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Abstract: Irrigated agriculture has the potential to alter regional to global climate significantly. 

We investigate how irrigation will affect regional climate in the future in an inland irrigation 

area of northern China, focusing on its effects on heat fluxes and near-surface temperature. 

Using the Weather Research and Forecasting (WRF) model, we compare simulations 

among three land cover scenarios: the control scenario (CON), the irrigation scenario (IRR), 

and the irrigated cropland expansion scenario (ICE). Our results show that the surface 

energy budgets and temperature are sensitive to changes in the extent and spatial pattern of 

irrigated land. Conversion to irrigated agriculture at the contemporary scale leads to an 

increase in annual mean latent heat fluxes of 12.10 W m−2, a decrease in annual mean 

sensible heat fluxes of 8.85 W m−2, and a decrease in annual mean temperature of 1.3 °C 

across the study region. Further expansion of irrigated land increases annual mean latent 

heat fluxes by 18.08 W m−2, decreases annual mean sensible heat fluxes by 12.31 W m−2, 

and decreases annual mean temperature by 1.7 °C. Our simulated effects of irrigation show 

that changes in land use management such as irrigation can be an important component of 

climate change and need to be considered together with greenhouse forcing in climate 

change assessments. 
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1. Introduction 

Radiation and heat fluxes on the Earth’s surface play important roles in regional to global 

circulations and may cause significant changes to the surface climate. Human activities have been widely 

recognized as a key contributor to climate change [1]. Human activities modify radiation and heat 

fluxes at the surface by altering the composition of the atmosphere and by changing the land cover [2–4]. 

Land cover changes can affect the regional energy balance and atmospheric processes through changes 

in land surface attributes including albedo, roughness length, and soil moisture. There is growing 

evidence that these impacts of land cover changes need to be considered when evaluating the effects of 

anthropogenic greenhouse warming and modeling future climate change [5,6]. 

Many studies have shown that changes in land use management including irrigation can be as 

important as changes in land cover in terms of their influences on the climate system [7–9]. It is 

reported that globally irrigated agriculture consumes 2600 km3 of water each year, which comprises 

70% of all human water withdrawals [10,11]. This huge manipulation of water for irrigation would 

imply the regional significance of irrigation on near surface energy exchange and hydrological cycle. 

There are a number of pathways through which irrigation may affect local and regional climates. 

Irrigation reduces surface albedo and increases net surface radiation [12]. Enhanced soil moisture  

due to irrigation leads to greater evapotranspiration and a resulting cooling of the land surface 

through the repartitioning between sensible heat fluxes and latent heat fluxes [8,13]. Under given 

circumstances increased atmospheric water vapor may enhance cloud cover, convection, and downstream 

precipitation [14]. Irrigation creates thermal contrast between cool and wetter irrigated land and nearby 

hotter and drier non-irrigated land and thus can modify regional circulation patterns [12]. 

Despite the importance of irrigation for regional climate, there is limited understanding about the 

effects of irrigation on the heat fluxes and near-surface climate in the future, especially at the regional 

scale and for countries in the developing world. Previous studies have demonstrated the climatic 

effects and responses of irrigation using observational records [15–17] and climate modeling [8,18–21]. 

For example, based on historical near surface temperature records, Mahmood et al. [15] conducted 

pairwise comparisons of temperatures between irrigated and non-irrigated locations in Nebraska, USA. 

They found a decrease of 1 °C in mean maximum growing season temperature over irrigated areas. 

Using a regional climate model, Kueppers et al. [12] investigated the climate effect of irrigated 

agriculture in California and they showed that a regional irrigation cooling effect existed and the 

magnitude of this effect had strong seasonal variability. Mainly due to data limitations, however, almost all 

of these studies have focused on the interaction between irrigation and past climate changes. To our 

knowledge, none of these studies provides direct insights about how future climate will respond to 

irrigation. Understanding how irrigation amount, extent, and location will affect future climate is 

needed to formulate policies aimed at mitigating or adapting to climate change. In addition, to date, 

most studies have been devoted to irrigated areas in the United States or India where data on land use 
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and climate are relatively ample [20,22–24]. There is one study that has examined the effects of 

irrigation on climate in Asia including China [25], but to our knowledge, no study focuses particularly 

on China or regions in China. More efforts are required to understand the climatic feedbacks of many 

regions in the developing world including China which continue to experience expansion of irrigated land. 

