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Abstract

:

Evapotranspiration is the highest outgoing flux in the hydrological cycle in Xinjiang, Northwest China. Quantifying the temporal and spatial patterns of future evapotranspiration is vital to appropriately manage water resources in water shortage drylands. In this study, the Common Land Model (CoLM) was used to estimate the regional evapotranspiration during the period 2021–2050, and its projected changes in response to climate change under two Representative Concentration Pathways (RCP) scenarios (i.e., RCP4.5 and RCP8.5) were analyzed using the Singular Value Decomposition (SVD) technique. The results indicated that the mean regional evapotranspiration was comparable under the two scenarios during 2021–2050, with a value of 127 (±11.9) mm/year under the RCP4.5 scenario, and 124 (±11.1) mm/year under the RCP8.5 scenario, respectively. Compared to the historical period of 1996–2005, the annual mean evapotranspiration during 2041–2050 will marginally decrease by 0.3 mm under the RCP4.5 scenario and by 0.4 mm under the RCP8.5 scenario, respectively. Empirical Orthogonal Function (EOF) analyses show that the evapotranspiration in relative high altitudes of Xinjiang present strong variations. The SVD analyses suggest that the changes in evapotranspiration are more closely linked to local precipitation variations than to temperature. The results would provide reliable suggestions to understand future changed in evapotranspiration and improve the regional strategy for water resource management in Xinjiang.
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1. Introduction


Located deep inside the Eurasian continent, the Xinjiang Uyghur Autonomous Region of China is characterized by extremely low precipitation and high temperatures [1]. Water resources are a critical limiting factor for economic and social sustainable development in Xinjiang [2,3]. Under the impact of global warming, the water cycle has intensified, and consequently over the past 50 years the proportion of glacial meltwater runoff has increased significantly [4]. The annual precipitation has also experienced an increase at a rate of 0.67 mm/year [5,6]. As an important component of the hydrological cycle, evapotranspiration is the highest outgoing water flux or a major pathway of water loss in the water budget [7], and thus is a primary factor in determining water availability in Xinjiang [8,9]. Although great efforts have been devoted to investigate the evapotranspiration change in Xinjiang in the past 60 years [10,11,12], how the evapotranspiration will change in the future has not yet been well explored.



The future projection of climate change reported by the 5th Intergovernmental Panel on Climate Change (IPCC) assessment indicated that the global mean temperature will continue to rise for the rest of 21th century, and the amplitude for 2081–2100, relative to 1986–2005 ranges from 0.3 °C to 4.8 °C, under four Representative Concentration Pathways (RCP) scenarios [13]. Hu, et al. [14] reported that Xinjiang has a high potential in temperature rise at a higher rate than the global average and surrounding areas, which means that a higher temperature than the global average will occur in Xinjiang in the near future. The projection of precipitation also showed a prominent increase tendency at the end of the 21st century [15]. Shi, et al. [16] reported that the climate in Xinjiang has been experiencing a change from warm-dry to warm-wet, and the transition is expected to continue into the future. Such changes in climate would exert a profound effect on evapotranspiration. Therefore, a comprehensive analysis of evapotranspiration in response to future change is necessary to assess and understand the future of water cycle and water resource management.



Evapotranspiration changes in response to climate change have been widely conducted at regional and continental scales. Climate factors affecting evapotranspiration include three independent factors: Demand, supply, and energy [17]. Demand depends on air temperature and wind speed, while supply and energy are determined by precipitation and solar radiation, respectively. In particular, Jung, et al. [18] reported that global evapotranspiration experienced a rising trend and correlated well with the interannual variability of the temperature from 1982 to 1997; but the rising trend disappeared after the last big El Niña event in 1998, associated with a decrease in soil moisture dissipated by evapotranspiration. Zhang et al. [17] indicated that from 1982 to 2013, approximately 29% of the global land area shows significant increases in evapotranspiration, mainly driven by a general global warming trend and associated increases in air vapor pressure deficit. In high elevation regions, such as the Tibetan Plateau, the wind stilling and solar dimming together contributed to the decrease of evaporation [19]. In addition, recent studies also suggested that climate factors played the dominant role in determining spatial patterns of water fluxes over large regions [11,20]. It is evident that evapotranspiration changes in response to climate change are divergent with respect to different geographical locations [21]. Therefore, a comprehensive understanding of response of evapotranspiration to climate changes is required on a regional scale.



