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Abstract:

 Potential evapotranspiration (PET) is an important indicator of atmospheric evaporation demand and has been widely used to characterize hydrological change. However, sparse observations of pan evaporation (EP) prohibit the accurate characterization of the spatial and temporal patterns of PET over large spatial scales. In this study, we have estimated PET of China using the Penman-Monteith (PM) method driven by gridded reanalysis datasets to analyze the spatial and decadal variations of PET in China during 1982–2010. The results show that the estimated PET has decreased on average by 3.3 mm per year (p < 0.05) over China during 1982–1993, while PET began to increase since 1994 by 3.4 mm per year (p < 0.05). The spatial pattern of the linear trend in PET of China illustrates that a widely significant increasing trend in PET appears during 1982–2010 in Northwest China, Central China, Northeast China and South China while there are no obvious variations of PET in other regions. Our findings illustrate that incident solar radiation (Rs) is the largest contributor to the variation of PET in China, followed by vapor pressure deficit (VPD), air temperature (Tair) and wind speed (WS). However, WS is the primary factor controlling inter-annual variation of PET over Northwest China.
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1. Introduction

Potential evapotranspiration (PET), an important indicator of atmospheric evaporation demand (AED), has been widely used to characterize environmental change and the response of water resource and the change of eco-environment [1,2,3,4,5]. Although some scholars use pan evaporation (EP) to analyze the variation in PET, many regions do not have EP observations [6,7,8,9]. There are many methods to calculate PET, including the Penman-Monteith (PM) method provided by the Food and Agriculture Organization (FAO), the Hargreaves method, Priestley-Taylor method and other empirical methods [9,10,11,12,13,14]. Especially for the FAO PM method, it has been considered as a standard equation for PET estimation and it is closely linked to the changes in climatic variables, such as the incident solar radiation (Rs), air temperature (Tair), vapor pressure deficit (VPD) and wind speed (WS) [12,15]. Recent decadal global change has raised the variations in meteorological variables to alter global and regional AED and PET [5,9].

On the contrary to the increasing global air temperature, observed EP has been found a decreasing trend in many regions of the world over the past several decades [5,6,7,16,17]. This is not consistent with the expected result from global warming as VPD increases with Tair [9,18,19]. There are various interpretations to account for the decreasing EP and PET. Reduction in sunlight caused by an increase in cloud coverage and aerosol concentration can be considered as the major contributor to the changes in pan evaporation [2,6,8]. The decreasing VPD due to increasing air relative humidity (RH) and the reduction of WS are also considered as the main contributors to the weakened EP [9,16,20,21,22].

Recently, China has experienced great environmental changes and PET impacts on the surface actual evapotranspiration (ET), groundwater recharge and runoff generation process to alter the water redistribution [23,24,25,26]. Many scientists have attempted to analyze and explain the variations in atmospheric evaporative demand using observed EP over different climatic regions of China [2,3,4,5,13,14,15,16]. Gao et al. [2] reported that PET in China has a decreasing trend in North China while the trend is opposite in South China. Cong et al. [27] documented that the observed EP in China exhibited a declining trend during 1956–1985 and attributed this to the decreasing trends in Rs and WS. After 1986, there was an increasing trend in EP which may be caused by the decreasing VPD. Similarly, Liu and Zhang [4] used the FAO PM method driven by point meteorological datasets to estimate PET in Northwest China and found that PET decreased from 1960 through 1993 by 2.34 mm per year and began to increase since 1994 by 4.80 mm per year. Although many studies have focused on detection of the variation in atmospheric evaporative demand, almost all of them use ground measured meteorological data to obtain point-based PET estimation. However, sparse observations of West China (especially west regions of Qinghai-Tibet plateau and Tarim Basin) influence the accurate spatio-temporal characterization of PET over these regions. As a result, little is known about the spatial and decadal variations in PET of entire China over long time periods.

In this study, we use the gridded reanalysis datasets to analyze the spatial and decadal variations in PET of China during 1982–2010. Our study has three major objectives. First, we estimate the PET of China using the Penman-Monteith (PM) method driven by gridded reanalysis datasets. Second, we examine the spatial and decadal variations in PET of China from 1982 through 2010. Finally, we detect the issue of what factors contribute to variability and trends of PET over China. The study area includes seven natural divisions: Northeast China, North China, Central China, South China, Inner Mongolia, Northwest China and Qinghai-Tibet region, as shown in Figure 1.