As 80% of the nation’s food is produced on irrigated cropland, irrigated agriculture in China plays 

an important role in sustaining people’s livelihood and the economy [26,27]. In arid regions of 

northern and northwestern China where natural rainfall cannot fulfill agricultural water requirements, 

irrigation is used to improve soil moisture conditions and increase yields [28]. Situated in the middle 

reaches of the Yellow River basin in northern China, our study area has a long history of intensive 

farming and irrigation water use [29]. The loose texture and high erodibility of loess soil, sparse vegetation, 

and intensive agriculture combined have resulted in severe soil erosion and ecological deterioration 

over this region [30]. Given the reliance on irrigated agriculture and high ecological vulnerability, a better 

understanding of the land-atmosphere interactions and feedback mechanisms in this region is of both 

scientific and social importance. 

This study examines the impacts of irrigated agriculture on the heat fluxes and near-surface 

temperature in the future using a next-generation mesoscale forecast model, the Weather Research and 

Forecasting (WRF) modeling system. One of the key components of the WRF system is a 

sophisticated land surface model (LSM), which allows an explicit calculation of the water and energy 

dynamics of the land surface. With the most recent information on land use in our study area and 

projected future atmospheric lateral boundary conditions, we intend to extend the existing findings 

about the climatic effects of irrigation to further investigate future changes in the energy budget and 

regional climate in response to irrigation. 

2. Study Area 

Our study area is situated in northern China and it occupies an area of 476,100 km2 (Figure 1). 

The Yellow River, the river with the highest sediment concentration in the world, flows through 

the region [31]. The region has a semi-arid to semi-humid continental climate, with extensive 

monsoonal influence. Winters are cold and dry, while summers are warm and in many areas hot. 

The average annual temperature ranges from 4 °C to 12 °C. The average annual precipitation varies 

between 440 mm and 600 mm and 70% of the rainfall is concentrated during the summer in the form 

of storms [29]. Covered with highly erodible Loess deposits, the region has among the world’s highest 

soil erosion rates [32]. More than 1.6 billion tons of sediment has been deposited to the Yellow 

River annually, posing a serious flood risk for downstream areas [33]. The highly erodible soil, 

low vegetation cover, and centuries of unsustainable agricultural practices, combined with great 

population pressures, have led to severe environmental degradation. The main land use categories 

comprise cultivated land and sparse grassland. The typical cropping system over the area is double 

cropping with winter wheat rotated by maize or soybeans each year [28]. The cropping season of 

wheat occurs during the fall, winter, and spring (October–May) and the cropping season of maize 

(soybeans) occurs during the summer (June–September). The maize is sown immediately after the 

wheat is harvested. In order to increase grain production, farmers usually apply supplemental irrigation 

to their crops to overcome rainfall deficiency taking place throughout the year. 
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Figure 1. Location map of our study area. 

 

3. Data 

Since understanding the interactions between irrigation and changes in the regional heat fluxes and 

temperature in the future is the main goal of the study, we require high resolution, spatially explicit 

data on land use. We used a land use data set that were derived from the National Aeronautics and 

Space Administration (NASA) Landsat Thematic Mapper and Enhanced Thematic Mapper (TM/ETM) 

satellite, and analyzed by the Chinese Academy of Sciences (CAS) [34,35]. This national data set, 

which has undergone extensive testing and development, contains the most recent information about 

the extent of different land uses in China for the year 2010. Original land-use maps, which have 

been classified into 6 first-level land-use categories and 25 second-level categories, exist at the scale 

of 1:100,000. The validation test indicates that the average interpretation accuracy for the land-use 

maps is 95%. The land use maps are further geocoded and stored as 1 km grid data using both the area 

percentage grid method and the greatest-area method. For the greatest-area method, if a cell contains 

more than one polygon and has more than one possible code, the code of the polygon with the greatest 

area in the cell is used. Land use data operated by the WRF system follow the United States Geological 

Survey’s (USGS) land cover classification scheme. Therefore, we implemented a spatial data mining 

technique proposed by Wu et al. [36] to our study area and converted the land use data from the CAS 

to the USGS classification system. The USGS classification system, which consists of 24 categories, 

has been widely recognized and used in the simulation studies of climate changes. Particularly, we 

produced the majority of the land cover categories including dryland and irrigated cropland in the 

