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The variations in the reference evapotranspiration (ET0) are closely related to

meteorological factors. The purpose of this study is to explore the relationships

between themeteorological factors and the ET0. Based onmeteorological data

from 26 meteorological stations in the Yiluo River Basin (YLRB) and its

surrounding areas from 1958 to 2020, in this study, the temporal and spatial

variations and driving factors of the ET0 in the YLRB are investigated. The results

are as follows. Spatially, the annual ET0 decreases from the northeast to the

southwest in the YLRB. Temporally, the annual ET0 exhibits a fluctuating

decreasing trend rather than a monotonic decreasing trend during the entire

period. The trend of the ET0 contains two mutation points, in 1972 and 1994.

Thus, the research period can be divided into three periods. It is concluded that

the variations in the ET0 are the most sensitive to the relative humidity, but the

driving factor that contributes the most to the variations in the ET0 is the wind

speed. The driving factors are closely related to the rates of relative change of

the meteorological factors.
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1 Introduction

According to the high-quality development requirements of the Yellow River, the

development of the YLRB has mainly focused on ecological protection.

Evapotranspiration is an important component of water exchange in nature, a main

link in the water cycle (Jiang et al., 2016; She et al., 2017; Yu et al., 2020), and an important

indicator of ecological assessment. Evapotranspiration is also an important exchange

channel in the global energy balance (Yin et al., 2010; Vadeboncoeur et al., 2018). The ET0

is affected by many meteorological factors, mainly including the temperature, relative
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humidity, sunshine duration, and wind speed (Allen et al., 1998).

The ET0 changes as the meteorological factors change (Darshana

et al., 2013). In the past few decades, the climate has been

warming (Bian et al., 2020). Moreover, with the returning

farmland to forests initiative, the vegetation coverage on the

Loess Plateau has increased greatly (Li et al., 2016; Feng et al.,

2016). With the increase in vegetation cover, the regional water

cycle has also been indirectly or directly affected (Zhang et al.,

2018; Lv et al., 2019; Yu et al., 2020).

In studies of the driving factors of ET0 changes, the main

point is the impacts of the meteorological factors (Allen et al.,

1998; Yin et al., 2010; Zhang et al., 2014; Wu et al., 2021). A range

of methods are required to determine the driving factors. For

time series, the Mann-Kendall (M-K) trend test (Han et al., 2018;

Wang et al., 2019; Pour et al., 2020), Sen’s slope (Xu et al., 2015;

Shi et al., 2017; Wu et al., 2021), and least square method (She

et al., 2017; Bian et al., 2020; Xie et al., 2020) can be used to

analyze the trend of the ET0. In addition, the M-K test (Pour

et al., 2020), moving T-test (Yang et al., 2021), and Pettitt test (Shi

et al., 2017) are the main methods for testing ET0 mutation

points. The most common spatial interpolation methods are

mostly Spline interpolation (Xu et al., 2015), inverse distance

weight interpolation (IDW), and Kriging interpolation (Yu et al.,

2020). Kriging interpolation has a better effect on spatial

interpolation, but the data requirements are more complex.

The methods of evaluating the contributions of meteorological

factors to ET0 changes mainly include the differential method

(She et al., 2017; Wu et al., 2021) and stepwise regression method

(Yu et al., 2020). Furthermore, the main driving factors are

determined by the contributions of the meteorological factors

to the ET0 changes. According to the previous research, the ET0

changed from a decreasing trend to an increasing trend in 1990s

in most parts of China (Yin et al., 2010; Han et al., 2018; Wang

et al., 2019;Wang et al., 2019). The driving factor of ET0 change is

wind speed in most regions (She et al., 2017; Chai et al., 2018; Wu

et al., 2021). The driving factors of ET0 change vary spatially and

temporally (Chai et al., 2018). In Bangladesh, the sunshine

duration and wind speed were found to be the main driving

factors of the ET0 reduction (Bian et al., 2020). However, in

Malaysia, it was found that the ET0 exhibited an increasing trend,

and the main driving factor was the minimum temperature (Pour

et al., 2020).

