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Abstract: Reference evapotranspiration (ETy) is important to the global energy balance and to
hydrological cycling. However, the extent to which ETy changes, the main driving factors,
and especially the implications of its shift for drought in Southwest China are not clear. In this study,
trends in Penman-Monteith ET( and other climatic parameters at 79 stations in Southwest China
from 1960 to 2018 were investigated by using the Mann-Kendall test. Furthermore, partial correlation
analysis and multiple linear regression were used to determine the dominant climate driving factors
in changes in ET). The relative contribution of precipitation and ETy to drought duration was also
quantified based on spatial multiple linear regression. Results revealed that annual ET decreased
significantly (p < 0.01) at a rate of 14.1 mm per decade from 1960 to 2000, and this decrease disappeared
around 2000. For the entire study period, the sunshine duration (Tsun) was the most closely correlated
with and played a dominant role in the variations in ETj at both annual and seasonal (summer and
autumn) timescales, whereas the relative humidity was the most dominant factor in the spring and
winter. Trends in the Standardized Precipitation Evapotranspiration Index revealed that drought has
become more serious in Southwest China, and ET has made a greater contribution to the duration of
drought than precipitation. Our findings highlight that more attention should be paid to the impacts
of ET changes on drought in Southwest China. Furthermore, these results can provide a reference
for the allocation of water resources and the implementation of countermeasures to climate change.

Keywords: climatic parameters; reference evapotranspiration; dominant factors; drought duration;
Southwest China

1. Introduction

Climate change, which is associated with increasing greenhouse gas emissions, has led to
the profound concern that future water availability may be threatened [1]. As the global surface
temperature increases, the water-holding capacity and water vapor transport of the atmosphere may
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increase, which will further accelerate the hydrological cycles and increase evapotranspiration [2].
Evapotranspiration, as an essential component of the hydrological cycle and the most important
climatic element, controls energy and water exchange in the boundary layer [3]. Its variations will have
a large effect on ecosystem stability, the water—energy cycle, the occurrence of drought, water resources
management, and human activities [4]. However, because of the complex interactions among the
components of the land—plant-atmosphere system, the actual evapotranspiration is very difficult to
measure directly on a wide scale. Therefore, it is commonly estimated from weather data (sunshine
duration, wind speed, temperature, and relative humidity) by using the Penman-Monteith method [5]
to derive the so-called reference evapotranspiration (ETy), which is usually the basis for the actual
evapotranspiration [6]. Variation in ET is a consequence of variations in all meteorological factors
and very susceptible to land-use change [7], and can be seen as the most excellent indicator for
the activities of humans, climate change, and the water cycle. Therefore, analyzing the variation in
ET( has been widely applied as a valuable reference to assess ecological changes and agricultural
water requirements.

In the past 100 years, the mean land surface air temperature has increased by 0.74 °C globally and by
0.5-0.8 °C in China [8]. However, unlike the general expectation that a warmer climate will bring about
an increase in ET, several studies have demonstrated that ETj has shown a steady downward trend
over the past decades, both globally [9] and in many regions of the world [10-13]. In China, a decreasing
ETj has also been observed in Southwest China [14], Northwest China [15], the Tibetan Plateau [16],
the Loess Plateau [17], the three-river source region of China [18], the Yellow River Basin [19], the
Haihe River Basin [20], and throughout the country [21]. This is known as the “evaporation paradox”
phenomenon [9]. However, a number of studies have also pointed out an increasing trend in ET)
in some regions of China [22,23]. Even in areas with a decreasing trend in ETj in the past, the
evaporation paradox phenomenon has disappeared in recent decades because of the continual change
in climate [24,25]. To illuminate the complexity of the intersection among various meteorological
factors and eventually understand the underlying mechanisms for the changed ETj in different regions
and at different time periods, numerous methods (e.g., statistical methods, sensitivity analysis, and
contribution rate analysis) have been applied to distinguish among the main driving forces causing
changes in ET). For example, Han et al. [24] explored the impacts of meteorological factors on variations
in ETy in Jing-Jin-Ji by using multiple regression analysis, and found that the annual ET decreased
significantly from 1961 through 1991, mainly because of the decrease in wind speed and the sunshine
duration. However, they also found that a continually increasing air temperature had become the
dominant factor contributing to the increase in ET after 1992. Zhang et al. [26] used a sensitivity
analysis and the linear regression method to determine the factors involved in the pan-evaporation of
the Poyang Lake Basin. They found that a decrease in temperature from 1959 to 1973 and decreases in
wind speed and solar radiation from 1974 to 1995 were mostly responsible for the pan-evaporation
decrease; subsequently, an increase in pan-evaporation from 1996 to 2012 was mainly found to be
due to significant increases in wind speed and air temperature. Most studies have carried out these
works at yearly timescales. However, the change in ET at seasonal timescales plays a more important
role in agricultural production. In addition, several studies have also attempted to evaluated trends
in evaporation and its component worldwide [27]. However, because of the complex interactions
among various meteorological factors involved in ETy, no general conclusions have been drawn; thus,
explaining the trends in ET remains challenging throughout the world.

Furthermore, accelerated hydrological cycles accompanied by frequency hydrological events
(such as drought, floods, and extreme precipitation anomalies) have also recently become the focus of
studies on both regional and even global hydroclimatic changes [28-30]. It is worth noting that changes
in patterns of precipitation and evaporation with continuing global warming are expected to result in
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drought events of greater magnitude, frequency, and duration [31]. Most articles in the literature have
mainly attempted to explain the mechanism of the continuous increase in drought events from the
close relationship between precipitation and drought [32,33], whereas the impacts of ETy have been
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given less attention. However, recent research has emphasized that the contribution of ET to drought
could be equivalent to, or even higher than, that from precipitation [34-36]. Therefore, it is essential to
conduct regional research to quantify the relative contribution of ETj to drought anomalies.