Land Surface Models (LSMs) are becoming an effective tool in simulating terrestrial evapotranspiration [21,22,23]. However, large uncertainties in simulations still exist in the current stage due to different structures and representations of land–atmosphere interactions among LSMs. In previous studies, attention has been given to the underestimation of the evapotranspiration within arid or semi-arid regions for most LSMs [24,25]. The possible reason is that most LSMs cannot capture the special vegetation structures that deep root systems and high root/shoot radios have been involved in from long-term limits induced by extreme aridity and high temperatures [26]. The associated functioning, such as nonlinear root water uptake and hydraulic redistribution, are not considered in LSMs that mitigate the effect of high temperatures and provide more for supporting evapotranspiration [26,27]. Therefore, a practically applicable land surface model is needed to quantify the changes in evapotranspiration.



In this study, we used the Common Land Model (CoLM) to project the evapotranspiration changes in Xinjiang during the future period 2021–2050. The purposes of this study are: (1) to estimate the temporal and spatial changes of evapotranspiration under middle and highest emission scenarios (i.e., RCP4.5 and RCP8.5); and (2) to investigate the spatial evapotranspiration changes in response to climate factors (i.e., temperature and precipitation).




2. Materials and Methods


2.1. The Study Area


Xinjiang Uyghur Autonomous Region, extending between 73°40′–96°23′ E and 34°25′–49°10′ N and covering an area of about 1.6 million km2, is the largest province-level region in China (Figure 1). Surrounded by three mountains—Altay, Tianshan, and Kunlun, from north to south—the thermodynamic contributions are largely independent of atmospheric circulation. Additionally, two vast deserts lie between the mountains—Taklimakan desert, located in Tarim Basin, and Gurbantunggut Desert, located in Junggar Basin (Figure 1a). Approximately 62% of Xinjiang’s total area is covered by deserts with a low percentage (~9%) of desert vegetation coverage, and is dominated primarily by shrubs (e.g., Haloxylon ammodendron and Tamarix ramosissima) [28] and cropland (4.3%) (Figure 1b). The altitude ranges from less than −157 m in Taklimakan desert to more than 7015 m in Kunlun Mountain (Figure 1a). Located in the hinterland of the Eurasian continent, and far away from the ocean, Xinjiang is one of the driest regions in the world, and is characterized by typical continental climate with mean annual temperature varying from −11 °C within the Kunlun Mountains to 16 °C within Taklimakan Desert (Figure 1c), and mean annual precipitation less than 50 mm/year in Taklimakan Desert and more than 400 mm/year in the Altay and Tianshan Mountains (Figure 1d).




2.2. Model Description


CoLM, used in this study, is a process-based land surface model that allows simulations of vapor water, CO2, and energy fluxes [29]. It combines the best features of three existing successful land models: Land Surface Model (LSM) [30], Biosphere–Atmosphere Transfer Scheme (BATS) [31], and Institute of Atmospheric Physics LSM (IAP94) [10]. In CoLM, the surface evapotranspiration is calculated by a two-big-leaf model, which consists of evaporation of precipitation intercepted by leaves, canopy transpiration, and bare soil evaporation [29]. The calculations for stem and leaf evaporation and transpiration are similar to those used in BATS, while Philip’s [32] formulation is used for the computation of soil evaporation. The CoLM is driven by climate factors: short and long wave radiation, temperature, precipitation, wind, pressure, and humid. Model performance has been extensively validated on a global scale for various biomes. However, uncertainties that underestimate latent heat flux still exist when applied to arid and semi-arid regions [24]. Recently, we have improved the CoLM by adding root distributions functions, root water uptake process, hydraulic redistribution for shrubland, and irrigation for croplandin [11,25]. It has been proved that improved CoLM could simulate the evapotranspiration in arid regions of Xinjiang well [24,25].




