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Abstract: As the “Asian Water Tower”, understanding the hydrological cycles in Qinghai Province
and its interior is critical to the security of terrestrial ecosystems. Based on Moderate Resolution
Imaging Spectroradiometer (MODIS)16 evapotranspiration (ET) remote sensing data, we used least
squares regression, correlation analysis, and t-test to determine the temporal and spatial changes and
trends of ET in Qinghai Province and its five ecological functional regions, located on the Qinghai–
Tibet Plateau (Plateau) Western China from 2000 to 2020. In addition, we discussed the main factors
affecting the changes of ET in different regions of Qinghai Province over the first two decades of the
21st century along spatial as well as altitudinal gradients. The results showed that: (1) the average
annual ET in Qinghai Province was 496.56 mm/a, the highest ET value appeared in the southeast
of the study area (684.08 mm/a), and the lowest ET value appeared in the Qaidam region in the
northwest (110.49 mm/a); (2) the annual ET showed an increasing trend with a rate of 3.71 mm/a
(p < 0.01), the place where ET decreased most was in the Three-River Source region (−8–0 mm/a) in
the southwest of the study area, and the ET increased the most in the Hehuang region in the east of the
study area (9–34 mm/a); (3) temperature (T) was the dominant ET change factor in Qinghai Province,
accounting for about 65.27% of the region, followed by the normalized difference vegetation index
(NDVI) and precipitation (P) for 62.52% and 55.41%, respectively; and (4) ET increased significantly
by 2.84 mm/100 m with increasing altitude. The dominant factors changed from P to NDVI and T as
the altitude increased. The research is of practical value for gaining insight into the regional water
cycle process on the Plateau under climate change.

Keywords: ET; Qinghai Province; driving factors; elevation-dependency

1. Introduction

On a global scale, the asymmetry of climate change leads to heterogeneity among
ecosystems [1], affecting atmospheric water vapor content, and causing significant changes
in water cycle systems, such as precipitation (P) and evapotranspiration (ET) [2]. As
the central link in water, energy, and carbon cycles in the climate system, ET refers to
the process by which surface water vapor enters the atmosphere in gaseous form [3],
including soil evaporation and plant transpiration, and is also an active factor in any
regional ecosystem. ET is a complex physical and biological process whose rates vary over
time across the landscape as a function of differences in temperature (T), precipitation (P),
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and vegetative land cover. Studies have shown that global land ET provides about 60% of
P to the atmosphere, and it may be even higher in arid regions [4]. Therefore, clarifying the
spatial and temporal dynamic response of ET to climate change is of great significance for
predicting regional and global hydrological cycles [5].

Most traditional methods for measuring ET are based on an on-site scale, including
flux tower measurement [6], indirect estimation [7], empirical model [8], semi-empirical
model [9], and process model [10]. However, the spatial heterogeneity of ET and the
complexity of hydrological processes limit the application of these methods in regional
and global scale assessments [11]. With the development of remote sensing, ET data can
be obtained on a larger geographic scale, and with better timeliness, accuracy, and econ-
omy [12]. In particular, the Moderate Resolution Imaging Spectroradiometer (MODIS)16
global surface land ET data set, which is calculated based on the Penman–Monteith for-
mula, can reach 86% simulation accuracy with high resolution and continuous coverage
in different temporal and spatial scales around the world [7], has been widely used and
its reliability of results have been verified. Liaqat et al. used flux tower measurements
of semi-humid farmland and temperate forest in the Korean Peninsula to evaluate the
accuracy of MODIS16 ET data, and found that MODIS16 data can provide reasonable
accuracy for daily ET changes [13]. Xu et al. compared 12 types of ET data in the United
States and found that MODIS16 data could capture seasonal changes in ET [14]. Studies of
the Three Gorges Reservoir [15], North China Plain [16], and Taohe Basin [17] in China also
showed that MODIS16 ET data could provide reasonable accuracy.