Southwest China, one of the main grain-producing areas, provides approximately 16% of the
national food supply and is located mainly in a humid area. Traditionally, it has been widely
believed that the southwestern region is rich in rainfall and has a large amount of water resources;
thus, the serious drought problem in agriculture is often overlooked. Especially in recent years,
Southwest China has suffered great losses from extremely severe drought. For example, the severe
drought that occurred in 2006 caused a shortage of drinking water for more than 16 million people
and 17 million livestock [37]. Another extreme drought event that occurred in 2010 was considered
a “once-in-a-century” drought. It devastated crops across more than 4 million hectares of farmland,
causing 25% of the areas to yield no harvest [38]. In addition, Southwest China has a large deficiency in
available water and thus faces a severe water shortage crisis, mainly because of the uneven distribution
of water resources. The water-rich areas and month in which precipitation is concentrated do not
match the water demand areas and times of agricultural water demand [39]. Agricultural irrigation
is the largest water-consuming sector in Southwest China. Data from 2000 to 2008 show that
agricultural water consumption accounts for more than 60% of the total water consumption in the
region. However, rapid industrialization and urbanization have induced a large proportion of the
irrigation water to flow to industrial and other sectors, which further strains the water available for
agriculture and causes enormous food security pressure. By considering the importance of ETj to
estimate the water demand for crops and drought forecasting systems [40], in-depth study of the
spatial-temporal variations in ETy will allow researchers to better understand climate change and
hydroclimatological extremes (e.g., droughts) and develop appropriate strategies to sustain regional
development (e.g., water resources and agriculture).

Therefore, the main objectives of this study were as follows: (1) To detect the spatial and temporal
variation in ET and climatic driving factors in Southwest China from 1960 to 2018, (2) to investigate
annual and seasonal trends in ETy, (3) to determine the dominant factors inducing changes in ET),
and (4) to identify the relative contributions of precipitation and ETj to the duration of drought.

2. Data and Methods

2.1. Study Area and Materials

Southwest China is located between 21-34° N and 97-110° E and mainly consists of three provinces,
Yunnan, Sichuan, and Guizhou, and a municipality, Chongqing. It is also one of the most densely
populated regions in China, accounting for about one-sixth of the total national population. The area is
dominated by a subtropical monsoon climate with the characteristics of a dry winter and wet summer
(the mean precipitation from April to October constitutes more than 85% of the total) [41]. The average
annual temperature is 14-24 °C in most areas, and the average annual precipitation is more than
900 mm.

The high-quality data used in this study were mainly climatic data collected from 1960 to
2018 in Southwest China, including the monthly mean temperature (°C), relative humidity (%),
sunshine duration (h), and wind speed at 10 m (m/s) at 79 weather stations. The climatic data were
provided by the China Meteorological Administration (http://data.cma.cn). The locations of these
weather stations in Southwest China are shown in Figure 1. The quality of meteorological data was
examined, and the occasional missing data (no more than 1% of the total data) were replaced by
average data for the same month in the neighboring years.
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Figure 1. Locations of rain-gauge stations in Southwest China.

2.2. Method of Calculating ET)

The Penman-Monteith equation was selected to calculate ET in this work, as recommended by
the Food and Agriculture Organization of the United Nations in 1998 [5]. The model integrates the
mass transfer and energy balance, while considering the physiological characteristics of vegetation
valid in both humid and arid climates, and is thus widely used around the world. The following
equation was used to calculate ET at the 79 observation stations:

0.408A (R, = G) + (720575 ) U (e5 — ea)
N A+y(1+0.34U,)

ETy )
where ET) is the evapotranspiration rate from a reference surface (crop or grass), not short of water,
called the reference crop evapotranspiration or reference evapotranspiration; R is the net radiation at
the reference crop surface [M]-m—2-day—1]; G is the soil heat flux density [M]-m—2-day—1]; Tmean is
the mean air temperature at a height of 2 m [°C]; U, is the wind speed at a height of 2 m [m-s—1]; e is
the saturation water vapor pressure [kPa]; ¢, is the actual water vapor pressure [kPa]; A is the slope of
the vapor pressure curve [kPa-°C—1]; and y is the psychometric constant [kPa-°C—1]. The net radiation
was estimated by using the sunshine hours and the maximum and minimum air temperature data.
Detailed equations for R, G, s, A, and y can be found in the study by Allen et al. [5]. Note that all the
computations in this study were performed on a monthly scale.

2.3. The Mann—Kendall Test for Trend Analysis

We investigated the trends in ET( by using the Mann-Kendall method [42,43]. The Mann-Kendall
test is a rank-based nonparametric method for assessing the significance of a trend, and it has been
widely used for the analysis of hydrologic and meteorological trends [44,45]. Because the Mann-Kendall
method does not require any assumptions for the distribution of data, it is highly recommended
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for general use by the World Meteorological Organization. The following procedures were used to
calculate the statistical value S and the standardized test statistic Z:

n-1 n
S = Z 2 sgn(x]- —xi) 2)
i=1 j=i+1

where n is the number of observations, x; and x; are the values of years i and j in the time series, and

1 if (x]- - xi) >0
sgn(xj — xi) =:{0 if (xj — xi) =0 3)
-1 if (x; - x;) < 0
nn=1)2n+5)-Y" t:(t;-1)(2t; +5
Var(s) - M0 T b2+ "
where m is the number of tied groups, t; is the number of data values in the pth group, and
5-1 .
= if S>0
=40 if S=0 ®)
Sl if 5<0
Var(S)

where the Z value is used to evaluate the statistical trend of the time series data, such thatif Z < 0,
the data show a decreasing trend, and vice versa. If |Z| > Z(;_,/5), the null hypothesis is rejected at
a given confidence level a. In other words, there is a significant trend in the time series data. Critical Z
values of £1.64, +1.96, £2.58, and +3.29 were used for the probabilities of a = 0.1, 0.05, 0.01, and 0.001,
respectively.

