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The ability of the atmosphere to remove water from land surface is measured by potential evapotranspiration (ETp), which is often inferred by the reference evapotranspiration (ETo). Therefore, ETp is often considered only influenced by the above-ground meteorological conditions. Based on its concept, ETp should also link with surface conditions that influence the surface resistance. Such linkages differ in dry and wet regions with different surface covers. Here, we calculated ETo and especially analyzed the effects of surface conditions including vegetation cover indicated by NDVI (Normalized Difference Vegetation Index) and root-zone SWC (soil water content) in a humid subtropical province of China. Results show that ETp, NDVI, wind speed, temperatures have increased significantly during 1982–2015 and relative humidity (RH) has decreased significantly. Linear trends of these variables varied across seasons, but similarities were found between spring and winter and between summer and autumn. Summer saw the greatest changes in ETp per unit of environmental variable change. Solar radiation, RH, and precipitation exerted overall stronger influence on ETp (R2 > 0.50) than other factors. NDVI and SWC were found positively and negatively affecting ETp at all time scales. Partial correlation analysis showed significant influence of NDVI and SWC at the monthly scale; moreover, SWC influenced ETp more significantly in summer than other seasons (p < 0.05). Since actual evapotranspiration is often deducted from ETp by multiplicative stress functions in many hydrologic models, understanding the relationships between ETp and environmental changes can help improve the formulation and estimation of actual evapotranspiration.
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INTRODUCTION

Potential evapotranspiration (ETp) is defined by many researchers as the water escaping rate from a well-watered vegetated surface (e.g., Xiang et al., 2020). The characteristics of vegetated surface can vary in different definitions, for example, Rosenberg (1974) defined ETp as “the evaporation from an extended surface of a short green crop which fully shades the ground, exerts little or negligible resistance to the flow of water, and is always well supplied with water,” in which the vegetation features are implicit; while Allen et al. (1998) defined a reference grass with a fixed height of 0.12 m, a surface resistance of 70 s m−1, and an albedo of 0.23, and hence their ETp is also known as the reference evapotranspiration (ETo). Therefore, the main difference between ETp and ETo lies in the parameterization of the surface conditions particularly vegetation type and characteristics. By any definitions, ETp measures the ability of the atmosphere to remove water from land surface through evaporation and transpiration (Kirkham, 2014). The two types of evapotranspiration are often considered for practical purposes of water resource management like guiding crop irrigation (Allen et al., 1998; Wen et al., 2016). ETp is an indispensable input variable for many land surface models and hydrologic models to compute ETa and other water budget components (Chen and Dudhia, 2001; Ala-aho et al., 2017), and plays a significant role in assessing regional dry and wet conditions and variations in meteorological conditions (Vicente-Serrano et al., 2010; Beguería et al., 2014; Yang et al., 2019; Zhang and Wang, 2021; Zhou et al., 2021). Therefore, quantification of ETp determines the performance of such models regarding the water flows, mixing and balance to better understand the interactions between climate and hydrology.

So far, various methods for ETp quantification have been developed, such as the Thornthwaite model (Thornthwaite, 1948), the Priestley-Taylor equation (Priestley and Taylor, 1972), the Penman-Monteith equation (Monteith, 1965), etc. The current physically based methods can be categorized into four major types, i.e., temperature-based, radiation-based, the combination method, and the mass transfer-based methods (which utilize the fundamentals of Dalton's law and the concept of eddy transfer of water vapor from an evaporating surface to the atmosphere). They have been compared extensively across a wide spectrum of climate and geolocation, and the combination method represented by the Penman-Monteith equation is considered superior to others in general (Lu et al., 2005; Oudin et al., 2005; Fisher et al., 2011; Mallick et al., 2013). Based on these methods a rich pool of ETp products have been produced for hydrology and climate research (Rodell et al., 2004; Mu et al., 2007; Miralles et al., 2011; Zhang et al., 2019). It is worth mentioning that more recently, non-physically based soft computing models have also been developed using various machine learning techniques such as these reviewed in Adnan et al. (2021) and Salam and Islam (2020), which have improved both the computing efficiency and simulation accuracy with less demand for input variables.