2.3. Data Sets


To drive CoLM, we used the future climate forcing, 3-h projected climate data for 1991–2050 at the resolution of 1.25 × 0.9 degree under two RCP scenarios (i.e., RCP4.5 and RCP8.5), including precipitation, temperature, long- and short-wave radiation, pressure, specific humidity, and wind, from climate model CCSM4. These two RCP scenarios are more representative and widely used for future climate forcing. The RCP4.5 scenario explores the long-term climate system response to the stabilizing the anthropogenic components of radiative forcing [33], while the RCP8.5 scenario represents the highest greenhouse gas emissions [34]. We chose these two typical climate change scenarios to focus the effect of climate change on evapotranspiration in the future based on normal and high emissions, respectively, including the effects of low and middle emissions of RCP 2.6 and RCP 6.0 on evapotranspiration. The CoLM contains statistical downscaling procedures for the future climate forcing input data and it was aggregated into the resolution of 0.5 degree. The Land Cover Type Climate Modeling Grid (CMG) product (MCD12C1) with 0.05-degree spatial resolution (eight categories) in 2010 was obtained from the USGS [35]. The land cover data were then aggregated into a 0.5 degree by the rule of maximum area.




2.4. The Statistical Analysis


The annual changes in evapotranspiration and climate factors (i.e., temperature and precipitation) were defined as differences between two individual periods:


D = A2041–2050 − A1996–2005



(1)




where D indicates the annual change of variables between two periods and A is the mean value of variables during the corresponding periods—the period 1996–2005 was selected as historical period.



Since variables in terrestrial ecosystems are characterized by non-linearity and high dimensionality, the Empirical Orthogonal Function (EOF) analysis and Singular Value Decomposition (SVD) analysis techniques are widely used to represent the variation in dominant spatiotemporal patterns; the relative importance of each pattern is in explaining observed variation across space [33,34,35]. First, according to the spatial mode, EOF was conducted to analyze temporally varying spatial patterns of annual evapotranspiration, and corresponding time coefficients that describe the magnitude of the variation of the spatial mode. Then, SVD analysis was used to quantify the relationships between annual evapotranspiration and climate factors (temperature and precipitation) over Xinjiang. In SVD analysis, each pair of spatial modes was used to explain cross-covariance of the two fields. The correlation between time coefficients of each coupled spatial mode indicates the degree of coupling between two variables (e.g., evapotranspiration or climate factors in this study). The ratio of each squared singular value to the total squared covariance is used to describe how many fractions can be explained by corresponding coupled spatial modes [34]. The t-test was used to assess the statistical significance (p). We used SVD analysis to identify the coupling between spatial patterns of evapotranspiration and climate factor (precipitation and temperature), respectively. The function “EOF” in the R package of “spacetime” is used to implement EOF analysis; SVD analysis is a fundamental matrix operation in base of R. The statistical analysis is performed in the R software platform 3.4.1. The flowchart along with the steps of calculation in this study are shown in Figure 2.





3. Results


3.1. The Future Changes in Precipitation and Temperature


The future temporal variations of the annual precipitation and temperature under two scenarios were analyzed during the period 2021–2050 (Figure 3). The increased temperature rate of 0.03 and 0.04 °C/year under both RCP4.5 and RCP8.5 scenarios were both at the level of 0.05, which showed that the increased rate reached the level of statistical significance (p < 0.1) Compared with the referenced historical period (1996–2005), the annual mean temperature during 2041–2050 will increase by 1.3 °C under RCP4.5 and 1.6 °C under RCP8.5. The annual precipitation under both scenarios showed a large fluctuation between 100 mm/year and 180 mm/year, and demonstrated no significant trend. The two scenarios showed a comparable change for precipitation compared with the reference history period with a small rise of 2.5%.



Figure 4 shows spatial pattern variations for both temperature and precipitation during the period 2041–2050, compared with the period of 1996–2005. For the temperature, positive differences appeared almost across the entire region, and the values in the southern regions were higher than that in northern regions, which indicated that almost the entire region will experience a warming. The increased rate of temperature in the southern region is larger than that in northern region. Moreover, the positive differences under the RCP8.5 scenario are larger than that under the RCP4.5 scenario. The increase in temperature is relatively high, at a rate of 2.2 °C in the Kunlun Mountains under the RCP8.5 scenario, and higher than the value of about 1.7 °C under the RCP4.5 scenario. For precipitation, opposite signs of difference values occurred under both scenarios where positive values appeared in eastern and southern areas; negative values occurred in western areas, which means that the eastern and southern areas in Xinjiang will experience a wet trend and western areas will experience a dry trend. Moreover, there are no noticeable differences in magnitudes in the difference values of precipitation between the both scenarios.