2.4. Partial Correlation Analysis

Partial correlations are measures of the effect of an individual parameter on the variance of the
predicted values when the effect of the other parameters has been eliminated. For example, Ryy - is
the correlation between parts x and y while controlling for the possible influences of z, and it can be
calculated by Equation (6) [46]. In this study, partial correlation analysis was used to examine the
relationships between ET( and the climatic driving factors, with the understanding that the larger the
partial correlation coefficient is, the more important that factor is for the changes in ET, [47]:

ny - szRyz

Jo-r)-r3)

(6)

ny,z =

2.5. Multiple Linear Regression

To evaluate the relative contribution rate of climatic driving factors to the variation in ET in this
study, multiple regression analysis was performed on a series of meteorological variables to establish a
multiple linear regression equation. The relative contribution rate of the change in a variable to ETj
was defined as the proportion of the regression coefficient of one variable that accounts for the sum of
the regression coefficients of all the variables. The detailed calculation equations are as follows:

Ys = aXys +bXos +cXzs + ..., 7)

_ lal
lal + 161 + Il +- ...

®)

ny



Atmosphere 2019, 10, 705 6 of 24

where Ys is the standardized value of ETy; Xi5, X5, X35... are standardized values of the first
meteorological factor, the second meteorological factor, the third meteorological factor, and so forth; 4,
b, c... are regression coefficients for the first meteorological factor, the second meteorological factor,
the third meteorological factor, and so forth; and 7 is the relative contribution of the variation of Xjg
to ETO

2.6. Relative Contribution of ET to the Drought Duration in Southwest China

To calculate the relative contribution of ETj to the drought duration in Southwest China, a new
drought index, the Standardized Precipitation Evapotranspiration Index (SPEI), was selected to quantify
the drought. The SPEI was proposed by Vicente-Serrano et al. [48] and was calculated based on the
difference between precipitation and ET to describe the degree of deviation in regional dry and wet
conditions from climatological mean conditions. It reveals that a decreasing SPEI may be caused by an
abnormal decrease in precipitation or an increase in ET(. The more negative the SPEI value, the more
severe the drought. In addition, the main advantage of SPEI is that it can be calculated on different
time-scales, and the different SPEI has different implications. For example, the SPEI at longer timescales
(12 to 24 months) can reflect medium-term trends in precipitation and ET( patterns and may provide
an annual estimation of the stream flows, reservoir levels, and even groundwater levels; at shorter
timescales (1l to 3 months), the SPEI can mirror prompt changes in soil moisture, which is particularly
important for food production [49]. A detailed calculation of this method can be found in the references
of Vicente-Serrano et al. [48]. In this study, the SPEI was calculated at 3-month (for drought duration
and drought frequency analysis) and 12-month (for drought trend analysis) time scales, respectively,
according to Yu et al. [37]. According to the results of the SPEI at a 3-month timescale, the drought
duration was defined as the longest number of consecutive months with an SPEI of less than —0.5; the
drought frequency with a specific drought severity (SPEI < —0.5) was calculated as the ratio of the
drought occurrences to the total drought or wet (SPEI > 0) occurrences. Furthermore, spatial multiple
linear regression was carried out to quantify the relative contributions of precipitation and ETj to the
drought duration, with precipitation and ET as the independent variables and the drought duration
as the dependent variable for all of Southwest China.

3. Results

3.1. Spatial and Temporal Evolution of ET and Climatic Factors

In this study, we analyzed the time variations and spatial distribution characteristics of ETy and
five meteorological factors, namely, temperature (Tmean), relative humidity, wind speed (U2), sunshine
duration (Tsun), and precipitation (Pre), over Southwest China from 1960 to 2018. Figure 2 shows the
annual variations in ETj and the five meteorological factors over the study period.

During the period from 1960 to 2000, the annual ET decreased significantly (p < 0.01), by 14.1 mm
per decade, but an obvious increase occurred after 2000, especially during the period from 2001 to
2013, when the annual ETj increased significantly (p < 0.01) by 51.3 mm per decade. For the entire
study time series from 1960 to 2018, a statistically nonsignificant (p > 0.05) increase in the annual ETj
of 9.7 mm per decade was found. The air temperature, including Tmean, Tmax, and Tmin, all showed
a significantly (p < 0.01) increasing trend over the entire study period. Relative humidity declined
over the entire period by —0.44% per decade, and the value of the Mann-Kendall trend test reached
—-3.67 (p < 0.01). The average wind speed from the 79 stations showed a —0.02 m/s per decade decline
during the period from 1960 to 2018 and the decreasing trend was significant, whereas the Z value
of the Mann—Kendall trend test was —2.66 (p < 0.01). During the same period, the Tsun showed
a significant decrease by —27.4 h per decade, and the Z value reached —4.34 (p < 0.01). In addition,
precipitation showed a nonsignificant decreasing trend at the rate of 2.41 mm per decade, and the Z
value was —0.56 (p > 0.05).
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Figure 2. Annual average and 5-year moving average (a) air temperature (Tmean), (b) maximum
temperature (Tmax), (c) minimum temperature (Tmin), (d) relative humidity (RH), (e) wind speed
(U2), (f) sunshine hours (Tsun), (g) precipitation (Pre), and (h) reference evapotranspiration (ETy) of the
Southwest China region from 1960 to 2018.

