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Abstract

:

The response of potential evapotranspiration (ET0) to widespread irrigation is important to fully understand future regional climate changes and to infer adaptive management of agricultural water resources. The quantitative impact of irrigation on ET0 from 1960 to 2013 was evaluated using historical time series data of daily meteorological observations in the hyper-arid region of northwest China. The decreasing trends in ET0 were accelerated for meteorological stations in regions with oasis agriculture, especially in the summer and during the growing season. Irrigation led to a cooling effect on temperature, increased relative humidity and precipitation. All of these changes contributed to a larger decrease of ET0 trend. The findings of this study advance our insight into the effects of irrigation on dynamics in ET0 and meteorological factors. Further investigations to understand how ET0 responds to climate change and agricultural irrigation could provide guidance for determining effective measures of water resources for adapting to global change.
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1. Introduction


Over the last 50 years, human activities have dramatically altered the physical properties of the land surface by modifying the natural vegetation coverage [1,2]. Land use changes have a strong influence on local hydrological processes and affect regional and global climate change [3,4,5]. There has been growing interest to understand how climatic variables are affected by external forces such as agricultural activities [6,7,8]. Irrigation and climate change are altering the exchange of energy and heat, as well as moisture transportation, with subsequent impacts on air temperature patterns, the hydrological cycle and changes of CO2 concentrations between the atmosphere and the land surface [9,10].



ET0, as the theoretical upper limit of evapotranspiration (ET), is a vital component of water and energy budgets [11]. It is the water transferred from land to the atmosphere and reflects the interactions of the two surfaces. ET0 is mostly affected by climatic factors and is considered to be a significant indicator to reflect the effect of climate change on the water cycle [12]. In addition, irrigation is one important anthropogenic process that can affect local to regional climate and hydrology [13,14]. The impact of agricultural irrigation practices has been highlighted in both observational and model studies [15,16]. Bonfiles and Lobell has shown that irrigation expansion has led to a net cooling effect of −0.06 °C to −0.19 °C in California [17]. The suppression of human-induced greenhouse warming by increase irrigation is likely to slow in the future and changes induced by irrigation are not expected to influence broad-scale temperatures [17]. The responses of radiative and hydrological fluxes to land cover changes were also evaluated, the estimation of shortwave radiation resulted from land cover changes ranged −0.08 to −0.33 W/m2 [18,19]. However, information available to evaluate the influence of agricultural irrigation on variation of potential evapotranspiration (ET0), as one of the most important hydrological processes, in the hyper-arid region of northwest China is lacking. Currently, the extent of irrigated agriculture and irrigation water withdrawal in arid and semi-arid regions has expanded globally [20,21]. Irrigation has increased by such an extent that in Xinjiang and Qinghai, the oasis area has increased from 4.3% in 1950 to 9.7% in 2015 of Xinjiang district [22]. Generally, high irrigation density always develops along large rivers [23]. However, in inner Asia, glacial meltwater is the water source for oasis growth in which desert is the primary landscape, this is termed “desert oasis.” Desert oases are essential to agricultural production and ecosystem stability and, because of extremely low precipitation, irrigation plays an important role for oasis development [24], which in turn affects the regional hydrological cycle and climate. These areas are characterized by extremely hot and dry conditions and they are one of the most threatened environments by climate change [25]. In dry land areas investigations have shown that 90% of precipitation is taken up by evapotranspiration [26]; water availability is the primary limiting factor to plant growth and local agriculture. Accurate assessment of regional ET0 trends may improve agricultural water management and crop arrangement. ET0 can provide an effective indicator to predict drought conditions which may have an important impact on vegetation growth and therefore on land degradation. A deeper understanding of ET0 changes and its driving mechanisms is fundamental to water resource management, agricultural production and ecosystem stability in this hyper-arid region. Although meteorological factors are the main driving force for variations in ET0, agricultural activities such as changes in irrigation may also influence the regional-scale climate [17]. Changing soil moisture content by irrigation can affect ground surface albedo, air temperature and rainfall variations [27]. With increasing irrigation, more water is available for evapotranspiration and latent heat transfer; this was highlighted by Dai et al. [28] to influence regional ET0. ET0 was also found to be significantly altered by large-scale irrigation in arid or semi-arid regions of China [29], where oases agriculture has undergone rapid expansion over the last 50 years [30]. Several theoretical and observational studies have focused on local and regional climatic impacts of irrigation; the quantification of changes in driving factors of ET0 induced by irrigation in the hyper-arid region is limited.



The key objectives of this study are to evaluate differences in the response of irrigation to ET0 and meteorological factors. Agricultural irrigation influences were estimated by comparing observed ET0 and the trends of meteorological factors were also evaluated with or without the effect of irrigation. These include: (1) exploring the trends of temporal ET0 and meteorological factors in different stations from 1960 to 2013; (2) assessing the different effects of agricultural irrigation and climate change on ET0 change.