Composed of evaporation and transpiration, ETp is a function of meteorology and the surrounding near-surface environment (Zhan et al., 2019), therefore, ETp can vary simultaneously with changes in surface conditions, which has been proved by previous studies. For instance, Yang et al. (2011) claimed that relative humidity was the most influential factor followed by solar radiation and wind speed in the Yellow River Basin, whereas Wang et al. (2014) reported that temperature was the main reason for ETp change in a northern China irrigation district, followed by wind speed and relative humidity; Duethmann and Blöschl (2018) found in over 150 Austrian catchments that ETo increased with increased net radiation and temperature; Zhang et al. (2020) found temperature and sunshine hours were the two most influential factors in Shandong province, China, while Jerin et al. (2021) reported the dominant factors for ETo were mean temperature, solar duration and relative humidity in Bangladesh. de Oliveira et al. (2021) found solar radiation was the most important factor controlling ETo in the southern Amazon basin, same with findings in Valle Júnior et al. (2021). These studies demonstrate that the weight of meteorological variables on ETp quantification varies with regions and spatiotemporal scales. Although different in concept between ETp and ETo (Xiang et al., 2020), the latter is often used as the potential ET in these studies due to its simplicity where vegetation parameters are fixed, and because of this, the impact of vegetation cover is rarely explored and can somewhat be reflected in the near-surface meteorological variables if there is a close interaction between plant and atmosphere. Moreover, ETp is considered not limited by water supply by its definition, so the relationship between ETp and soil water condition is also not attended to. This assumption leaves meteorology the only factor governing ETp changes when using the modified Penman-Monteith equation in the well-known FAO56 paper for the reference grass (Allen et al., 1998; Chu et al., 2017; Li et al., 2018). However, because of the connections in the soil-plant-atmosphere continuum regarding water flow and energy transfer, the divergence in the effects of surface conditions on near-surface meteorology and soil water content (Jiao et al., 2021), and the fact that ETp integrates the vegetation impacts through the surface resistance that is influenced by many environmental factors (Zhang et al., 2019; Wang et al., 2020), it is reasonable to hypothesize that ETp can be influenced by the changes in vegetation growth and soil water content besides meteorology, which however draws little attention so far and needs further proof and justification.

Moreover, most of the previous studies are focused in the dryland areas where water availability primarily restrains ecosystem development, and atmospheric demand is usually high with high variabilities due to the high seasonal radiation and low vegetation covers (Hua et al., 2020); yet less is known about the variations of ETp and its connections with vegetation and soil water content in the humid areas. In a previous study in Guangdong, a humid southern province of China, it was found that ETp has decreased by ~1 mm yr−1 during the water years of 2002-2014 (Zhou et al., 2021), comparable to other studies in some dry areas despite different study periods (Yang et al., 2011; Wang et al., 2014; Zhang et al., 2020). Given the role of ETp in the hydrologic cycles, it is important to assess comprehensively the variations of ETp and its influencing factors, especially the interaction with surface conditions. Therefore, the overall aim of this study is to investigate the roles of meteorological variables, soil water content and vegetation growth in the ETp variation across different time scales in a humid subtropical region. The specific objectives are (1) to examine the changes in potential ET and the influencing factors over the past 3 decades or so; and (2) to quantify the multiscale impacts of major meteorological variables, soil water content and vegetation growth on ETp. The results can help improve our understanding of how evapotranspiration varies with environmental changes, thus assist the optimization of water management throughout the ecoengineering projects.



DATA AND METHODS


Study Area

The analysis was carried out in Guangdong province in south China (Figure 1) which has a subtropical monsoonal climate with an area around 180,000 km2. The mean annual temperature is 22°C, mean sunshine duration is around 1,745 h, and mean annual precipitation is 1,780 mm ranging from 1,300 to 2,600 mm. Previous analysis showed that precipitation was overall on the rise in the province especially in the Pearl River Delta (Fu et al., 2016; Yan et al., 2020), while evapotranspiration decreased during 1980 to 2006 (Chen et al., 2015). Alongside the global warming tendency, the province confronts with water shortages induced by population growth, extreme weather and water contamination (Zhang et al., 2011; Chen et al., 2014). Quantification of water loss through evapotranspiration is important for water availability because ET accounts for over half the annual total precipitation on average in the region (Gao, 2010).