USGS system by comparing the relevant subcategories between the CAS and USGS systems using the 

greatest-area grid data. In this way, we generally retained the spatial distribution of land covers in the 

original high resolution data set. The new land cover dataset is a single-layer dataset with ~1 km 

spatial resolution, representing 15 land cover categories. Finally, to meet the input requirements of the 
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WRF system, we aggregated the 1km grid data of the USGS system to the 10 km grid data to facilitate 

the simulation of atmospheric responses to different land cover scenarios. 

We constructed the atmospheric lateral boundary forcing conditions for the period of 2010–2020 

using the projected output of future climate change based on the Representative Concentration Pathway 6 

(RCP6) from the multimodel dataset of the Coupled Model Intercomparison Project Phase 5 (CMIP5). 

The RCPs provide four possible climate trajectories, all of which depend on how factors including 

radiative forcings, technology, economies, lifestyle, and policy will change in the future [37]. The RCP6, 

which is developed by the Asia-Pacific Integrated Model (AIM) modeling team at the National 

Institute for Environmental Studies (NIES), Japan, is a stabilization scenario where total radiative 

forcing is stabilized after 2100 [38]. The variables that we use to construct the atmospheric forcing 

conditions from 2010 to 2020 include air temperature, specific humidity, sea level pressure, u-wind, 

v-wind, and geopotential height. 

4. Methods 

4.1. Land Cover Scenarios 

Figure 2 displays the land cover map of our study area in 2010 represented by the new land cover 

dataset that is generated from the CAS national land use data set. This land cover map shows that the 

contemporary landscape of our study area is characterized by a rich culture of agriculture and the 

mixture of different land covers. In 2010, the area of cultivated cropland including dryland and 

irrigated cropland, takes up 37% of the total landscape. More than 72% of the cultivated cropland is 

irrigated while the proportion of dryland is relatively small. 

Figure 2. Land cover map of our study area in 2010 represented by the new land cover dataset, 

with ~1 km spatial resolution. 
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In order to identify the effects of irrigated agriculture on the energy fluxes and near-surface temperature, 

we designed three land cover datasets corresponding to three land cover scenarios (Figure 3). The control 

scenario (CON) assumes that there is no irrigation at all. The irrigation scenario (IRR) assumes that 

irrigated agriculture maintains at the contemporary scale. The irrigated cropland expansion scenario (ICE) 

assumes an expansion of the irrigation to all cultivated cropland. For the IRR, we used the new land 

cover dataset derived from the CAS dataset. For the CON, we selected any grid cell in which the land 

cover was irrigated cropland in the new land cover dataset and replaced it with the cell of dryland. 

For the ICE, we selected any grid cell specified as dryland in the new land cover dataset and replaced 

it with the cell of irrigated cropland. In reality, we expect the potential expansion of irrigated cropland 

to be limited because we consider that further expansion of irrigation would be largely constrained by 

the shortage of water resources in northern China. The land cover scenarios defined here are relatively 

extreme and are intended to help understand the nature and potential magnitude of climate effects of 

irrigated agriculture. However, based on the modeling results of these scenarios, we can derive useful 

insights about the actual climate effects of past and future expansion of irrigation over existing cropland. 

Figure 3. Three land cover scenarios of our study area, with ~10 km spatial resolution: 

(a) the control scenario (CON); (b) the irrigation scenario (IRR); and (c) the irrigated 

cropland expansion scenario (ICE). 
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4.2. Model Description 

We conducted numerical simulations using the WRF modeling system Version 2. The WRF model 

is a fully-functioning, next-generation mesoscale forecast model and data assimilation that will advance 

both the understanding and prediction of mesoscale climate systems and promote the interactions between 

the atmospheric research and operational communities [39]. It is a three-dimensional, non-hydrostatic, 

and primitive-equation atmospheric modeling system. The WRF model Version 2 uses the Eulerian 

mass coordinate and is referred to as the Advanced Research WRF (ARW) system [40]. Changes and 

updates to the ARW over previous versions include mixed-phase physics schemes suitable for 

cloud-resolving modeling, multiple-nesting capabilities that enhance resolution over the areas of interest, 

and enhanced model coupling Application Program Interface (API) enabling WRF to be coupled with 

other models such as ocean, and land models. The WRF model has been utilized extensively for 

regional climate, operational numerical weather prediction, and hurricane and storm prediction [40–42]. 

