometer (MODIS) 

products, have been widely applied in environmental and climate research, 

including the assessment of irrigation effects (Balsamo et al., 2018; 

Tomlinson et al., 2011; Zhou et al., 2018). For instance, regional studies 

based on satellite LST data found an obvious ICE in Jilin province, China 

(Zhu et al., 2011), and Indian river basins (Shah et al., 2019), and the 

capability of satellite LST data in evaluating the climatic effects of 

irrigation was revealed in another regional study using both 

meteorological observations and MODIS LST datasets (Zhu et al., 2012). 
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However, compared with previous research based on near-surface air 

temperature, studies focusing on the effect of irrigation on LST using 

satellite observations are still scarce, and most of them are limited to 

relatively small regions. 

In this paper, we propose an ICE detection (ICED) method to quantify 

the effect of irrigation on LST across China using multi-source remote 

sensing data. This method can adapt the size of the remote sensing 

window to the local topographic conditions, and can assess the LST 

difference between irrigated and adjacent non-irrigated areas. The 

objective of this study was to present a quantitative assessment of the 

spatiotemporal patterns of the effect of irrigation on LST in China. 

2. Study area and datasets 

2.1. Study area 

China has always faced food security challenges because of the 

asymmetry between population and arable land (Zhang, 2011). As an 

effective way to improve crop yield, irrigation has been paid a lot 

attentions (Huang et al., 2006). The irrigated area in China has increased 

dramatically in recent decades. At present, the total irrigated area in 

China is 61.7 million ha, which accounts for about 50% of the total 

cropland, which in turn contributes more than 75% of the national food 

production (Zhu et al., 2013). The irrigated area in China not only covers 
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a large area, but is also widely distributed in different climate zones, 

including arid, semi-arid/humid, and humid (Fig. 1). Moreover, China 

experiences obvious seasonal dynamics with its monsoon climate. 

Therefore, China is an ideal study area to assess the spatiotemporal 

patterns of the effect of irrigation on LST. 

 

Fig. 1. Spatial distribution of the irrigated and non-irrigated areas in China, with the 

background map indicating the topography. According to the annual average 

precipitation, we divided China into three climate zones: arid (<400 mm/year), 

semi-arid/humid (400–800 mm/year), and humid (>800 mm/year). The precipitation 

map was provided by the Chinese Resource and Environment Data Cloud Platform 

(http://www.resdc.cn/). 

 

2.2. Datasets  

The surface temperature data for China were obtained from the 

MODIS LST products. The MODIS LST products have the advantages of 
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easy access, wide coverage, and high accuracy (Rigo et al., 2006; Wan, 

2008; Wan, 2014). In this study, we used the version 6 MODIS LST 

products from the Terra satellite (MOD11A1) and the Aqua satellite 

(MYD11A1). These LST data were obtained from 2003 (the year when 

both types of LST data became available) to 2012 (according to the 

period of the irrigation product). The retrieval of these MODIS data was 

further improved by correcting the noise due to cloud contamination, 

topographic differences, and zenith angle changes (Wan, 2014). Both the 

MOD11A1 and MYD11A1 products are daily LST products with a 

spatial resolution of 1 km. Furthermore, these LST data include both 

daytime (local solar time ~10:30 from Terra and ~13:30 from Aqua) and 

nighttime (~22:30 from Terra and ~1:30 from Aqua) temperature 

observations, which allows us to investigate the diurnal (day and night) 

differences of the ICE. 

The delineation of the irrigated and non-irrigated areas was based on 

the irrigation map provided by Meier et al. (2018) and China’s land 

use/cover datasets (CLUDs) provided by the Chinese Academy of 

Sciences. Meier’s irrigation map was produced by a multiple decision 

tree architecture, with the integration of multi-temporal NDVI 

SPOT-VGT data and agricultural suitability data for the period from 1999 

to 2012. These data have been validated at both global and regional scales, 

and have been used in a number of studies (Puy, 2018; Wine, 2019). We 
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selected this irrigation map because it reflects the actual irrigated area 

with a higher spatial resolution (30 arc-seconds, ~1 km) than other 

popular irrigation maps, such as GMIA and MIRCA2000 (5 arc-minutes). 

In fact, the temperature difference can be caused by both irrigation and 

land-cover difference. However, the irrigation map does not include 

land-cover information. To overcome this problem, a land-cover map 

derived from the CLUDs was applied in this study. The CLUDs have 

been used in various studies (Huang et al., 2019; Huang et al., 2017; 

Yang et al., 2017; Yao et al., 2017) for their high resolution (30 m) and 

good accuracy (approximately 90%) (Kuang et al., 2016). 