2. Materials and Methods


2.1. Study Area and Data


The hyper-arid region of northwest China, covering an area of 109.5 × 104 km2, is located in the central area of Eurasia; it includes the southern part of Xinjiang and a small area of Qinghai, Gansu and Inner Mongolia (Figure 1). This region accounts for 11.4% of China’s total land area surface. The region exhibits extreme arid climatic features: it has annual precipitation levels of 55 mm and annual reference evapotranspiration of 1246 mm. The land surface is predominantly barren or sparsely vegetated. Due to glacial meltwater, many oases are present in this region (Egina, Hotan and Ruoqiang for example); the majority of cultivated areas are located in oases with irrigation. The irrigation area of Xinjiang has increased from 2.17 × 106 ha to 8.08 × 106 ha from 1960 to 2013 [31], cultivated land has increased from 3.15 × 106 ha to 4.12 × 106 ha from 1960 to 2013 (Figure 2). Since China began a new era of reform and opening up during the 1980s, agricultural development has increased, most notably after the year 2000, which has resulted in a significant increase in area of irrigation. During the period of 1980s and 1990s, the development and expansion of artificial oasis and artificial afforestation have changed the original landscape greatly and large areas of desert near to oasis have been converted to cropland and shelter-forest [32]. However, increasing agricultural irrigation has placed severe pressure on water resource utilization with agriculture becoming the biggest water user in this region. Rapid population growth and intense cultivation has exacerbated land degradation and water depletion.



In this study, daily meteorological data from 1960 to 2013 were obtained from 31 weather stations in the hyper-arid region of northwest China. The data has been provided and quality-tested by the National Climatic Centre of the China Meteorological Administration. Six daily meteorological variables were recorded: (1) minimum air temperature (Tmin, °C); (2) maximum air temperature (Tmax, °C); (3) mean relative humidity (RH, %); (4) mean wind speed at 10 m (WS, m/s); (5) sunshine hours (N, h); and (6) precipitation (P, mm). Wind speed at a height of 2 m was calculated from the data for its inclusion in the Penman-Montieth FAO 56 formula [33]. The missing data only account for 0.07%, any data missing from the information were substituted with average data calculated between the previous and the following year. The seasons were divided into: spring (March to May); summer (June to August); autumn (September to November); winter (December to February); and the growing season (April to September).



Land use data with 1 km resolution provided by the Environmental and Ecological Science Data Centre for West China was used to identify the effect of human activities on ET0 and meteorological variables [30]. In addition, we also collected the land use maps of 1992, 1995, 2000, 2005 and 2010, with higher spatial resolution of 300 m, for further analyze the changes of land use in our study (http://maps.elie.ucl.ac.be/CCI/viewer/download.php). In this paper, agricultural area refers to cropland and desert area refers to predominantly barren or sparsely vegetated land. The average percentages of cultivated land, bare land within a 1–30 km radius of each weather station were calculated to reflect the effects of agricultural activities [34].




2.2. Categorization of Meteorological Stations


In order to determine the influence of agricultural irrigation on ET0 trend, agricultural station and no-agricultural station needed to separate, which was the basis of further study of hydro-climatic effect induced by irrigation. The effects of irrigation on ET0 trends largely depend on how the land use around the meteorological stations are classified; the classification criterion (agricultural vs. non-agricultural land use) being based on the percentage of the dominant land use type within a certain radius. In previous studies by Rim [35] and Lobell and Bonfils [36], different radii were used to evaluate the effect of irrigation on ET0 and climatic trends. To determine the most suitable radius, the relationships between the ET0 trends and different land use ratios within the different radii of each station were evaluated using a linear regression method. As seen in Table 1, annual ET0 trends and trends during the growing season were negatively correlated with cultivated land ratio; the correlations were most significant at a radius of 3–4 km. However, annual and growing season ET0 trends were positively correlated with the proportion of bare land and the correlation was highly significant at a radius of 3–7 km. With an increase in radius, the correlation coefficients between ET0 and the ratios of cultivated and bare land initially indicated an increasing trend before decreasing. The 4 km radius was therefore selected to evaluate the irrigation influence on each meteorological station in the hyper-arid region.