[image: Figure 1]
FIGURE 1. Land use land cover types of Guangdong province at a 30-m resolution (left); and digital elevation map at a 1,000-m resolution (right). Locations of the meteorological stations are marked with black triangles.


Vegetation cover in Guangdong province was low during 1980s, until the province launched a 10-year project to plant trees primarily over the mountains starting from around 1985. At present, 59.4% of the province is covered by forests, followed by croplands (23.8%) and urban areas (12.4%); the rest are covered by grassland, shrubland, and other land use types, based on the 30-m resolution land cover data (http://data.ess.tsinghua.edu.cn). Elevated areas are mostly located in the north, whereas lowlands are in the south where rivers converge and flow into the South China Sea (Figure 1).



Data Sources

We obtained meteorological measurements at 33 stations from Chinese Meteorological Administration (http://data.cma.cn/data), covering different land use types and altitudes (Figure 1). These meteorological variables include the maximum, minimum, and mean air temperature (Tmax, Tmin, and Tavg, respectively), relative humidity (RH), wind speed (Ws) and directions, solar radiation (Rs), air pressure, and precipitation (P) at a monthly scale during 01/1982–12/2015. In addition, we obtained the GLEAM (Miralles et al., 2011) monthly 0.25° root-zone soil water content (SWC) data (https://www.gleam.eu) and the biweekly 1/12° GIMMS NDVI3g (Pinzon and Tucker, 2014) vegetation index data (https://ecocast.arc.nasa.gov/data/pub/gimms/3g.v1) to assist the examination of interlinkages between ETp and surface conditions. The depth of the root zone in GLEAM model is a function of the land-cover type and comprises three model layers for the fraction of tall vegetation (0–10, 10–100, and 100–250 cm), two layers for the fraction of low vegetation (0–10, 10–100 cm), and one layer for the fraction of bare soil (0–10 cm) (Martens et al., 2017). The SWC has been validated using observations from 2,325 soil moisture sensors across a broad range of ecosystems globally; unfortunately, we are not able to validate the SWC data especially the root-zone moisture throughout our study area. This could be a limitation regarding SWC accuracy but may be overcome by ensemble means of different soil moisture datasets in the future. Given that the spatial interpolation with 33 stations across the province would likely result in large uncertainty in the ungauged areas, and accuracy of the rescaled NDVI and SWC are difficult to verify, we only analyzed the temporal dynamics and relationships using the areal average data with their original spatial resolutions.



Calculation of ETp and the Analysis

Reference evapotranspiration based on the Penman-Monteith method (Allen et al., 1998) was calculated following Equation (1), and the results were taken as the potential ET as in other studies.
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Rn is net radiation [MJ m−2 day−1] and G is soil heat flux [MJ m−2 day−1]. Δ is slope of saturation vapor pressure curve [kPa°C−1]. γ is psychrometric constant [kPa°C−1]. T is air temperature [°C]. es and ea is saturated and actual vapor pressure [kPa], and their difference is the vapor pressure deficit (VPD). u2 is the wind speed at 2 m height about ground [m s−1], calculated from wind speed observed at 10 m above ground (Ws) at the meteorological stations (Equation 2, where z is the elevation above sea level of the stations). Net radiation and soil heat flux were calculated following the procedures provided in Allen et al. (1998) and the main formulas were given in Equations (3–5).
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Where Rns and Rnl are net shortwave and longwave radiation, and Rso is the clear-sky solar radiation. α is surface albedo, prescribed as 0.23 for reference grass, and σ is the Stefan Boltzmann constant. Tmax and Tmin are in Kelvin degree in Equation (5).

The changing trends of ETp and the environmental variables were examined by the Mann-Kendall test. Relationships between ETp and the influencing factors were also analyzed for different seasons under dry and wet conditions by linear regression analysis. Linear trends were removed from the data series before calculating the correlation coefficients for monthly, seasonal and annual scales. For monthly scale analysis, seasonality was also removed before detrending by subtracting the climatological means from monthly data. In addition, partial correlation analysis was applied to quantify the effect of environmental variables on ETp at the annual and monthly scales, which is widely used for studying the linear relationship between two variables after excluding the effect of other independent factors (Fu et al., 2015). It should be noted that the response of ETp to some factors is non-linear, especially at a sub-daily scale because of the hysteresis between ETp and these factors (Zheng et al., 2014) which is more profound in wet periods than dry periods (Wang et al., 2019b); but at a longer time scale such as daily or monthly the relationships can be linearly approximized, at least for some of the environmental factors such as radiation and VPD if not for all (Liu et al., 2014; Xu et al., 2018; Wang et al., 2019b).