Validation against observational records indicates its high performance in simulating spatial and 

temporal climatic features [39]. 

For all simulation runs, we used a domain centered at 36.7° N, 107° W, with a horizontal resolution 

of 10 km and with 31 vertical layers. The soil column has four soil layers, with the bottom layer 

extending to a maximum depth of 3.5 m. In the WRF model, we simulated water vapor and cloud 

processes using the Single-Moment 3-class (WSM3) scheme [43]. We used the Grell-Devenyi 

ensemble cumulus parametrization scheme [44] to account for the sub-grid-scale effects of convective 

and shallow clouds. The surface layer physics followed similarity theory. We parameterized atmospheric 

boundary layer processes using the Yonsei University (YSU) planetary boundary layer, a nonlocal K 

scheme with an explicit treatment of the entrainment layer and parabolic K profile in the unstable 

mixed layer. We chose the Rapid Radiative Transfer Model (RRTM) [45] as the longwave radiation 

scheme and MM5 Shortwave scheme [46] as the shortwave radiation scheme. We selected the 

Smagorinsky scheme for horizontal diffusion and Mellor and Yamada [47] scheme for vertical 

diffusion. We used the Noah LSM [48] to model land surface processes. The Noah LSM is a four-layer 

soil temperature and moisture model which calculates thermal and moisture stocks and fluxes at 

the land-atmosphere interface and may handle vegetation, root, and canopy effects and surface 

snow-cover prediction. 

For irrigated grid cells representing irrigated cropland, our model forces soil moisture at root zone 

to field capacity at every time step (time step = 30 min), all year round. Field capacity, defined as the 

maximum amount of water that the unsaturated zone of a soil can hold, is a parameter prescribed 

based on soil type. Irrigation practices and technologies vary in real cases. However, since most of 

our study area supports a whole year growing season [28], we use this as a reasonable approximation 

to actual irrigation. The irrigation water either leaves the surface through evapotranspiration or 

gets lost as runoff or sub-surface drainage. Our model separately simulates three processes of 

evapotranspiration—ground evaporation, vegetation transpiration, and vegetation evaporation, i.e., 

evaporation of water intercepted by vegetation canopy. The amount of evapotranspiration is calculated 

as the sum of the three. For non-irrigated grid cells representing dryland and the other land covers, 

the LSM determines soil moisture as a function of precipitation, evapotranspiration, infiltration, 

and soil properties. Initial soil moisture conditions and vegetation parameters specific to different land 
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covers were taken from the parameter files in the Noah LAM. All vegetation interacts with soil moisture 

from the single vegetated soil column [13]. Like Lobell et al. [9] and Kueppers et al. [12], we set 

atmospheric CO2 concentrations constant at 355 ppm. To study the impacts of land surface 

changes related to irrigation, we simulated the regional atmospheric dynamics for a period of 11 years 

(1 January 2010–31 December 2020), based on the three land cover scenarios described earlier. 

We discarded the first year of each simulation as spin-up and compared results from the final 10 years 

among different scenarios. 

5. Results and Discussion 

5.1. Effects of Irrigation on Heat Fluxes 

Over the 10-year period of simulations, irrigation displays significant impacts on surface energy 

budgets, evidenced by the differences in the partitioning of this energy between latent heat and 

sensible heat for the three land cover scenarios (Figure 4). The conversion from CON to IRR shows an 

increase in annual mean latent heat fluxes of 12.10 W m−2 and a decrease in annual mean sensible heat 

fluxes of 8.85 W m−2. The largest increases in annual mean latent heat fluxes occur in the central and 

eastern parts of Gansu province. For large areas in the middle and south section of the model domain, 

where irrigated cropland is densely distributed in IRR, latent heat fluxes increase by 40–80 W m−2. 