The spatial distributions of ETy and the five climatic factors are illustrated in Figure 3. The results
show that the areas of high temperature were located mainly in southwestern Yunnan, with the average
maximum temperature (Tmax) reaching 30.7 °C (Figure 3b). The low-temperature areas were located
mainly in northwestern Sichuan, with the average minimum temperature (Tmin) reaching —4.9 °C
(Figure 3c). The spatial distribution characteristics of relative humidity were somewhat similar to
the spatial distribution of Tmean (Figure 3a,d), with the values declining from the southeast to the
northwest of the study area. Additionally, the areas of high sunshine duration were located mainly in
the eastern part of Southwest China, including Yunnan and eastern Sichuan (Figure 3e). With respect
to the wind speed in Southwest China, it reached maximum values of 3.16 m/s in northeastern Yunnan
and southwestern Sichuan, whereas in Chongqing and southwestern Yunnan, the wind speed was
about 1 m/s (Figure 3f). When calculated mainly by these four meteorological factors, the spatial
distribution of ETy was somewhat similar to that of Tsun, with the areas of high ETj located mainly in
Yunnan and southwestern Sichuan (Figure 3h). The maximum values of ETj in these areas reached
1678 mm year~!. Additionally, the high-precipitation areas were located mainly in southwestern
Yunnan, where the maximum values reached 2228.9 mm year‘1 (Figure 3g).
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Figure 3. Spatial distribution of annual ETy (h) and climatic factors, including (a) mean air
temperature (Tmean), (b) maximum temperature (Tmax), (c) minimum temperature (Tmin), (d) relative
humidity (RH), (e) sunshine hours (Tsun), (f) wind speed (U2), (g) precipitation, and (h) reference
evapotranspiration (ETp).

3.2. Spatial Distribution of Trends in ET and Climatic Factors

Temperature, wind speed, relative humidity, and sunshine duration are the four main driving
factors that affect changes in ET). Figure 4 shows the results of the changing trends for these four
factors for each of the 79 ground stations from 1960 to 2018. As shown in Figure 4a, a significantly
increasing trend for annual Tmean occurred in 68 of the 79 stations, and these stations were located
over all areas of Southwest China. With respect to the wind speed (U2), the majority of stations (64.6%)
showed a decreasing trend (Figure 4b). Among them, the number of stations registering a significantly
decreasing trend reached 30, and these stations were located mainly in the middle area. In addition,
13 stations showed a significantly increasing trend, and these were scattered in patches in Southwest
China. Furthermore, the greatest proportion of stations showed a significantly decreasing trend in
relative humidity (53.2%) and sunshine duration (62%); these stations covered almost all of the study
area (Figure 4c,d). Only four stations showed a significantly increasing trend in sunshine duration,
and these were located mainly in southwestern Yunnan (Figure 4d).
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Figure 4. Spatial pattern trends in climatic driving factors of ET( from 1960 to 2018: (a) Mean air
temperature (Tmean), (b) wind speed (U2), (c) relative humidity (RH), and (d) sunshine hours (Tsun).
Triangles of different sizes indicate trends of different magnitudes. MK, Mann-Kendall test.

Figure 5 shows the results of changing trends on the annual and seasonal ET for each of the
stations from 1960 to 2018. As illustrated in Figure 5a, the stations that showed an increasing trend
for annual ETj accounted for 50.6% of the total. Among them, 16 stations showed a significantly
increasing trend, with a maximum increase of 3.45 mm year~!, and these stations were located mainly
in eastern Yunnan and northern Sichuan. During the same period and at the same annual timescale,
the stations that showed a significantly decreasing trend in ET, were located mainly in Guizhou.
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Overall, the spatial distribution of annual ETj trend change was more consistent to the distribution of
annual Tsun trend (Figure 4d, Figure 5a), which indicates that Tsun may be the dominant meteorological
factor for ET( change in southwest China. In addition, the changes in ET( at seasonal timescales plays
a more important role in agricultural production, and thus the changes in ETj in different seasons
were also provided in Figure 5b—e. In the spring (Figure 5b), 44 stations showed an increasing trend,
at the rate of 0.01-0.88 mm year~!. Among them, six stations located mainly in northeastern Sichuan
and eastern Guizhou showed a significantly increasing trend. Furthermore, a significantly decreasing
trend for ETj in the spring occurred at 14 of the 35 stations, and these were scattered in patches in
Southwest China. In the summer, the number of the stations that showed a significantly increasing
trend increased to 12 compared with the spring, and these stations were located mainly in southwestern
and northeastern Yunnan (Figure 5c). It is worth mentioning that nearly all of the stations in Guizhou
and Chongqing displayed a decreasing trend in the summer. In the autumn and winter, the areas
where ETy showed an increasing trend increased significantly compared with the spring and summer.
The number of stations that exhibited a significantly increasing trend increased to 21 in the autumn
and 17 in the winter, and these stations were located mainly in Yunnan and Sichuan. The increasing
rate ranged from 0.01 to 0.83 mm year™! in the autumn and 0.03 to 0.93 mm year~! in the winter
(Figure 5d,e). Furthermore, only four and five stations displayed a significantly decreasing trend in the
autumn and winter, respectively. These stations were located mainly in central and southern Guizhou
and southeastern Chongging.
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3.3. Relationships between ETy and Other Climatic Factors

The ET, was affected by several climatic factors and interactions among them. To gain
a better understanding of the relationships between ET; and the climatic driving factors
(Tmean, U2, relative humidity, and Tsun), the partial correlation method was appropriate because it
can identify the “real” correlation between ETj and a specific factor by eliminating the influences
of all other factors. The results show that ETy was negatively correlated with relative humidity but
positively correlated with mean air temperature, wind speed, and sunshine duration (Table 1) for all
stations at the annual timescale. These results are consistent with our knowledge that greater relative
humidity will lead to a decrease in ET but that increased temperature, wind speed, and sunshine
duration will cause an increase in ET).

Table 1. Partial correlation between reference evapotranspiration (ETy) and other meteorological factors
for different periods.

Mean Air Wind Speed Relative Sunshine
Period Timescale Temperature L2) Humidity Duration
(Tmean) (RH) (Tsun)
1960-2018 Yearly 0.83 0.90 —-0.84 0.95
1960-2018 Spring 0.90 0.95 —-0.95 0.96
19602018 Summer 0.90 0.83 -0.91 0.99
1960-2018 Autumn 0.82 0.78 —-0.70 0.90
19602018 Winter 0.92 0.92 —-0.90 0.83
1960-2000 Yearly 0.80 0.88 -0.56 0.93
2001-2018 Yearly 0.76 0.87 —0.88 0.93

All data are statistically significant at 1% confidence level (p < 0.01).

