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Abstract: Reference evapotranspiration (ET,.) is an important study object for hydrological cycle
processes in the context of drought-flood risks of the Huai River Basin (HRB). In this study, the FAO-56
Penman-Monteith (PM) model was employed to calculate seasonal and annual ET, based on
137 meteorological station data points in HRB from 1961 to 2014. The Mann-Kendall (MK) trend
analysis was adopted together with Theil-Sen’s estimator to detect tendencies of ET,,s and climate
factors. Furthermore, a developed differential equation method based on the FAO-56 PM model
was applied to quantify the sensitivities of ET,, to meteorological factors and their contributions
to ET s trends. The results showed that the ET,,s demonstrated a strong spatially heterogeneity in
the whole HRB at each time scale. ET,,r showed a significant decreasing trend in the upper-middle
HRB and Yi-Shu-Si River Basin, especially at the annual time scale, in growing season and summer,
while a generally increasing trend in ET,, was detected in the lower HRB, and the significance only
showed in spring. These phenomena could be reasonably explained by a significantly increasing mean
temperature (TA), a significantly decreasing wind speed (WS), solar radiation (SR), and a slightly
decreasing relative humidity (RH). The most sensitive factor to E Tef was RH in most sub-regions
and most time scales, except in the growing season and summer. Based on the developed differential
equation method, the dominant factor of the decreasing ET,, was WS in the annual time scale, spring,
autumn, and winter in most sub-regions, except the lower HRB, which then shifted to SR in the
growing season and summer. However, in the lower HRB, the significantly decreasing RH was the
most dominant factor, especially in the annual time scale, growing season, and spring, which might
be responsible for the slightly increasing ET).f there.

Keywords: reference evapotranspiration; sensitivity coefficient; contribution;, Huai River Basin;
differential equation method

1. Introduction

Evapotranspiration (ET), as a vital component in water cycle, is a critical variable for
hydrometeorological studies [1]. At the same time, the reference evapotranspiration (ET,) refers to
the evapotranspiration (ET) from the crop reference surface, which has a 70 ssm~! unified surface
resistance, a 0.12 m hypothetical reference height, and a 0.23 albedo [2,3]. It determines the surface runoff,
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soil moisture, groundwater recharge, as well as the crop growth [4], and plays a crucial role in climatology,
hydrological processes, irrigation management, planning, and scheduling [5,6]. Moreover, the global
average temperature across the land and ocean surface increased by 0.85 °C from 1880 to 2012 [7]. In the
context of global warming, the hydrological cycle processes were altered dramatically in many parts of
the world. Furthermore, crop productivity was also influenced by the climate change to some extent [8].
Nowadays, several methods have been developed to compute the ET,, presently, mainly based
on the water budget, mass-transfer, radiation, and temperature [9]. Among these methods, the FAO-56
PM model, as proposed by the Food and Agriculture Organization (FAO), is universally accepted as
the most precise one to estimate the reference evapotranspiration [2]. However, as global warming has
become a historical truth and scientific fact in recent decades, the ET),f, as well as pan evaporation (Epa),
exhibited a significant downward trend globally [10-12]. Meanwhile, the decreasing trend of ET ¢ Or Epan
generally appears to be an “evaporation paradox” [13], one of the most controversial scientific problems.
Likewise, decrease of ET,,trends has been discovered from many areas in China [14-16]. Apart from
these reports, many researchers have shown the increase of ET s in various places around the world,
including Asia [17,18] and Europe [19,20]. These results are echoed with similar observations in China;
for instance, the upper, middle, and entire Yellow River Basin [21], Jianghuai area, and Sunan area in
Jiangsu province [16], and most parts of Wei River Basin [22]. Additionally, during the past several
decades, a significant number of investigators have identified the influence of meteorological parameters
to the changing ET)¢[23-25]. ET)s variation, and its spatiotemporal distribution, are not only influenced
by the increasing air temperature, but also by some primary climate factors, namely, relative humidity,
wind speed, and solar radiation. Therefore, it is an important study object to quantify the influences of
various climate factors on the ET,,schange, especially in the background of global climatic change [26].
Different attribution analysis methods are widely employed for calculating contributions of
climate factors to ET,,s variations. The sensitivity coefficients method, multiple regressions, and the
detrending method are the three most used attribution analysis methods. Mccuen [27] first introduced
the sensitivity coefficient method to recognize the relative change of ET)s according to meteorological
factors. Later, Yin et al. [28] and Huo et al. [14] successfully applied this approach to identify the
anticipated change of ET, caused by variations of climate factors. Similarly, other scholars in China
revealed relative contributions of climate variables to the ET,,s by employing sensitivity coefficient
analysis [29-31]. Contrarily, Ye et al. [32], Shan et al. [33], and Wang et al. [34] adopted the multiple
regression analysis method to establish the relations between the ET,,f (dependent variable) and climate
parameters (independent variables), then determined relative contributions of climatic variables to
the ET,,s trends. Recently, the stepwise regression analysis and partial correlation analysis were
employed for investigating influences of climate factors to ET,,s change in the West Liao River Basin [35].
Moreover, the detrending method, a statistical and mathematical modeling approach, first proposed
by Xu et al. [1], was used to evaluate changes of ET) to the related climate factors. This method
has been applied to assess the influences of climate factors to the ET,,s change in various regions
of China such as the Heihe River Basin [36], Yellow River Basin [37], northwest area of China [14],
Jiangsu province of Eastern China [16], and also other countries like Iran [38]. The above-mentioned
attribution analysis methods only consider the relative contributions of meteorological factors to
ET, changes, however, actual contributions to the ET,,s changes are still unclear and needed to be
explored. Roderick et al. [39] have pioneered the use of a physical and mathematical model—namely,
the PenPan model—which is based on mass and energy balances, to evaluate the contributions of
climatic parameters to Epg;. In the PenPan model, the Ep,, trend is divided into the radiative and
aerodynamic items. Furthermore, the E;;; trend caused by the aerodynamic item is also partitioned into
three components: wind speed, vapor pressure deficit, and mean air temperature. Various researchers
have adopted this differential equation method to quantitatively analysis the change in Epg, [40-42],
however, few studies have used it for ET,,s analysis. Additionally, the PenPan model was employed
by Liu and Zhang [43] to determine the changes in ET,; in Northwest China. Some previous
studies [40,43] also adopted the differential equation method based on the FAO-56 PM model to
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determine contributions of four meteorological variables (mean temperature, actual vapor pressure,
solar radiation, and wind speed) to the ET,, trend. However, the actual vapor pressure is not
an independent variable, but a dependent variable on mean air temperature and relative humidity.
Thus, considering the independence of each selected variable, we decided to replace the actual vapor
pressure with the relative humidity in this study, and hypothesize that the combination of the four
new variables is reasonable, then we verify this hypothesis. Considering the accuracy and reliability of
the differential equation method, we developed this method based on the FAO-56 PM model to verify
our hypothesis, and also to quantify the attribution of each climatic factor to ET s trends in the Huai
River Basin (HRB).

