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Abstract

:

Understanding the impact of irrigation on the spatiotemporal characteristics of precipitation is important for the ecological stability of the arid region of Northwest China (NWC). In this study, the global climate model MPI-ESM-MR is utilized to provide the initial and lateral boundary conditions for the regional climate model RegCM4, enabling the simulation of the long-term climate of the arid NWC region under two Representative Concentration Pathways (RCPs). The study focuses on analyzing the differences in the spatiotemporal distribution, intensity, and frequency of precipitation before and after irrigation. Furthermore, the study explores the primary factors influencing changes in the spatiotemporal distribution characteristics of precipitation in the irrigation district and its downwind region. The results indicate that RegCM4 performs well in simulating the climatology and diurnal cycle of precipitation in the NWC, particularly excelling during the summer. Large-scale irrigation significantly impacts the structure of summer precipitation, leading to a notable increase in convective precipitation near the irrigation district and surrounding mountain ranges. Anomalous cyclonic circulation and enhanced vertical velocity enhancement provide dynamic conditions for increased precipitation in the irrigation district and surrounding mountainous regions. Furthermore, the evaporation of water vapor resulting from large-scale irrigation serves as an additional source of moisture, contributing to increased precipitation in the irrigation district and its downwind region. Due to the difference in climatic conditions between the western and eastern regions around the irrigated areas, the summer extreme precipitation in the west predominantly increases. At the same time, in the east, it predominantly decreases due to irrigation. The findings of this study contribute to a deeper understanding of the physical mechanisms through which agricultural irrigation influences precipitation in the arid region of the NWC, thereby providing scientific evidence for the sustainable utilization of water resources in the region.
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1. Introduction


As the global population continues to grow and economies progress, the demand for water by humanity is increasing at a rapid pace, leading to a scarcity of water resources in many regions and highlighting the importance of water as a precious natural asset [1,2]. To alleviate the shortage of water resources, many countries have adopted inter-basin water transfer projects to spatially and temporally redistribute water resources, aiming to mitigate conflicts between agricultural, industrial, residential, and ecological water requirements. According to incomplete statistics, there have been over 160 completed or ongoing inter-basin water transfer projects worldwide, primarily distributed in more than 20 countries and regions, including the United States, Canada, the former Soviet Union, India, Pakistan, and China until 2015 [3]. Inter-basin water transfers typically involve diverting water from water-rich areas to water-scarce regions, with a significant portion allocated for agricultural irrigation. Irrigation, as a crucial agricultural activity, profoundly impacts the natural water cycle and the distribution of surface energy, exerting influence on regional climate through alterations in land–atmosphere interactions, boundary layer processes, and precipitation system dynamics [4,5,6,7,8,9]. Understanding the feedback between irrigation and climate and its impact on the water cycle is vital for the sustainable socioeconomic development of water-deficient regions.



Abundant research, including observational, statistical, and model simulation analyses, on the climatic effects of agricultural irrigation has revealed its influence on precipitation [10], near-surface temperature [11], surface fluxes [12], evapotranspiration [13], and cloud cover [14]. The evaporative cooling effect of irrigation has become widely recognized in academic circles. However, the impact of irrigation on precipitation exhibits diversity and complexity, contingent upon the net effects of various positive and negative feedback processes within the complex climate system. From a local perspective, irrigation increases low-level atmospheric humidity, enhancing convective available potential energy, thereby favoring the generation of convective precipitation [15,16]. Simultaneously, irrigation’s cooling and moistening effects induce a more stable and moist boundary layer, suppressing convection and negatively affecting convective precipitation [4]. From a non-local scale, irrigation can transport water vapor to downwind areas and influence precipitation in regions beyond the irrigation district through the occurrence of regional cyclonic circulation anomalies induced by irrigation [17]. Moreover, irrigation can alter soil moisture memory and low-level jets, impacting seasonal and extreme precipitation in irrigated and surrounding regions [18]. The net effects of irrigation on precipitation are highly intricate, leading to considerable uncertainty regarding the precipitation variations caused by the same irrigation processes in different regions.



The arid region of Northwest China (NWC), situated in the mid-latitude Eurasian continent, is recognized as one of the most climate-sensitive areas to global climate change [19]. The persistent aridity and limited water resources in this region pose significant challenges for the sustainable development of agriculture. Therefore, Chinese scholars have proposed diverting the water sources of the “Five Rivers and One River” (Yarlung Tsangpo River, Nu River, Lancang River, Jinsha River, Yalong River, and Dadu River) to the NWC to alleviate agricultural water shortages and improve the ecological environment [20,21]. Abundant water resources enhance the ecological stability of oases in the arid region of NWC (Xu and Lin, 2021) and provide favorable conditions for the development of irrigation agriculture [22]. However, large-scale agricultural irrigation can alter the regional water balance and water vapor circulation, impacting the region’s extreme and seasonal precipitation [23,24,25]. Li et al. [26] and Zou et al. [27] have previously indicated that the South-to-North Water Diversion Project has changed the climatic environment in irrigated areas of northern China and affected adjacent regions through momentum, heat, and water vapor exchanges. In recent years, the influence of irrigation on the regional climate in the NWC has become increasingly apparent. Existing studies have indicated alterations in precipitation’s spatial and temporal distribution, temperature decrease, and enhanced evaporation due to agricultural irrigation in the NWC. However, limited attention has been given to the impact of irrigation on extreme precipitation [28,29,30,31,32,33,34]. Furthermore, previous research results have shown uncertainty due to variations in model types, soil moisture conditions, and the influence of climate and geographical differences in simulated regions [5,14]. With the future advancement of water network engineering within China, the scale of irrigation in the NWC will further expand. However, there is a significant lack of research on the impact of agricultural irrigation, particularly on extreme precipitation, after the establishment of large-scale irrigation agriculture patterns.