The Qinghai–Tibet Plateau (Plateau) has profoundly affected East Asia and the global
atmospheric water cycle through special dynamic and thermal effects, and has become a
critical sensitive region for global climate change [18]. Since the 1950s, the T of the Plateau
has increased significantly, and P has increased slightly [19], which inevitably leads to ET
changes in response [20]. Studies have shown that there are significant spatial differences
in the interannual ET trends on the Plateau [21,22], and P is the main factor affecting the ET
on the Plateau [2]. However, in Tibet’s Ali, Lhasa River Valley, Qinghai Haibei region [23],
and northeastern Plateau [24], ET was closely related to radiation and T. Meanwhile, the
driving factors for the ET of different underlying surfaces were also different. The ET
of wetlands and Kobresia humilis meadows was mainly affected by T [25,26], while that
of alpine shrubs, alpine meadows, and alpine wetlands was determined by P [27,28]. In
addition, factors, such as atmospheric water vapor, normalized difference vegetation index
(NDVI), and soil moisture, also significantly impact ET [29–31]. These studies showed
that the driving factors of ET were highly uncertain [32], depending on the difference
in ecosystems caused by factors, such as the latitude and altitude of the study region,
affecting the formation and feedback of the regional hydrological cycle [33]. The adaptation
process of terrestrial hydrological evolution brought about by ET has a significant spatial
connectivity. In practical applications, water resource managers and decisionmakers are
more concerned about the temporal and spatial distribution and driving factors of ET at the
administrative scale, such as provincial and city scales, rather than just watersheds or other
natural subdivisions, yet, many current studies ignore this fact, which is not conducive to
the implementation of unified water resources management and allocation.

Qinghai Province is the birthplace of Asian rivers, including the Yangtze River, the
Yellow River, and the Lancang River. It is also the most populous region on the Plateau,
and the study of its ET is of great significance to the ecological and hydrological systems
of the Plateau. At present, studies on ET in Qinghai province have only focused on the
watershed scale, such as Three-River Source [34] and Shaliu River Basin [35], but there
is no comprehensive exploration from a spatial and altitudinal perspective. The purpose
of this research is to: (1) evaluate the applicability of MODIS16 ET data in the terrestrial
ecosystem of Qinghai Province; (2) analyze the temporal and spatial changes of ET in
Qinghai Province from 2000 to 2020; and (3) assess the impact of climate factors (P, T) and
environmental factors (NDVI) on ET over spatial and altitude gradients. The research is
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expected to provide a theoretical basis for exploring regional environmental protection,
climate change, and agriculture and animal husbandry production in Qinghai Province.

2. Materials and Methods
2.1. Study Region

Qinghai Province is located in the northeastern part of the Plateau, between 89◦25′–103◦04′ E
and 31◦39′–39◦11′ N, with a region of 717,500 square kilometers (Figure 1). Based on
the ecological environment zoning management and control system, which from the
perspective of ecological and environmental protection, promote differentiated and refined
management in different regions, it has been divided into five ecological function zones
in the province’s administrative regions by the Qinghai Provincial government: (1) the
Three-River Source region; (2) the Qaidam Basin region; (3) the Qilian Mountain region;
(4) the region around Qinghai Lake; and (5) the Hehuang region. Among them, the Three-
River Source region, which is the birthplace of the Yellow River, the Yangtze River, and
the Lancang River, focuses on water conservation and biodiversity function maintenance
to ensure the water source of the “Asian Water Tower”; the Qilian Mountain region, an
important water source in the Hexi Corridor of China, such as the Shiyang River, Heihe
River, and Shule River, focuses on the ecological management and restoration to improve
the water conservation function; the region around Qinghai Lake focuses on maintaining
biodiversity function to promote the positive cycle of the watershed, woodland, grassland
and wetland ecosystems, and biodiversity ecosystems; the Qaidam Basin region focuses on
coordinating the relationship between protection and development, protecting the original
ecological surface and landforms, and rationally developing mineral resources; and the
Hehuang region focuses on the restoration and rehabilitation of the environment.
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Figure 1. Location of Qinghai Province and its five ecological function zones.