FIGURE 1
Map of the study area.
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Under the policies of returning farmland to forests and

protecting natural forests, the forest area in the Yellow River

Basin has steadily increased (Li et al., 2016). The YLRB is an

important area in the middle reaches of the Yellow River Basin.

The YLRB has been evaluated as an ecological civilization

demonstration area. The variations in and driving factors of

the ET0 after ecological construction were the focus of this study.

In addition, the driving factors of the variations in the ET0 were

assessed through the relative rates of change of the

meteorological factors. The main goals of this study were to

determine characteristics of the temporal and spatial variations

in the ET0 and to analyze the driving factors of the variations in

the ET0.

2 Data and methods

2.1 Study area

The Yiluo River is a tributary of the Yellow River, and it is

located in the southeastern part of the YellowRiver Basin. The YLRB

mainly includes two rivers, the Luo River and the Yi River. The

YLRB covers an area of 18462.96 square kilometers. As showed in

Figure 1, the terrain of the YLRB is high in the southwest and low in

the northeast. The altitude range is 92–2,587 m. The annual average

precipitation is 647–845 mm in the basin. The upper reaches of the

YLRB are humid areas, and the rest are semi-humid areas. The basin

climate is continental monsoon.

The data used in this study were mainly meteorological

data, land use data, and digital elevation model (DEM) data

(Table 1). Daily data from 26 meteorological stations were

obtained (Figure 1). Based on the daily meteorological data,

the daily ET0 data were calculated by using the Penman-

Monteith formula. Then, the monthly and annual scale ET0

data were accumulated by using daily ET0 data. The

meteorological data included daily average temperature,

wind speed, atmospheric pressure, average relative

humidity, and sunshine duration from 1958 to 2020. The

DEM data were used to analyze the topographic changes in the

YLRB. The land use data were used to analyze the impact of

the land use change on the ET0. The spatial distribution of the

daily ET0 was obtained by using IDW spatial interpolation

method.

2.2 Penman-Monteith formula.

The ET0 is the amount of evaporation from a reference surface

when it is sufficiently wet. The ET0 was calculated using the Penman-

Monteith formula recommended by the Food and Agriculture

Organization of the United Nations (FAO) (Allen et al., 1998).

The background of this method is an ideal grass cropland (crop

height = 0.12 m, albedo = 0.23, resistance surface = 70m/s), where

the land surface is sufficiently wet. The meteorological factors

required to use the Penman-Monteith formula are the daily

average temperature (T, °C), average relative humidity (RH, %),

sunshine duration (SSD, hour), and wind speed (U, m/s) 2 m above

the ground. The daily average temperature is defined as the average

value of the daily maximum temperature and minimum

temperature. Actual vapor pression is derived as:

ea � RH e( 0 T max( ) + e0 T min( ))/2[ ]/100

where ea is the actual vapor pression (kPa), RH mean relative

humidity, e0 (Tmax) saturated vapor pressure at a maximum

temperature, e0 (Tmin) saturated vapor pressure at a minimum

temperature.

2.3 Sensitivity analysis

S(x) is the sensitivity coefficient of the variable, and it reflects

the response degree of the dependent variable to the change in

the independent variable (McCuen, 1974). The ET0 is influenced

by multiple meteorological elements, and the essence of the

sensitivity analysis of the ET0 is the response degree between

the ET0 and climatic factors. Sensitivity analysis was conducted

to derive the dimensionless formula of the ET0 sensitivity

coefficient to a single meteorological factor through the partial

derivative (Zhang et al., 2014; Wang et al., 2016). When the

sensitivity coefficient is positive, the ET0 increases as the climate

factor increases. When the sensitivity coefficient is negative, the

ET0 decreases as the climate factor increases. The greater the

absolute value of the sensitivity coefficient is, the greater the

sensitivity of the ET0 to the meteorological factor is.

2.4 Contributions of climate variables to
the ET0 changes

In this study, the contributions of the meteorological factors

to the ET0 changes were explored using the differential equation

method (Zhang et al., 2014; Zheng and Wang, 2015). The

TABLE 1 The sources and description of data.