In summary, previous studies on the regional climate effects of irrigation in the NWC have primarily focused on short-term simulations of current conditions, with limited research on the long-term impacts of extensive irrigation on local extreme precipitation. Therefore, this study focuses on the arid region of NWC and utilizes the regional climate model RegCM4 with a coupled irrigation scheme to conduct numerical simulation experiments. The aim is to quantitatively assess the impact of irrigation on extreme precipitation and systematically uncover the response mechanisms of local precipitation to irrigation. Section 2 overviews the study area, data sources, and modeling. The main research findings are presented in Section 3, followed by discussions in Section 4, and conclusions in Section 5. The results of this study can provide a reference for optimizing the layout of irrigation agriculture in the NWC and fine-tuning the allocation of water resources.




2. Model Description and Experimental Design


2.1. Study Area


The NWC possesses intricate geographical and climatic characteristics, harboring numerous mountain ranges such as the Altai Mountains, Tianshan Mountains, Qilian Mountains, and the Kunlun Mountains, alongside expansive desert basins, including the Junggar, Tarim, and Qaidam (Figure 1). The climate in this area gradually transitions from a continental semiarid climate in the east to a continental arid climate in the west. It is characterized by perennial aridity and scarce rainfall, with precipitation primarily concentrated in mountainous areas such as Tianshan and Qilian. Among them, the Tianshan Mountain range located in central Xinjiang is considered the “Central Asian Water Tower” due to its abundant precipitation, while the Qilian Mountains are often referred to as the “Oasis Water Tower” [35]. Figure 1 illustrates a potentially exploitable latent irrigated zone (highlighted in gray), located to the north of the Qilian Mountains and to the south of the Tianshan Mountains. This area has an average elevation of around 1300 m and receives an annual average precipitation of approximately 36 mm to 200 mm. Moreover, the region experiences an annual average temperature ranging from 6 °C to 10 °C, the annual evaporation exceeds 2000 mm to 3500 mm. Encompassing a total area of about 270,000 km2, this region mainly corresponds to a semi-desert land use type, according to the default land use/land cover (LULC) classification in RegCM4. Due to the lower altitudes prevailing in this region compared to the surrounding mountain ranges, it is highly suitable for utilizing elevation differences to support oasis agriculture through gravity-driven irrigation.




2.2. Model Description and Irrigation Scheme Implementation


This study utilized the RegCM4 model to simulate and investigate the impact of agricultural irrigation on local precipitation in the arid regions of NWC. RegCM4 is a regional climate model developed by the International Centre for Theoretical Physics in Italy, which has been widely used for climate change simulations in East Asia and has demonstrated good performance in previous studies [36,37]. This study configured the model with a domain encompassing the entire East Asia region, following the East Asia domain in phase II of the International Coordinated Regional Climate Downscaling Experiment framework (CORDEX-EA; [38]. This study’s physical parameterization schemes in RegCM4 were primarily derived from Gao’s scheme [39,40], demonstrating excellent simulation performance for China’s climate. In Gao’s scheme, the convective parameterization scheme and the land surface process scheme were the Emanuel scheme and the CLM3.5, respectively. The planetary boundary layer scheme and radiation scheme adopted the Holtslag scheme and NCAR CCM3 scheme, respectively. For more comprehensive details regarding the physical parameterization schemes and other model configurations utilized in this study, please refer to Table S1.



Due to the absence of an irrigation scheme in the default version of RegCM4, this study incorporates irrigation as an additional net rainfall input into the surface water cycle, which is expressed as follows:


    P   n e t   =   P   r   +   P   i   +   S   m   − E  



(1)




where Pnet represents the final net rainfall reaching the surface, Pr is precipitation, Pi is the irrigation amount, Sm is snowmelt, and E is evapotranspiration. In this study, the aforementioned irrigation mechanism was coupled with the CLM3.5 land surface scheme of RegCM4. This approach, which was previously implemented in the BATS1e land surface modules of RegCM3, has been used to simulate the regional climate effects of the South-to-North Water Diversion Project [27].




2.3. Data Resources


In this study, the initial and lateral boundary conditions for the dynamical downscaling simulations of RegCM4 are derived from the historical experiments with a 6-hourly time step and climate change projections (RCP4.5 and RCP8.5) from the MPI-ESM-MR model in CMIP5 [41]. The MPI-ESM-MR exhibits good simulation performance for the climate of China [42]. Developed by the Max Planck Institute for Meteorology in Germany [43], the model has a data resolution of 1.875° × 1.875°, with a historical time series spanning from 1949 to 2005 and a future projection spanning from 2006 to 2100. Conducting this study under the estimated climate conditions from 2020 to 2050 holds significant practical significance for medium- to long-term water resource planning in the NWC, while the historical reference group covers the period from 1970 to 2000. To validate the performance of RegCM4 in simulating historical climatology, this study also compares the dynamical downscaling results of ERA-Interim reanalysis data in RegCM4 with those of the MPI-ESM-MR. ERA-Interim, developed by the European Centre for Medium-Range Weather Forecasts, has a spatial resolution of 1.5° × 1.5° and has been widely utilized in dynamical downscaling simulations for the climate of China [44].