RESULTS


Variations of ETp and the Environmental Variables

In general, the meteorological variables showed various annual dynamics, and the spatial variabilities indicated by standard deviations were also obvious (Figure 2). Precipitation has declined by ~3.7 mm yr−1 on average over the entire period, but it decreased in the first decade or so before fluctuating irregularly. The overall trend was not statistically significant. Root-zone soil water content showed similar variation pattern with precipitation in the first decade, while it decreased sharply around 2004 and then recovered rapidly. The overall trend was not statistically significant like precipitation. Abrupt change around 2004 was also observed for ETp and Rs which shared the most similar dynamic variations. Therefore, data were divided into two subperiods before and after 2004 for further analysis. Among all variables, Ws, Tavg, Tmax, Tmin, ETp, and NDVI saw increases across the years at a rate of 0.1 m s−1, 0.2, 0.3, 0.3 °C, 23.5 mm, and 0.012 per decade, respectively. The trends of these variables were all statistically significant with p < 0.05. Increasing trend also existed for solar radiation but the trend was not statistically significant. Overall significant and insignificant decreasing trend was observed for relative humidity (p < 0.05) and SWC (p > 0.05), respectively, in addition to precipitation. In this regard, the province has been getting dryer since 1980s. In particular, the increase rate over the last 11 years was 3 and 11 times the decrease rate over the first 23 years for RH and SWC, respectively (Table 1). Ws and NDVI increased in both subperiods and the rate in the second subperiod was ~5 times that in the first. In addition, the increase rate of Tavg, Tmin, and ETp in the recent decade was only 5, 32, and 44% of that before 2004, whereas Tmax increased and then decreased over the two consecutive periods.
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FIGURE 2. Annual variations of precipitation (P), wind speed (Ws), mean, maximum, minimum temperature (Tavg, Tmax, Tmin), relative humidity (RH), solar radiation (Rs), root-zone soil water content (SWC), normalized difference vegetation index (NDVI), and potential evapotranspiration (ETp). Solid straight lines infer linear trends of the relevant variables. Asterisks mark the significant trends.



Table 1. Linear trends of the investigated variables during three different periods at the annual scale.

[image: Table 1]

The monthly climatological variations between the two subperiods (Figure 3) were compared in different months of the year. It is observed that all variables showed clear seasonality with different peaking time. P, RH, and SWC peaked in June, and temperatures, ETp and Rs peaked in July. The highest NDVI appeared in mid-autumn (October) and the lowest occurred in early spring (March). Over the two subperiods, wind speed, temperature, vegetation index and potential ET were overall higher while precipitation, relative humidity and soil water content were mostly lower over 2005–2015 than 1982–2004. However, the Wilcoxon rank sum test indicated only wind speed had statistically significant difference between the two subperiods. The comparison also shows that dynamic changes of these variables varied across months. For instance, precipitation was higher during May, June, November and December in the 2nd subperiod than the 1st, and consequently, it was the opposite for solar radiation in these months; December and January became cooler after 2005 than before 2005; vegetation greenness saw a decrease in June and October; and root-zone soil water decreased primarily in spring and increased slightly in summer and autumn. Decrease in ETp in June corresponded to increase in P, decrease in Rs and NDVI.


[image: Figure 3]
FIGURE 3. Monthly climatological means of the investigated variables during 1982–2004 and 2005–2015. The bars below are the residuals with values in 2005–2015 subtracted by these in 1982–2004.