Data Description Data sources

Meteorological
data

Wind speed; maximum
temperature; minimum
temperature; relative humidity;
sunshine duration

The China Meteorological
Data Service Center (https://
data.cma.cn/)

DEM data Spatial resolution: 30 × 30 m National Geomatics Center
of China

Land use data 2000, 2010, and 2020 National Geomatics Center
of China
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proportional contribution of the climate factors to the long-term

trend of the ET0 is calculated as follows:

ρ x( ) � C x( )
L ET0( ) × 100%

where, L(ET0) is the long-term change trend of the ET0, and C(x)

is the contribution of the meteorological factors.

In general, the sum of the contribution proportions of the

meteorological factors to the ET0 change will not be strictly equal

to 100%. This is because there is an uncertain relationship among

the variables, and the calculated contribution rate will be greater

than or less than 100%.

2.5 Trend detection method

2.5.1 Sen’s slope
In this study, Sen’s slopewas used to calculate the change trends of

themeteorological data and the ET0 time series data (Sen, 1968). Sen’s

slope is widely used in meteorological and hydrological research. Its

advantage is that it can reduce the influence of the outliers in the data.

2.5.2 M-K test
The Mann-Kendall test is a non-parametric statistical test

method (Mann, 1945; N. L. J, 1949; Guo et al., 2019; Kendall,

1975). The advantages of this method are that the measured

values do not need to obey a normal distribution and the trend is

not required to be linear. It is widely used to determine the

significance of the trend of long time series data.

The significance level is calculated using the values of the Z-test

statistics. In this study, two significance levels, 95% and 99%, were

set. There two significance levels correspond to significant (S) and

very significant (VS.). The corresponding Z values respectively are |

Z | > 1.96 (p < 0.05), and | Z | > 2.58 (p < 0.01) (Niu et al., 2021).

2.6 Mutation point test

In this study, the M-K mutation point test (Mann, 1945; N. L. J,

1949; Kendall, 1975) and the moving T-test (Wang et al., 2018) were

used to determine the mutation characteristics of ET0 in time series

(Figure 2). The mutation point of the ET0 on the annual scale sequence

was analyzed by using aMatlab algorithm, and the appropriatemutation

point was determined by combining the results of the two methods.

3 Results

3.1 Temporal and spatial variations in
the ET0

From 1958 to 2020, the multi-year average ET0 in the

YLRB was 998.36 mm. It can be seen from Figures 3, 4 that

the ET0 was higher in the northeast and lower in the south,

with a variation range of 853.18–1,188.68 mm. The highest

ET0 value occurred in the northeast, and the lowest value

occurred in the center of the basin. It can be seen from

Figure 4 that the ET0 exhibited an increasing trend in several

areas in the southern and northwestern parts of the basin. In

most areas of the basin, it exhibited a decreasing trend, and

it decreased significantly in the northern region. The ET0 of

the entire basin exhibited a decreasing trend from 1958 to

2020, with an average rate of change of −0.871 mm/yr

(p < 0.05).

3.2 Mutation points of ET0

In this study, the mutation points in time series of the ET0

were determined using the M-K mutation point test and the

moving T-test. According to Figure 5, the common mutation

point, detected using these two methods was 1972. In

addition, 1994 was identified as an obvious mutation point

using the moving t test. Therefore, the mutation points of the

ET0 sequence were in 1972 and 1994. Similar ET0 mutation

points were also found in the middle reaches of the Yellow

River (She et al., 2017; Niu et al., 2021). According to the

mutation points obtained in this study, the entire study period

was divided into three periods, namely, 1958–1972,

1973–1994, and 1995–2020.

According to the mutation points, the rates of change of

the ET0 were 2.93 mm/yr during 1958–1972, −4.113 mm/yr

(p < 0.01) during 1973–1994, and 2.097 mm/yr during

1995–2020. The ET0 exhibited a decreasing trend over the

entire time series, with an average rate of change

of −0.871 mm/yr (p < 0.05). During 1958–1972 and

1995–2020, it exhibited an increasing trend. According to

Figure 6, the change in U was the most obvious. During

1973–1994, the U decreased very rapidly. However, T began

to increase rapidly around 1983 and decreased slowly after

2000. The changes in these meteorological factors may have

affected the changes in the ET0.