Surface water areas (lakes and rivers) were not included in the analysis. 

The surface water areas were obtained from the global surface water 

(GSW) map produced by Pekel et al. (2016). The GSW map can provide 

the maximum water extent over the land surface with a high resolution of 

30 m. In addition, the 30-m resolution digital elevation model obtained 

from the Space Shuttle Radar and Topography Mission (SRTM) was used 

to reduce the influence of the topographic relief when quantifying the 

impact of irrigation (see Methods).  

3. Methods 

3.1.  Data processing 

The MODIS LST products were first filtered according to their data 
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quality control (QC) layers, and the LST data with error ≥ 1 K were 

removed. We then aggregated all the daily LST MODIS data into 

monthly and annual averages based on the observations from 2003 to 

2012. The use of multi-year data was aimed at increasing the amount of 

available high-quality data and minimizing the influence of interannual 

climate variability (Li et al., 2015). The processing and downloading of 

these MODIS data was undertaken on the Google Earth Engine (GEE) 

platform (Gorelick et al., 2017). 

Meier’s irrigation map and the land-cover map (CLUDs) were 

combined to distinguish irrigated and non-irrigated areas. The irrigation 

map can tell us whether a pixel is irrigated or not, and the land-cover map 

is able to reflect the pixel’s surface type (cropland, grassland, or other 

classes). In this paper, “irrigated area” refers only to irrigated cropland, 

due to the dominant position of agriculture in irrigated regions (Zhu et al., 

2013). “Non-irrigated area” refers to both non-irrigated cropland and 

non-irrigated grassland which shares a similar surface temperature to 

non-irrigated cropland (see Section 5.4). The spatial extent of the 

irrigated and non-irrigated areas is shown in Fig. 1. 

3.2.  The irrigation cooling effect detection method 

In this study, the impacts of irrigation were quantified by comparing 

the LST differences between irrigated and non-irrigated areas. How to 

select the irrigated and non-irrigated areas for the comparison is thus the 
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key point. Firstly, the irrigated and non-irrigated areas should be close in 

distance and share similar climatic conditions (e.g. precipitation and solar 

radiation). Secondly, the elevation difference between the irrigated area 

and non-irrigated area must be controlled over a small range because 

temperature is sensitive to elevation variation. Lastly, the non-irrigated 

area around the irrigated area needs to be large enough to represent the 

background surface temperature. 

 

 

Fig. 2. Flowchart of the irrigation cooling effect detection (ICED) method. The 

default parameter values were set as: L0 = 40 km, N = 10, E = 50 m, and Lmax = 

100 km.  

 

To satisfy the above criteria, we developed an ICE detection method 

(i.e. the ICED method). The workflow of the proposed ICED method is 

provided in Fig. 2. The most important part of this method is the dynamic 
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process of removing the influence of topographic relief. For an irrigated 

pixel, we search for non-irrigated pixels around it in a square window. 

The edge length of the square window is increased step by step from the 

initial value (L0). At each step, the non-irrigated pixels with an elevation 

out of range (E meters higher or lower than the elevation of the central 

irrigated pixel) are removed. This process continues until the number of 

remaining non-irrigated pixels in the window is larger than a threshold 

value (N). The impact of irrigation on LST can then be quantified using 

the following equation: 

△LST = LSTirr − LSTnonirr 

where LSTirr is the LST of the central irrigated pixel, and LSTnonirr is the 

average LST of the non-irrigated pixels in the square window. A negative 

(positive) △LST indicates a cooling (warming) effect. In addition, the 

edge length of the window must be no greater than the maximum value 

(Lmax), otherwise the window is excluded. The values of these parameters 

for the ICED method in this study were set as: L0 = 40 km, N = 10, E = 

50 m, and Lmax = 100 km. Sensitivity tests of these parameters are 

presented in Section 4.3. The ICED method was applied to calculate the 

△LST in the window centered at each irrigated pixel across China.  

4. Results 

4.1. Diurnal effects of irrigation on LST and their spatial variations 
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Fig. 3. Spatial patterns (A, B) and stacked frequency distributions (C, D) of the annual 

LST difference (△LST) between irrigated and non-irrigated areas. The insets (a)–(c) 

depict the △LST of three important irrigated districts: (a) Tarim, (b) the North China 

Plain, and (c) the lower reaches of the Yangtze River. Negative (positive) △LST 

indicates a cooling (warming) effect. The gray pixels in (A) and (B) represent the 

background, and the black pixels represent locations where △LST could not be 

calculated (see Methods). Arid, semi, and humid represent the arid climate zone, 

semi-arid/humid climate zone, and humid climate zone, respectively. 