3.2. Temporal and Spatial Variations of the Annual Evapotranspiration


Figure 5 shows the temporal trend of predicted future evapotranspiration in Xinjiang during 2021–2050 under the two scenarios. The mean annual regional evapotranspiration was estimated at the value of 127 ( ± 11.9) mm/year under the RCP4.5 scenario and 124 ( ± 11.1) mm/year under the RCP8.5 scenario. The regional evapotranspiration exhibited a large inter-annual variability under both scenarios, ranging from 100 mm/year to 160 mm/year, and no significant trend was determined during the study period (p > 0.05). Compared with the referenced historical period (1996–2005), the annual mean evapotranspiration during 2041–2050 will decrease by 0.3 mm under the RCP4.5 scenario and by 0.4 mm under the RCP8.5 scenario, respectively.



The spatial pattern changes of evapotranspiration are shown in Figure 6, which is similar with the patterns of changes in precipitation. Opposite signs of difference values occurred under both scenarios; positive values appeared in the eastern and southern areas and negative values occurred in the western area. In the central region of Xinjiang, evapotranspiration showed less variability than the other regions.



In order to further investigate the spatially coherent patterns of temporal variations of regional evapotranspiration, the first EOF spatial mode and corresponding time coefficients was analyzed (Figure 7). Under the RCP4.5 scenario, the first EOF spatial mode represents 36.1% of total variance in evapotranspiration, and almost the entire region showed positive values, which indicates a uniform variation. It should be noted that higher positive values occurred in Tianshan and Kunlun Mountains areas, implying that evapotranspiration varied more significantly in these high-altitude areas. In Figure 3, the time coefficients showed a large inter-annual variability, demonstrating a high comparability with the temporal changes of annual mean evapotranspiration. The first EOF spatial mode for RCP4.5 was comparable with that for RCP8.5, which explains about 36.4% of total variance in evapotranspiration. Similarly, relatively strong variations occurred in the Tianshan and Kunlun Mountain areas and weak positive areas were distributed in the Taklimakan desert and Gurbantunggut desert areas. The corresponding time coefficients also showed a strong inter-annual evapotranspiration variation during the period of 2021–2050.




3.3. Evapotranspiration Changes Related to Precipitation and Temperature


In this section, SVD analysis is used to examine inter-annual variations of evapotranspiration linked to changes in temperature and precipitation during 2021–2050. Figure 8 shows the spatial structures and corresponding time coefficients of the first paired modes of evapotranspiration-precipitation and evapotranspiration-temperature under the RCP4.5 scenario. The first spatial mode of evapotranspiration-precipitation explains about 74.2% of the total squared covariance between the two fields, with a correlation of 0.98 between the two time series of coefficients. The spatial patterns of evapotranspiration fields were characterized by high positive values in the Tianshan and Kunlun Mountain areas and small values in the Taklimakan desert and Gurbantunggut desert, which is similar to the corresponding precipitation fields. The strong relationship of covariance between evapotranspiration and precipitation indicates that more precipitation will yield more evapotranspiration. The first paired spatial mode of evapotranspiration-temperature under RCP4.5 explained 67.9% of covariability, with a correlation of 0.37 between two time series of coefficients. The evapotranspiration patterns showed an obvious separation that positive evapotranspiration anomalies were found in southeastern areas and negative evapotranspiration anomalies were mainly distributed in northwestern Xinjiang. For the temperature fields, almost the entire region showed positive anomalies, which indicates a uniform variation for the temperature. The features of evapotranspiration and temperature for the first mode revealed that the higher temperature will give rise to a reduction of evapotranspiration in southeastern parts of Xinjiang in the future period of 2021–2050.



The spatial patterns of evapotranspiration-precipitation and evapotranspiration–temperature under the RCP8.5 scenario were similar to those under RCP4.5 (Figure 9). The first spatial mode can explain about 67.7% of covariability for evapotranspiration-precipitation and 81.3% for evapotranspiration-temperature. The correlation between the two time series of coefficients was 0.99 for evapotranspiration-precipitation and 0.51 for evapotranspiration-temperature, respectively. Overall, SVD analyses under both scenarios suggested that the changes in evapotranspiration were more closely associated with the local precipitation variability than with local temperature variability.