Based on the percentage of the dominant land use type within the designated 4 km radius around each meteorological station, the stations were classified into three groups: (1) agricultural group with irrigation if the cultivated land ratio is larger than 50% (2) desert group without irrigation if the sparse vegetation and bare land ratio is larger than 50%; and (3) natural group without irrigation and with natural vegetation larger than 50%. The results indicated that 17 stations were classified into the agricultural group, 7 stations into the desert group and 7 stations into the natural group. Due to the distinctive irrigation feature described in Section 2.1, the prominent characteristics of desert oasis and irrigation agriculture made the dominant land cover around meteorological station relative stable. In order to verify this hypothesis to a certain extent, the average percentages of cultivated land, bare land and natural vegetation within 4 km radius of each weather station were extracted based on the land use map of 1992, 1995, 2000, 2005 and 2010. The annual mean values and standard deviation were calculated and shown in Figure 3. The percentages of irrigated cropland were different, ranging between 45% at Hami and 85% at Yutian station. The majority of stations showed only small changes and larger changes were detected at Luntai station. For the desert group, the percentage of bare area was relative high with little changes. More than 80% was found at five stations, accounting for 71.4%. For the natural group, the percentage of natural vegetation ranged between 53% at Guazhou station and 87% at Dingxin station. So, the result of station categorization in our study was acceptable and feasible.




2.3. Estimation of ET0


The modified Penman-Monteith method of Allen et al. [37] used to calculate ET0 was:


   ET 0 =   0 . 408 Δ  (   R n  -   G  )  + γ  (    900  /   (  T + 273  )     )   U 2   (   e s    -   e  a   )    Δ + γ  (  1 + 0   . 34 U  2   )      



(1)




where ET0 is the reference evapotranspiration (mm d−1); ∆ is the slope of the vapor pressure curve (kPa °C−1); and γ is the psychometric constant (kPa °C−1). Rn is the net radiation at ground surface (MJ m−2 d−1); G is the soil heat flux (MJ m−2 d−1); T is the mean daily air temperature (°C); U2 is the daily average wind speed at 2 m height (m s−1); and es − ea is the saturation vapor pressure deficit (kPa). G is usually small compared with Rn and it was assumed to be zero over the daily period or longer [33]. Radiation is a key term to calculate ET0 and it is often estimated from sunshine data using the Angstrom formula in which the Angstrom coefficients are a = 0.25, b = 0.5. When sunshine duration data were missing, radiation was estimated from Tmax and Tmin using the Hargreaves radiation equation [38], in which the empirically adjusted coefficient is usually 0.16 for inland regions [33].




2.4. Statistical Analysis


The nonparametric Mann–Kendall test was used to estimate the significance of long-term time series in ET0 and meteorological variables [39,40] and the method by Sen was used to estimate the slope [41]. The two methods do not require the assumption of normality or the assumption of homogeneity of variance, while single data errors or outliers do not significantly affect trend detection [42]. However, serial correlations may increase the probability of significant trends and they should be removed [43,44]. The trend-free pre-whitening method was used to eliminate the effect of serial correlation on the Mann-Kendall test [45]. The relationship between the trends in ET0 and the sum of cultivated land and urban land, barren or sparsely vegetated lands within a certain radius were obtained using linear regression. The statistical significance of the correlation coefficient was evaluated using the t-test.





3. Results


3.1. Hydro-Climatic Characteristics


General hydro-climatic characteristics of the three groups are shown in Table 2. The average value of ET0 in the desert group was 1405.4 mm, this being larger than the average values in the other groups. The average values of Tmax, Tmin and RH in the desert group were the smallest in three groups and those in the agricultural group were the largest. However, the desert group had higher wind speeds and sunshine hours than the other groups, with average values of 3.8 m/s and 3230.6 h/a, respectively.




3.2. Spatial Distribution of ET0 Trends


Most meteorological stations (22 out of 31 stations) recorded a decreasing trend (Figure 4) and more than half of stations showed a significant level of ET0 decline at the 95% confidence level. In the study area, the ET0 trends mainly ranged from −40 mm/decade to 40 mm/decade; higher values were located in the northeastern area of the semi-arid region, where significant increasing trends were recorded at three stations (accounting for less than 10%).



The annual and seasonal magnitude of difference for the ET0 trends in the different station groups from 1960 to 2013 are shown in Table 3. The decreasing ET0 trends identified in our results could clearly be seen for all groups. The average annual decrease in ET0 in the agricultural group was greater than that in the natural group, while the annual ET0 in the desert group showed an increasing trend. Irrigation-induced decrease in annual ET0 was −33.65 mm/decade. For the majority of seasonal ET0 results, ET0 decreased the fastest in the agricultural group whilst the desert group recorded the fastest ET0 increase. Note that all annual trends represent cumulative seasonal trends but that seasonal values do not exactly sum to the annual value due to non-normal data distributions.