Furthermore, we examined their interannual variations in different seasons in Figure 4 and Table 2, which shows various changing patterns. Ws has increased significantly at nearly the same rate across all seasons, while RH has decreased significantly (more in spring and winter than summer and autumn). For temperatures, Tavg, Tmax, and Tmin have all increased across all seasons with different magnitudes, but the significant increase (p < 0.05) appeared in spring and autumn for Tavg, in spring, summer and autumn for Tmax, and in summer and autumn for Tmin. Root-zone SWC saw an increase only in summer and the largest decrease occurred in spring (p < 0.05), consistent with precipitation. Rs has increased in spring and winter and decreased in summer and autumn, but the trends were not statistically significant (p > 0.05 for all). NDVI has increased across all seasons, and significant (p < 0.05) and largest increase appeared in spring and winter. Seasonal ETp trends shared the same characteristics with NDVI in terms of significant increasing trends (p < 0.05) in spring and winter. Apart from the trends, the highs and lows of these variables appeared in different seasons, for example, precipitation, temperatures, radiation, soil water content, and ETp were highest in summer and lowest in winter, while humidity was higher in spring and summer than autumn and winter, and NDVI was highest in autumn and lowest in spring. This may reflect the lag relationship between vegetation growth and hydrometeorological changes.


[image: Figure 4]
FIGURE 4. Seasonal trends of the investigated variables over the province during 1982–2015. Lines are linear regressions for different seasons. Data and linear trends are indicated by different colors as given in the legend in the second plot of the upper panel. Statistics are given in Table 2 for these linear regression analyses.



Table 2. Linear trends and p-values for the variables in Figure 4.
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Multiscale Impacts of Environmental Factors on ETp

The impacts of the factors on ETp were examined by linear regression and partial correlation analysis after detrended at different time scales (and further deseasonalized for monthly scale) as stated in section Calculation of ETp and the Analysis. Figure 5 shows that the linear relationships were significant for P, Tmax, RH, Rs, and SWC (p < 0.05) at the annual scale. The strongest impact factor determined by the correlation coefficient was Rs, followed by P, RH, SWC, and Tmax (r = 0.93, −0.74, −0.71, −0.59, and 0.40, respectively). Correlation coefficients for other factors were mostly <0.20. ETp increased with wind speed, mean and maximum temperatures, solar radiation and vegetation greenness, while decreased with precipitation, minimum temperature, relative humidity and soil water content. Increase in Tmax can promote ETp more than Tavg and Tmin, which indicates that the atmospheric demand in the region would grow strongly with enhanced heatwaves.


[image: Figure 5]
FIGURE 5. Scatterplots of annual ETp against different variables over the entire province. Data were detrended (for monthly, seasonal and annual data) and deseasonalized (for monthly data) before the partial correlation analysis. Asterisk infers a statistically significant linear relationship.


The relationships showed different characteristics in different seasons (Figure 6). The regression slopes were largest in summer and lowest in winter for almost all variables, that is, ETp was most sensitive to environmental changes in summer and least in winter. The difference between slopes in summer and winter was substantial for temperatures (e.g., Tavg: 19.76 vs. 1.56), RH (16.97 vs. −0.04), NDVI (173.00 vs. 39.26), and SWC (−592.02 vs. −72.95). Opposite effects (positive or negative) of Ws and Tmin across different seasons were observed. Similar to the relationships at the annual scale, seasonal ETp was also most strongly influenced by Rs, P, RH (R2 > 0.50, p < 0.05). For some influencing factors, even if the relationships were not statistically significant at the annual scale, they may be significant in different seasons, e.g., Tavg, Tmin, and ETp in spring and summer. Annual NDVI was not significantly related to ETp but their relationships were significant in every season, which indicates stronger interactions between vegetation and atmospheric demand.
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FIGURE 6. Scatterplots of ETp against different variables in different seasons. Data were detrended. Black lines are regression results for data in all seasons which is equivalent to monthly data regression. Other colors correspond to the four seasons as shown in the legend in the third plot of the upper panel. Numbers outside and inside the brackets are regression slopes and correlation coefficients, respectively. Asterisks infer statistically significant linear regressions.