 

During daytime, irrigation generally has a cooling effect on the land 

surface. About 72% of the irrigated areas have a lower daytime LST than 

the non-irrigated areas across China (Fig. 3 C), and the average annual 

daytime △LST is −1.15 ± 2.06 K (mean ± SD) at the national scale (Fig. 

4A). The most obvious daytime cooling effect can be seen in the arid 

climate zone, where nearly all the irrigated areas have a cooler surface 
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than non-irrigated areas (Fig. 3 A, C), and the average △LST reaches 

−3.48 ± 2.40 K (Fig. 4A). However, in the semi-arid/humid climate zone, 

although cooling is still the dominant effect in the majority of the 

irrigated areas relative to non-irrigated areas during daytime (Fig. 3 A, C), 

the average magnitude of △LST is only −0.69 ± 1.23 K (Fig. 4A). In the 

humid climate zone, the mean value of annual daytime △LST is almost 

zero (Fig. 4A), indicating the weak impact of irrigation on the land 

surface in humid regions. 

 

 

Fig. 4. Difference (mean ± SD) in annual LST (△LST) between irrigated and 

non-irrigated areas during (A) daytime and (B) nighttime. Negative (positive) △LST 

indicates a cooling (warming) effect. Arid, semi, and humid represent the arid climate 

zone, semi-arid/humid climate zone, and humid climate zone, respectively. 

 

During night, the effect of irrigation on LST is generally weaker than 

during daytime. Most of the nighttime LST differences between irrigated 

and non-irrigated areas are within ±1 K (Fig. 3 B, D), and the average 

annual nighttime △LST is −0.13 ± 0.92 K across China (Fig. 4 B). The 
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spatial patterns of △LST at night are also different from those during 

daytime. In the arid climate zone, the cooling effect of irrigation is 

weakened a lot and may even transform into a warming effect at night. 

Only half of the irrigated areas in the arid climate zone show a lower 

nighttime LST than the non-irrigated areas (Fig. 3 D), and the annual 

mean value of the △LST is around zero at night (Fig. 4 B). In the 

semi-arid/humid and humid climate zones, irrigation generally has a weak 

cooling effect on the land surface at night, as indicated by the weak 

negative averages of the annual nighttime △LST (Fig. 4 B). 

 

Fig. 5. Seasonal variations of the stacked frequency distributions of the (A) daytime 

and (B) nighttime LST difference (△LST) between irrigated and non-irrigated areas. 

Negative (positive) △LST indicates a cooling (warming) effect. Arid, semi, and humid 

represent the arid climate zone, semi-arid/humid climate zone, and humid climate 

zone, respectively. 
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4.2. Seasonal effects of irrigation on LST and their spatial patterns 

The effect of irrigation on LST shows a clear seasonal variation, which 

is generally characterized as a stronger cooling effect during the growing 

season (from May to September) than the non-growing season (Figs. 5–6). 

At the national scale, the average of daytime △LST during the growing 

season ranges from –1.76 K to –1.21 K, which is higher than that during 

the non-growing season (at mostly less than –0.5 K) (Fig. 6 D1). Similar 

seasonal patterns also occur in the nighttime (Fig. 6 D2). At night, the 

national mean △LST varies from –0.33 K to –0.16 K during the growing 

season, and is generally around –0.1 K during the non-growing season 

(Fig. 6 D2). 

This seasonality of △LST shows great spatial heterogeneity, and the 

most obvious seasonal variation is observed in the arid climate zone. 

During the growing season, over 90% of the irrigated areas in the arid 

climate zone show lower daytime LST than the non-irrigated areas 

(negative △LST, Fig. 5 A), leading to a substantial cooling effect, with 

△LST at more than –6 K (Fig. 6 A1). Meanwhile, in the non-growing 

season, the average daytime △LST in the arid climate zone is around −1 

K (Fig. 6 A1), because of the relatively small percentage of negative 

△LST (mostly less than 65%, Fig. 5 A). A similar seasonality for daytime 
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△LST is also apparent in the other climate zones, but with a much smaller 

amplitude of variation (Figs. 5–6). The nighttime △LST shows an 

obvious seasonal variation (△LST in the growing season is much lower 

than that in the non-growing season) in the arid climate zone (Fig. 6 A2); 

however, this effect seems to be stable in the different seasons in the 

semi-arid/humid and humid climate zones (Fig. 6 B2, C2). Overall, 

irrigation tends to have a more extensive and more intense cooling effect 

on LST in the arid climate zone during the growing season. 