Due to the effects of agricultural activities the trend of annual ET0 changes was different for each type of land use. Figure 5 shows the percentage of stations with different trends for annual ET0. There were more stations with negative trends than positive trends in the three groups, especially for the agricultural group with irrigation. More than 60% of stations in this group recorded significant decreasing ET0 trends. However, three stations in the desert group recorded significant increasing ET0 trends; this increase being the most significant of the three groups. In the natural group, the decreasing ET0 trends were significant and the increasing ET0 trends were insignificant. With more irrigation and oasis expansion, the significant decreasing trend in ET0 might be more obvious.




3.3. Irrigation-Induced ET0 Effect


To evaluate variations in annual ET0 from 1960 to 2013, the station-average ET0 anomalies in the different station groups were calculated (Figure 6). Differences in annual ET0 time series between the agricultural group and the desert group were also calculated to eliminate the climatic effect from those of the agricultural group influenced by irrigation. The greater difference implied more significant irrigation effects. Prior to 1980s, ET0 in the agricultural group was larger than that in the desert group. However, the decreasing trend in ET0 in the agricultural group and the increasing trend in the desert group led to the ET0 differences between these two groups to decrease. From 1980s to 1996, ET0 in the desert group decreased and the trend in ET0 was lower than that in the agricultural group. After 1996, ET0 in both the agricultural and desert groups indicated an increasing trend, though the level of ET0 increase in the agricultural group was lower than the level of increase in the desert group. The trend in ET0 anomaly differences indicated a significant decreasing trend, an occurrence which maybe a result of increased irrigation.



A comparison of ET0 trends was undertaken between the weather station groups across different time periods, results of which are shown in Table 4. For this comparison, the study periods were separated into three stages: 1960–1970; 1970–1992; 1992–2013. From 1960 to 1970 ET0 showed an increasing trend. The lowest and largest magnitude of ET0 during this period was evident in the agricultural group and desert group, with a slope of 10.90 mm/decade and 92.85 mm/decade, respectively. From 1970 to 1992, ET0 decreased with a magnitude of −80.38 mm/decade for the agricultural group; this decreasing trend was faster than the decreasing trends for the other two groups (−34.46 and −64.21 for the desert group and natural group, respectively). After 1992 ET0 increased again; the magnitude of change was 59.53 mm/decade in the agricultural group and the increasing trend was largest in the desert group with slopes of 103.72 mm/decade. The differences in ET0 trends through the three time periods may be linked to irrigation which significantly affected ET0 trends.



To further understand the effects irrigation had on ET0 changes, time series analysis of irrigation during the growing season and in the summer months at the different station groups was undertaken, ET0 trends are shown in Figure 7. Variations in the station-average ET0 for the different groups during the summer and growing seasons were similar to those in the annual trend with the variability of ET0 trend in desert group larger than that in agricultural group (Figure 6). ET0 trends for the summer months showed an increase before 1970, with a slope of 5.85 mm/decade for the agricultural group and a 31.78 mm/decade increase for the desert group. From 1970 to 1992 a decreasing ET0 trend was recorded for all groups; the agricultural group recorded a greater decrease then the desert group, the difference between the two groups was −17.14 mm/decade. After 1992, an increasing ET0 trend was again recorded. The increase for the agricultural group (23.04 mm/decade) was smaller than the increase for the desert group (44.83 mm/decade). Results for the growing season showed a greater magnitude of variation. ET0 increases were larger than those in the summer months before 1970 and after 1992 and the ET0 decrease was also greater from 1970 to 1992. The decreasing trend in ET0 was −58.85 mm/decade for the agricultural group and −24.11 mm/decade for the desert group.




3.4. Irrigation-Induced Climatic Effect


The station-average anomalies of Tmax, Tmin, RH, WS, N and P in the different station groups are shown in Figure 8. Variations of the station-average Tmax in the different station groups were similar from 1960 to 2013. Before the mid-1960s Tmax was recorded as decreasing. After 1967 Tmax increased until 2007, after which a slight decrease was recorded. Irrigation activities maybe weaken the decrease of Tmax before 1986 and then reduced the Tmax increase. Variations of the station-average Tmin in the different station groups were similar to that in Tmax. The Tmax and Tmin changed slower for the agricultural group than that for the desert group, with mean differences of 0.30 °C and 0.32 °C, respectively. All RH time series results for the three station groups increased before 2003, before decreasing. From the mid-1970s to the mid-2000s, irrigation activity led to an increase in RH. From 2003 the overall station-average RH results decreased; the decrease for the agricultural group, however, was less than the decrease for the desert group, with a mean difference of 1.20%. For WS, variation of the station-average was more obvious in the desert group than in the agricultural group. WS increased before 1970, after which is significantly decreased until the mid-1990s, before increasing again. WS in the agricultural group increased at a faster rate than WS in the desert group before 1970 and then with a slower rate of increase after 1999. However, the difference of WS trend among meteorological station in desert group was more significant than that in agricultural group, especially after 2000. From the late 1960s to the early 1990s, N in all groups significantly decreased. After1998 N then increased. Variations of the station-average P in the agricultural group were more obvious with a significant increasing trend during the study period.