To assess the model’s performance in simulating precipitation, this study employed the CN05 precipitation observation dataset developed by the China Meteorological Administration for validation [45]. This dataset incorporates daily precipitation observations from 2416 meteorological stations in China and applies an interpolation method to generate a gridded dataset with a resolution of 0.5° × 0.5°. The dataset has been widely used to evaluate the performance of regional climate models in simulating the climate of China [46]. In this study, the output results of RegCM4 were interpolated to the grid centers with the same resolution as the CN05 dataset for comparative analysis.




2.4. Experimental Design


Currently, representative hypothetical scenarios for water diversion in the NWC primarily focus on the “Five Rivers and One River” as water sources [20,21]. Depending on different water diversion elevations, the available water resources range from 30 billion m3 to 300 billion m3. Considering various factors, such as regional socioeconomic conditions and the ecological environment, the maximum water diversion capacity is estimated to be 40–60 billion m3 [20]. Therefore, this study proposes using 60 billion m3 as the maximum irrigation water amount and allocating it throughout the proportion of monthly evaporation in the total annual evaporation of the irrigated area (Figure 2). Assuming an equal irrigation water amount for each computational grid within the same period, the annual irrigation amount per unit area in the irrigation district is 224 mm·m−2, with the maximum irrigation amount in June being 50 mm·m−2.



As shown in Table 1, this study conducted six sets of experiments, among which EXP_RF1 and EXP_RF2 were designed to assess the simulation performance of the model in reproducing historical precipitation climatology. EXP_RF2 is the historical control experiment, compared with EXP_NR45 and EXP_NR85 used to analyze the precipitation changes under the RCP4.5 and RCP8.5. The impact of irrigation on precipitation is inferred from the differences between EXP_YR45 and EXP_NR45 under the RCP4.5 scenario, as well as between EXP_YR85 and EXP_NR85 under the RCP8.5 scenario. The default semiarid land type in the land surface process scheme for the irrigation-based experiments is modified to the C4 type.




2.5. Extreme Precipitation Indices


The climate science community widely acknowledges that the more indicators used in the analysis, the more reliable the characterization of changes in extreme precipitation events in specific regions [47]. The climate indices recommended by the Expert Team on Climate Change Detection, Monitoring, and Indices (ETCCDI) have been extensively employed to assess the changing characteristics of extreme precipitation events in various parts of the world [48,49,50], this study adopts nine extreme precipitation indices based on the ETCCDI recommendations. These indices aim to depict the impacts of widespread irrigation in the NWC on the intensity, frequency, and duration of extreme precipitation events. Examples of these indices include the Simple Daily Intensity Index (SDII), Consecutive Dry Days (CDD), and Extreme Wet Day Precipitation (R90p) (Table 2).




2.6. Distribution Functions Selected


In studying extreme precipitation events in the NWC, statistical distribution functions were employed to analyze their statistical variation characteristics. Various widely used distributions, such as the gamma, exponential, GEV (Generalized Extreme Value), and Gumbel distributions, were considered for modeling extreme events in hydrometeorological and other relevant fields [51,52,53,54]. The probability distribution function (PDF) and cumulative distribution functions (CDF) of the GEV, Gumbel, gamma, and exponential distributions can be found in Table 3. The parameters for these distributions were estimated using the L-moments method [55]. Moreover, the Kolmogorov–Smirnov (KS) statistical test and Akaike Information Criterion (AIC) were utilized to determine the best-fitting distribution. Through the KS test and AIC, the most suitable statistical distribution for extreme precipitation was selected, enabling precise analysis of the statistical variation characteristics of extreme precipitation indices (Table S2).




2.7. Moist Static Energy Analysis


In this study, moist static energy (MSE) was utilized to analyze the potential impacts of extensive irrigation on convection activity in the NWC. MSE (unit: kJ/kg) is a thermodynamic variable computed using temperature, potential height, and a water vapor mixing ratio. It provides a valuable assessment of possible changes in convection activity [56,57,58,59]. The formula for calculating MSE is as follows:


  M S E =   C   p   · T + g · z +   L   v   · q  



(2)




where T represents temperature, q denotes the mixing ratio of water vapor, z represents height, Cp represents the specific heat of air, Lv signifies the latent heat of evaporation, and g denotes the gravitational acceleration.