HRB, adjoining the Yangtze River Delta, as a fast economic growth region in Eastern China,
is susceptible to confronting extreme weather and hydro-meteorological events, particularly flood
calamities [44]. These climatic challenges will exacerbate a potential impact on the hydrometeorology
of the HRB. Moreover, the HRB is in a decisive status in the agricultural production of China and the
density of population here is nearly five-fold higher than the national average level. However, there are
only a few studies about long-term quantitative attribution analysis of meteorological factors to the
ET,e in the HRB of Eastern China. Thus, research on the climate factors attribution analysis to regional
ET,. changes is needed to understand the spatiotemporal trends of regional climatic change and the
influence of climatic change on agricultural irrigation scheduling.

Based on the hypotheses above, the aims of this study are (1) to estimate the ET,,s changes in
seasonal and annual time scales in HRB from 1961 to 2014 by means of the FAO-56 PM model; (2) to
identify the spatiotemporal tendencies of seasonal and annual ET,. series together with its relative
climate factors through the Mann—-Kendall (MK) test, together with Sen’s slope estimator, over the
past 54 years; (3) to explore the sensitivities of ET s to each climatic factor at seasonal and annual time
scales using sensitivity coefficients analysis; and (4) to quantify the contributions from climate factors
to ET s change trends by using a developed differential equation model and its spatial distribution
patterns in seasonal and annual time scales. This study would offer a theoretical guidance for the
management of agricultural irrigation resource usage, crop production, as well as the countermeasure
to climatic change perspective in this vital region.

2. Materials and Methods

2.1. Study Area

The HRB is located between the Yangtze River and Yellow River Basin in Eastern China
(111°55' E-121°25' E and 30°55' N-36°36’ N) and has a watershed area of 270,000 km?. The length
of the main stream is about 1000 km and the total river fall is about 200 m (Figure 1). Meanwhile, the HRB
is situated in the climatic transition zone, which is recognized as the demarcation line (zero isotherm)
between warm temperate and northern subtropical zones in China, accompanied with four distinctive
seasons and moderate climate. The annual average precipitation is about 911 mm, with an uneven
distribution pattern. More than 50% of the rainfall is concentrated during the monsoon season from
June to September, accompanied by complex weather systems. Furthermore, the HRB is the most
densely populated area and also a major grain-producing base in Eastern China [45], with the main
crops—including wheat, rice, maize, potato, soybean, cotton, and canola—accounting for 17.3% of the
total national grain yield.

2.2. Data Source

The datasets employed in the present study are mainly daily weather data obtained from
137 stations during 1961-2014 in the HRB, including the daily mean temperature (TA, °C), maximum
temperature (T, °C) and minimum temperature (T, °C), relative humidity (RH, %), wind speed
at 10 m (u19, m-s~1), and sunshine duration (SD, h). We obtained the weather data from the
National Meteorological Information Center (NMIC) of the China Meteorological Administration (CMA)
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(http://data.cma.cn/site/index.html). The censored data are complemented through establishing
linear interpolation between the neighboring weather stations. In this study, we defined five
seasons as the growing season (April-October), spring (March-May), summer (June-August), autumn
(September—-November), and winter (December—February of the following year). The DEM (digital
elevation model) datasets of 90 m spatial resolution (Figure 1) were acquired from the Internet
(http:/ /srtm.csi.cgiar.org/).
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Figure 1. The location of the Huai River Basin (HRB) in China and its spatial distributions of the
elevation, meteorological stations and the river system, four sub-regions represent (D: Upper HRB,
@: Middle HRB; (3®: Yi-Shu-Si River Basin; and @): Lower HRB, respectively.

2.3. Reference Evapotranspiration Calculation

The FAO-56 Penman—-Monteith (PM) model proposed by the Food and Agriculture Organization
(FAO) has been regarded as an international recognized method to calculate ET)f [2]. The FAO-56 PM
model has a full theoretical basis which shows high accuracy [16]. The detailed formula is given as

0.408A (R, — G) + v 1955tz (s — €4)
A+ (1 +0.34u,)

ETref = 1

where ET), refers to the daily reference crop evapotranspiration (mm-day '), A refers to the slope of
vapor pressure curve (kPa-°C~1), R, refers to the net radiation at the crop height (MJ-m—2 -day’l), G refers
to the soil heat flux density (M]-m~2-day~!), -y refers to the psychrometric constant (kPa-°C~1), T refers
to the daily mean air temperature at 2 m (°C), u, refers to the wind speed at two-meter height (m-s~1),
es and e, refer to the saturation vapor pressure (kPa) and the actual vapor pressure (kPa), respectively.

For the convenience of ET,s calculation, a conversion formula for wind speed was proposed by

Allen et al. [2] as
4.87

N2 M (67,82 — 5.42)

@

where u; refers to wind speed at two-meter height (m-s~1), u, refers to the wind speed at z meters
above ground level.
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Due to the lack of measured solar radiation (R;) data (M]~m’2-day’1), R; is often calculated
through sunshine hours, combed with the Angstrom formula [46]

Rs = (as‘i‘bs%)Ra 3)

where R; refers to daily total solar radiation (M]-m’Z-day’l), R, refers to extraterrestrial radiation
(M]~m_2-day_1), n refers to daily sunshine hours (h), N refers to maximum possible sunshine hours
(h), as and bs are regression coefficients, according to Chen et al. [47], the values were set to 0.19 and
0.53, respectively [16].