For the different station groups, the magnitudes of trends in annual and seasonal meteorological factors differed (Table 5). The cooling effects of irrigation on Tmax and Tmin are evident with differences of 0.16 and 0.18 °C/decade between the agricultural group and the desert group, respectively. Increases in Tmax and Tmin were lower in the agricultural group than in the desert group; these differences being significant in the summer and autumn months and during the growing season.



RH increased in the agricultural group for most of the seasons whilst RH in the desert group decreased in spring, summer and during the growing season; RH only increased in the autumn and winter months. The magnitude of increasing trend in annual RH was 0.30%/decade for the agricultural group, 0.06%/decade for the desert group. WS had a greater decrease in the agricultural group than in the desert group; differences were more obvious in the summer and during the growing season when irrigation was employed, both with a value of 0.13 m/s/decade. Trends in N generally decreased, except during the growing season and spring. The decreasing trend of N in the desert group was greater than the decrease for the agricultural group, with the effect of −13.68 h/a/decade. An increasing trend in P was more evident in the agricultural group than in the desert group from 1960 to 2013. P generally increased throughout the year in the agricultural group whilst for the desert group P increased in the spring and winter months and during the growing season, though it decreased in the summer and autumn months. Differences in the meteorological factors were more evident during the summer months and during the growing season which suggests irrigation had a significant effect on regional climate.





4. Discussion


Most meteorological stations (22 out of 31) recorded a decreasing trend (Figure 4) and more than half of stations showed a significant level of ET0 decline at the 95% confidence level. This widespread decrease in ET0 was similar to results from other areas of China, such as in northwest of China [8], the Tibetan Plateau [46] and some basins [47,48]. For the majority of seasonal ET0 results, ET0 decreased the fastest in the agricultural group whilst the desert group recorded the fastest ET0 increase both in summer. Due to more water for crop growing, irrigation usually take place during these periods, which directly increase the surface air humidity [49] as well as soil moisture and having a cooling effect on the ground surface temperature [29]. Crop and oasis vegetation, such as the shelter forests, also increase surface roughness further reduce wind speeds [50]. All of these factors combined to result in larger ET0 decreases for the agricultural group than for the desert group.



The general increases of Tmax and Tmin were found in three groups, consistent with the global warming but much higher than the average increases reported for the China [51], especially for the desert group in summer, autumn and growing season. The trend magnitude was lower for the agricultural group than the desert group in whole year. It seems that the cooling effect caused by the agricultural irrigation may partly compensate for the warming effect induced by anthropogenic greenhouse gas and aerosols [52,53,54]. The cooling effect linked to irrigation has previously been identified in observational studies and model experiments in different regions [55,56]. Lobell et al. [57] used global modelling to simulate irrigation effects and indicated cooling effects were apparent for all agricultural regions regardless of their climatic regime and Mahmood et al. [56] reported that Tmax trends were significantly reduced for meteorological stations located at irrigation sites (relative to dry land sites) in Nebraska, USA. The elevation may have impacts on local climatic conditions. In our study area, the average elevation of stations in agricultural group was lower than that in the other groups, however, the trend of air temperature decreased more quickly, which may be partly induced by irrigation. Irrigation increases soil moisture which results in higher latent energy flux and this is a potential modulator to reduce temperature [58].



With irrigation, more water vapor is added to the local atmosphere which leads to higher RH; this is consistent with results from our study recording a larger increase in RH values for the agricultural group than for the desert group. In spring, RH for the agricultural group decreased larger than for the desert group. This maybe the cased by drought occurred frequently in spring and the high water need of sustaining crop growth. Agricultural activities and farmland shelter-forest jointly increased land surface roughness which resulted in lower WS in oases areas than in the desert areas [59]. The trends of decrease in WS for the agricultural group and the desert group varied with the seasonal growth of crop, significant difference was found in summer and growing season. As for N, the decreasing trend in the desert group was greater than the decrease for the agricultural group. Dust aerosol abundance in the desert group contributed to an obvious decrease in N [60], which was the results that aerosol reduced the transparency and the optical properties of atmosphere, causing the decrease in surface solar radiation [61]. In general, irrigation led to ET0 a greater decrease when ET0 decrease, less increase when ET0 increase for the agricultural group than the desert group.