3. Results


3.1. Performance of RegCM4 on Precipitation Climatology


Before analyzing irrigation’s impact on precipitation in the NWC, a comparison was made between the simulated precipitation from two historical experiments (EXP_RF1 and EXP_RF2) and the observed precipitation (CN05). This evaluation aimed to assess the simulation performance of RegCM4 in capturing the climatology of precipitation in the study area. As depicted in Figure 3a, the observed summer precipitation in the NWC gradually diminishes from southeast to northwest, exhibiting distinct rain belts in mountainous areas such as the Tianshan and Qilian Mountains. EXP_RF1 and EXP_RF2 adequately simulate the spatial patterns of summer precipitation in the NWC, with spatial correlation coefficients of 0.73 and 0.76, respectively, compared to the observed precipitation (Table 4). The two historical experiments accurately reproduce the distribution of rain belts along the Altai, Tianshan, Kunlun, and Qilian Mountains. However, RegCM4 tends to overestimate precipitation in mountain regions like the Tianshan and Kunlun Mountains, while underestimating precipitation in basins such as the Tarim and Junggar (Figure 3b,c). Similarly, the two historical experiments simulate winter precipitation patterns similar to observations but exhibit a wet bias in mountain regions (Figure 3d–f). The spatial correlation coefficients between the winter precipitation simulated by EXP_RF1 and EXP_RF2 and the observed precipitation reach 0.36 and 0.45, respectively (Table 4). CN05 as an observational analysis datum derives precipitation and temperature distribution based on interpolation of meteorological station observations. However, the western region of China often suffers from sparse and unevenly distributed observation stations, which hampers the ability of CN05 to accurately represent the precipitation distribution in that area. Due to the geographical complexity and mountainous environment in western China, precipitation exhibits significant variability and unevenness spatially associated with orography. These geographical details play a crucial role in precipitation distribution, but due to the uneven distribution of observation stations, CN05 data may not fully capture these details. When comparing our simulation results with CN05, we should bear these in mind. Overall, RegCM4 demonstrates a relatively good performance in reproducing the historical spatial patterns of precipitation climatology in the NWC, with a generally better ability to simulate summer precipitation than winter.




3.2. Impact of Climate Change on Precipitation Climatology


Figure 4 presents the spatial pattern of multi-year average changes in extreme precipitation indices in the NWC during the mid-21st century (2021–2050) under RCP8.5. This pattern is compared to the 1971–2000 reference period. As per Figure S1 and Figure 4, the two RCPs forecast an enhanced intensity and frequency of extreme precipitation, leading to an overall trend in the NWC towards a wetter climate in the future. Notably, significant increases in PRCPTOT are observed in mountainous areas like the Altai Mountains, Tianshan Mountains, Qilian Mountains, and Kunlun Mountains (p < 0.05), as shown in Figure 4a. However, regions with lower elevation such as the Qaidam Basin, Junggar Basin, and Tarim Basin register less precipitation increase. The spatial patterns of extreme precipitation indices, namely SDII, RX1DAY, RX5DAY, R95p, and R99p, are largely consistent with PRCPTOT, showing more significant increases in mountainous areas and slight decreases in lower-elevation basins. Particularly, in the eastern part of Gansu, Ningxia, and Inner Mongolia Autonomous Region, despite an overall increase in precipitation and a decrease in CDD, the extreme precipitation indices (R99p, RX5DAY, RX1DAY) show a decreasing trend under the warming scenarios (RCP8.5 and RCP4.5). This can be attributed to the circulation changes induced by warming, as this region is located at the boundary between the East Asian summer monsoon and the westerlies, making it highly sensitive to circulation changes associated with climate variability. Extreme precipitation in this region is often closely related to the intensity of the East Asian summer monsoon. The intensity of the East Asian summer monsoon is negatively correlated with the Western Pacific Subtropical High (WPSH). In the future climate projection experiments, both the area and intensity of the WPSH are expected to increase, with a significant westward extension. The linear increasing trend is highest under the RCP8.5 scenario. This will likely reduce the intensity of the East Asian summer monsoon and decrease the moisture transport in this transitional zone, leading to a decline in extreme precipitation indices. Therefore, despite the overall increase in precipitation and a decrease in CDD due to increased irrigation input, the downward trend in extreme precipitation indices in the mentioned regions can be attributed to circulation changes induced by warming. This highlights the high sensitivity of this region to circulation changes associated with climate variability and emphasizes the important influence of the intensity of the East Asian summer monsoon and the changes in the Western Pacific Subtropical High on precipitation characteristics in this area. In conclusion, the projected future climate points towards a more severe impact from extreme precipitation in mountainous regions of NWC, while the impact in lower-elevation basins is relatively mild.



To further understand the changing characteristics of extreme precipitation in the NWC under the two RCPs during the mid-21st century (2021–2050) compared to the historical reference period (1971–2000), the PDF of two sub-periods of equal length for extreme precipitation indices was analyzed using the optimal distribution (Figure S2 and Figure 5). Figure S2 and Figure 5 show that most extreme precipitation indices exhibited a rightward shift in their PDF, except for CDD. For example, under the RCP8.5, the PDF of PRCPTOT, representing the 95th percentile, increased from 345.42 mm/year during the period from 1971 to 2000 to 370.95 mm/year during the timeframe from 2021 to 2050 (Figure 5a). Similarly, the PDF value of SDII, corresponding to the 95th percentile, showed a slight rise from 4.28 mm/day from 1971 to 2000 to 4.33 mm/day from 2021 to 2050 (Figure 5d). Furthermore, the PDF value of R0.1, also associated with the 95th percentile, increased from 143.38 days/year between 1971 and 2000 to 148.35 days/year from 2021 to 2050 (Figure 5g). Moreover, compared to the reference period, the PDFs of extreme precipitation indices under the two RCPs were flatter and exhibited a wider distribution range, indicating a larger interannual variation of extreme precipitation under future climate change. All the results above indicate that the NWC is projected to become wetter with increased frequency and intensity of extreme precipitation events. Notably, although the overall trend of extreme precipitation indices in the NWC under the two RCPs shows a rightward shift, indicating a tendency towards increased wetness in the future, most extreme precipitation indices in the irrigated areas do not exhibit a consistent rightward or leftward shift (Figures S3 and S4).