 

 

Fig. 6. Seasonal variations of the mean and SD (i.e. standard deviation) of the daytime 

(A1–D1) and nighttime (A2–D2) LST difference (△LST) between irrigated and 

non-irrigated areas. Negative (positive) △LST indicates a cooling (warming) effect. 

Arid, semi, and humid represent the arid climate zone, semi-arid/humid climate zone, 

and humid climate zone, respectively. 

 

4.3. Sensitivity tests of the parameters in the ICED method. 

The ICED method includes four parameters, namely, the initial edge 

length of the window (L0), the minimum number of non-irrigated pixels 
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(N), the threshold value of elevation (E), and the maximum edge length of 

the window (Lmax). The sensitivity analysis was applied to study the 

dependence of the ICE magnitude assessment on these parameters. 

We set L0 to different values (30 km, 50 km, and 60 km) around the 

default (40 km), and conducted comparison experiments with all the other 

parameters fixed. We found that the change of L0 can slightly alter the 

magnitude of △LST in local area, because of the direct impact of L0 on 

the size of the search window. However, the influence of L0 on △LST is 

relatively small, as indicated by the high correlation (R > 0.92, P < 

0.0001, Fig. 7) between △LST in the comparison experiment (L0 = 30 km, 

50 km, or 60 km) and that in the initial experiment (L0 = 40 km). Thus, 

the spatial patterns of △LST are consistent with different values of L0 

(Fig. 7).  

 

Fig. 7. The averages of annual daytime (A1–C1) and nighttime (A2–C2) △LSTs in 

the comparison experiments with different values of L0 (30 km, 50 km, and 60 km). 
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The insets show the correlation between the △LST of the comparison experiments and 

that of the initial experiment (L0 = 40 km). The red dotted line is the 1:1 line, and the 

red asterisk indicates that the significance of the correlation is at the 0.0001 level. 

Arid, semi, and humid represent the arid climate zone, semi-arid/humid climate zone, 

and humid climate zone, respectively. 

 

We also undertook sensitivity tests of N (15 and 30, default is 10) and 

E (60 m and 100 m, default is 50 m), respectively. A larger value of N 

tends to yield a bigger search window, but the identified patterns of 

△LST are essentially the same, in view of the strong correlation (R > 0.97, 

P < 0.0001, Fig. 8 A, B). Similarly, the choice of E has a negligible 

influence on the spatial patterns of △LST (R > 0.97, P < 0.0001, Fig. 8 C, 

D). The size of the search window should be no more than Lmax, or the 

search window is excluded. The percentage of excluded search windows 

across China is very small (0.34–0.75%) when the value of Lmax 

(80–120 km) is around the default (100 km), which suggests that our 

results are robust against the choice of Lmax. 
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Fig. 8. The averages of annual daytime and nighttime △LSTs in the comparison 

experiments with different values of N (15 and 30, A–B) or E (60 m and 100 m, C–D). 

The insets show the correlation between the △LST of the comparison experiments and 

that of the initial experiment (N = 10 or E = 50 m). The red dotted line is the 1:1 line, 

and the red asterisk indicates that the significance of the correlation is at the 0.0001 

level. Arid, semi, and humid represent the arid climate zone, semi-arid/humid climate 

zone, and humid climate zone, respectively. 

 

5. Discussion 

5.1. Mechanisms underlying the spatiotemporal variation of the effect 

of irrigation on LST 

The widely observed ICE (i.e. irrigation cooling effect) on LST across 

China can be mainly attributed to the following reasons. Firstly, irrigation 

increase soil moisture, which in turn enhances soil evaporation and crop 

transpiration (i.e. evapotranspiration), and therefore has a direct cooling 

effect on the land surface because more sensible heat fluxes are 

repartitioned into latent heat fluxes (Biggs et al., 2008; Cook et al., 2010; 
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Seneviratne et al., 2010; Zhang et al., 2017). Secondly, the increase of 

atmospheric water vapor in irrigated areas leads to more cloud cover, 

which in turn enhances the reflected solar radiation and reduces the total 

downwelling radiation, having an indirect cooling effect on the land 

surface (Cook et al., 2014; Qian et al., 2013; Sacks et al., 2009). 