Agricultural activities intensify the interactions between the surface and atmospheric boundary layer, which significantly affect the local water budget and energy balance [62]. Irrigation causes a decrease in sensible heat fluxes and an increase in latent heat fluxes, which could accelerate soil moisture evaporation and plant transpiration. With more water being evaporated, surface temperature decreases and RH increases. The effect of land use change on climatic variables and ET0 have drawn attentions [29,63]. In the hyper-arid region of northwest China, irrigation agriculture is the most common cultivate mode. Due to the lack of water resource, irrigation is implemented for keeping a relative higher crop yield. The more rapid decrease of ET0 in the agricultural group means a lower evapotranspiration demand. With the expansion of crop area, more irrigation water was needed, which could reduce the nearby runoff [63,64,65,66]. The increasing CO2 concentration in atmosphere will lead to global warming and intensify the global hydrology cycle [67]. However, human activities such as irrigation and afforestation can alter the local meteorological variables, affecting hydrological cycle [68]. In Oasis area, irrigation reduced climate warming and led to higher air moisture levels [24], contributing to cloud formation and local precipitation [69], besides crop shelter accelerated the decrease in wind speed [54]. All these accelerated the more rapid ET0 decrease for the agricultural group than the desert group. The expansion of arable land may alter existing water distribution and stresses by changing local meteorological variables. How the mechanism of climate change and human activities affect the water cycle and their interaction law in different temporal scales will be essential to predicting potential impacts of future changes on hydrology resource and ecological security.




5. Conclusions and Uncertainty


This study evaluated the trends in ET0 and the main meteorological factors under different irrigation activity levels (1960–2013) in the hyper-arid region of northwest China. Results showed 22 out of 31 meteorological stations recorded decreasing ET0 trends. The average ET0 results for the agricultural group decreased faster than those of the desert and natural groups. Irrigation enhanced a decrease in ET0 variation from 1960 to 1992 and suppressed an increase in ET0 since then. In the agricultural group, lower decreases in air temperature and wind speed and higher increases in relative humidity and precipitation contributed to larger decreases in ET0.



Land use changes such as urbanization, agricultural irrigation and storm water management can have an impact on ET0 trends. In this study, ET0 trends of stations in desert zones were used as the reference as they had less agricultural activities. The effect of irrigation on ET0 at the weather station scale was quantitatively examined using a comparative method. However, this work is limited on a spatial scale and due to the data sample size. It should also be noted that the effects of irrigation activities and climate could, to some extent, be interrelated. Besides, the uncertainty and limitations of data-driven analysis were not negligible, even though the observation data was freely accessible. Irrigation can exert impacts on biophysical and biogeochemical processes, such as the phenology, surface energy and water balances, which influence regional climate through land-atmosphere interactions [70,71,72,73]. The Earth system models are effective tools for examining the interaction and feedback among the Earth system processes in the past and future [70]. However, how to define and parameterize the realistic irrigation water demand is still the limitations in numerical models [74,75]. Future investigations to examine the impacts of meteorological factors and irrigation on ET0 should not only use observational data, they should also be coupled with dynamic land use and regional climate models to investigate the detailed physical processes.



Despite the uncertainties and deficiency of this study, this investigation has provided information on the effect of agricultural irrigation on regional hydrology dynamics. Our results emphasize the need to investigate the impact of irrigation and they could provide guidance for effectively determining adaptation and mitigation strategies to environmental changes induced by future climate change and agricultural irrigation.
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Figure 1. The location of the meteorological stations in the study area. Gray area indicate the location of hyper-arid region in China. 






Figure 1. The location of the meteorological stations in the study area. Gray area indicate the location of hyper-arid region in China.



[image: Atmosphere 09 00142 g001]







[image: Atmosphere 09 00142 g002 550] 





Figure 2. Irrigation area increase in Xinjiang, 1960–2013. 
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Figure 3. Annual mean values and standard deviations of percentage of dominant land cover at stations in different groups from 1992 to 2010. 
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Figure 4. Spatial distribution of annual ET0 trends (mm/decade) from 1960 to 2013. 
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Figure 5. Percentage of stations with different annual ET0 trends. 
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Figure 6. Time series of average annual ET0 anomalies for the different station groups, 1960–2013. The difference indicates the ET0 anomaly differences between the agricultural group and the desert group. 
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Figure 7. Time series of average ET0 anomalies for the different station groups. (a) summer and (b) growing season. The difference indicates the ET0 anomaly differences between the agricultural group and the desert group. The error bar indicates standard deviation of mean summer and growing ET0 anomalies. 
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Figure 8. Time series of station-average annual meteorological factor anomalies for the different station groups, 1960–2013. The error bar indicates standard deviation of mean meteorological factor anomalies. The difference indicates the meteorological factor anomaly differences between the agricultural group and the desert group, (a) Maximum air temperature; (b) Minimum air temperature; (c) Relative humidity; (d) Wind speed; (e) Sunshine hours; (f) Precipitation. 
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Table 1. The relationship between trends in ET0 and the different land use ratios with a certain radius centered around a station.
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Radius (km)