Figure 1. Location of the study area and seven natural divisions comprising China. Natural divisions are shown: I, Northeast China; II, North China; III, Central China; IV, South China; V, Inner Mongolia; VI, Northwest China; and VII, Qinghai-Tibet region.
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2. Materials and Methods


2.1. Data

To estimate PET of China, we use the gridded reanalysis meteorological datasets for daily near surface air water vapor pressure (e), daily maximum air temperature (Tmax), daily minimum air temperature (Tmin), relative humidity (RH), Rs, Tair, and WS from Environmental and Ecological Science Data Center for West China [28,29,30]. These cover the period 1982–2010 on a 0.1° × 0.1° grid and was developed by Data Assimilation and Modeling Center for Tibetan Multi-spheres, Institute of Tibetan Plateau Research, Chinese Academy of Sciences and provided by Environmental & Ecological Science Data Center for West China, National Natural Science Foundation of China (http://westdc.westgis.ac.cn). This data set has been generated by merging Princeton reanalysis data, Global Energy and Water Cycle Experiment (GEWEX) Surface Radiation Budget (SRB) products, Global Land Data Assimilation System (GLDAS) data and ground-observed meteorological data from China Meteorological Administration (CMA). Previous studies demonstrated that meteorological parameters derived from this data set shows a good agreement with the measurements and has an advantage of producing less root-mean-square errors and higher correlation coefficients than the other reanalysis and satellite products [28,29,30]. The original wind data represents 10 m height above ground and it is recalculated to 2 m height using the below equations [31].
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(1)




where Z is the 2 m height above ground level, U(r) is the wind speed at the reference height Zr (10 m here) above ground level, U(Z) is the wind speed at height Z and Z0 is the roughness length in the current wind direction.
To compare the estimated PET using reanalysis data with the corresponding PET calculated from the ground observations, we use the observed daily e, Tmax, Tmin, RH, Rs, Tair, and WS for 1982–2010 from all 752 meteorological stations in China. To calculate surface net radiation (Rn), we also use the 8-day Global Land Surface Satellite (GLASS) albedo products with 0.05 degrees [32]. In addition, we also use the bimonthly Normalized Difference Vegetation Index (NDVI) products provided by the Global Inventory Modeling and Mapping Studies (GIMMS) group with 8 km spatial resolution to calculate soil heat flux (G) [33]. AVHRR NDVI products were obtained from National Oceanic and Atmospheric Administration (NOAA)/AVHRR observations (http://islscp2.sesda.com/ISLSCP21/data/vegetation/gimms_ndvi_monthly_xdeg/). To match the gridded meteorological data, both GLASS albedo and GIMMS-NDVI are interpolated into 0.1° × 0.1° using bilinear interpolation. The daily albedo and NDVI values are temporally interpolated from the 8-day and bimonthly averages using linear interpolation, respectively.



2.2. FAO Penman-Monteith Method

The FAO Penman-Monteith method has been adopted by FAO as a standard method to estimate PET and successfully applied to all basins of China [12,34,35]. The FAO PM method can be expressed as:
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(2)




where Δ is the slope vapor pressure curve (Pa∙°C−1), γ is the psychometric constant (Pa∙°C−1). es is the saturation vapor pressure (Pa) and e refers to air water vapor pressure. VPD is vapor pressure deficit and it equals to es-e. Rn is the surface net radiation and can be calculated using the method of Allen et al. [12].
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where σ is the Stefan-Boltzmann constant (4.903 × 10−9 MJK−4∙m−2∙d−1) and Rso is clear-sky incoming shortwave radiation. Increased water vapor pressure leads to increased downward longwave radiation. A lower ratio of incident solar radiation at the surface to clear-sky solar radiation indicates the occurrence of clouds, which also means greater downward longwave radiation. G is the sum of the soil heat flux and heat storage in above-ground biomass for vegetated areas and heat storage in water bodies, which is calculated using Rn and NDVI [36,37].