The terrain of Qinghai Province is exceptionally complex, with an average altitude
of over 3000 m. It has formed a unique “plateau climate” with cold winters and short
summers. The annual average T ranges between −5 ◦C and 8 ◦C, with higher T distributed
from Hehuang Region to Qaidam. P decreases from southeast to northwest, with annual P
below 400 mm in most regions [36]. The main vegetation types in this region are alpine
shrubs and alpine meadows [37].
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2.2. Data Source and Processing

The ET discussed in this paper is the actual evapotranspiration, and the ET remote
sensing product we used is the MODIS16 A3 global terrestrial ET product (Table 1), which
is a remote sensing image data set based on the Penman–Monteith algorithm for calculating
global surface ET. It has a spatial resolution of 500 m and an annual time scale. The
estimated input data of MODIS16 includes remote sensing information such as leaf region
index, albedo, vegetation coverage, and meteorological data, such as T, air pressure, relative
humidity, and radiation. It includes ET, latent heat flux (LE), latent ET (PET), and latent
heat flux (PLE) [7].

Table 1. Introduction table of research data sources.

Data Name Data Sources Time Resolution Spatial Resolution

Evapotranspiration (ET) https://search.earthdata.nasa.gov/
assessed on 2 June 2021 year 500 m

Normalized difference vegetation index (NDVI) https://search.earthdata.nasa.gov/
assessed on 2 June 2021 month 1 km

Digital elevation model(DEM) http://www.gscloud.cn/
assessed on 20 May 2021 — 90 m

Temperature (T), Precipitation (P) http://www.geodata.cn
assessed on 27 June 2021 month 0.0083333◦

In order to study the response of ET to climate change on the spatial and altitudinal
gradients, T and P were selected as climate variables in this study, and NDVI as the
normalized vegetation index, which can reflect the coverage of vegetation and be also
used as an essential factor affecting ET (Table 1). MODIS13A3 is a product of the global
terrestrial vegetation index, the content is the grid normalized vegetation index (NDVI)
with a spatial resolution of 1 km. The Digital Elevation Model(DEM) data are from the
China Geospatial Data Cloud Platform, with a spatial resolution of 90 m. The T and
P data set are China’s monthly P data provided by the National Earth System Science
Data Center (China’s National Science & Technology Infrastructure). The data are based
on the published the global 0.5◦ climate data from the Climatic Research Unit (http://
www.cru.uea.ac.uk, accessed on 9 June 2021) and the global high-resolution climate data
published by WorldClim (http://worldclim.org, accessed on 12 June 2021), which is formed
in China through the Delta space downscaling program Downscale generation. The data
of 496 independent meteorological observation points were used for verification, and the
verification results are credible [38].

We used Python to convert T and P data into TIF format, cut and splice, NDVI,
and meteorological data based on ArcGIS 10.6, then eliminated invalid values, projected
transform NDVI and meteorological data, resampled according to 500 m resolution, and
finally obtained the raster data of ET, NDVI, P, and T in Qinghai Province from 2000 to 2020.

2.3. Research Methods

The least-squares regression method estimates the linear trend of ET in Qinghai
Province from 2000 to 2020. The calculation formula is as follows [39]:

SLOPE =

n×
n
∑

i=1
i× ji −

n
∑

i=1
i

n
∑

i=1
i

n×
n
∑

i=1
i2 −

(
n
∑

i=1
i
)2 (1)

In the formula, SLOPE is the slope of the regression equation, n is the length of the
time series; if SLOPE > 0, it means ET increases; if SLOPE < 0, it means ET decreases.

https://search.earthdata.nasa.gov/
https://search.earthdata.nasa.gov/
http://www.gscloud.cn/
http://www.geodata.cn
http://www.cru.uea.ac.uk
http://www.cru.uea.ac.uk
http://worldclim.org
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Using correlation analysis to reflect the correlation between variables x and y, the
calculation formula is [39]:

rxy =

n
∑

i=1
(xi − x)(yi − y)√

n
∑

i=1
(xi − x)2

√
n
∑

i=1
(yi − y)2

(2)