3.3. Influence of Irrigation on the Spatiotemporal Characteristics of Precipitation


Figure 6 illustrates the spatial distribution of changes in extreme precipitation indices in the NWC under the RCP8.5 scenario, both with and without irrigation. The introduction of irrigation is projected to result in more severe extreme precipitation events in most areas of the NWC. Significant changes in extreme precipitation indices are observed, particularly in mountainous regions such as the Tianshan, Kunlun Mountains, and Qilian Mountains (p < 0.05), while the changes in extreme precipitation in the relatively lower-altitude Junggar, Tarim, and Qaidam basins are less pronounced. Under the RCP8.5 scenario, the PRCPTOT index shows a significant increase in the mountainous areas. For example, near the Tianshan and Kunlun Mountains, PRCPTOT exhibits an approximately 50 mm/year increase, while on the eastern side of the Qilian Mountains, the increase is even larger, at approximately 100 mm/year. In the basin areas, there is a slight increase in PRCPTOT, but the magnitude of the increase is generally less than 5 mm/year. The spatial characteristics of other extreme precipitation indices, except for CDD, follow a similar pattern to PRCPTOT, primarily characterized by an increase.



Notably, SDII, RX1DAY, RX5DAY, R95p, R99p, and other extreme precipitation indices show opposite changes between the eastern and western regions around the irrigated areas. For instance, in the eastern part around the irrigated areas, SDII decreases by approximately 0.2 mm/day. RX5DAY and R99p show a southwest–northeast strip of decrease in extreme precipitation to the east of the irrigation region. In contrast, R0.1mm and PRCPTOT consistently increase, indicating that the higher PRCPTOT in the western part of the irrigated areas is mainly due to a higher frequency of precipitation events. Similar patterns of these changes can also be observed in the RCP4.5 scenario (Figure S5). The patterns of change differ between the eastern and western parts of the irrigated areas, highlighting the complex interactions between irrigation, topography, and extreme precipitation characteristics.



To further investigate the impact of irrigation on extreme precipitation, this study analyzed the PDF of all extreme precipitation indices before and after irrigation. Figure 7 shows the PDFs of extreme precipitation for the irrigated (red line, IRR) and non-irrigated (blue line, NIRR) scenarios in the NWC under RCP8.5. Compared to non-irrigated conditions, although there are some slight leftward shifts in the PDFs after irrigation, the dominant trend shows a rightward shift for PRCPTOT, CWD, SDII, RX1DAY, RX5DAY, and R0.1mm. For instance, under the RCP8.5, the PDF value of SDII corresponding to the 95th percentile was 4.33 mm/day without irrigation, while it increased to 4.37 mm/day with irrigation (Figure 7d). Similarly, under the RCP4.5 (Figure S6d), irrigated and non-irrigated conditions had PDF values of SDII corresponding to the 95th percentile close to 4.44 mm/day. It is worth noting that although the overall right shift of most extreme precipitation indices is slight under both RCPs, the right tail of the PDFs for R95p and R99p shows a slightly larger rightward shift after irrigation, with a more elongated shape compared to the non-irrigated scenario, indicating an increase in the occurrence of extreme events in the irrigated regions of the NWC. Additionally, Figures S7 and S8 illustrate the changes in PDFs for irrigation district-averaged extreme precipitation indices under the RCP4.5 and RCP8.5, respectively. The PDF changes in extreme precipitation indices within the irrigation districts exhibit a consistent pattern with the NWC, characterized by a dominant rightward shift. Except for R0.1mm, most extreme precipitation indices in the irrigation district exhibited more minor rightward shifts in their PDFs compared to the NWC. All the above results indicate that, compared to the non-irrigated scenario, the entire NWC experienced a tendency to be wetter and had a higher precipitation frequency after irrigation.



Figure 8 depicts the annual and diurnal cycles of irrigation district-averaged precipitation before and after irrigation under the RCP4.5 and RCP8.5. From the annual cycle perspective, except for a decrease in August precipitation under the RCP4.5, precipitation shows an overall increase in other months under the two RCPs (Figure 8a). In the RCP4.5, the maximum annual variation in precipitation occurs in July, with a magnitude of 3.24 mm, while in the RCP8.5, the maximum annual variation in precipitation occurs in June, with a magnitude of 2.89 mm. In the two RCPs, the contribution of total summer precipitation (TPR) variation to the annual total precipitation variation reaches 41.78% and 47.97%, respectively, indicating that irrigation’s impact on precipitation primarily occurs during the summer. Furthermore, during the crop-growing season from April to October, variations in precipitation contribute to more than 80% of the annual precipitation variability. As for the diurnal cycle, the variation in precipitation mainly concentrates from 6:00 to 9:00 UTC. In the two RCPs, the contribution of precipitation variation during the 6:00 to 9:00 UTC period to the daily total precipitation variation reaches 72.88% and 80.22%, respectively. Approximately 70.07% to 96.87% of the precipitation variation during this period is attributed to convective precipitation (CPR), indicating a close connection between precipitation changes in the irrigated regions and convective activities.