G={0.26Rn(NDVI≤0.15)0.058Rnexp(−2.03NDVI)(NDVI>0.15)



(5)






2.3. Statistical Analysis

To detect the spatiotemporal long-term trends in PET and other meteorological variables, we use a simple linear regression equation and a second order least-squares fit to calculate the annual values and trends in different variables (yt) against time (t).
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where yt is the annual value of variables, t is the year, b is the linear trends in variables, y0 and y1 are the constants, b1 and b2 are the regression coefficients. We also use the Student’s t-test distribution to obtain the confidence levels (p values) of the derived tendencies [38]. When p is less than 0.05, the trend is significant and when p is equal or more than 0.05, the trend is insignificant.



3. Results and Discussion


3.1. Comparison of the Estimated PET between Using Meteorological Observations Versus Using Reanalysis Data

To illustrate the validity of the estimated PET using gridded reanalysis meteorological datasets, we also calculate PET using meteorological observations from all 752 meteorological stations in China. Figure 2 shows the comparison of the multiyear (1982–2010) averaged annual PET estimated using meteorological observations and the corresponding PET calculated from reanalysis data. One can note that the bias of the estimated ET using reanalysis datasets that deviates from the estimated PET using meteorological observations is 0.01 mm. Furthermore, the RMSE is 15.02 mm and the R2 is 0.96. This small positive bias may partially reflect the subtle difference between reanalysis data and meteorological ground observations. The good agreement between the two independent datasets indicates that the estimated PET using reanalysis data provides reliable information for detection of spatial and decadal variations in PET of China.

Figure 2. Comparison of the multiyear (1982–2010) averaged annual potential evapotranspiration (PET) estimated using meteorological observations of 752 stations in China and the corresponding PET calculated from reanalysis datasets in this study.
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3.2. Spatial and Decadal Variability in PET of China

We calculated PET of China based on the FAO PM method and the gridded reanalysis meteorological datasets during 1982–2010. Figure 3 shows the spatial distribution of the average PET between 1982 and 2010 in China, which illustrates the strong regional variations corresponding to the climate patterns. Both Northwest arid regions and the sub-tropical forest regions show the highest annual PET, while Qinghai-Tibet and the Northeast areas within the cold-temperate regions show the lowest annual PET. Wang et al. [9] reported that in humid regions, there is sufficient water available to meet the evaporative demand and in arid and semi-arid regions, atmospheric evaporation demand is still higher due to the large VPD [39,40]. Our estimated PET in China from the gridded reanalysis meteorological datasets and GIMMIS-NDVI product after removal of the mean annual cycle show that the PET has decreased on average by 3.3 mm per year (p < 0.05) over the entire China during 1982–1993, while PET began to increase since 1994 by 3.4 mm per year (p < 0.05) (Figure 4). Figure 4 also illustrates that PET trends have decreased from 1982 through 1993 and reversed after 1994 in both Northwest China and Qinghai-Tibet regions. This change may be mainly caused by the variations in Rs and VPD, which lead to the reduction in PET and terrestrial net primary production [9,40,41]. In other regions, PET tends to slight increasing trends of less than 3mm per year (p > 0.05), which is similar to the previously documented increasing trend in PET over Northern China, as reported by Zhao et al. [14].

Figure 3. Map of multiyear (1982–2010) averaged annual PET.
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Figure 4. Regional averaged annual PET anomalies. Pink lines represent the linear and second-order least-squares fit trends in the PET calculated using the gridded reanalysis meteorological datasets.
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The spatial pattern of the linear trend in PET of China was examined using the gridded reanalysis meteorological datasets and GIMMIS-NDVI product. Figure 5 shows the substantial spatial and temporal variation in PET. A widely significant increasing trend in PET appears during 1982–2010 in Northwest China, Central China, Northeast China and South China, which is consistent with previous studies [2,9,23]. In contrast, there are no obvious variations in PET in North China, Inner Mongolia and Qinghai-Tibet region. We found that the PET substantially increased in arid areas while the few changes in the Qinghai-Tibet region may be caused by increased precipitation in the area during the study period [9,42,43]. Similarly, Yin et al. [43] also found that there are obvious regional differences in annual average PET, in which low PET was distributed in the Northeast, the eastern Tibetan Plateau and Southwest China, and high values occurred across Northwest and South China. In general, the individual datasets, such as reanalysis datasets and satellite data, contain large errors compared with ground-observations [44,45,46,47]. Fortunately, our study highlights the accuracy and the continuity of spatial distribution of PET in China by driving gridded reanalysis meteorological datasets as inputs because this gridded dataset has reduced the uncertainty of the individual datasets by merging reanalysis data, GEWEX-SRB products, GLDAS data and ground-observed meteorological data [30].