For the entire area of Southwest China, we found that ET; was the most closely correlated with
a change in Tsun, followed by U2, relative humidity, and Tmean, with correlation coefficients of
0.95, 0.9, —0.84, and 0.83, respectively. In addition, the degree of correlation between ET and other
meteorological driving factors was slightly different in each season. For example, ETy was most
closely correlated with Tsun in the spring, summer, and autumn, with correlation coefficients of 0.96,
0.99, and 0.90, respectively. However, in winter, ETy was most closely correlated with Tmean and
U2 (0.92) and least closely correlated with Tsun (0.83). Because ETy showed a decreasing trend from
1960 to 2000 and an increasing trend after 2000, we also explored the correlation between ETj and
other driving climatic factors in two time periods, 1960-2000 and 2001-2018. The results showed
that Tsun was also the most closely correlated factor in both 1960-2000 and 2001-2018, with the same
correlation coefficient, 0.93. Additionally, the correlation coefficients between ETy and U2 changed
slightly from the time period of 1960-2000 (0.88) to 2001-2018 (0.87). However, a stronger correlation
was found between ETj and relative humidity from 2001 to 2018 (—0.88) than from 1960 to 2000 (—0.56),
whereas the correlation coefficients between ET and Tmean were lower from 2001 to 2018 (—0.88) than
from 1960 to 2000 (—0.56). These results demonstrate that changes in the trend for ET( in 2000 may be
related to Tmean and relative humidity.

3.4. Quantitative Estimation of the Influence of Climatic Factors on Changes in ET

A differential method was used to identify the combined influences of the meteorological variables
on ETj and eventually attribute the change in ETj to them. Table 2 lists the annual and seasonal
evaluation results of the combined relationship between ET( and all climatic driving factors, based on
the multiple linear regression method, as well as the contributions of the four primary meteorological
variables to the changes in ET from 1960 to 2018.
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Table 2. Correlation coefficients and rate of relative contributions to ETy among the factors driving
climate change.

. . Regression Relative Influence Significance
Timescale Meteorological Factor Coegfﬁcients Contribution Degree Sort gLevel
Mean air temperature
(Tmean) 0370 2336 Tsun > R% =0.975
Yearly Wind speed (U2) 0.372 22.49 Tmean > p <0.01
Relative humidity (RH) -0.374 22.63 RH > U2
Sunshine duration 0.538 305
(Tsun) ’ ’
Mean air temperature
(Tmean) 0.282 20.38 RH > Toun > R? =0.993
Spring Wind speed (U2) 0.335 24.18 U2 > Tmean p <0.01
Relative humidity (RH) -0.387 27.94
Sunshine duration 0.381 27 50
(Tsun) ’ ’
Mean azir temp)erature 0215 16.24
Tmean ’ ’
Summer Wind speed (U2) 0.128 9.16 Toun>RH> R’ = 8'3?4
Relative humidity (RH) ~0.254 19.15 Tmean>U2  p<0.
Sunshine duration 0.730 5501
(Tsun) ’ ’
Mean air temperature
(Tmean) 0.408 25.05 Tsun > R — 0035
Autumn Wind speed (U2) 0.333 20.45 Tmean > U2 e
Relative humidity (RH) -0.303 18.60 > RH p<001
Sunshine duration 0.585 35.90
(Tsun) ’ ’
Mean azir temp)erature 0.399 27 42
Tmean ’ ’
Winter Wind speed (U2) 0.369 2539 RH >Tmean  R? = 0980
Relative humidity (RH) ~0.414 28.47 >U2>Tsun  p<001
Sunshine duration 0271 18.72

(Tsun)

At the annual timescale, the results show that the sunshine duration (33.52%) was the
primary driving factor in changes in ET( from 1960 to 2018 in Southwest China, whereas the
Tmean, U2, and relative humidity contributed almost equally, with relative contributions of 22.36%,
22.49%, and 22.63%, respectively. Although the significant decreases in Tsun and U2 had a decreasing
effect on ET), this effect was offset by a significant increase in temperature and a decrease in relative
humidity. The combined effects of the four climatic variables eventually resulted in a nonsignificant
increase in ETj.

Among the different seasons in the period from 1960 to 2018, the contribution rates of
Tmean, U2, relative humidity, and Tsun were somewhat different. In the summer and winter,
a significant decrease in Tsun was the most dominant factor contributing to the changes in ETj,
with relative contributions of 55.01% and 35.90%, respectively, in the two seasons. In the summer,
however, Tsun exhibited strong control, causing a decreasing trend in ETy. But in the autumn,
the decreasing effect on ETj induced by a decrease in Tsun was offset by changes in temperature and
relative humidity, eventually resulting in a nonsignificant increasing trend in ETj. In the spring and
winter, a significant decrease in relative humidity was found to be the predominant factor contributing
to the changes in ET, with relative contributions of 27.94% and 28.47%, respectively, in the two
seasons. A significant increase in Tmean also exacerbated the increase in ETj in the spring and
winter, with relative contributions of 20.38% in the spring and 27.42% in the winter. In the spring,
however, the increasing trend of ET induced by relative humidity and Tmean was offset by the effects
of a significant (p < 0.01) decrease in U2 and Tsun, with relative contributions of 24.18% and 27.50%,
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respectively. In the winter, the contribution of U2 (25.39%) to changes in ETy was roughly similar to that
in the spring, but the relative contribution of Tsun was lowest (18.72%) and showed a nonsignificant
(p > 0.05) decreasing trend. These changes may be the main reason the upward trend in ET( was more
obvious in the winter than in the spring.