Meanwhile, some sunshine duration data were missing in several inland stations of the HRB.
In this regard, the radiation equation proposed by Hargreaves and Samani [48] was employed for
calculating solar radiation (R;) through Ty and Ty, as

Rs = kRS X (Tmax_Tmin> xRy (4)

where kgg refers to the empirical coefficient and usually adopted the value of 0.16 for inland
regions [48-50]. In order to verify the availability of the Hargreaves—Samani method, complete
sunshine duration (SD) datasets of 39 meteorological stations located in the upper and middle HRB
were employed in this study. The estimated SR and ET, calculated with Hargreaves—Samani (HS)
method were compared with that calculated with SD during 1961-2014. The specific accuracy test can
be found in Appendix A.

Finally, the net radiation (R;,) is estimated by

Rn: Rns_Rnl (5)
Ruys = (1 —a)Rs 6)

4 4
Ry=c (T’"”"'K+T"’i”'1< ) (0.34 — 0.14+/e,) (1.35R5 - 0.35) )
2 Ry
in which Ry; refers to the incoming net shortwave radiation (M]-m’2~day’1), « refers to the albedo of
reference crop (value of 0.23), R,,; refers to the net outgoing long-wave radiation (MJ-m~2-day '), o refers
to the Stefan-Boltzmann constant (4.903 x 10~ M]~K_4-m_2~day_1), Tinax,x represents the maximum
absolute temperature during 24 h (K = °C + 273.16), T,,;,, x represents the minimum absolute temperature
during 24 h (K = °C + 273.16), and R, refers to clear-sky radiation. Furthermore, more specific approach
procedures are provided in Allen et al.’s literature [2].

2.4. Trend Analysis

The worldwide recommended nonparametric test, Mann-Kendall (MK) test, was built to calculate
the significance of a trend in hydro-meteorological time series [51,52]. The MK test is employed in this
research to analyze temporal change trends of ET,s and related meteorological variables [53-55]. It has
an advantage which lies in its ability to test the linearity of a trend [31].

In order to identify slopes of ET,, trends and climate factors, Theil-Sen’s estimator [55,56],
a widely applied method to calculate the slope magnitude of the trend line, was adopted in this study

. Xj— X .
B:Medlan( — ),V1<l<] (8)
where (3 refers to the estimated trend slope of the data series, x; and x; refer to the sequential data
corresponding to time j and i, respectively.

Prior to applying the MK test in this study, a pre-whitening method should be employed to
eliminate the effect of a serial correlation on the trend value [57]. Yue et al. [58] improved this method



Water 2018, 10, 144 6 of 24

and proposed an alternative approach, namely TFPW (trend-free pre-whitening), which is widely
applied in many related study areas [17,30,59].

2.5. Spatial Interpolation Method

For investigating the spatial patterns of ET s and their trends, some spatial interpolation methods,
such as spline, ordinary kriging (OK), and the inverse distance weighted (IDW), were implemented
on account of datasets of meteorological stations being widely employed recently. Among these
interpolation approaches, the IDW approach was adopted for the spatial pattern analysis in our study
since it provides the lower mean error than the others [60,61]. The main justification for using the IDW
technique is that it computes the spatially-interpolated values very quickly and accurately. All spatial
distribution maps were prepared using the ArcGIS (version 9.3) software (Environmental Systems
Research Institute (ESRI), Redlands, CA, USA).

2.6. Sensitivity Coefficient Estimation

For identifying sensitivities of ET,,s to meteorological factors, the differential method proposed by
McCuen [27] is applied for this study

S(v;) = lim

AETyer/ETp\ _ 9ETwp o,
AU,‘/U,‘ o

Avi/vi av,- ETref (9)

where S(v;) refers to the sensitivity coefficient of ET,.s in relation to climatic variables (v;).
The positive (negative) sensitivities illustrate the ET,, ¢ increases (decreases) are accompanied with the
increases in v;. The absolute value of S(v;) represents the effect of a given v; on ET,.s. The specific
derived calculation formula can be found from other literature [16].

2.7. Contributions of Climate Factors on ET

The differential equation method indicates that the ET is the function of meteorological variables.
In previous studies [40,43], four meteorological variables (mean temperature (TA, °C), actual vapor
pressure (e;, kPa), wind speed at two-meter height (WS, m-s~ 1), solar radiation (SR, M]‘m_z-day_l))
were selected as main influence factors to ETyy, however, e; was not an independent variable,
but a dependent variable function of TA and relative humidity (RH, %), considering the independence
of each meteorological variable, we decided to replace the ¢; by RH in this study. Thus, the improved
the differential equation method was used to estimate the individual contribution of each climate factor
(TA, RH, WS, and SR) to ET s change trend based on the FAO-56 PM model. The detailed differential
equation is

dETref . aETref dTA aETref dRH aETref dWSs aETref dSR

dt ~ 9TA dr | 9RH dr T 9ws ar " @SR ar ¢ (10)

or, written briefly,
C_ETref = C(TA)+ C(RH) + C(WS) + C(SR) + ¢ (11)

where C_ET,,f refers to long term estimated trend of ET,.r, C(TA), C(RH), C(WS), and C(SR) are
contributions to ET,, f due to changes in TA, RH, WS, and SR, respectively. ¢ refers to the error term
between the C_ET,,r and ET, trends estimated by Theil-Sen’s estimator (T_ET,.f). The contribution
of each selected climate factor to the ET,,; trend can be obtained by calculating the averaged partial
derivatives (Equations (9) and (10)) multiplied by the annual/seasonal tendency rates and the length of
time (namely 365 or 366 for annual, 214 for growing season, 92 for spring and summer, 91 for autumn,
and 90 or 91 for winter).
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3. Results

3.1. Variations of Climate Factors and Their Trend Analysis

Variations of monthly climate factors are shown in Figure 2. From Figure 2, monthly TA and SR
exhibited similar variation patterns. The peak value occurred in June and July. The largest regional
differences of SR were shown in spring and summer seasons, while the largest regional difference
of TA exhibited in winter. Meanwhile, RH gradually increased before August and then decreased.
Monthly WS values represent a fluctuating variation trend, the peak and valley values occurred in
April and September, respectively.

The effects evaluation of climate factors to ET,,s was implemented by analyzing temporal trends of
four meteorological parameters from 1961 to 2014 in the HRB. As from Figure 3, TA showed an overall
upward trend in the past 54 years. It was noteworthy that a slow decreasing trend was observed
before the 1990s and then a significantly increasing trend was observed. The RH fluctuated obviously,
with a non-significant declining trend in the whole HRB. The WS and SR exhibited more significant
declining trends in comparison with TA and RH.