In the formula, x is the multi-year average ET, y is the multi-year average NDVI, T,
and P, i is the number of years (i = 1, 2, 3, 4 . . . 21), n is the length of the research time series,
is the ET value in the i-th year, is NDVI, T and P values in the year i. When r > 0, there
is a positive correlation between the two, and when r < 0, there is a negative correlation
between the two. The closer the absolute value is to 1, the stronger the correlation; the
closer to 0, the weaker the correlation. The t-test completes the significance test of the
correlation coefficient, and the calculation formula is [40]:

t =
Rxy√

1− Rxy
2

√
n−m− 1 (3)

Among them, n is the number of samples (the time series is 2001–2020, that is, n = 21),
and m is the number of independent variables.

3. Results
3.1. Temporal and Spatial Characteristics of T, P, and NDVI

The spatial distribution characteristics of T, P and NDVI are shown in Figure 2a–c. In
the study region, the ranges of T, P, and NDVI were 20.42–9.22 ◦C, 17.7–802.03 mm, and
0–0.86 (Figure 2a–c). The T in the Qaidam Basin and the Hehuang regions were relatively
high, while the T in the Qilian Mountain and the Three-River Source regions were relatively
low (Figure 2a). P and NDVI gradually decreased from the Three-River Source in the
southeast to the Qaidam Basin(Figure 2b,c) in the northwest.

As shown in Figure 2d,e,f, T and P increased at a rate of 0.07 ◦C/decade and
24.73 mm/decade, respectively, from 2000 to 2020, but the increase was not significant
(p > 0.05), while NDVI increased significantly at a rate of 0.02/decade (p < 0.01). By further
analysis of the correlation between T and P with NDVI, we found that the P and NDVI were
significantly correlated (p < 0.05), and precipitation determined the spatial distribution of
NDVI (Figure 2b,c). Due to the significant terrain differences in Qinghai Province, although
the overall increase in T and P was not significant, the trend of warming and humidifica-
tion was still obvious in most regions (Figure 3b,c), which may be the climatic reason for
the significant increase in NDVI. In addition, the ecological projects implemented by the
Chinese government have a lot to do with the increase in NDVI. In 2003, the large-scale
implementation of the “returning grazing land to grassland” ecological project began, and
NDVI increased rapidly in 2004 (Figure 2c).

3.2. Characteristics of Interannual Variations in ET

Figure 4 shows that average ET variations in the study region during 2000–2020. ET
has ranged from 405.88 to 549.3 mm in Qinghai Province over the 21 year period. The
multi-year mean ET was 496.56 mm. The lowest and highest ET were 405.88 and 549.3 mm,
occurring in 2000 and 2017, respectively. The average annual ET showed a significant
increasing trend (R2 = 0.43, p < 0.01) and increased at a rate of 37.26 mm/decade. In
addition, the relative rate of average level distance showed that the annual average change
of ET ranged from −18% to 11%. Before 2009, the rate of change was primarily negative,
and after 2009, it was mostly positive.
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3.3. Characteristics of Spatial Variations in ET

Figure 5a shows the spatial distribution of ET in Qinghai Province during 2000–2020. It
is not difficult to see that ET presented a spatial difference that was high in the southeast and
low in the northwest. The annual average ET value in space was between 110.49–684.08 mm.
The ET was higher in the Three-River Source region and the middle-eastern part of the
Qilian Mountain region, while the ET in the western part of the Three-River Source, Qaidam,
and Hehuang region was the lowest.

Figure 5b illustrates the spatial change trend of ET, with slope trend value ranging
from −8 to 34 mm/a, and ET gradually increasing from the southwest to the northeast. In
general, most regions showed a significant increasing trend, except for the southwestern
edge of the Three-River Source region (Figure 4a), which showed a decreasing trend
(−8–0 mm/a). The region with the largest increase in ET was recorded in Haidong City in
the Hehuang region (9–34 mm/a).