4. Discussion


Evapotranspiration is the highest outgoing water flux in the hydrological cycle and is of vital importance in assessing the effects of climate change in water availability in Xinjiang. Based on the simulation of global evapotranspiration, Pan, et al. [36] reported that decreased evapotranspiration would mainly take place in regions in Central and Western Asia during the 2090s. Jun et al. [18] also found that the deficit of available water resources would lead to a negative global land surface evapotranspiration trend. This simulation is close to our study in that the annual mean evapotranspiration during 2041–2050 will decrease by 0.3 mm under RCP4.5 scenario and by 0.4 mm under RCP8.5 scenario, relative to 1996–2005. However, the predictive values of evapotranspiration decreases are small and did not show significant trends, which may be the result of the relatively short study period. As a consequence of global warming, the enhanced water cycles have been reported at regional and global scales, and the intensification of water cycles has been expected to continue for the rest of 21st century [37,38]. Under the warming trend, the proportion of glacial melt water has enhanced, which is associated with the increase of runoff from 41.5% to 46.5% over the past 50 years [39,40], which will exert impacts on hydrology and water resources. Due to less water dissipated and more water recharged by glacial melt water, water resources will become more available for agriculture development.



Experimental and model-based studies have shown that Xinjiang has been experiencing a transition from a warm-dry to a warm-wet climate [16,41]. The rate of increased temperatures was likely to maintain the recent rate of near future temperatures found under the low and middle emission scenarios [42]. It has been partly verified in our study that the temperature will continue to increase before the middle of 21st century. However, the precipitation did not show a significant trend under either scenario. The spatial patterns of precipitation changes showed an obvious relation with the longitude, which was characterized by a wet trend in eastern and southern areas and a dry trend in western areas. The CCSM-based spatial changes of precipitation in this study are in concordance with previous studies that showed that precipitation will increase in Eastern Tianshan Mountain regions, and will reduce in the Western Tianshan Mountain and Taklimakan desert regions [15,41,42]. The projection of air temperature change is relatively reliable, while that of precipitation change is highly variable [16]. The changes in precipitation are much more complex and variable than those in temperature. Such changes in climate would exert a profound effect on evapotranspiration, which are demonstrated in our study. Similar to previous studies in this region, results showed that the evapotranspiration is influenced, to a large extent, by precipitation [10,11]. Based on SVD analysis, our results show that the changes in evapotranspiration are closely linked to local precipitation changes. In terms of spatial structure of evapotranspiration changes, strong variations of evapotranspiration occurred in the Tianshan and Kunlun Mountain areas and weak variations distributed in the Taklimakan and Gurbantunggut deserts, which is similar to the spatial structures of precipitation rather than the temperature, implying that precipitation plays a dominant role in determining the spatial changes of evapotranspiration.



It is common to find that the GCM data could better simulate temperature than precipitation, particularly in the spatial distributions. Moreover, the GCM projected temperature indicated steadier increasing trends than precipitation. The simulated largest deviation from precipitation always appears in a region with greatly undulating terrain (e.g., Tianshan, Pamir, and Karakoram Mountain regions of Xinjiang) [43]. With the sparse distribution of meteorological stations in the high mountains, the limited interpolation of climate factor might cause uncertainty in spatial and temporal climate change, especially for precipitation. Regarding precipitation, the spatial and temporal variabilities are mainly dependent on meteorological and topographic factors [43]. Such great biases for different GCM scenarios would be major limitations of this study. The appropriate downscaling methods are important for a simulation of climate variables, which should be applied in the next study. In order to effectively minimize uncertainty related to the selection of the climate model, there are many downscaling GCM technologies. For example, Luo et al. [42] used downscaling approaches based on the median of ensemble GCMs to reduce uncertainty in Xinjiang; Su et al. [44] used a dynamic downscaling technology to minimize uncertainty in the Tarim River basin of Xinjiang. Combining GCMs with remote sensing data would also be an effective method for local climate change research.