3.5. Spatial Distribution of the Attribution of Changes in ET

Figure 6 shows the spatial pattern of the contribution of climatic factors to trends in ET( from
1960 to 2018 in Southwest China. The results show that the coefficients of the Tmean contribution
were positive over most parts of Southwest China. Especially in the Sichuan Province, the significant
increase in Tmean has made a greater contribution to the changes in ETj here compared with
other regions. Regarding U2, Figure 6b illustrates that ET levels in southwestern Yunnan and
northwestern Sichuan were more sensitive to changes in U2 than those in Guizhou and Chonggqing.
Therefore, the high relative contribution of U2 may be one of the reasons for the significantly increasing
trend in ETj in southwestern Yunnan. In addition, the contribution of relative humidity was relatively
higher in regions located mainly in Guizhou, eastern Yunnan, and central and southeastern Sichuan
(Figure 6¢). It is worth mentioning that in most of these regions, the ETj showed a nonsignificant
trend (p > 0.05). Furthermore, the spatial distribution of the contributions of Tsun was exactly the
opposite of the distribution of Tmean, with the highest relative contributions in regions located
mainly in Guizhou, Chongging, southeastern Sichuan, and southwestern Yunnan (Figure 6d). In these
regions in southwestern Yunnan, the difference was that Tsun showed a significantly increasing trend,
compared with a decreasing trend in most other regions.
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Figure 6. Spatial distribution of the relative contributions of key climatic driving factors for ET from
1960 to 2018 in Southwest China: (a) Mean air temperature (Tmean), (b) wind speed (U2), (c) relative
humidity (RH), and (d) sunshine hours (Tsun).

3.6. Relative Contribution of Precipitation and ET) to the Drought Duration in Southwest China

The drought duration is one of the most important characteristics of drought, and a long-term
drought usually means that the drought is more severe. Southwest China has suffered great losses from
long-term droughts that have begun occurring with greater frequency in recent years. We know that as
the precipitation decreases and ET increases, less water is available for storage in the soil, resulting in
soil conditions favorable for drought evolution. However, less consideration has been paid to the
contribution of ETj to duration of drought, and this contribution still remains disputed. To clarify the
extent to which ET( changes contribute to drought duration in Southwest China, we firstly analyzed
the temporal and spatial variations of drought trends (based on SPEI at 12-month timescale) from 1960
to 2018, as shown in Figures 7 and 8a, respectively. The results show that the annual SPEI decreased
over the study period at a rate of 0.023 per decade. Especially after 2000, the decreasing precipitation
and significantly increasing ET both resulted in a significant decrease in the SPEL The index reached
its lowest values in 2010 (Figure 7). Spatially, the drying trends occurred at 53 of the 79 stations,
and these stations were almost located over all areas in southwest China (Figure 8a).
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and frequency (identified by SPEI at 3-month timescale) from 1960 to 2018 in Southwest China:
(a) Trends in SPEI; (b) drought duration and frequency (the numbers show drought frequency).

MK, Mann-Kendall test.

Furthermore, the spatial distribution of drought duration and frequency (identified by SPEI at
3-month timescale) values were analyzed and are shown in Figure 8b. The results show that the
distribution of the long drought duration area was highly coincidental with the region where annual
SPEI showed a decreasing trend (Figure 8a,b), with the longest drought duration reaching 22 months
and being located mainly in southeastern Yunnan and southwestern Sichuan (Figure 8b). In addition,
the drought duration values varied greatly from region to region, while the drought frequency in all



Atmosphere 2019, 10, 705 16 of 24

stations was roughly the same (Figure 8b). This result further emphasized that the drought duration
played a dominant role in the regional difference of drought damage in southwest China.

For the least squares method, the regression equation established an R? of 0.35 and p < 0.01,
which indicates that these regressions fit the drought duration well. As shown in Table 3, the
standardized coefficients indicate that the precipitation and ET were negative and positive, respectively,
in relation to the drought duration, which indicates that both precipitation increases (decreases) and
ET( decreases (increases) reduce (prolong) the drought duration. When comparing the relative
contributions of precipitation and ET) to the drought duration, we found a larger absolute value for
the contribution of ET( compared with the contribution of precipitation. This result indicates that the
drought duration responses were more sensitive to ET than to precipitation in Southwest China.

Table 3. Relative contribution of precipitation and ETj to the drought duration.

Precipitation ET, Longitude Latitude
Standardized ~0.179 0.519 0.1243 ~0.1381
coefficient
Relative 18.63 54.06 12.94 1437
contribution

4. Discussion

4.1. Impacts of Climatic Driving Factors on the Variation in ET

As human activities continue to exacerbate climate change, the global water balance is believed
to be changing significantly, and many climate effects have already been seen [50,51]. Because ETj
plays an essential role in the hydrological cycle, numerous studies have focused on the spatial and
temporal variations of ETy under global warming [24,52]. These studies have shown that in the long
time series, a transformation from downward to upward in ET( has been detected in most parts of
China, whereas the air temperature has continued to increase. This scenario accurately illustrates
that the variation in ET) is affected by many factors and that each factor carries a different weight
at a different time period. Therefore, exploring the effects of climatic variables on ETy will assist
researchers in predicting the variations in ET( and elucidating its driving mechanisms in the context of
climate change.

Solar radiation is the dominant source of energy on the land surface, and its variations at the
earth surface have profound effects on the human and terrestrial environment. Estimates of solar
radiation values by Tsun are widely accepted, and they compare well with measured values [53,54].
During the period from 1960 to 1990, trends in ETjy showed continued and significant (0 < 0.01)
decreases but a slight increase after 1990 (Figure 2h). That increase was highly coincidental with
findings from across the world indicating that global solar radiation had changed from dimming to
brightening, with the transition occurring around the 1990s [55,56]. In addition, our results show,
based on the partial correlation and multilinear regression analyses, that the changes in Tsun were the
predominant factor controlling the variations in ETj in Southwest China. These results are consistent
with many previous research studies in Southwest China [21,57,58]. However, the mechanism of Tsun
change has been the topic of much debate. Among the proposed mechanisms, numerous studies have
attributed the decrease in sunshine duration to an increase in cloud coverage [59,60]. This explanation
seems to be untenable in Southwest China, where declining precipitation in this area has often been
reported [61,62] and was also found in this study (Figure 2g). Conversely, aggregated aerosols and
pollution, accompanied by rapid industrialization and urbanization, have been suggested as the
predominant dimming factor in Southwest China [63,64]. It is worth noting that stations located around
the major cities in Southwest China, such as in Chongging, where the population density is higher and
human activity is concentrated, have all shown significant decreases in Tsun. Consequently, we also
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believe that anthropogenic activities do have a crucial impact on the changes in sunshine duration in
Southwest China.