The similar results can also be detected from Table 1. At the seasonal time scale, TA revealed
a significant increasing trend in each season except the summer. Opposite to TA, RH exhibited a reverse
change trend. Meanwhile, significant decreasing RH trends were found in the lower HRB in each
season compared to the other regions. WS always exhibited a significant downward trend in all regions
at each time scale, which could also be verified from Figure 3. The SR revealed a significant decreasing
trend in the whole HRB in all time periods except spring.
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Figure 2. Box plots show the monthly variations of (a) TA; (b) RH; (c) WS; and (d) SR in the HRB.
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Figure 3. Temporal trends of (a) TA; (b) RH; (c) WS; and (d) SR in the HRB during 1961-2014.

3.2. Variations of ET e and Their Trend Analysis

In order to obtain insights into the spatial distributions of annual and seasonal ET s in the HRB,
the annual averaged ET), in each station from 1961 to 2014 was spatially interpolated using the IDW
method (Figure 4). The annual ET, during the past 54 years in the HRB ranged from 881 mm to
1091 mm, with an average value of 969.56 mm. The higher values were observed in the north of
the middle and Yi-Shu-Si River basins. Similar spatial distributions of ET,,s were identified during
the growing season and spring, ranging from 689 mm to 863 mm, and from 245 mm to 345 mm,
respectively. Meanwhile, the lower values of ET s mainly distributed in the upper and lower HRB.
However, in the summer, the ET,,s was much higher than other seasons (336~427 mm), and the higher
ET,s values expanded to most parts of the upper and middle HRB also the Yi-Shu-Si River Basin.
In autumn and winter, differences of ET,,s were smaller in the whole HRB. The higher values were
observed in the southeast in autumn, and in the northwest in winter. In general, the E Tref demonstrated
a strong spatial heterogeneity in the whole HRB.
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Table 1. Seasonal and annual trend analyses of climatic factors in each region of the HRB during 1961-2014.

Annual Growing Season Spring Summer Autumn Winter
Region limatic F;
4 Climatic Factor 7z 5 7z B 7z B 7z B 7z B 7z B
Upper TA (°C) 3.48 0.01 *** 2.18 0.010 * 3.76 0.034 *** —0.91 —0.007 2.51 0.015* 2.76 0.025 **
RH (%) —1.55 —0.035 -0.79 —0.027 -281 —0.133 ** 2.09 0.056 * -1.79 —0.065 —0.85 —0.051
WS (m-s~1) —9.37 —0.019 *** —9.13 —0.019 *** —8.30 —0.020 *** —8.16 —0.019 *** —8.31 —0.020 *** —8.18 —0.020 ***
_SZR 1 —5.09 —0.030 *** —4.36 —0.038 *** -0.39 —0.005 —5.13 —0.062 *** -2.27 —0.018* —3.52 —0.023 ***
(MJ-m™*-day™)
Middle TA (°C) 3.57 0.018 *** 2.04 0.010* 3.57 0.030 *** —0.60 —0.004 3.18 0.016 ** 3.49 0.032 ***
RH (%) —0.55 —0.015 —0.13 —0.005 —1.33 —0.064 1.39 0.040 —1.61 —0.061 —0.64 —0.039
WS (m-s~1) -9.71 —0.022 *** —9.58 —0.021 *** —9.04 —0.024 *** -9.09 —0.020 *** —8.94 —0.021 *** —8.56 —0.023 ***
,SZR -1 —6.01 —0.035 *** —5.42 —0.045 *** —1.09 —0.012 —5.82 —0.072 *** -3.10 —0.026 *** —4.15 —0.029 ***
MJ-m~=-day™")
Yi-Shu-5i TA (°C) 4.86 0.025 *** 3.63 0.017 *** 4.46 0.035 *** 1.03 0.006 3.67 0.021 *** 4.43 0.040 ***
RH (%) -1.79 —0.042 —1.60 —0.035 —1.66 —0.075 —0.57 —0.012 -1.31 —0.050 —1.01 —0.053
WS (m-s~1) —8.97 —0.021 *** —8.85 —0.021 *** —8.55 —0.025 *** —8.46 —0.019 *** —-7.80 —0.019 *** —7.58 —0.020 ***
sz -1 —5.82 —0.030 *** —5.18 —0.038 *** —1.34 —-0.010 —5.82 —0.062 *** -3.27 —0.025 ** —3.83 —0.023 ***
(MJ-m~=-day™")
Lower TA (°C) 4.67 0.027 *** 3.88 0.023 *** 4.79 0.039 *** 131 0.012 4.07 0.026 *** 3.89 0.034 ***
RH (%) —4.79 —0.109 *** —4.74 —0.120 *** —4.01 —0.178 *** -3.36 —0.085 *** —3.60 —0.107 *** —2.95 —0.098 **
WS (m-s~1) —8.76 —0.021 *** —8.27 —0.019 *** —8.58 —0.025 *** —7.46 —0.017 *** —7.33 —0.019 *** —7.88 —0.022 ***
,SZR 1 —4.10 —0.018 *** -3.27 —0.023 ** 0.95 0.009 —4.18 —0.056 *** —145 —0.009 —242 -0.017*
(MJ-m™"-day™")
Whole TA (°C) 4.06 0.021 *** 2.78 0.013 ** 3.88 0.032 *** 0.10 0.001 3.52 0.018 *** 3.77 0.035 ***
RH (%) —1.64 —0.038 —1.28 —0.028 -1.76 —0.083 0.18 0.005 —1.87 —0.062 —0.97 —0.054
WS (m-s™1) —9.64 —0.021 *** —9.50 —0.020 *** —8.98 —0.024 *** —9.00 —0.019 *** —8.64 —0.020 *** —8.40 —0.022 ***
SR —5.73 —0.030 *** —5.25 —0.040 *** —0.72 —0.007 —5.79 —0.066 *** —3.07 —0.022 ** —3.80 —0.025 ***

(MJ-m~2.day 1)

Note: *, **, and *** denote the significance levels of 0.05, 0.01, and 0.001, respectively. 3 is the estimated slope trend of ET,, § > 0 and § < 0 signify an upward and a downward trend,

respectively.

Z is the Mann—Kendall test statistic.
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Figure 4. Spatial distribution maps of (a) annual; (b) growing season; (c) spring; (d) summer; (e) autumn;
and (f) winter ET,f during 1961-2014 in the HRB.