In Figure 6, the black lines are linear regressions of data pairs in all seasons, which in some way is representative of monthly relationships since the seasonal data were calculated as the mean of the 3 months in each season. The correlation coefficients ranged from 0.10 (for Tmin) to 0.94 (for Rs) and were statistically significant for all except Ws and Tmin (black numbers in Figure 6). The degree of influence reduced in the sequence of Rs, P, RH, Tmax, NDVI, SWC, and Tavg with a correlation coefficient of 0.94, −0.76, −0.73, 0.61, 0.48, −0.47, and 0.40, respectively. To sum up, potential ET increased with wind speed, temperatures, solar radiation and vegetation greenness, and decreased with precipitation, relative humidity and soil water content across different time scales.

To determine the degree of influence of each environmental variable on ETp and the interactions between these variables, we carried out partial correlation analysis which can exclude the influence of other dependent variables when analyzing the relationship between one dependent variable and the independent variable. The partial correlation coefficients were given in Table 3, which showed that the environmental variables played different roles in determining ETp at different time scales. For annual data, the three most influential factors were Rs, RH, and Ws (r = 0.88, −0.87, 0.73, respectively, with p < 0.05); maximum temperature also posed a significant negative effect (r = −0.51). The influence of other environmental factors was not statistically significant. For monthly data, influences of Rs, RH, and Ws were also stronger than others (r = 0.94, −0.46, and 0.33 with p < 0.05), and the influences of Tmax, Tmin, NDVI, and SWC were also statistically significant although correlation coefficients were relatively low. For seasonal data, Rs, RH, and Ws were still the strongest factors affecting ETp, and the impacts were overall stronger in summer and autumn than spring and winter. In summer, SWC also had a significant positive impact on ETp (r = 0.46), while in autumn P and Tmax had significant negative impacts (r = −0.49 and −0.41) in addition to Rs, RH, and Ws. Therefore, in a relatively short time such as a month, ETp tends to be influenced by more environmental variables than in a relatively long time such as a season or a year; and the relationships presented both common and unique characteristics across seasons.


Table 3. Partial correlation coefficients (r) between ETp and the relevant environmental variables.
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DISCUSSION


Changes in the Environment and Evaporative Demand

ETp is an important component in the simple water balance equation to indicate water deficit or surplus (Wu et al., 2019) which integrates the effects of climate and surface conditions and is often deducted by a series of environmental stress functions to estimate actual ET (Guerschman et al., 2009; Mu et al., 2011; Wang et al., 2020). Assessing the changes in ETp and its relationships with major associated influencing factors is necessary toward improving ET estimation and understanding the future climate change impacts on water resources. In this humid subtropical region, we found ETp has increased by ~2.35 mm yr−1 during 1982–2015 (p < 0.05). This is different from results in other part of China such as the Jiangsu province and in the Huai River Basin in eastern China, where ETp was found to decrease in general (Chu et al., 2017; Li et al., 2018). The increase in ETp was accompanied by an overall decrease in P, RH, SWC and an increase in temperatures, Rs, and NDVI. Additionally, the change rate over 2005–2015 was greater than that over 1982–2004 for nearly all variables, which indicates that in the recent decade or so, the climate activities are enhanced (Yang et al., 2018) and the region gets drier and warmer in terms of rising temperature and reduced humidity, precipitation and soil water content. Down to seasons, ETp was highest in summer and lowest in winter, different from that in a province in north China (Zhang et al., 2020). The changes in ETp and the environmental variables presented different seasonal features, e.g., rainfall and SWC increased only in summer, different from the result in Pearl River basin during 1961–2007 by Gemmer et al. (2011); meanwhile, Rs increased in spring and winter while decreased in summer and autumn; ETp and NDVI increased in all seasons and higher increase rate was in spring and winter. The difference in peaking time of these variables indicates the lag interactions between hydrometeorological changes and vegetation growth, which has also been revealed by analyses of climate impact on plant phenology (Estrella et al., 2015; Piao et al., 2015; Wang et al., 2019a). These detailed features are rarely reported before, but important to understand the soil-vegetation-atmosphere interactions across scales in the humid subtropical areas.