Surface energy budgets appear to change little for areas in the north section of the model domain, 

where much of the landscape is made up of barren land and grassland. More differences can be 

identified when irrigation extent expands to all cultivated cropland. The conversion from CON to ICE 

results in an increase in annual mean latent heat fluxes of 18.08 W m−2 and a decrease in annual mean 

sensible heat fluxes of 12.31 W m−2. Particularly, the latent heat fluxes increase by 80 W m−2 or more 

for a broad region in Middle Shaanxi and Shanxi provinces, where large areas of dryland is converted 

to irrigated cropland. The shift of energy balance away from sensible heat and towards latent heat is 

primarily due to increased soil moisture associated with irrigated grid cells, which leads to higher rates 

of evapotranspiration. The annual mean increase in evapotranspiration between the CON and IRR is 

0.41 mm/day and is 0.61 mm/day between the CON and ICE. 

Interestingly, further expansion of irrigation in ICE not only affects the surface energy budgets of 

the newly-converted land, but has an impact on the larger surrounding region. For example, many existing 

irrigated grid cells in IRR experience a further increase in latent heat fluxes in ICE. Our results 

indicate that the impact of irrigation can move beyond the scope of individual grid cells. This can be 

partially explained by the processes of irrigation water loss and a likely change in regional 

precipitation patterns. Despite that a large portion of extra water added from irrigation leaves the 

surface through evapotranspiration, the rest is lost in the form of runoff and sub-surface drainage, 

both of which may affect hydrology of the areas nearby. Compared to CON, irrigation increases runoff 

by 37 mm/year and 38 mm/year in IRR and ICE respectively. In addition, previous studies have 

demonstrated that precipitation feedbacks are not confined at local level [3,8]. 
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Figure 4. Annually-averaged differences in the latent heat fluxes (W m−2): (a) the IRR-CON; 

and (b) the ICE-CON. Annually-averaged differences in the sensible heat fluxes (W m−2): 

(c) the IRR-CON; and (d) the ICE-CON. All differences shown in the map are significant 

at a 95% confidence level. 

 

Substantial seasonal variation exists in terms of the magnitude of change in surface energy budgets 

(Tables 1 and 2, and Figure 5). The increases in latent heat fluxes due to irrigation peak during the 

summer in both IRR and ICE. From CON to IRR, irrigated land conversion increases latent heat fluxes 

by 27.79 W m−2 for the summer months (June, July and August) and by merely 0.50 W m−2 for the 

winter months (December, January and February). From CON to ICE, further expansion of irrigated 

land leads to an increase in latent heat fluxes of 39.41 W m−2 in the summer and only 1.47 W m−2 in 

the winter. In typical semi-arid regions of northern China, as water vapor released into the atmosphere 
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from the water-stressed landscape is limited, surface net radiation is mainly partitioned into sensible 

heat fluxes. However, irrigation and increased soil moisture can introduce significant latent heat fluxes 

through surface evaporation and transpiration. Both of these two processes usually peak during the 

summer, when temperature is relatively high and crop growth peaks. That basically explains why the 

effect of irrigation on surface energy budgets is much stronger in the summer than winter. As expected, 

there is also significant seasonal difference associated with the change in evapotranspiration and the 

pattern of this difference agrees with the seasonality of the change in energy fluxes. Similarly, the largest 

increases of evapotranspiration occur during the summer, with an average increase of 0.95 mm/day 

for IRR and 1.35 mm/day for ICE, while evapotranspiration increases are small during the winter. 

Table 1. Domain-averaged differences for climate variables between CON and IRR. 

Month Tmean (°C) Tmax (°C) Tmin (°C) ET (mm/day) LH (W m−2) SH (W m−2) DR (W m−2) 

January −0.58 −1.10 −0.01 0.01 0.20 −0.12 −0.23 

February −0.75 −1.27 −0.09 0.03 0.85 −0.57 −0.78 

March −1.04 −1.53 −0.17 0.10 2.95 −2.21 −1.83 

April −1.43 −1.89 −0.46 0.29 8.47 −6.45 −3.30 

May −1.53 −1.96 −0.71 0.63 18.49 −10.62 −5.70 

June −2.02 −2.56 −0.98 0.89 26.06 −19.07 −7.46 

July −2.22 −2.80 −1.16 1.02 29.88 −23.08 −8.88 

August −2.17 −2.75 −1.15 0.93 27.42 −21.82 −8.36 

September −1.92 −2.47 −0.85 0.65 19.16 −14.28 −4.99 

October −1.06 −1.55 −0.39 0.28 8.42 −5.66 −3.16 

November −0.77 −1.29 −0.15 0.09 2.87 −2.05 −1.55 

December −0.59 −1.12 −0.03 0.01 0.45 −0.23 −0.36 

Year −1.34 −1.86 −0.51 0.41 12.10 −8.85 −3.97 

Note: Tmean, mean temperature; Tmax, maximum temperature; Tmin, minimum temperature; ET, evapotranspiration; 

LH, latent heat fluxes; SH, sensible heat fluxes; and DR, downwelling radiation. 