Figure 5. Maps of the linear trend in PET calculated from the gridded analysis meteorological datasets. The trends are classified into four categories according to statistical linear trend analysis: Significant increase (p < 0.05), significant decrease (p < 0.05), insignificant increase (p < 0.05) and insignificant decrease (p < 0.05).
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Previous substantial studies documented that the 1990s mark a transition period in which the trend in PET of China increases but the overall trend in PET slightly decreases during 1951–2010 [16,23,43,48,49,50] (Table 1). Thomas [23] used the Penman-Monteith PET equation and meteorological observations from 65 sites in China to estimate PET and found that PET of China has decreased in all seasons from 1954 through 1993. Yin et al. [43] also reported that in general, annual average PET of China decreased in the period 1971–2008, but increased since the 1990s. Similarly, as shown in Table 1, other studies focused on regional PET of China and also pointed out that PET gradually had decreased across the whole region since the 1960s. However, there is a slightly increasing trend from 1993. Our findings in this study also support previous conclusions. In contrast, in this study, we have focused the variations in PET of China since the 1980s and found that a slightly increasing trend in PET appears from 1982 through 2010 because the value of the averaged PET during 1960–1970 is the biggest, followed by that of during 2000–2010, while the value of the averaged PET during 1980–1990 is the smallest.

Table 1. Summary of estimated PET in China and regions of China. Adapted from McVicar et al. [22]: Their Table 6.


	Study Number
	Study Area
	Sites Numbers
	Time Period
	Trend (mm/Year)
	Reference





	1
	China
	65 sites
	1954–1993
	−2.30
	Thomas [23]



	2
	China
	603 sites
	1971–2008
	−0.66
	Yin et al. [43]



	3
	China
	580 sites
	1951–2000
	−0.5
	Chen et al. [48]



	4
	China, Haihe River Basin
	34 sites
	1950–2007
	−1.00
	Tang et al. [49]



	5
	China, Yangtze River Basin
	150 sites
	1960–2000
	−1.24
	Xu et al. [16]



	6
	China, Qinghai-Tibet Plateau
	75 sites
	1971–2004
	−1.49
	Zhang et al. [50]














3.3. Variations in Climatic Variables for Contributing to PET

PET represents the maximum evapotranspiration rate in response to forcing meteorological factors given an unlimited water supply [13,14,51,52]. According to the FAO PM method, the variations in Rs, VPD, Tair and WS all contribute to changes of the PET. The change of Rs contributes to the long-term variation of PET. The variations of PET over most regions of China (excluding Inner Mongolia) are almost consistent with Rs variations. From 1982 through 1993, Rs decreased significantly (p < 0.05) by 0.3 W/m2 and increased insignificantly (p > 0.05) by about 0.1 W/m2. However, in Inner Mongolia, there is a slight increasing trend in PET while Rs tend to decline during 1984–2010 (Figure 6). Other meteorological variables such as VPD have dominated the variations of PET over Inner Mongolia due to a reduction of atmospheric moisture saturation [15,43].

Figure 6. Regional averaged annual Rs anomalies. Pink lines represent the linear and second-order least-squares fit trends in the Rs derived from the gridded reanalysis meteorological datasets.
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Figure 7 shows the substantial increasing trends in VPD from 1982 through 2010 over South China, Central China and Inner Mongolia regions, although PET tends to slight trends in some regions. Figure 8 shows the spatial distribution of correlation coefficients between annual PET and Rs, VPD, Tair, WS, respectively. It is clear that the averaged coefficients of the China vary largely from 0.78 for Rs to 0.41 for WS. Rs is the most important factor controlling annual variation of PET in most regions of China (except for Northwest China). However, Wang et al. [9] found that VPD is the most important factor controlling monthly variation of global surface EP. We found that VPD is the second most important factor controlling annual PET of China and the average of coefficients is about 0.58. It is likely caused by the different mechanisms of atmospheric evaporation demand in different regions because more than 50% of regions in China belong to temperate, sub-tropic and tropic climatic zones and Rs is the most important driver of both PET and ET in these regions [40,43]. Figure 8 also shows both Tair and WS also contribute to the variations of PET and their contributions are smaller (with the averaged coefficients is 0.47 for Tair and 0.38 for WS) compared with those of Rs and VPD in most regions of China. However, WS is the primary factor controlling inter-annual variation of PET over Northwest China. This is consistent with recent analysis of EP observations and model simulations over arid regions [22]. Overall, PET estimation by the FAO PM method shows the contribution order: Rs > VPD > Tair > WS.