Impacts of Environmental Changes on ETp

The impacts of environmental variables on ETp showed both similarity and difference across time scales. Namely, ETp was negatively correlated with P, RH, and SWC and positively with other variables at the annual scale, which has been found consistent across studies (Chu et al., 2017; Jerin et al., 2021; Valle Júnior et al., 2021). However, when it comes to seasons, ETp is most sensitive to environmental changes in summer and least sensitive in winter indicated by the regression slopes. This implies that the water demand in the region will increase more in summer than other seasons with a certain increase in temperatures (Wang et al., 2018; Zhang et al., 2018). In the meantime, ETp has increased the most in spring and winter, coincident with decreased precipitation and increased temperatures, which indicates that these two seasons are more prone to water shortages with the drying and warming tendency in the region because precipitation is already the lowest in these two seasons in a year causing frequent droughts (Gao et al., 2008; Zhang et al., 2011).

When calculated following the Allen et al. (1998) method in the FAO56 paper, ETp is considered as only affected by meteorological factors because surface vegetation cover is assumed as reference grass with albedo of 0.23 and resistance of 70 s m−1. While in studies carried out in southern Amazon basin in Brazil and northwest China's Qilian mountains (de Oliveira et al., 2021; Yang et al., 2021) the resultant ETp was found to have different values and trends over different land cover types, which implies that ETp is closely related to surface conditions whether or not these conditions are formulated in the reference evapotranspiration equation. If quantified by the Penman-Monteith equation with site-specific surface resistance (Chen and Dudhia, 2001; Mallick et al., 2015; Xiang et al., 2020), rather than a fixed value, ETp would be more strongly related to surface conditions including vegetation and soil moisture. We are aware that the major impact of albedo change on ETp exists in the net radiation. Albedo varies for different surfaces and for the angle of incidence. A green vegetation cover has an albedo of about 0.20–0.25, and 0.25 is recommended for natural vegetation (Seginer, 1969). Surfaces with vegetation cover would have a lower albedo than 0.25 (Chen and Dudhia, 2001). Jackson (1967) found a reduction of ~20% in ETp with an increase of albedo from 0.10 to 0.25. Hua et al. (2020) discovered that the effect of albedo on ETp can be large in arid areas especially for sparsely vegetated surfaces. Our study area is in the humid subtropical south China where 60% of the surface is covered by forests, 24% by croplands, and 12% by constructed lands. The vegetation is mostly evergreen species. Therefore, the effect of albedo on ETp calculation in this study should not be as profound as in arid and sparsely vegetated areas. Nonetheless, the analysis of interaction between ETp and NDVI should also have albedo influence accounted for because albedo is associated with vegetation change. Our study shows that annual ETp varies significantly with root-zone moisture, but insignificantly with vegetation greenness, while the monthly and seasonal relationships are statistically significant. Partial correlation analysis further demonstrates the weights of each variable associated with ETp which are clearly different across time scales and in four seasons. The most weighed factors are Rs and RH. Both NDVI and SWC played a negative role at the monthly scale, while SWC is more influential in summer than other seasons. In summary, through the analysis we are able to identify the role of different environmental factors in regulating potential evapotranspiration in such a humid region, and their influence on ETp varies with time scales and across different seasons. Such analysis would improve our understanding of the connections in the soil-plant-atmosphere continuum, and hence help to better manage and mitigate the climate change impacts on water resources through optimization of the surface conditions at different time of the year.




CONCLUSIONS

This study examined the variations in potential evapotranspiration (ETp) and its relationships with the associated environmental factors across time scales. Surrogated by the reference evapotranspiration, ETp is considered to be affected solely by meteorology, however, we found in our humid subtropical region that vegetation and root-zone soil moisture also influenced ETp even though the partial correlation coefficients were relatively low (mostly within ±0.30, and only statistically significant at the monthly scale for both factors and in summer for soil moisture). The most influential factors are solar radiation (positive effect), followed by precipitation and relative humidity (negative effects); the impacts of other factors varied across time scales and seasons. ETp has increased the most in spring and winter, coincident with decreased precipitation and increased temperatures, which indicates that these two seasons are more prone to water shortage issues with the drying and warming tendency in the region. Moreover, changes in ETp with per unit change in environmental variables indicated by the linear regression slopes were highest in summer, which implies likely greater water demand in summer than other seasons with a warming climate. If quantified through the Penman-Monteith equation with site-specific surface resistance, ETp would be more strongly related to vegetation and soil moisture than using reference evapotranspiration, in which situation the realization of surface conditions accounts for the vegetation change impacts on albedo and resistance.
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