4. Discussion


4.1. Impact of Irrigation on Precipitation Types and Its Driving Mechanisms


As shown in Figure 9, the multiyear average CPR during the reference period (1971–2000) was 23.95 mm, accounting for approximately 68.8% of the TPR. In the RCP4.5 and RCP8.5 without irrigation, the average TPR was 35.93 mm and 35.47 mm, respectively, with CPR constituting 72.8% and 74.4% of the TPR. Compared to the reference period, the TPR in the RCP4.5 and RCP8.5 increased by 1.14 mm and 0.68 mm, respectively, with CPR contributing 67.4% and 62.39% to the TPR changes. Furthermore, the impacts of irrigation led to a substantial augmentation in TPR, with an increase of 4.87 mm and 5.65 mm (p < 0.1) observed in the RCP4.5 and RCP8.5, respectively. CPR played a prominent role in these changes, accounting for 96.68% and 82.76% of the TPR variations. Additionally, the Pearson correlation coefficients between the TPR and CPR in the temporal series of annual and interannual variations under the two RCPs were all above 0.85 (p < 0.01), indicating a close correlation between the variations of TPR and CPR.



Figure 10 depicts the irrigation district-averaged vertical profiles of atmospheric element changes, including the u- and v-components of wind (u and v), relative humidity (RH), temperature (T), mixing ratio (q), and MSE, for winter and summer under the two RCPs. The atmospheric elements in the lower troposphere exhibit significant changes due to irrigation, particularly during the summer. Except for the temperature, all atmospheric elements show an increase near the surface at the 850 hPa level. The increase in RH and q indicates that irrigation enhances atmospheric moisture in the irrigation district and its surrounding areas (Figure 10c,e), particularly in the downwind region of the irrigation district (Figure S9), explaining the observed increase in remote precipitation [60]. Figure 10d shows that the summer temperature decreases in the 600–850 hPa level but increases in the 200–600 hPa level, which could be attributed to the condensation of latent heat and the release of heat associated with precipitation formation in the upper atmosphere. The increase in atmospheric moisture in the irrigation district and the downwind region during summer increases cloud cover, particularly low clouds, thereby increasing the probability of precipitation events [61]. As shown in Figure 10f, both summer and winter exhibit an increase in MSE, with a larger increase observed during the summer. This suggests that the stability of the lower troposphere in the irrigation district becomes more unstable after irrigation [62].



Figure 11 provides vertical cross-sections along 87°E, 92°E, 97°E, and 102°E, demonstrating the variations in summer meridional circulations and MSE under the RCP8.5 scenario. Generally, there is an overall increase in the entire tropospheric MSE during summers from south to north, particularly in the lower troposphere, which is also evident in the RCP4.5 scenario (Figure S11). This suggests that the irrigated regions in the NWC will experience heightened instability in the troposphere and an increased likelihood of convective precipitation (CPR) compared to non-irrigated conditions. In mountainous areas such as the Kunlun Mountains and Qilian Mountains, several factors including increased atmospheric moisture, terrain uplift, and enhanced MSE contribute to orographic and convective precipitation. Additionally, westerly winds dominate in the NWC, and a significant amount of atmospheric moisture accumulates near the Tianshan Mountains (Figure S9a,b). Previous research by Wu et al. [63] reveals that strong westerly circulation impedes moisture accumulation in the NWC. However, irrigation introduces anomalous southerly winds that weaken the dominant westerly circulation. As a result, moisture from the northwest can more easily accumulate near the Tianshan Mountains, leading to increased precipitation (Figure S9c,d).



It is important to note that the response of meridional circulation to irrigation varies from west to east (Figure 11a–d). At the lowest level, all cross-sections exhibit southerly anomalies, but at higher levels (above 700 hPa) along 87°E, 92°E, and 97°E, the anomalies reverse to northerly (Figure 11a–c). In the eastern part of the irrigation region, the southerly anomaly extends to higher levels (600 hPa, Figure S10). This corresponds to a large-scale anticyclonic circulation anomaly at 700 hPa covering extensive areas east of 100°E, as shown in Figure S9d. This circulation pattern may negatively impact the intensity and frequency of precipitation in the region, as it enhances the flow from higher elevations south of the irrigation region and creates northerly anomaly flow to the east of the irrigation region, both of which are unfavorable for extreme precipitation despite the locally enhanced moisture due to irrigation.