Relative humidity refers to the percentage of vapor pressure in the air in relation to the saturated
vapor pressure at the same temperature. It is affected by factors such as the atmospheric circulation,
cloud cover, precipitation, wind, and terrain. It also plays an important role in the changes in ET).
Our results show a significant decreasing trend in relative humidity, especially after 2000 (Figure 2d),
which is highly coincidental with the findings of Fan and Thomas [57]. A decrease in relative
humidity reduces atmospheric vapor and accelerates the release of water vapor from the land surface.
McCulley et al. [65] similarly concluded that a 10% decrease in relative humidity resulted in an average
increase of 28.33 to 59.42% in ETy. In addition, our results show that relative humidity is another major
factor influencing ET in Southwest China. In the spring and winter, variations in relative humidity
even became the primary factor contributing to changes in ETj (Table 2). This finding is supported by
Jiang et al. [66], who concluded that the decline in relative humidity in Southwest China has mainly
resulted from a decrease in precipitation.

The air temperature (Tmean, Tmin, and Tmax) showed a considerable increasing trend over the
entire study period (Figure 2a—c). However, this stable increase in temperature contributed little to
changes in ET) when compared with other climatic driving factors. This may have been due to the
relatively smaller change in magnitude during the study period. In the long run, even if the contribution
rate of temperature was not high, the continued increase in temperature would have a huge cumulative
impact on ETy. Numerous studies have found that temperature changes are controlled by long-wave
radiation, whose variations are closely linked to climatic factors such as precipitation, cloud cover,
water vapor, wind speed, and their complex intersection [35,67]. Recently, however, the predominant
reason given to explain global warming has been the increasing use of aerosols and the increase
in greenhouse gas emissions caused by economic development and population growth [68-70].
In addition, our results show that the temperature increase was more apparent at higher altitudes than
at lower ones; thus, the relatively high-contribution areas are located mainly at the higher altitudes
(Figure 6a), which coincides with the finding of Li et al. [71]. It may be that the unique natural
environment in high-altitude areas of Southwest China has caused these areas to become more sensitive
to temperature changes. For example, Liu and Chen [72] deduced that the positive feedback from
snow and ice albedo was an important factor influencing climate warming at higher altitudes. As the
increase in temperature accelerates the melting of snow and ice, this in turn reduces the surface albedo
in high-altitude areas, resulting in increased absorption of solar radiation on the land surface and
further increasing the temperature. In addition, Duan and Wu [73] demonstrated that increasing and
decreasing trends in low-level clouds during the nighttime and daytime, respectively, resulted in
enhanced atmospheric counterradiation at night and more absorption of direct solar radiation in the
daytime, eventually resulting in surface warming in the central and eastern Tibetan Plateau (including
the high-altitude areas of Southwest China).

The wind speed showed a slightly decreasing trend in the 1960s, whereas a rapidly increasing
step change was found around 1970, which then decreased considerably until 2000, and further
showed a significant increase in recent years. Previous researchers have found the same trend [66,74].
Our results show that the wind speed was significantly (p < 0.01) decreased over the entire study period
and had a relative low contribution to the variations in ET(, at both the annual and seasonal timescales
when compared with other climatic driving factors (Table 2). However, Middelkoop et al. [50] reported
that a nonsignificant decline in wind speed was dominated by a significant decrease in ET throughout
the entire study period (1961-2016), the differences that existed from our study may have been due to
differences in the study areas and methods of analysis. In addition, reasons for the decrease in wind
speed have still been attributed to the effects of natural factors and human activities. For example,
Zhang et al. [75] emphasized that large-scale unstable atmospheric circulation and regional warming
were the main reasons for the weakening of wind speed in Southwest China. Guo et al. [76] and
Yang et al. [77] found that a weakening of the lower tropospheric pressure-gradient force was the
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primary cause of the decrease in observed surface winds in recent years. Anthropogenic activities,
including plantations, air pollution, and especially rapid urbanization, are also considered to play an
important role in decreasing the wind speed by increasing surface roughness [76,78]. However, in
past decades, the fastest development of urbanization in Southwest China has been accompanied by
an increase in wind speed. Therefore, we believe that changes in natural factors are the main driving
force for the declining wind speed over the entire study period.

4.2. The Evaporation Paradox

The evaporation paradox has attracted the attention of many researchers since it was first
introduced [10]. Several studies have attempted to explain what causes this paradoxical phenomenon,
including the hydrologic cycle, decreasing sunlight, wind speed, or an increase in relative humidity [79].
However, the decrease in sunlight resulting from an increase in cloud aerosol concentration has been
widely considered the primary cause [9]. In addition, the implications of the evaporation paradox
have attracted considerable attention. A complementary hypothesis formulated by Brutsaert and
Parlange [79] proposed that the increased terrestrial evaporation (i.e., an accelerated global hydrological
cycle) would increase moisture in the air, thus reducing pan-evaporation. Therefore, it was commonly
thought that the widely observed decline in ETj or pan-evaporation was decelerating the global
terrestrial hydrological cycle, which was then expected to accelerate as global dimming moved to
brightening [80,81].