	
Cultivated Land

	
Bare Land




	
Annual

	
Growing Season

	
Annual

	
Growing Season






	
1

	
−0.35 *

	
−0.36 *

	
0

	
0




	
2

	
−0.33 *

	
−0.35 *

	
0

	
0




	
3

	
−0.35 *

	
−0.37 **

	
0.36 **

	
0.37 **




	
4

	
−0.36 **

	
−0.37 **

	
0.38 **

	
0.39 **




	
5

	
−0.31 *

	
−0.32 *

	
0.35 *

	
0.35 *




	
6

	
−0.31 *

	
−0.32 *

	
0.33 *

	
0.34 *




	
7

	
−0.31 *

	
−0.32 *

	
0.33 *

	
0.33 *




	
8

	
−0.28

	
−0.30

	
0.31 *

	
0.32 *




	
9

	
−0.27

	
−0.29

	
0.31 *

	
0.31 *




	
10

	
−0.26

	
−0.27

	
0.31 *

	
0.31 *




	
15

	
−0.21

	
−0.23

	
0.30

	
0.30 *




	
20

	
−0.17

	
−0.19

	
0.28

	
0.29




	
25

	
−0.14

	
−0.16

	
0.27

	
0.27




	
30

	
−0.12

	
−0.14

	
0.27

	
0.27








* p < 0.1; ** p < 0.05.
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Table 2. General characteristics of the stations in different station groups.
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Group

	
Number of Stations

	
Land Use Ratio

	
ET0 (mm)

	
Tmax (°C)

	
Tmin (°C)

	
RH (%)

	
WS (m/s)

	
N (h/a)

	
P (mm)

	
Altitude (m)




	
Bare Land

	
Cropland

	
Natural Vegetation






	
Agricultural group

	
17

	
0.07

	
0.60

	
0.33

	
1180.9

	
12.6

	
4.4

	
47.2

	
1.9

	
2922.2

	
54.6

	
1070.50




	
Desert group

	
7

	
0.94

	
0.04

	
0.02

	
1405.4

	
10.2

	
−0.8

	
36.3

	
3.8

	
3230.6

	
42.3

	
1244.04




	
Natural group

	
7

	
0.21

	
0.15

	
0.64

	
1246.4

	
13.0

	
0.1

	
40.2

	
2.7

	
3167.6

	
69.6

	
1275.10
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Table 3. ET0 trend magnitudes of different station groups, 1960–2013.
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Type

	
Average Trend Magnitude (mm/Decade)




	
Annual

	
Growing Season

	
Spring

	
Summer

	
Autumn

	
Winter






	
Agricultural group

	
−24.55 ± 2.51

	
−18.50 ± 1.95

	
−5.91 ± 0.77

	
−10.81 ± 1.11

	
−5.40 ± 0.55

	
−0.80 ± 0.23




	
Desert group

	
9.10 ± 6.62

	
7.06 ± 4.55

	
3.56 ± 1.75

	
4.58 ± 2.63

	
1.17 ± 1.54

	
0.12 ± 0.43




	
Natural group

	
−16.25 ± 2.34

	
−12.00 ± 1.81

	
−3.04 ± 0.63

	
−7.24 ± 1.10

	
−4.30 ± 0.57

	
−0.80 ± 0.16




	
All stations

	
−20.06 ± 2.53

	
−14.78 ± 1.95

	
−4.51 ± 0.76

	
−8.70 ± 1.12

	
−4.87 ± 0.58

	
−0.89 ± 0.22




	
Difference

	
−33.65

	
−25.56

	
−9.47

	
−15.39

	
−6.57

	
−0.92








Note: ± indicated the standard deviation, difference is equal to the value for agricultural group minus that for desert group.
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Table 4. A comparison of ET0 trends (mm/decade) between the station groups in different time periods.
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	Period
	Agricultural Group
	Desert Group
	Natural Group
	Difference





	1960–1970
	10.90
	92.85
	36.15
	−81.95



	1970–1992
	−80.38
	−34.46
	−64.21
	−45.92



	1992–2013
	59.53
	103.72
	39.85
	−44.19



	1960–2013
	−21.88
	14.92
	−15.02
	−36.80
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Table 5. Trend magnitudes in annual and seasonal meteorological factors in the different station groups, 1960–2013.
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Timescale

	
Station Groups

	
Tmax (°C/Decade)

	
Tmin (°C/Decade)

	
RH (%/Decade)

	
WS (m/s/Decade)

	
N (h/a/Decade)

	
P (mm/Decade)