3.3 Analysis of contributions

3.3.1 Sensitivity of ET0 changes to
meteorological factors

The sensitivity of the ET0 changes to the meteorological

factors varied temporally and spatially (Figure 7). During

1958–2020, the average sensitivity coefficients of the ET0 to

the RH, T, U, and SSD were −0.856, 0.254, 0.204, 0.170,

respectively. The variations in the ET0 were the most

sensitive to the RH and the least sensitive to the SSD. As

shown in Table 2 The sensitivity coefficients (S(x)),

contributions (C(x)), and proportional contributions
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(ρ(x)) in the different periods, the ET0 changes were always

the most sensitive to RH during the different periods, but

the sensitivity gradually decreased over time. The S(T)

tended to increase. S(U) increased significantly from

1994 to 2020. Spatially, S(T) was larger in the central

and eastern parts of the basin. S(U) was larger in the

northern part of the basin. S (RH) was larger in the

eastern part of the basin; S(SSD) was larger in the

western part of the basin.

3.3.2 Contributions of meteorological factors to
ET0 changes

During 1958–2020, the contribution of U to the ET0

changes was the largest. According to Table 2, the

contributions of the meteorological factors to the ET0

changes during 1958–2020 were as follows:

C(U) = −0.427 mm/yr, C(T) = 0.227 mm/yr, C (RH) =

0.282 mm/yr, C(SSD) = −0.357 mm/yr. The proportional

contribution of the U was the largest (118.28%). The T and

FIGURE 3
The spatial distribution of the annual ET0 in the YLRB during 1958–2020.

FIGURE 2
Workflow of this study.
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RH had positive effects on the ET0, while the U and SSD had

negative effects. This result is consistent with the trend of the

meteorological factors. The comprehensive effect of the four

meteorological factors on the ET0 in the YLRB

was −0.225 mm/yr.

The driving factors of the variations in the ET0 changes over

time changed over time. During 1958–1972, the proportional

contribution of the SSD was 406.14%, and it was the main

driving factor. Under the influence of the SSD, the ET0 tends to

increase. During 1973–1994, the proportional contribution of

the U was 74.21%, and it was the main driving factor. The

contribution of the U to the changes in the ET0 was positive

during this period. During 1995–2020, the proportional

contribution of the RH was 76.06%, and it was the main

driving factor. The contribution of the RH to the change of

the ET0 was positive during this period.

The comprehensive contribution of the meteorological factors

was 0.18 mm/yr during 1958–1972, −4.58 mm/yr during

1973–1994, and 1.30 mm/yr during 1995–2020. The combined

contribution was positive during 1958–1972 and 1995–2020, and

negative during 1973–1994. Although the contributions of the

meteorological factors to the ET0 changes fluctuated, the impact

was negative throughout the study period.

According to Figures 3, 8, the Uwas themost important driving

factor of the decrease in the ET0 spatially, with a contribution ratio

of greater than 200%. Themain influence region of the U was in the

northeastern part of the basin, and the other regions were mainly

affected by the T and RH. In the regions where ET0 increased, the U

and RH were the main driving factors. In the northwestern part of

YLRB where ET0 increased, the effect of the T was more obvious.

The effects of the U and RH were more obvious in the southern

region where ET0 increased.

Overall, the main driving factors of the ET0 changes

changed over time, but the U was the most important

influencing factor. Although the T exhibited an increasing

trend, the effect of the T was offset by the effects of the

other factors. Similar results have been reported for other

areas (She et al., 2017). Spatially, the U is the main driving

factor in most areas of the basin, especially in the areas where

ET0 decreased.

FIGURE 5
Temporal mutation characteristics of the ET0: (A) the M–K test; (B) the moving T-test.

FIGURE 4
Slope of the ET0 on the spatial scale:(A) slopes of ET0; (B) significance levels of ET0.
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FIGURE 7
Spatial distribution of the sensitivity coefficients: (A) the distribution of S(T); (B) the distribution of S(SSD); (C) the distribution of S (RH); (D) the
distribution of S(U).