In China, Liu et al. (2004) found that pan-evaporation decreased from 1955 to 2000, which they
attributed to a decrease in solar irradiance [82]. However, Cong et al. [83] found an increasing trend
in ETy from 1986 to 2005 for the entire period, which indicates that the evaporation paradox had
disappeared in China as a whole. Regarding whether this phenomenon still exists in Southwest China,
our results show that the climatic warming trend was obvious over the past 59 years from 1960 to 2018
in Southwest China (Figure 2a). Thus, the evaporation paradox existed before the 2000s because the
ET( showed a continuous decrease. However, after the 2000s, the positive effect of an increase in air
temperature on ETj; exceeded the negative effect on ET( by decreasing the sunshine duration and wind
speed. Especially for the study period from 1960 to 2018, the ET; also showed a nonsignificant (p > 0.05)
increase. This result was highly consistent with those obtained by Li et al. [14] and Jiang et al. [66].
Consequently, we can conclude that at present, the evaporation paradox has disappeared in Southwest
China as global warming continues.

4.3. Agricultural Water Management Under a Background of Increasing ET)

Any changes in ET; rates will have an impact on the terrestrial ecosystem.
Agriculture, in particular, involves a major consumptive use of irrigation water and precipitation
on agricultural land. The attempt to improve the efficiency of water use must be based on reliable
estimates of ETj.

Our results show that the trend in ETj altered from significantly decreasing from 1960 to 2000
to increasing after 2000, which indicates that the continuous increase in temperature and decrease
in relative humidity has offset the impact of the significant decrease in Tsun and wind speed,
dominating the change in ETj in Southwest China. For a long period to come, what is certain is
that the temperature will continue to increase because of an increasing concentration of greenhouse
gases in the atmosphere [84]. Consequently, the contribution of the temperature rise to changes in
ET( will be further strengthened. In other words, ET will most likely maintain an increasing trend
over the period ahead. This perspective is supported by Wang et al. [85], who concluded that the
increase in potential evapotranspiration, attributable to the joint effects of increased temperature and
surface net radiation and decreased relative humidity, will overwhelm the entire region throughout
the 21st century. The consequence of the continued increase in ET is that Southwest China will face
a great risk of drought, because we have found that the contribution of changes in ET; to drought is
equal to or even greater than the contribution of changes in precipitation. Wang et al. [85], who also
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reached the same conclusion, emphasized that the enhancement of potential evapotranspiration
will outweigh that of precipitation, particularly under Representative Concentration Pathway 8.5,
resulting in intensified drought.

Because water availability and accessibility are the most significant constraining factors for crop
production, agriculture is the economic sector primarily affected by drought. Therefore, addressing the
issues of agricultural water shortage and guaranteed food production is crucial in Southwest China.
To achieve this, we quantitatively assessed the temporal and spatial distribution of agricultural drought
risks in Southwest China in our previous study [28]. We also proposed strategies to mitigate the
risk of agricultural drought according to local soil, climatic, topographic, irrigation, economic, and
educational conditions.

Additionally, China has experienced rapid urbanization and industrialization in recent decades,
leading to increased pressure to shift water out of agriculture to supply drinking water to growing
cities. Yan et al. [86] found that the share of agricultural water use in China declined from 73 to
63% and that the urbanization rate increased from 28 to 51% from 1993 to 2011. Therefore, how to
promote water resources so they flow healthily and successfully from rural to urban areas or from
agriculture to industry is also of great significance for improving the ability of Southwest China
to cope with agricultural water scarcity, or even agricultural droughts. For this purpose, we think
other appropriate measures, including those of a financial nature, are required to support farmers,
given that primarily, farmers” incomes may be drastically reduced. Therefore, we suggest that the
government manages water resources by articulating water use rights and establishing a water market,
which will permit the purchase and sale of water across sectors, districts, and time. In the process,
water users should consider the comprehensive opportunity cost of water, including its value in
alternative uses. This will provide incentives to economize water resources and gain additional income.
Furthermore, water treatment and reuse can provide alternative water resources and thus ease the
contradiction between urban and rural water use. As Yi et al. [87] pointed out, 80% of the water
consumed in an urban area ends up in the wastewater stream, and 70% of it may be reclaimed if the
wastewater is collected and treated. However, most areas of China are still undeveloped, mainly
because of a lack of investment, so induced wastewater treatment and reuse ratios are relatively low
(70.2% and 9.2% in 2008, respectively) compared with those in developed countries (more than 80%
and 70%, respectively) [88]. Therefore, the administration of Southwest China will be expected to
increase its investment in water reuse research and to focus on sustainable regional water resource
management, while regarding water reclamation, recycling, and reuse as key components of the
regional water strategy.

5. Conclusions

Numerous researchers have pointed out that trends in ETy have changed greatly as climate
change has been intensified. In the present study, we selected Southwest China as a typical region and
investigated the spatiotemporal variation in ET, the trends in ETj, the contributions of four climatic
driving factors to trends in ETj, and the impact of shifts in ETy on the drought duration based on data
from 1960 to 2018 from 79 meteorological stations.

The annual ETj reflected a significant decrease by 14.1 mm/decade from 1960 to 2000,
but an obvious increase after 2000. Especially during the period from 2001 to 2013, the annual
ET) increased significantly, by 51.3 mm per decade. Over the entire study period, the annual ET
(average of all stations) showed a statistically nonsignificant increase of 9.7 mm per decade, with the
stations that showed significant increases located mainly in Yunnan and northern Sichuan. The degree
of correlation between ETj and other climatic driving factors during this period decreased in the
order of Tsun, U2, relative humidity, and Tmean, with the specific correlation coefficients of 0.95,
0.9, —0.84, and 0.83, respectively. Additionally, Tsun was the most important factor dominating the
changes in ETj for all of Southwest China at the annual timescales. The dominant factors showed
some differences at the seasonal timescales, with Tsun also playing a dominant role in the summer and
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autumn, but relative humidity replacing Tsun as the dominant factor in the spring and winter. It is
important to note that ET( made a greater contribution to the drought duration than did precipitation.
Under the background of global warming, the continued increasing in ET will further exacerbate the
drought problem in southwest China.
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