Model structures and special representations of hydrological processes may cause different results when compared with other land surface models. Kingston, et al. [45] has indicated that differences in evapotranspiration with a change signal of over 100% are found, and the choice of evapotranspiration method can determine the projection direction of future water resources. Other factors such as carbon dioxide, nitrogen deposition, ozone pollution, and nitrogen fertilizer application may affect the evapotranspiration, which are not involved in this study. However, previous studies have indicated that such factors may not be as important as climate variability in regional scale simulations [20,22]. In addition, the high percentage of captured covariance between evapotranspiration and precipitation suggest that the climate forcing dataset, particularly for the precipitation, is a primary factor in controlling evapotranspiration estimates. Although precipitation in this region under different scenarios presents distinct changing patterns, the low resolution of climate projections from one global climate model in this study (1.25° × 0.9°) may not reveal topography related details and effects clearly. Shi et al. [16] reported that, due to various uncertainties such as man-made increases of greenhouse gases, non-human or natural factors (e.g., solar activity change) also may have contributed to recent climate change. The results of numerical climate simulations could be very variable. Therefore, further work is required to detect, assess, and understand multi-model ensembles of projections of future climate datasets to reduce uncertainties.



Our results indicated that predicted evapotranspiration under the two RCP scenarios (RCP4.5 and RCP8.5) showed decreasing trends in the Taklimakan and Gurbantunggut deserts, which were similar to the corresponding precipitation. It implied that these two deserts will become drier in the future. The desert vegetation here might be more fragile and unstable. Water use efficiency of agricultural irrigation should be improved and agricultural planting structure should also be optimized in the agricultural oases around deserts. Therefore, available water resources should be partitioned into ecological water for natural vegetation in the downstream desert.




5. Conclusions


In this study, CoLM, including local ecological processes of arid regions, was used to forecast evapotranspiration changes under middle and high GCM emission scenarios in the future period of 2021–2050. Our results suggested that the spatial and temporal changes in the predicted evapotranspiration under the two RCP scenarios (RCP4.5 and RCP8.5) was similar when compared to the greater variations in high mountain ranges and lesser variations distributed in lowlands. The significantly increased temperature might not change the spatial pattern of evapotranspiration in the future, but the precipitation changes in the mountains would be more sensitive to that of evapotranspiration than in the arid regions of Xinjiang.



By assessing the effects and possible influences of precipitation and temperature changes on evapotranspiration variations using the SVD technique, this study revealed the high percentage of captured covariance between evapotranspiration and precipitation, as well as the strong correlation found in the time series between them, and strongly suggested that the precipitation would be the most important factor for affecting the evapotranspiration trend. Therefore, assessing and understanding multi-model ensembles of future climate projections and datasets is vitally important when determining a reasonable future simulation of evapotranspiration.
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Figure 1. The topography (a); land use cover (b); mean annual temperature (c); and mean annual precipitation (d) of study area. The mean annual temperature and precipitation during 1996–2005 with a spatial resolution of 0.5° × 0.5° was developed by the China National Meteorological Information Center. 
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Figure 2. The flowchart of this study. 
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Figure 3. Temporal changes in temperature (a) and precipitation (b) during 2021–2050 under Representative Concentration Pathways (RCP4.5) and RCP8.5 scenarios (* p < 0.1, ** p < 0.05). 
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Figure 4. Spatial variations in temperature (top) and precipitation (bottom) during 2041–2050, compared to the historical period during 1996–2005 under RCP4.5 and RCP8.5 scenarios. 
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Figure 5. Temporal variations in evapotranspiration during 2021–2050 under RCP4.5 and RCP8.5 scenarios. 
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Figure 6. Spatial variations in evapotranspiration during 2041–2050, compared to the historical period during 1996–2005 under RCP4.5 (left) and RCP8.5 scenarios (right). 
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Figure 7. The first leading spatial mode (top) and associated time coefficients (bottom) of evapotranspiration obtained from Empirical Orthogonal Function (EOF) analyses under RCP4.5 and RCP8.5 scenarios. 
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Figure 8. The first leading pair of spatial mode and associated time coefficients of Evapotranspiration (ET) under RCP4.5 scenario obtained from Singular Value Decomposition (SVD) analyses (* p < 0.1, ** p < 0.05). 
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Figure 9. The first leading pair of spatial mode and associated time coefficients of evapotranspiration under RCP8.5 scenario obtained from SVD analyses (** p < 0.05). 
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