Table 2. Domain-averaged differences for climate variables between CON and ICE. 

Month Tmean (°C) Tmax (°C) Tmin (°C) ET (mm/day) LH (W m−2) SH (W m−2) DR (W m−2) 

January −0.57 −1.24 −0.09 0.03 0.91 −0.45 −0.40 

February −0.79 −1.48 −0.13 0.06 1.98 −1.03 −1.12 

March −1.23 −1.88 −0.23 0.19 5.77 −3.32 −2.80 

April −1.82 −2.42 −0.55 0.51 14.90 −10.63 −4.44 

May −2.54 −3.30 −1.06 0.97 28.49 −19.71 −7.67 

June −2.67 −3.42 −1.23 1.27 37.09 −24.46 −10.03 

July −2.96 −3.77 −1.45 1.44 42.23 −33.61 −11.94 

August −2.88 −3.68 −1.44 1.32 38.91 −29.02 −11.25 

September −1.97 −2.58 −0.88 0.93 27.49 −16.43 −6.71 

October −1.32 −1.97 −0.45 0.42 12.59 −6.31 −4.25 

November −0.88 −1.54 −0.16 0.16 5.03 −2.12 −2.14 

December −0.61 −1.26 −0.10 0.05 1.52 −0.59 −0.50 

Year −1.69 −2.38 −0.65 0.61 18.08 −12.31 −5.27 

Note: Tmean, mean temperature; Tmax, maximum temperature; Tmin, minimum temperature; ET, evapotranspiration; 

LH, latent heat fluxes; SH, sensible heat fluxes; and DR, downwelling radiation. 
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Figure 5. Annual cycles of (a) latent heat fluxes; (b) sensible heat fluxes; and (c) mean 

temperature for three land cover scenarios. 

 

 

5.2. Effects of Irrigation on Near-Surface Temperature 

There are significant changes in near-surface temperature due to irrigation (Figure 6). Converting from 

CON to IRR, the annual mean temperature of our study area is 1.3 °C lower on average, when a 

considerable proportion of dryland is converted to irrigated cropland. The irrigation cooling effect is 

the most significant for areas where irrigated cropland heavily concentrates. Particularly, parts of the 

middle section of the model domain, including portions of the central and eastern parts of Gansu province, 

portions of the southern Ningxia province, portions of the central Shaanxi province, are cooled by 5 °C 

averaged over the year. Much of the irrigated areas in the north and northeast section of the model 

domain is cooled by 3 °C. On the other hand, most desert and grassland areas in the north section of 

the model domain experience little temperature change. On average, the decrease in annual mean 

temperature is eight times greater over irrigated areas than over non-irrigated areas. The cooling effect 

becomes more significant with the further expansion of irrigated land to all cultivated cropland. 

The conversion from CON to ICE decreases the annual mean temperature of our study area by 1.7 °C. 

Expansion of irrigated land in the central parts of Shaanxi and Shanxi provinces suppresses the local 

annual mean temperature by 4–5 °C. Many existing irrigated areas in IRR show a further reduction of 

annual mean temperature in ICE. Our modeled decreases in near-surface temperature are accompanied 

by large increases in evapotranspiration and a shift of energy partitioning towards latent heat fluxes. 

Comparisons between CON and IRR, and between CON and ICE demonstrate that generally areas 

experiencing significant cooling is consistent with areas that have large increases in latent heat fluxes. 
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Figure 6. Annually-averaged differences in near-surface temperature (°C): (a) IRR-CON; 

and (b) ICE-CON. All differences shown in the map are significant at a 95% confidence level. 

 

There are two mechanisms that could explain the surface cooling effect associated with irrigation. 