FIGURE 6
Variation trends of the meteorological factors: (A) the variation trend of T; (B) the variation trend of SSD; (C) the variation trend of RH; (D) the
variation trend of U.
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4 Discussion

4.1 Relationships between meteorological
factors and ET0

During 1958–2020, among the four meteorological factors,

the variations in the ET0 were the most sensitive to the RH, but

the U contributed the most to the variations in the ET0. This

indicates that the most sensitive meteorological factor (RH) was

not the driving factor of the ET0 changes. This finding also

confirms that there are differences in the sensitivities of the

meteorological factors and the driving factors in other regions

(She et al., 2017; Wu et al., 2021).

The mean values of the U, T, RH, and SSD were 1.77 m/s,

12.78°C, 0.653, and 5.83 h, respectively. The interannual variation

trend of the RH was −0.026%/yr, i.e., it did not decrease

significantly. That of the U was −0.0083 m/s/yr (p < 0.01),

i.e., it decreased significantly. That of the T was 0.0123°C/yr

(p < 0.01), i.e., it increased significantly. That of the SSD

was −0.011 h/yr (p < 0.01), i.e., it decreased significantly.

The relative rates of change of the meteorological factors

were used to measure the change degrees of the meteorological

factors, that is, the ratio of the slope of the change trend to the

average value within a period. The relative rates of change of the

U, RH, T, and SSD during 1958–2020 were −0.395%, −0.040%,

0.096%, and 0.189%, respectively. The U exhibited the largest

relative rate of change among the four meteorological factors,

while the RH exhibited the smallest.

The driving factor of the ET0 changes was related to the

relative rates of change of the meteorological factors. During the

study period, the U exhibited the largest relative rate of change,

while the RH exhibited the smallest. Similarly, although the

variations of the ET0 were the least sensitive to the SSD, the

contribution of the SSD was only smaller than the U. The relative

rate of change of the SSD was only smaller than that of the U.

FIGURE 8
The proportional contributions of the meteorological factors on the spatial scale: (A) The proportional contributions of T; (B) The proportional
contributions of SSD; (C) The proportional contributions of RH; (D) The proportional contributions of U.

TABLE 2 The sensitivity coefficients (S(x)), contributions (C(x)), and
proportional contributions (ρ(x)) in the different periods.

RH SSD U T

1958–1972 S(x) −0.936 0.173 0.194 0.245

C(x) (mm/yr) −0.170 1.190 −0.426 −0.414

ρ(x) (%) −5.802 40.614 −14.539 −14.130

1973–1994 S(x) −0.839 0.175 0.190 0.252

C(x) (mm/yr) −0.970 −0.822 −3.052 0.265

ρ(x) (%) 23.584 19.985 74.214 −6.443

1995–2020 S(x) −1.113 0.166 0.222 0.261

C(x) (mm/yr) 1.595 −0.953 1.183 −0.528

ρ(x) (%) 76.061 −45.446 56.414 −25.179

1972–2020 S(x) −0.831 0.224 0.260 0.313

C(x) (mm/yr) 0.282 −0.357 −0.427 0.277

ρ(x) (%) −78.12 98.89 118.28 −76.73
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Therefore, we conclude that the contributions of the

meteorological factors to the ET0 change should be closely

related to the ranges of the changes in the meteorological

factors. Therefore, sensitivity may not be the primary

consideration when considering the impact of meteorological

factors on ET0 changes. A similar phenomenon was also found in

a study of the middle reaches of the Yellow River. The driving

factors of the ET0 were the meteorological factors with large

relative rates of change. As a part of the middle reaches of Yellow

River Basin, this result is consistent with the previous studies in

the middle reaches of Yellow River Basin (She et al., 2017).

Similarly, the U are also the main driver of the ET0 changes in

other regions (Zhang et al., 2014; She et al., 2017; Wang et al.,

2019). In addition, it also explains the phenomenon of

evaporation paradox to some extent.