4.2. Limitations and Uncertainties


This study utilized the RegCM4 model to analyze extensive irrigation activities’ potential impacts on precipitation of the NWC. By comparing the simulated precipitation during the reference period with observed precipitation, the performance of the RegCM4 in simulating precipitation was validated. The results indicate that the model captures the spatial distribution characteristics of precipitation well. However, it exhibits a wet bias in mountainous areas such as the Tianshan Mountains, Qilian Mountains, and Kunlun Mountains, which can be attributed to inherent systematic errors in the model. Previous studies have also shown that RegCM4 tends to overestimate precipitation in mountainous regions [64]. To address the humidity bias in mountainous areas, potential improvements include enhancing microscale modeling, obtaining finer observational data, refining terrain and surface parameters, and conducting multi-model comparisons to assess and enhance model accuracy [65]. Additionally, the uncertainties in observational data could also affect the assessment of model performance. Observational stations are typically located in low-elevation areas, and there is a lack of data on extreme precipitation events in high-elevation mountainous regions. Moreover, while a resolution of 50 km captures the spatiotemporal variations of regional precipitation, it may have limitations in capturing finer-scale changes. The dynamical downscaling results from the MPI-ESM-MR suggest a warm and humid trend in most parts of the NWC for 2021–2050 compared to 1971–2000, which is consistent with previous studies [66,67,68]. However, different global climate models, regional climate models, study periods, and emission scenarios can introduce significant uncertainties in the assessment of future climate change, thereby affecting the evaluation of the impact of extensive irrigation on regional precipitation in the NWC [69]. Furthermore, the irrigation districts were primarily determined based on elevation to identify suitable low-elevation areas for gravity irrigation, and only a single vegetation type was considered. The irrigation amount of 60 billion m3 used in the irrigation scheme was based on estimations of the “Five Rivers and One River” in some hypothetical scenarios, and there is still considerable controversy regarding the actual maximum available water amount. In addition, the irrigation scheme in this study has limitations in considering specific crop water requirements, as the irrigation water needs vary among different crops. Therefore, this study only focuses on the impact of irrigation on precipitation in the NWC under specific model settings, scenarios, and irrigation schemes. In the future, it is necessary to further improve irrigation schemes in regional climate models and combine them with the latest climate prediction achievements to study the effects of irrigation on the regional climate in the NWC while conducting in-depth analyses of the key processes influencing regional climate elements.





5. Conclusions


This paper conducts an in-depth investigation into the impact of large-scale irrigation on precipitation in the NWC region. Additionally, it further explores the key driving mechanisms behind the spatiotemporal distribution changes of precipitation influenced by irrigation. The main research findings are as follows:



The RegCM4 model incorporating the Emanuel cumulus convection scheme and CLM3.5 land surface scheme exhibits commendable capabilities in simulating precipitation. It effectively captures the climatology and diurnal cycle of precipitation, with better performance observed in simulating summer precipitation than winter.



Under the two RCPs, it is projected that the NWC will tend to become wetter from 2021 to 2050, compared to the reference period. The intensity and frequency of extreme precipitation in mountainous areas such as the Tianshan, Qilian, and Kunlun Mountains show a significant increase (p < 0.05), while the precipitation changes in basins like Qaidam, Tarim, and Junggar exhibit less noticeable changes. The extreme precipitation indices tend to decrease in the peripheral region between the westerly and East Asian Summer Monsoon under both RCP4.5 and RCP8.5.



Large-scale irrigation activities alter the district’s climatic elements and surroundings. It amplifies atmospheric moisture in the irrigation district and downwind regions, as well as enhances the MSE in the lower troposphere, consequently leading to increased convective precipitation events in mountainous regions. Moreover, the cooling effect of irrigation near the surface partially offsets the positive impact of increased atmospheric moisture on precipitation, which may have adverse effects on the intensity and frequency of the precipitation irrigation district. Another important finding of our research is the irrigation-induced anomalous cyclonic circulation at the lower atmosphere. This circulation pattern interacts with the background circulation, resulting in diverse effects on summer extreme precipitation between the western and eastern regions surrounding the irrigated areas. The surface cooling-induced circulation affects the west and east parts of irrigation region differently due to its interaction with the background circulation. The anomalous anticyclonic circulation east of 100°E extends higher and is consistent with less extreme precipitation under irrigation influence.