Irrigation increases the latent heat fluxes and decreases the sensible heat fluxes, thereby leading to a 

direct evaporative cooling of the surface. This is the dominant mechanism that contributes to the cooling 

effect of irrigation, as suggested by our modeled results about the changes in heat fluxes and near-surface 

temperature across different land cover scenarios. Furthermore, other factors can strengthen this 

cooling effect. Increased water vapor in the atmosphere causes an increase in cloud cover, which in turn 

can result in a greater fraction of reflected solar radiation and a decrease in total downwelling radiation. 

This non-local mechanism of irrigation is usually called the indirect cooling effect of irrigation [8]. 

Compared to CON, annual mean downwelling radiation of our study area decreases by 3.97 W m−2 

and 5.27 W m−2 in IRR and ICE, respectively. Very likely this is due to enhanced cloud cover resulting 

from additional water vapor introduced from irrigation. Clouds can affect the energy distribution in the 

atmosphere through two mechanisms. Lower-level clouds cool the surface by reflecting solar radiation 

while upper-level clouds warm the atmosphere by partially capturing emitted thermal radiation [49]. 

Based on this, it is likely that the increased cloud cover due to irrigation would be lower-level cloud cover. 

In addition, our modeling results show that the irrigation cooling effect is not restricted to the near-surface 

atmosphere associated with irrigated areas, but spread to adjacent non-irrigated areas. For example, 

from CON to ICE, in the central and eastern parts of Gansu province, and the central Shaanxi province, 

even non-irrigated grid cells undergo various degrees of cooling, although the magnitude of this 

cooling is smaller compared to that of the nearby irrigated grid cells. This indicates that non-local 

processes such as enhanced cloud cover are probably also important in determining regional 

surface temperature. 
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Differences in monthly mean surface temperature for the three land cover scenarios reveal that the 

impact of irrigation on regional temperature vary substantially across seasons. The cooling effect of 

irrigation is much stronger in the summer than winter. For instance, from CON to ICE, the largest 

cooling effect occurs in July, with a decrease in mean surface temperature of 3.0 °C, while the smallest 

cooling effect occurs in January, with a decrease in mean surface temperature of 0.6 °C. This seasonal 

pattern of the cooling effect is consistent with the seasonality of the changes in evapotranspiration and 

heat fluxes due to irrigation. This is expected because our results have shown that the dominant 

cooling effect, the evaporative cooling, reaches its maximum during the summer growing season. 

In addition, irrigation exerts a stronger cooling effect during the day than night. With the expansion of 

irrigated cropland in both IRR and ICE, the annual average change in daily maximum temperature is 

much greater than daily minimum temperature, leading to a decrease in the diurnal temperature range. 

For example, from CON to IRR, the annually-averaged maximum temperature decreases by 1.9 °C 

while the annually-averaged minimum temperature decreases by 0.5 °C. This regional result confirms 

to the previous finding of Sack et al. [8] on effects of global irrigation that irrigation mostly affects 

daytime climate. Since both of the two cooling mechanisms—the evaporative cooling and increased 

reflected solar radiation due to more cloud cover—tend to peak during the day, the irrigation cooling 

effect is mainly reflected by a substantial decrease in daily maximum temperature. 

Theoretically lower albedo of irrigated soil may also affect the surface energy balance and 

regional climate. However, comparing among different scenarios, we find that albedo changes only 

slightly due to irrigation. For example, the average albedo for areas of cultivated cropland decreases by 

0.0073 from CON to IRR, by 0.001 from IRR to ICE. This magnitude of change in albedo due to 

irrigation is much smaller relative to that associated with the land conversion between natural 

vegetation (such as forest and grassland) and cropland. Field measurements have also verified that the 

differences between irrigated and non-irrigated albedos in our study region are small [50]. This indicates 

that in our case the change in net radiation due to lower albedo of irrigated land accounts for a minimal 

portion of the change in energy balance and therefore plays a less important role in regional climate. 

Our finding for this particular region is consistent with the global-scale experimental study of 

Lobell et al. [9], which shows that the global temperature changes were highly correlated with 

changes in net surface solar radiation, but not with changes in surface albedo. 