As shown in Table 2, at the annual time scale, a significant downward trend of ET,e was found
in the whole HRB (—1.894 mm-a~?2), the upper and middle HRB and the Yi-Shu-Si River Basin.
A non-significant upward trend was detected in the lower HRB (0.177 mm-a~2). The magnitude of
the ET,,s trend followed the order: Middle > Upper > Yi-Shu-5i > Lower. During the growing season,
the magnitude of the change rate was slightly lower than that at the annual time scale, while the spatial
distribution was similar to that of the annual time scale. At the seasonal time scale, the magnitude of
the change rates of ET,s ranked in sequence as: summer > autumn > spring > winter in most of the
HRB, except the lower HRB, while in the lower HRB the magnitude of change rates of ET,, ranked in
a sequence as: spring > summer > autumn > winter. In spring, only ET). in the lower HRB exhibited
a significant increasing trend. In summer, ET, in all sub-regions showed significant decreasing trends.
In autumn, ET s in the middle HRB and Yi-Shu-Si River Basin exhibited significant decreasing trends.
However, in winter, no sub-region showed significant change trends. In the whole region, significant
decreasing trends were observed at most time scales, except spring and winter, during which the
change rate of ET,,s was the largest in the annual time scale.

The spatial distribution of seasonal ET s trends is displayed in Figure 5. Similar spatial distribution
(increased from northwest to southeast) was observed at the annual time scale and during the

growing season, ranging from —4.87 mm-a—2 to 1.79 mm-a~—2 and —4.38 mm-a~2 to 1.28 mm-a~?,
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respectively. Among which, most decreasing trends were significant. In spring, the significant
downward ET, trends were detected in the north parts of middle HRB and Yi-Shu-Si River Basin
stations. However, ET,,s in the majority of stations of the lower HRB exhibited significant upward
trends. Similar significant increasing trends could also be detected in some stations in the southern
upper and middle HRB. In summer, more than 90% of stations demonstrated the significant decreasing
trends of ET)., except the lower HRB. A general downward trend in ET), was observed in autumn
and winter, with about 52% and 26% of stations exhibiting significant decreasing trends, respectively.
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Figure 5. Spatial distribution maps of (a) annual; (b) growing season; (c) spring; (d) summer; (e) autumn;
and (f) winter ET, trends during 1961-2014 in the HRB. The upward and downward triangles represent
increasing and decreasing ET, trends The solid black triangle represents a significance level of 0.05.
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Table 2. Seasonal and annual trends of ET (mm-a—2) during 1961-2014 in each region of the HRB.
Annual Growing Season Spring Summer Autumn Winter
Region
Z B Z B Z B 4 B Z B 4 B

Upper —3.49 —1.787 *** —3.55 —1.578 *** 0.69 0.197 —4.97 —1.567 *** -1.76 —0.253 -1.12 —0.138

Middle —4.74 —2.561 *** —4.92 —2.287 *** —1.06 —0.331 —5.43 —1.596 *** —2.73 —0.400*  —1.82 —0.235
Yi-Shu-Si —3.88 —1.556 *** —3.83 —1.446 *** —0.60 —0.153 —4.43 —1.094 *** —2.25 —0.276 * —0.39 —0.044

Lower 0.45 0.177 0.15 0.062 3.04 0.660 ** -1.97 —0.498 * 0.91 0.100 0.93 0.075

Whole —4.09 —1.894 *** —4.25 —1.772 —-0.39 —0.122 —4.64 —1.307 *** —2.40 —0.308 * —1.24 —0.143

Note: *, **, and *** denote the significance levels of 0.05, 0.01, and 0.001, respectively.  refers to the estimated slope trend of ET,, § > 0 and § < 0 signify an upward and a downward

trend, respectively. Z is the Mann-Kendall test statistic.
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3.3. Sensitivity Coefficient of ET . to Climate Factors

To explore the effects of climate factors on ET,,y, sensitivity coefficients of air temperature,
relative humidity, wind speed, and solar radiation in each time period of the HRB are shown in Table 3.
Among all climate factors, only the RH showed negative sensitivity coefficients. Moreover, it declared
that the ETrEf showed more sensitivity to RH, with SR, TA, and WS followed closely at the annual
time scale in the whole HRB and every sub-region. In growing season, ET, in the upper and lower
HRB showed the highest sensitivity to RH, while the whole HRB and other sub-regions showed the
highest sensitivity to SR. At seasonal time scales, RH was the most sensitive factor in the whole HRB
and all sub-regions except in summer. However, in summer, SR was the most sensitive factor in the
whole HRB and most sub-regions, except the lower HRB. Meanwhile, RH was still the most sensitive
factor in the lower HRB. In addition, the sensitivities of ET, to TA and SR were higher in the summer
and during the growing season, but lower in the winter. The sensitivities of ET,, to RH in autumn
and winter seasons were much greater than that of other seasons. A detailed spatial distribution of
sensitivity coefficients in each time period can be found in Figure 6.
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Figure 6. Spatial distribution maps of (a) annual; (b) growing season; (c) spring; (d) summer; (e) autumn;
and (f) winter sensitivity coefficients during 1961-2014 in the HRB.
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Table 3. Annual and seasonal sensitivity coefficients of ET,, to the main climate factors in each region
of the HRB during 1961-2014.

Region Sensitivity Coefficient Annual Growing Season Spring Summer Autumn Winter
Upper S(TA) 0.463 0.634 0.493 0.695 0.541 0.122
S(RH) —0.963 —0.764 —0.853 —0.675 —1.032 —1.301

S(WS) 0.115 0.077 0.089 0.055 0.131 0.184

S(SR) 0.642 0.737 0.666 0.793 0.630 0.480

Middle S(TA) 0.461 0.640 0.498 0.700 0.544 0.102
S(RH) —0.850 —0.669 —0.739 —0.597 —0.907 —1.165

S(WS) 0.140 0.095 0.114 0.073 0.152 0.222

S(SR) 0.615 0.720 0.637 0.779 0.609 0.436

Yi-Shu-Si S(TA) 0.436 0.639 0.480 0.699 0.536 0.028
S(RH) —0.813 —0.663 —0.678 —0.642 —0.852 —1.082

S(WS) 0.156 0.100 0.138 0.065 0.169 0.253

S(SR) 0.582 0.701 0.591 0.778 0.577 0.383

Lower S(TA) 0.481 0.662 0.488 0.724 0.588 0.122
S(RH) —1.128 —0.929 —1.037 —0.864 —1.135 —1.478

S(WS) 0.111 0.067 0.074 0.042 0.138 0.191

S(SR) 0.614 0.718 0.636 0.783 0.602 0.433

Whole S(TA) 0.459 0.643 0.493 0.703 0.549 0.091
S(RH) —0.892 —0.713 —0.777 —0.653 —0.939 —1.204

S(WS) 0.138 0.090 0.112 0.065 0.152 0.222

S(SR) 0.610 0.717 0.629 0.781 0.602 0.427

Note: The bold fonts represent the most sensitive factors in each time period.