The above mechanisms, including changes in evapotranspiration and 

cloud cover feedback, provide a plausible explanation for the widely 

observed ICE across China, and their joint effect drives the 

spatiotemporal variations of the effect of irrigation on LST. For example, 

the ICE magnitude in the growing season is found to be typically larger 

than that in the non-growing season (Figs. 5–6). This is because 

evapotranspiration tends to peak during the growing season, which can 

result in more transformation of surface net radiation to latent heat fluxes 

and therefore a substantial cooling effect (Jiang et al., 2014; Wen and Jin, 

2012; Zhang et al., 2017). In addition, daytime ICE is generally stronger 

than that at night (Fig. 4). This can be explained as follows: 1) diurnal 

asymmetry of the evapotranspiration (high during the day and minimal at 

night) (Lobell et al., 2008b); and 2) the opposite roles of cloud cover in 

the land-atmosphere heat fluxes during daytime (reducing downwelling 

solar radiation) and nighttime (emitting longwave radiation fluxes) (Cook 

et al., 2014). The ICE is considerable in the arid climate zone, but is 

negligible in the humid climate zone (Figs. 3–4). This obvious spatial 
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difference of the impact of irrigation on LST is related to the local 

background (Lobell et al., 2009; Yu et al., 2018). In the arid climate zone, 

the additional water provided through irrigation greatly increases the soil 

moisture, and thus has a great effect on local biophysical processes (e.g. 

air humidity and evapotranspiration), which leads to the distinct 

difference in surface temperature between the irrigated and non-irrigated 

areas. However, in the humid climate zone, the soil moisture is naturally 

high, and the additional water provided through irrigation has a weaker 

impact on the land surface than in the arid climate zone. Generally 

speaking, the spatiotemporal variations of the ICE are closely linked to 

the changes in surface energy fluxes which are modulated by the 

mechanisms discussed above. Several other human activities (e.g. 

fertilization and harvesting) may also play a role in the LST difference 

between the irrigated and non-irrigated areas. In the future, researchers 

should make a full-range analysis to further deepen our understanding of 

the mechanism behind the impact of irrigation on LST. 

5.2. Implications of the irrigation-induced decrease in LST  

LST is recognized as one of the most important parameters in the 

physics of land surface processes (Li et al., 2013). It plays a central role 

in the surface energy balance, and modulates the near-surface air 

temperature through heat flux interaction between land and atmosphere 

(Jin and Dickinson, 2010; Mildrexler et al., 2011; Shiflett et al., 2017). 
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The cooling effect of irrigation on LST can be expected to propagate to 

the atmosphere, and thus induce a decrease in near-surface air 

temperature. As indicated by previous studies focused on near-surface air 

temperature, the irrigation-induced cooling effect has been found to 

largely relieve and even suppress the warming effect caused by 

greenhouse gas emissions in several arid areas with abundant irrigation 

(Kueppers et al., 2007; Lobell et al., 2008b). However, it should be noted 

that human thermal comfort is not only linked with temperature, but is 

also related to atmospheric humidity (Gaffen and Ross, 1999; Willett et 

al., 2007). Although irrigation reduces temperature, it also, in parallel, 

increases atmospheric humidity, which can result in extra heat stress to 

human bodies when the temperature is high (Li et al., 2018). As revealed 

by a regional study, irrigation is likely to increase the risk of heatwaves in 

the North China Plain, due to the high air moisture (Kang and Eltahir, 

2018). Therefore, the practical significance of the irrigation-induced 

decrease in LST is dependent on the local background; for example, 

irrigation has the potential to counteract the negative impact of global 

warming in arid regions, but may increase the thermal risk in some humid 

areas. 

Besides thermal comfort, the irrigation-induced decrease in LST might 

also have an influence on precipitation. Apparently, irrigation can be 

expected to increase local precipitation because of the positive feedback 
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between soil moisture and precipitation (Kang and Eltahir, 2019; Moore 

and Rojstaczer, 2001; Zhang et al., 2017). However, the cooling effect of 

the irrigation complicates this process. Irrigation can decrease the surface 

temperature, which enhances the atmospheric stability and induces the 

downdraft anomaly, resulting in a negative impact on precipitation (Wu et 

al., 2018; Yang et al., 2016). Thus, not taking the cooling effect of 

irrigation into account may cause bias or even lead to contrary 

conclusions when projecting the irrigation-driven climate change.  