Figure 7. Regional averaged annual by vapor pressure deficit (VPD) anomalies. Pink lines represent the linear and second-order least-squares fits trends in the VPD derived from the gridded reanalysis meteorological datasets.
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Figure 8. Maps of the correlation coefficient between annual PET and Rs, VPD, Tair, WS, respectively.



[image: Atmosphere 05 00737 g008 1024]







The spatial pattern of trends in annual total Rs, VPD, Tair and WS (Figure 9 and Figure 10) was examined. Substantial spatio-temporal variability appears in Rs trends derived from reanalysis datasets that is almost consistent with those of PET because Rs is the energy available to drive PET, as reported by Wild et al. [15]. A good coherence between the 1982–2010 PET trends was found using the FAO PM method and the trends in VPD in most regions in which VPD is expected to control PET. Therefore, the variation in VPD also directly determines the variation of PET due to the increased warming [53,54,55,56,57,58,59,60,61]. The contributions of both Tair and WS are less than those of both Rs and VPD. Especially for WS, there is an obvious decreasing trend (averaged −0.1 m/s per decade) over most regions of China during 1982–2010. Liu and Zhang [4] documented that increasing Tair had a positive effect on PET, but the effect had been offset by variations in Rs and VPD. Li et al. [5] used the meteorological data to find that WS may lead to the decrease of PET during 1956–1993. Wang et al. [9] reported that the reduction of WS also cancels out the impact of increased VPD on EP. Our results support their speculations, demonstrating that the variation in both Tair and WS are basic contributors to the variation in PET.

Figure 9. Maps of the linear trend in Rs and VPD derived from the gridded reanalysis meteorological datasets. The trends are classified into four categories according to statistical linear trend analysis: Significant increase (p < 0.05), significant decrease (p < 0.05), insignificant increase (p < 0.05) and insignificant decrease (p < 0.05).
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Figure 10. Maps of the linear trend in Tair and WS derived from the gridded reanalysis meteorological datasets. The trends are classified into four categories according to statistical linear trend analysis: Significant increase (p < 0.05), significant decrease (p < 0.05), insignificant increase (p < 0.05) and insignificant decrease (p < 0.05).
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4. Conclusions

We have estimated the PET of China using the Penman-Monteith (PM) method driven by gridded reanalysis datasets and made comparisons with the estimated PET using meteorological observations. The results show that the bias of the estimated ET using reanalysis data that deviates from the estimated PET using meteorological observations is 0.01 mm, indicating that the estimated PET using reanalysis data provides reliable information for detection of spatial and decadal variations in PET of China.

The spatial distribution of the average PET between 1982 and 2010 in China shows the strong regional variations corresponding to the climate patterns. Both Northwest arid regions and the sub-tropical forest regions show the highest annual PET, while Qinghai-Tibet and the Northeast areas within the cold-temperate regions show the lowest annual PET. The spatial pattern of the linear trend in PET of China shows that a widely significant increasing trend in PET appears during 1982–2010 in Northwest China, Central China, Northeast China and South China, which is consistent with previous studies. In contrast, there are no obvious variations in PET in North China, Inner Mongolia and Qinghai-Tibet region. The estimated PET had decreased on average by 3.3 mm per year (p < 0.05) over the entire China during 1982–1993, while PET began to increase from 1994 by 3.4 mm per year (p < 0.05). Previous substantial studies documented that the 1990s mark a transition period in which the trend in PET of China increased but the overall trend in PET had slightly decreased during 1951–2010. Our findings in this study support previous conclusions.

Our findings illustrate that Rs is the most important contributor to the variation in PET, and VPD is the second most important variable impacting on the variation in PET. The contributions of both Tair and WS are less than those of both Rs and VPD. Especially for WS, there is a slight decreasing trend (averaged −0.1 m/s per decade) across most regions of China during 1982–2010. Future studies are needed to further identify the complicated processes of PET variation by quantitatively pinpointing the cause of WS.
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