3.4. Quantitative Contributions of Climate Factors to ET

The contributions from climate factors to the long-term ET,,s change trends were calculated by
Equation (10). As observed from Figure 7, the change trends of the annual and seasonal ET),y estimated
using Equation (10) (C_ET)y) were well fitted with ET,,s trends estimated by the Theil-Sen’s estimator
(T_ET ). The R-squared value was larger than 0.94 in each time period and the slopes of the linear fit
approximated to 1. The specific ET,,f change trends calculated from two approaches in all sub-regions
in all time scales can be found in Table 4. The well-fitted relationship between C_ET s and T_ET s
suggested that it was reasonable and reliable to adopt the four climate factors in Equation (10) to
estimate its contributions to the change trends in ET.
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Figure 7. Relationship between the calculated C_ET,, and the estimated ET,, trend (T_ET,,) by

Theil-Sen’s estimator.

Based on the accuracy and applicability of the modified differential equation method, as shown
from Table 4, TA and RH had positive contributions to ET,, in the whole HRB and all sub-regions,
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except in some regions in summer. During the summer, TA showed small negative contributions in
the upper and middle HRB, and RH showed small negative contributions in the whole HRB, upper,
and middle HRB. WS and SR had negative contributions in the whole HRB and all sub-regions,
except small positive contributions in the lower HRB in spring. This demonstrated that TA and RH
were mainly responsible for the increasing trend in ET),, while WS and SR were mainly responsible for
the decreasing trend in ETref. At an annual time scale, with spring, autumn and winter, WS contributed
the most to ET, trends in the whole HRB and most sub-regions, except the lower HRB. In growing
season and summer, SR contributed the most to ET s trends in the whole HRB and most sub-regions
except the lower HRB. However, in the lower HRB, these factors contributed differently from other
regions. The most contributive factor was RH at the annual time scale, growing season and in spring,
then turned to SR in the summer and to WS in the autumn and winter. Further, it was noteworthy
that positive contributions of TA and RH could not counteract the negative ones of WS and SR,
which generated a significant downward trend (—1.894 mm-a~2) in the entire HRB at the annual
time scale. Overall, this implies that the significant decrease of WS was the dominant contributing
factor in ET,ef decline, followed by SR, TA, and RH, respectively. Similar findings were found in
the upper, middle HRB and Yi-Shu-Si River Basin. Additionally, at seasonal time scales, the total
contributions of the climatic variables in growing season and summer were much greater than that of
the contributions in spring, autumn and winter seasons, which fit reasonably well with results from
Table 1. Although the ET,,s was most sensitive to RH, the contribution of RH to ET), was generally
less in the whole region. On the other hand, the E Tref was the least sensitive to WS but the contribution
of WS was the highest in the study area. Furthermore, the most vital contributing factor RH in the
growing season and spring in the lower HRB merited more attention.

Table 4. Annual and seasonal contributions (mm-a~2) of the main climate factors to E T in each region

of the HRB during 1961-2014.

Region Contribution Annual Growing Season Spring Summer Autumn Winter
Upper C(TA) 0.572 0.248 0.324 —0.056 0.103 0.133
C(RH) 0.236 0.111 0.296 —0.153 0.121 0.066

C(WS) —1.300 —0.775 —0.334 —0.281 —0.386 —0.289

C(SR) -1.217 —1.203 —0.057 —1.028 —0.191 —0.122

C_ET,y —-1.710 —1.619 0.228 —-1.517 —0.353 —0.211

T_ET,f —1.787 —1.578 0.197 —1.567 —0.253 —0.138
Middle C(TA) 0.584 0.225 0.297 —0.039 0.121 0.158
C(RH) 0.054 0.008 0.141 —0.123 0.105 0.047

C(WS) —1.777 —1.038 —0.488 —0.405 —0.446 —0.389

C(SR) —1.383 —1.358 —0.115 —1.123 —0.257 —0.125

C_ET, —2.523 —2.163 —0.166 —1.690 —0.476 —0.309

T_ET,y —2.561 —2.287 —0.331 —1.596 —0.400 —0.235
Yi-Shu-Si C(TA) 0.831 0.417 0.375 0.065 0.159 0.200
C(RH) 0.289 0.153 0.177 0.020 0.092 0.078

C(WS) —1.622 —0.977 —0.567 —-0.321 —0.395 —0.325

C(SR) -1.133 —1.130 —0.096 —0.986 —0.224 —0.087

C_ET,f —1.635 —1.537 —0.112 —1.223 —0.368 —0.134

T_ET,y —1.556 —1.446 —0.153 —1.094 —0.276 —0.044
Lower C(TA) 0.878 0.523 0.379 0.119 0.189 0.168
C(RH) 1.012 0.768 0.467 0.242 0.243 0.154

C(WS) —0.983 —0.540 —0.285 —0.157 —0.285 —0.241

C(SR) —0.753 —0.720 0.056 —0.869 —0.109 —0.069
C_ET 0.155 0.031 0.617 —0.665 0.039 0.012
T_ET,y 0.177 0.062 0.660 —0.498 0.100 0.075
Whole C(TA) 0.679 0.310 0.329 0.004 0.137 0.167
C(RH) 0.254 0.151 0.207 —0.046 0.122 0.071