	
Annual

	
Agricultural group

	
0.25 ± 0.01

	
0.38 ± 0.03

	
0.30 ± 0.09

	
−0.16 ± 0.01

	
−6.27 ± 4.89

	
3.76 ± 0.30




	
Desert group

	
0.41 ± 0.02

	
0.56 ± 0.03

	
0.06 ± 0.07

	
−0.09 ± 0.03

	
−19.95 ± 4.99

	
0.76 ± 0.28




	
Natural group

	
0.38 ± 0.01

	
0.64 ± 0.03

	
−0.4 ± 0.08

	
−0.21 ± 0.02

	
−14.79 ± 2.53

	
3.22 ± 0.26




	
Difference

	
−0.16

	
−0.18

	
0.24

	
−0.07

	
13.68

	
3.00




	
Growing season

	
Agricultural group

	
0.19 ± 0.02

	
0.33 ± 0.03

	
0.37 ± 0.11

	
−0.19 ± 0.01

	
6.16 ± 2.75

	
2.87 ± 0.29




	
Desert group

	
0.40 ± 0.02

	
0.57 ± 0.03

	
−0.10 ± 0.09

	
−0.06 ± 0.03

	
−11.39 ± 2.99

	
0.16 ± 0.31




	
Natural group

	
0.36 ± 0.02

	
0.59 ± 0.03

	
−0.59 ± 0.08

	
−0.23 ± 0.02

	
−10.20 ± 2.33

	
2.54 ± 0.26




	
Difference

	
−0.21

	
−0.24

	
0.47

	
−0.13

	
17.55

	
2.71




	
Spring

	
Agricultural group

	
0.22 ± 0.01

	
0.39 ± 0.03

	
−0.37 ± 0.08

	
−0.20 ± 0.01

	
10.31 ± 1.53

	
0.31 ± 0.04




	
Desert group

	
0.31 ± 0.02

	
0.50 ± 0.03

	
−0.23 ± 0.07

	
−0.06 ± 0.03

	
3.46 ± 14.59

	
0.25 ± 0.49




	
Natural group

	
0.30 ± 0.02

	
0.54 ± 0.03

	
−0.76 ± 0.08

	
−0.23 ± 0.03

	
2.67 ± 10.63

	
0.84 ± 0.09




	
Difference

	
−0.09

	
−0.11

	
0.14

	
−0.07

	
6.85

	
0.06




	
Summer

	
Agricultural group

	
0.15 ± 0.02

	
0.31 ± 0.03

	
0.53 ± 0.12

	
−0.18 ± 0.01

	
−2.59 ± 1.43

	
2.02 ± 0.18




	
Desert group

	
0.40 ± 0.02

	
0.62 ± 0.03

	
−0.19 ± 0.09

	
−0.05 ± 0.03

	
−11.93 ± 1.65

	
−0.39 ± 0.19




	
Natural group

	
0.36 ± 0.02

	
0.62 ± 0.03

	
−0.54 ± 0.09

	
−0.22 ± 0.03

	
−8.97 ± 1.34

	
1.66 ± 0.19




	
Difference

	
−0.25

	
−0.31

	
0.72

	
−0.13

	
9.34

	
2.41




	
Autumn

	
Agricultural group

	
0.23 ± 0.02

	
0.32 ± 0.03

	
0.61 ± 0.14

	
−0.13 ± 0.01

	
−3.65 ± 0.96

	
0.69 ± 0.10




	
Desert group

	
0.45 ± 0.02

	
0.62 ± 0.03

	
0.31 ± 0.10

	
−0.07 ± 0.02

	
−5.47 ± 1.13

	
−0.07 ± 0.10




	
Natural group

	
0.41 ± 0.02

	
0.65 ± 0.03

	
−0.31 ± 0.10

	
−0.20 ± 0.03

	
−3.98 ± 0.86

	
0.35 ± 0.09




	
Difference

	
−0.22

	
−0.30

	
0.30

	
−0.06

	
1.82

	
0.76




	
Winter

	
Agricultural group

	
0.31 ± 0.02

	
0.49 ± 0.03

	
0.47 ± 0.09

	
−0.11 ± 0.01

	
−7.33 ± 1.45

	
0.67 ± 0.07




	
Desert group

	
0.40 ± 0.02

	
0.58 ± 0.04

	
0.35 ± 0.07

	
−0.11 ± 0.03

	
−4.22 ± 1.55

	
1.14 ± 0.15




	
Natural group

	
0.35 ± 0.02

	
0.76 ± 0.04

	
0.05 ± 0.08

	
−0.19 ± 0.02

	
−3.67 ± 1.10

	
0.23 ± 0.15




	
Difference

	
−0.09

	
−0.09

	
0.12

	
0.00

	
−3.11

	
−0.47








Note: Difference is equal to the value of agricultural group minus that of desert group.
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