Our simulated effect of irrigation on the latent heat fluxes in the inland irrigation area of northern 

China is smaller than estimates in regional studies such as Kuepper et al. [12], in which irrigation 

increased the latent heat fluxes in California year round by 70.7 W m−2, but close in the magnitude to 

estimates about India in Douglas et al. [11], southern India in Biggs et al. [3], and U.S. High Plains in 

Adegoke et al. [22]. Similarly, although many regional studies have shown significant cooling effects 

of irrigation, they have disagreed about the magnitude of these effects. Our simulated cooling effect is close 

in the magnitude to estimates about Nebraska in Mahmood et al. [15], California in Kueppers et al. [12] 

and India in Douglas et al. [11]. Our simulated irrigation cooling in our study region is also consistent 

with Lee et al. [25], which found qualitatively similar, but smaller temperature decreases over Asia 

due to irrigation. Differences in the magnitude of the effects of irrigation between these studies can be 

explained by differences in how irrigation is modeled, the selection and setup of the atmospheric model, 

the scale of the study region, and other regional heterogeneities. 
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The design of our WRF model has some limitations. As different crops have distinct irrigation 

water requirements and timing of irrigation, ideally there could be a crop model that deals with the 

irrigation status of different crop types. This requires spatially explicit information about crop-type 

distributions and crop-specific information about agricultural management. Given the data-sparse 

environment, those data are not available for our study region. Using an average land cover in an 

irrigation simulation scheme could cause over- or under-estimated irrigation water input [51]. 

Development of high-resolution land use data about crop types and incorporation of a crop model in 

the irrigation scheme could be a direction of future work for researchers who intend to explore climatic 

effects of irrigation. 

6. Conclusions 

Population growth and westernization of dietary patterns have increased the demand for food, 

resulting in intensification of agricultural practices in many regions around the world [52]. Expansion of 

irrigated agriculture has the potential to alter regional to global climate significantly. In this paper, 

we investigate the impacts of irrigation on the heat fluxes and near-surface temperature in the future 

for a specific region. We focus our study on an inland irrigation area of northern China, an area in the 

developing world with a long history of irrigated agriculture and high ecological vulnerability. 

Based on the modeling results of the WRF system, we examine the changes in heat fluxes and 

near-surface temperature among three land cover scenarios: the CON, the IRR, and the ICE. Our results 

indicate that the surface energy budgets and temperature are sensitive to changes in the extent and 

spatial pattern of irrigated land. Conversion to irrigated agriculture at the contemporary scale (as in IRR) 

leads to an increase in annual mean latent heat fluxes of 12.10 W m−2, a decrease in annual mean 

sensible heat fluxes of 8.85 W m−2, and a decrease in annual mean temperature of 1.3 °C across the 

study region. Further expansion of irrigated land to all cultivated cropland (as in ICE) increases annual 

mean latent heat fluxes by 18.08 W m−2, decreases annual mean sensible heat fluxes by 12.31 W m−2, 

and decreases annual mean temperature by 1.7 °C. The cooling effects of irrigation tend to be greatest 

for areas where irrigated cropland heavily concentrates, and are much stronger in the summer growing 

season than winter. The seasonality of the cooling effect is consistent with the seasonality of the 

changes in evapotranspiration and heat fluxes due to irrigation. In addition, we identify that irrigation 

exhibits a greater cooling effect during the day than night, leading to a decrease in the diurnal 

temperature range. While direct evaporative cooling plays a dominant role, indirect non-local processes 

such as enhanced cloud cover are probably also important in causing the cooling of the surface. 

Our modeled effects of irrigation show that changes in land use management such as irrigation can 

be an important component of climate change. Several studies have shown that the regional climate of 

northern China is becoming warmer and drier and this trend is likely to continue into the future [53,54]. 

However, those projections do not account for the climate impacts from land cover and land management 

change. Regional climate forcings including irrigation expansion can introduce a countervailing 

cooling effect, weakening the projections of future regional warming from greenhouse gases. Our 

study has simulated the scenario of expansion of irrigated area, which is likely to take place due to 

population growth and economic development. In other circumstances, irrigated area may also decline 

due to lack of sufficient water supply or conversion of irrigated agriculture to urban land [55,56]. It is 
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expected that these irrigation changes can modify future regional climate and need to be considered 

together with greenhouse forcing in climate change assessments. 
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