C(WS) —1.608 —0.944 —0.473 —0.345 —0.411 —0.347

C(SR) —1.222 —1.204 —0.080 —1.047 —0.223 —0.108

C_ET,y —-1.897 —1.687 —0.018 —1.434 —0.374 —0.217

T_ET,f —1.894 —1.772 —0.122 —1.307 —0.308 —0.143

Note: The bold fonts represent the most contributing factor in each time period.
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Figure 8 exhibits the seasonal and annual contributions of four climate factors to long-term ETy
change trends in each meteorological station in the study period. WS was the dominate driving force to
the changes in ET,,s at the annual time scale and spring, autumn, and winter seasons, which occupied
93, 94, 109, and 122 stations among a total of 137 stations in the whole HRB, respectively. On the
contrary, in the same time scales, TA, RH, and SR were the dominate driving force to the changes in
ET,., occupied 6, 6, 32 stations; 21, 21, 1 stations; 3, 8, 17 stations; and 10, 1, 4 stations among a total
of 137 stations in the HRB, respectively. In the growing season and summer, SR contributed most to
the change trends of ET,, especially in summer, which played a dominant role and occupied about
98.5% of stations of the entire HRB. Meanwhile, the TA, RH, WS, and SR acted as dominant parts in the
changes of ET s at 1,9, 45, and 82 stations during the growing season, respectively.
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Figure 8. Spatial distribution patterns of contributions of climate factors to ET,in (a) annual; (b) growing
season; (c) spring; (d) summer; (e) autumn; and (f) winter during 1961-2014 in the HRB.
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4. Discussion

4.1. Temporal Change Trends of ET,.f and Climate Factors in HRB

Global warming has become an accepted fact in the present era [31]. The warming rate in the
global mean surface temperature from 1951 to 2012 was 0.012 °C-a~!. However, the significant
increasing rate in TA (0.021 °C-a~!) in the entire HRB was two-fold larger than the global average [7],
which was echoed by Sun et al. [62]. An interesting phenomenon was observed in this study that the
TA in the upper and middle HRB demonstrated a slow and non-significant decreasing trend in summer.

Recently, the most significant decreasing rate of WS (—0.021 m:s~!-a~!) was detected in each
time scale in the HRB. Similar results were also found elsewhere [63]. The decreasing WS rate agreed
well with result of Guo et al. [64]. However, the magnitude of decreasing rate of WS in the HRB
was much greater than those in the other river basins [1,21] and different areas in China [65,66],
and also in East Asia [67]. The recent declining WS trend is mostly a result of large-scale atmospheric
circulation patterns on account of climate warming [68], weakened Siberian High and East Asia
Monsoon [69], descending temperature and pressure gradient [69-71], and intensified Asian zonal
circulation patterns [72]. In addition, increased land surface roughness caused by the increased
vegetation cover can give a reasonable explanation for the decreasing WS trend. Shan et al. [33] also
found this was the reason for declining of WS rate, especially in Northwest China, where Chinese
forestry and ecological projects have been implemented in large-scale forestation and reforestation.
Furthermore, accelerated urbanization caused by population expansion and economic growth may be
reasons for decreased WS, particularly in the regions near weather stations. Additionally, the decreasing
WS will reduce the migration of water molecules, reducing the impact of aerodynamic force on ETf,
therefore, lead to a downward trend in ET, [73]. However, the significant downward trend in the WS
at each station of the HRB is still a debatable matter and needs further study.

Solar radiation (SR) as one crucial energy source, has found to be in a decreasing trend [1,21,43]
which is similar to our results in the HRB. The radiation observation data showed that the SR decreased
before 1980s [74,75], then gradually increased after 1990s, this phenomenon was named “from dimming
to brightening” by Wild et al. [76]. As seen from Figure 3d, this phenomenon is not obvious in the
HRB, and SR exhibited a significant downward trend at the rate of —0.03 MJ-m~2-day !-a~! in the
annual time scale in the whole HRB. Possible reasons for this decreasing tendency are (1) the increased
regional cloud cover [77]; (2) the increased aerosol loading due to the pollutants from anthropogenic
emission [78,79]; (3) increased atmospheric moisture and the aggravated air-pollution caused by the
energy depletion; and (4) the significant decreasing WS rate which restrained the spread of aerosols
and pollutants [80].

In this study, we have drawn a conclusion that the TA increased significantly with a rate of
0.021 °C-a~ ! in last 54 years in the HRB, whereas, the ET,s exhibited a significant downward trend
(—1.894 mm-a~2) in the whole region. The significant decreasing ET,s in the HRB is in disagreement
with climate warming result [81,82]. This differs from the earlier findings by Hulme et al. [83] and
Goyal [82]. In fact, the two adverse change trends between the TA and ET,y are titled the “evaporation
paradox” proposed by Brutsaert and Parlange [13]. This paradoxical situation occurred in the HRB,
especially in the upper and lower HRB and the Yi-Shu-Si River Basin. This finding is echoed with
similar works in major basins of the Yangtze River [1], lower Yellow River [21], and Haihe River [84] in
China and in many regions worldwide [5,11,85]. However, our results about the “evaporation paradox”
slightly differ from the outcomes proposed by Thomas [15] which showed an increasing trend of
ET)in the northeast and southwest region of China. This is because of the absence of a long-term
meteorological dataset, a shortage of weather stations, and different study periods and areas in his
research; whereas our study data source is a long-time series dataset (1961-2014) from 137 weather
stations. McVicar et al. [63] conducted a worldwide research to study the ET, trend in the last three
decades, then the downward tendency was detected in many parts worldwide. However, the lower
HRB demonstrated an increasing ET,, this is also proved by results from Chu et al. [16].
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4.2. Impact of Climate Factors to ET e Trends

The outcomes exhibited that the RH was the most sensitive factor of ET,s in HRB, followed by
SR, TA, and WS, respectively, which coincided with the conclusions proposed by Gong et al. [86]
and Li et al. [31] in the Yangtze River Basin and also the Loess Plateau of Northern Shaanxi, China.
However, in summer and during the growing season, the ET s showed the most sensitivity to SR,
with TA, RH, and WS following, respectively. Similar findings could also be found in Spain [87] and
the United States [88]. Additionally, the RH was the most sensitive factor in ET,s in each time period of
the lower HRB. All these discoveries are in accordance with the findings from Chu et al. [16] in Jiangsu
Province, Eastern China. In fact, the meteorological factors influence ET, differently in different
study areas. Huo et al. [14] indicated that the WS had the strongest sensitivity in arid Northwest
China. Ye et al. [32] found SD was the dominating factor, with RH, WS, and TA following in the
Poyang Lake catchment. Gao et al. [30] studied the sensitivities of ET,, to the climate factors in the
crop growth period in West Liao River Basin, then found SR was the most sensitive factor, with RH
following. Moreover, Gao et al. [35] also have demonstrated SR was the most dominant factor for ET
in the same study area at the annual time scale, but varied at the seasonal time scale. The maximum
temperature (Ty.x) was the dominant climate factor for decreasing ET s in the Jing River Basin [8].
In other countries, Estévez et al. [87] proposed that ET,,s was most sensitive to TA, followed by RH,
SR, and WS in Spain. Irmak et al. [88] found ET,,s was most sensitive to VPD (Vapor pressure deficit)
in five locations of the United States, followed by WS in semiarid regions and SR in humid locations
during the summer months. Thus, we concluded that diverse climatic conditions, different latitudes
and elevations, and local environmental conditions are responsible for the various sensitivity analysis
results of meteorological factors to ET s changes in various areas of the world.