5.3. Uncertainties from the MODIS LST data 

The MODIS LST data have been extensively evaluated using in-situ 

data over China and worldwide (Wan, 2008; Wan, 2014; Wan et al., 

2010). These studies have proved the high accuracy of the MODIS LST 

data for different land covers. For example, Wan (2008) reported that the 

accuracy of the version 5 MODIS LST data was better than 1 K, and that 

the root-mean-square error (RMSE) was less than 0.7 K for 47 sites. In 

this study, we applied the latest version 6 MODIS LST product, whose 

accuracy has been reported to be better than 0.8 K in 11 sites, with a low 

RMSE (< 0.5 K) (Wan, 2014). These validation efforts suggest that the 

MODIS LST data are suitable for the ICE assessment, as they have been 

widely used for urban heat island assessment (Cao et al., 2016; Peng et al., 

2018; Peng et al., 2012; Yang et al., 2019; Zhao et al., 2014). 

In addition to accuracy, time period of the MODIS LST data is another 
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concern. In this study, the MODIS LST data aggregated from 2003 to 

2012 were used to assess the effect of irrigation on LST (i.e. △LST), and 

changes in the time period of the MODIS LST data may cause 

uncertainties to our results. To address this issue, we made comparison 

experiments by comparing the original △LST (using the MODIS LST 

data from 2003 to 2012) to the △LSTs using the MODIS LST data of 

other time periods (2003-2007 and 2008-2012), and the correlations 

between them are shown in Fig. 9. The original △LST is highly (R > 

0.970) and significantly (P < 0.0001) correlated to those using the 

MODIS LST data of other time periods, which indicates that using the 

MODIS LST data of different time period is unlikely to influence the 

identified patterns of △LST. 

 

 

Fig. 9. The correlations between the △LST using the MODIS LST data of the original 

time period (2003–2012) and those using the MODIS LST data of other time periods 

(2003–2007 and 2008–2012). The red dotted line is the 1:1 line. 

 

5.4. Limitations of this study 
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Several limitations in the present study need to be addressed. Firstly, 

due to the scarcity of non-irrigated cropland in northwestern China 

(mostly the arid climate zone), we included non-irrigated grassland in the 

non-irrigated area. This land-cover difference across the non-irrigated 

area might cause bias to our results. The average LST difference between 

non-irrigated cropland and non-irrigated grassland in the arid climate 

zone is about −0.25 K during annual daytime, which is small compared to 

the detected ICE magnitude (approximately −3.50 K, Fig. 4A). At the 

national scale, the average annual daytime LST difference between 

non-irrigated cropland and non-irrigated grassland is about −0.10 K, 

which is much weaker than the average magnitude of the LST difference 

between irrigated and non-irrigated areas (−1.15 K, Fig. 4A). These 

findings indicate that the uncertainty caused by the grassland is 

acceptable, and it is unlikely to have had a significant influence on the 

identified spatiotemporal patterns of the ICE. Secondly, our study was 

based on a static irrigation map, due to the lack of dynamic irrigation 

maps for China. This limits the study of the impact of irrigation 

expansion on the spatiotemporal variation of LST.  

6. Conclusions 

In this paper, based on satellite observations, we have proposed the 

novel ICED method and made a comprehensive quantitative assessment 
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of the effect of irrigation on LST across China. Irrigation generally has a 

cooling effect on LST, as indicated by the lower LST in irrigated areas 

than in adjacent non-irrigated areas across China during daytime (annual 

average △LST = −1.15 ± 2.06 K) and nighttime (annual average △LST = 

−0.13 ± 0.92 K). This irrigation cooling effect (i.e. ICE) shows obvious 

spatiotemporal heterogeneity across China, which is generally 

characterized by stronger ICE magnitude in the arid climate zone and in 

the growing season. The average magnitude of daytime ICE was found to 

be greater than 6 K in the arid climate zone during the growing season, 

but was found to be around zero in the humid climate zone throughout the 

year. Our findings will provide useful information for researchers 

studying the impact of irrigation on LST and regional climate, and the 

ICED method has the potential to be applied to other irrigated regions. 
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Graphical Abstract 

Irrigation cooling effect (ICE) on land surface temperature (LST) based 

on the novel ICE detection (ICED) method 
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Research Highlights 

A novel method is proposed to quantify the effect of irrigation on land 

surface temperature. 

Irrigation averagely decreases daytime land surface temperature by 1.15 

K across irrigated areas in China. 

The irrigation-induced cooling effect reaches greater than 6 K in the arid 

area during growing season. 

The impact of irrigation on land surface temperature is minor in the 

humid area. 
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