By elucidating these intricate dynamics, our study sheds light on the complex relationship between large-scale irrigation and regional precipitation patterns, offering valuable insights for water resource management and climate modeling in arid regions. The NWC heavily relies on mountainous water sources for runoff replenishment, and variations in precipitation directly impact the local natural ecosystems. This study’s significant findings underscore the high sensitivity of precipitation in mountainous to irrigation activities. Large-scale irrigation may marginally increase the overall precipitation in certain areas, thus providing relief from aridity and insufficient rainfall. This research outcome contributes to a deeper understanding of the mechanisms underlying the influence of irrigation on precipitation in the arid region of NWC and provides a scientific basis for the sustainable utilization of local water resources.
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Figure 1. Study area and topography (m). 
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Figure 2. Monthly unit area irrigation allocation scheme in the RegCM4 model. 
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Figure 3. Spatial distribution of the observed (CN05) and simulated summer (a–c) and winter (d–f) precipitation (unit: mm) for the reference period (1991–2000) over the study area. ((a) CN05; (b) RegCM4 forced by ERA-Interim (EXP_RF1); (c) RegCM4 forced by MPI-ESM-MR (EXP_RF2). (d–f) is similar to (a–c) but for winter). 
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Figure 4. Multiyear average changes of extreme precipitation indices under the RCP8.5 compared to the reference period. The black dots represent statistically significant differences at the 95% significance level based on Student’s t-test. 
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Figure 5. The annual PDF of the NWC average extreme precipitation indices from 1971 to 2000 (blue line, RF) and from 2021 to 2050 (red line, RCP8.5)—consideration of portions exceeding the 95th percentile and below the 5th percentile. 
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Figure 6. Multiyear average changes of extreme precipitation indices with and without irrigation under the RCP8.5 (defined as with irrigation minus without irrigation). The black dots represent statistically significant differences at the 95% significance level based on Student’s t-test. 
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Figure 7. The annual probability density function (PDF) of the NWC average extreme precipitation with (red line, IRR) and without (blue line, NIRR) irrigation under the RCP8.5—consideration of portions exceeding the 95th percentile and below the 5th percentile. 
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Figure 8. Changes in the irrigation district average annual (a) and diurnal (b) cycles of precipitation under the RCP4.5 (red) and RCP8.5 (blue). The dotted lines indicate CPR. (Note: Figure (b) utilizes the Coordinated Universal Time format, UTC). 
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Figure 9. TPR (blue) and CPR (red) under different RCPs. (NIRR and IRR represent the scenarios without irrigation and with irrigation, respectively. The bold font in parentheses indicates the proportion of CPR to the TPR). 
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Figure 10. Changes in the irrigation district’s vertical profiles average climate elements under the two RCPs. 
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Figure 11. Vertical cross-section as a function of latitude for the difference (defined as with irrigation minus without irrigation) of summer meridional circulations (arrows; unit: m/s) and MSE (shaded; unit: J/kg) under the RCP8.5. ((a–d) is the vertical cross-section of 87°E, 92°E, 97°E, and 102°E, respectively. The black-shaded areas indicate the topography. The vertical component of wind velocity is exaggerated by a factor of 100). 
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Table 1. Description of irrigation and non-irrigation experiments in this study.






Table 1. Description of irrigation and non-irrigation experiments in this study.





	No.
	Initial and Lateral Boundary Conditions
	LULC Types and Irrigation Scenarios





	EXP_RF1
	ERA
	Default LULC types (without irrigation)



	EXP_RF2
	MPI-ESM-MR
	Default LULC types (without irrigation)



	EXP_NR45
	MPI-ESM-MR (RCP4.5)
	Default LULC types (without irrigation)



	EXP_YR45
	MPI-ESM-MR (RCP4.5)
	Modified to cropland type (with 60 billion m3/year irrigation)



	EXP_NR85
	MPI-ESM-MR (RCP8.5)
	Default LULC types (without irrigation)



	EXP_YR85
	MPI-ESM-MR (RCP8.5)
	Modified to cropland type (with 60 billion m3/year irrigation)










 





Table 2. Definitions of the nine extreme precipitation indices used in this study.
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	Index
	Descriptive Name
	Definition
	Units





	PRCPTOT
	Wet-day precipitation
	Annual total precipitation based wet days
	mm



	SDII
	Simple daily intensity index
	Average precipitation on wet days
	mm/day



	RX1day
	Maximum 1-day precipitation
	Annual maximum 1-day precipitation
	mm



	RX5day
	Maximum 5-day precipitation
	Annual maximum 5-day precipitation
	mm



	R95
	Very wet day
	Annual total precipitation when RR > 95th percentile
	mm



	R99
	Extreme very-wet day
	Annual total precipitation when RR > 99th percentile
	mm



	CDD
	Consecutive dry days
	Maximum number of consecutive dry days
	days



	CWD
	Consecutive wet days
	Maximum number of consecutive wet days
	days



	R0.1
	Number of precipitation days
	Annual count of days when RR ≥ 0.1 mm
	days










 





Table 3. The PDF and CDF used in this study.
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	Distribution
	PDF
	CDF





	GEV
	    F V  ( x ) = exp   −   1 + k       x − τ  σ        − 1  / k          
	    F V  ( x ) = exp   −   1 + k       x − τ  σ        − 1  / k          



	Gumbel
	    F U  ( x ) = 1 − exp   − exp     −   x − τ    σ        
	    F U  ( x ) = 1 − exp   − exp     −   x − τ    σ        



	Gamma
	    F G  ( x ) =     ∫ 0 x       σ  − k     Γ ( k )    x  k − 1   exp ( −  x σ  )    d x   
	    F G  ( x ) =     ∫ 0 x       σ  − k     Γ ( k )    x  k − 1   exp ( −  x σ  )    d x   



	Exponential
	    F E  ( x ) = 1 − exp ( −  x μ  )   
	    F E  ( x ) = 1 − exp ( −  x μ  )   







k, σ, and  τ  represent the shape, scale, and location parameters of the GEV, Gumbel, and gamma distributions, respectively, and μ is equal to the standard deviation of the exponential distribution.













 





Table 4. The performance of the RegCM4 model in simulating precipitation.






Table 4. The performance of the RegCM4 model in simulating precipitation.





	
Season

	
Data Source

	
Multiyear Average Precipitation

(mm·day−1)

	
Correlation Coefficient






	
Summer

	
CN05

	
0.65

	




	
EXP_RF1

	
0.41

	
0.73 *




	
EXP_RF2

	
0.49

	
0.76 *




	
Winter

	
CN05

	
0.04

	




	
EXP_RF1

	
0.11

	
0.36




	
EXP_RF2

	
0.13

	
0.45








* indicates significance at a significance level of 0.05.
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