In YLRB, the major driving factors varies spatially. The Uwas

the main driving factor of the ET0 in the regions of the YLRB in

which the ET0 decreased. However, in the regions where the ET0

increased, the U and RH were the main driving factors. On a

larger scale, there are differences in driving factors between

different regions. In northern China, U is the driving factor of

ET0 change in major regions, especially the Yellow River basin

and Beijing-Tianjin region (Shan et al., 2015; She et al., 2017;

Chai et al., 2018; Kang et al., 2021). And the vapour pressure

deficit is the driving factor in the south of the Chang Jiang River

basin and Tibet (Shi et al., 2017; Chai et al., 2018). In the Loess

Plateau, U is also the driving factor in semi-arid region. However,

the driving factor of the semi-humid region of the Loess Plateau,

where climate is similar to the YLRB, is solar radiation (Li et al.,

2022). These differences may not take into account the influence

of altitude (Kang et al., 2021).

When calculating the ET0 using the Penman-Monteith formula,

we assumed that the four meteorological factors were independent

of each other. However, there are uncertainties among the

meteorological factors, which may lead to errors in the calculated

results. The sensitivities and the ET0 to the meteorological factors

and their contributions to the change in the ET0 evaluated using the

differential method will also be affected.

Human activities change the state of nature, which affects the

ET0 by influencing themeteorological factors. However, this process

is hard to capture in research. Due to the ecological construction in

the YLRB, the vegetation coverage increased continuously (Li et al.,

2016). And the rapid development of urbanization leads to the

continuous expansion of urban area. Thesewould have increased the

surface roughness, leading to lower wind speeds. This phenomenon

is found all over the world, which also known as ‘wind stilling’

(Roderick and Farquhar, 2002). A decrease in U also tends to lead to

the accumulation of clouds, leading to a decrease in solar radiation

(Xiong et al., 2020). The ET0 was potentially affected by these

changes. Nationwide, U and SSD all turned around 1990 (Wild,

2009; Xiong et al., 2020). In terms of time, themutation point of ET0

in 1994 in this study is synchronous with the changes of these two

meteorological factors. At the same time, it is found in this study that

the influence areas of U and SSD are also highly coincident,

indicating that there is a relationship between them.

5 Conclusion

Based on meteorological data from 26 meteorological stations

in the YLRB and the surrounding area from 1958 to 2020, in this

study, the spatial and temporal variations in and driving factors of

ET0 were investigated. Overall, the annual average ET0 exhibited a

decreasing trend with a rate of change of −0.871 mm/yr. Spatially,

the rate of change of the ET0 gradually changed from a significant

decreasing trend to a significant increasing trend from north to

south in the basin. The ET0mainly increased in the south and a few

areas in the northwest. During the entire study period, the T

mainly exhibited an increasing trend, while the other

meteorological factors exhibited decreasing trends with different

slopes. The U exhibited the largest relative rate of change. The

mutation points were in 1972 and 1994. Thus, the entire research

period was divided into three periods.

The sensitivity coefficients of the four meteorological factors

revealed that the effect of the RHwas negative, while some of the T,

U, and SSDwere positive during 1958–2020. The ET0 was the most

sensitive to the RH, but the sensitivity gradually decreased. The

sensitivity varied over time. The contributions of themeteorological

factors to the changes in the ET0 varied greatly during different

periods. During 1958–2020, the contribution proportion of the U

was 118.28%, and that of the T was −76.73%. The U was the

dominant factor affecting the variations in the ET0, and the T had

the least effect. During 1958–1972, the SSD was the largest driving

factor of the changes in the ET0. During 1973–1994, the U was the

largest driving factor of the change in the ET0. During 1995–2020,

the RHwas the largest driving factor of the changes in the ET0. The

most sensitive meteorological factor (RH) was not the

meteorological factor (U) that contributed the most to the

changes in the ET0 from 1958 to 2020. The driving factors were

closely related to the relative rate of change of the meteorological

factors. The SSDmay be affected by the U, which affects the ET0 in

turn. The above research, results provide a better understanding of

the relationships between the ET0 and themeteorological factors, as

well as theoretical support for practical applications.
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