In our research, we also found that WS was the dominant contributing climatic factor in the
HRB. This result was echoed with results of Wang et al. [37], Zhang et al. [89], and McVicar et al. [63].
As shown above, RH was the most sensitive factor for ET, in the whole HRB, while WS was the
least sensitive factor to the ET,, in the same regions. This phenomenon may be due the change rate
of WS was much greater than that of RH. Ultimately, WS exhibited a greater contribution to ET s
trend. Thus, the higher contribution of RH in the lower HRB can be explained reasonably by the
significant decreasing trend of RH in each time period shown in Table 1. However, the SR contributed
more than WS in the growing season and summer, followed by TA and RH, respectively. This is
mainly the result of the high values of SR concentrated in the growing season and summer (Figure 2),
and its significantly decreasing trend during these periods (Table 1). Though the monthly change trend
of TA was similar to SR, TA exhibited a significant increasing trend, except in summer and during
the growing seasons, and these might be the main reason that SR exhibited a higher contribution
to ET s than TA in the same period. However, the non-significance of the TA trend in summer and
during the growing season was still unclear and needed to be further investigated. Similar to the
sensitivities, the different meteorological factors contributions to ET,s trends were discovered from
different areas and in different climatic conditions. Fan et al. [29] reported that the ET s had different
responses to climate factors across various climatic zones in China. Wang et al. [42] declared the
decreasing net radiation was responsible for the ET),s decrease in the three-river source area in China.
The significantly increasing TA was the main reason for decreasing ET in the entire Yellow River
Basin [21]. Thus, effects of climate factors on ET s need to be further analyzed, especially in areas with
varied climatic conditions, such as the HRB. Even though outcomes of this research indicated that the
sensitivity and quantitative contribution analysis can delineate the importance of model parameters to
output findings, which allows using it for making an accurate prediction, the methods of sensitivity
and quantitative contribution analysis can be extended to other regions.

4.3. Uncertainties

We have taken into consideration four main climate factors from the FAO-56 PM model and
analyze their effects on ET,, trends. Although we have developed the differential equation method by
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using RH instead of ¢, in this study to reduce the estimation error, some errors may still exist due these
four meteorological parameters influencing each other to some extent. Meanwhile, the systematic
and random errors, inherent in meteorological measurements, could also affect the values of climate
factors for estimating ET . [87]. At the same time, the influence of anthropogenic activities has acted
as a primary part in recent years (e.g., Peterson et al. [81], Wang et al. [37]) and more uncertain factors
are rising. Furthermore, attention should be drawn to some of the uncertainties that exist in the
partial derivatives of the ET,,z, such as relative and fluctuating values during the long-term study
period. The mean values of the partial derivatives of each climatic factor were used to calculate
the contributions to ET,s in our study which might generate more uncertainties [43]. In addition,
on account of the lack of observed solar radiation data, the empirical parameters (a;, bs) of the Angstrom
equation listed in Equation (3) might have changed during the past 54 years’ time series due to the
changed aerosol optical thickness in this area [90]. This is a crucial indication and may also constrain
the measured effects of the changes in SR on ET,,, ultimately leading to the underestimation of results
by adopting this approximate value for calculating solar radiation from sunshine duration [16].

5. Conclusions

We found the variation of ET, could not generate obvious spatial diversity, with the higher
values concentrated in the north of middle HRB and Yi-Shu-Si River Basin. ET,,s showed a significant
downward trend (p < 0.001) in the upper and middle HRB, and also the Yi-Shu-Si River Basin,
particularly in summer and during the growing season, while ET,, exhibited a slight increasing
trend in the lower HRB, especially significantly in spring. All these phenomena could be explained
reasonably by the variations in climate factors. TA had a significant upward trend in most time scales
except in summer; RH fluctuated obviously and showed a significant decreasing trend in the lower
HRB in each time scale; WS exhibited a significant decreasing trend in all sub-regions in each time
scale; and SR had a significant downward trend in most time scales, except in spring. According to the
sensitivities of ET,,s to climate factors in the HRB, the negative RH showed as the most sensitive factor
in most sub-regions, with the positive SR, TA, and WS following, respectively. However, the ET,,s was
most sensitive to SR in the growing season and summer in most sub-regions except the lower HRB.
Based on the developed differential equation method, WS was the most contributing factor, followed by
SR, TA, and RH in most time scales, while the SR contributed most to the ET,e trends in growing season
and summer in most sub-regions, except the lower HRB. Generally, the negative contribution values
of the WS and SR would offset the positive ones of TA and RH, which lead to an overall significant
decreasing trend in ET, in relevant sub-regions and time scales. However, in the lower HRB, the RH
contributed most to ET s, with WS, TA, and SR following, which could be responsible for the slightly
increasing trend in ET) here.

This research deepens insights into the change patterns of regional climate and ET,;, which will
offer a scientific theoretical foundation for future investigation on the actual evapotranspiration (ET) of
this basin. This research also plays a pivotal role in analogical agricultural crop production and irrigation
management. The estimation of ET by using the physical model, as well as remote sensing and land use
data, in recent years is an important study, which will delineate the spatiotemporal patterns of ET and
its controlling factors in the HRB in the context of rapid urbanization and climatic change. It deserves
further investigation and can be a promising extension of this present research work.
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Appendix A. Validation of the Hargreaves—Samani Method for Estimating Solar Radiation
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Figure A1. (a) The fitting precision of the SR_HS (SR calculated with Hargreaves—-Samani method),
(b) compared with the SR_SD (SR calculated with SD), and (c) the fitting precision of ET .z HS (ET},¢
calculated with Hargreaves-Samani method) compared with (d) the ET . SD (ETef calculated with SD).
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