We used box plots to compare the ET per unit region of the five ecological function
zones from 2000–2020. (Figure 6). In terms of the ET patterns according to these five
divisions, the highest value was 2113.44 mm/km2 in the Three-River Source region, which
was between 1882.36 to 2362.73 mm/km2, and the lowest value 395.05 mm/km2 in the
Qaidam Basin region, which was between 306.8–448.68 mm/km2. The unit region ETs of
the Qilian Mountain, around Qinghai Lake, and Hehuang region were 395.05 mm/km2,
1690.29 mm/km2, 2113.44 mm/km2, respectively. On the whole, the differences were
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significant, showing a distribution pattern in which, the south was higher than the north
and the east was higher than the west.
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4. Discussion
4.1. Comparison with Existing Research Results on the PLATEAU

This research used MODIS16 data to calculate the ET value of Qinghai Province, and
the results showed that there is a significant increasing ET trend with a rate of 3.48 mm/a,
which is much higher than that in China [41], and the source of the Yellow River Basin [42],
with 1.23 mm/a, and 0.44 mm/a, respectively. It shows that the response of the Plateau to
climate change may be higher than that of other regions [18,43].

According to statistics (Table 2), the average annual ET on the Plateau varies between
320–500 mm/a, and the results of this study are within this range. However, due to factors,
such as high downward shortwave radiation flux inputs from the Global Modeling and
Assimilation Office [44], the estimate based on MODIS16 data (450–500 mm/a) [45] will
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be higher than the ET combined with the measured and satellite remote sensing data
value (350–380 mm/a) [4,44,46,47], with calculated differences between 118–146 mm/a.
Song et al. [11] estimated the MODIS16 ET data and obtained a similar gap (111.1 mm/a).
In addition, MODIS16 data can reflect the spatial distribution and change pattern of ET on
the Plateau; the region where ET decreased was mainly in the Tibet Autonomous Region,
while the region where ET increased was mainly in Qinghai Province [44–47]; the spatial
distribution of ET decreased from the southeast to the northwest, and the spatial change
was just the opposite, decreasing in the southwest and increasing in the northeast. These
results show that although the current research methods can show similar spatial patterns,
there are significant differences in the magnitude and interannual variation of ET, and
different data sources and calculation methods have considerable uncertainty on the ET
and time variation of the Qinghai Tibet Plateau. Therefore, an integrated ET product is
needed to take advantage of the complementary advantages of each ET data set [48].

Table 2. Comparison of ET in Qinghai Province with the Plateau.

Number Period ET (mm/a) Domain References

1 2000–2010 320 China Yao [46]
2 1982–2008 350 TP Jung [4]
3 1982–2012 378.1 TP Wang [44]
4 1982–2014 377 TP Cui [47]
5 1982–2015 373.12 TP Yang [49]
6 2000–2010 350.3 TP Song [11]
7 2000–2012 450–500 TP Zhang [45]
8 1979–2014 364.45–493.32 Yellow River Source Liu [50]
9 2001–2015 535.01–636.51 Three-River Headwater Sun [51]
10 2002–2016 66–379 Qaidam Bibi [52]
11 2001–2011 125.26 Qaidam Jin [53]
12 2002–2004 341, 407, 426 alpine meadow of Qilian Mountain Song [54]
13 2000–2015 854.23 Southern Slope of Qilian Mountain Zhen [55]
14 2014–2015 496.2 Qinghai Lake Ma [56]

15 2015–2016 633.3–657.2
341–426 two alpine wetland ecosystems of Qinghai Lake Cao [57]

16 1966–2010 375.54, 378.54 Huangshui River Zhang [58]

Among the five ecological function regions, the average annual ET of the Three-River
Source and around Qinghai Lake regions were 513.59 mm/a and 444.39 mm/a, respectively,
which were close to the current research results [50,51,56,57]. The average annual ET of the
Qilian Mountain was 460.73 mm/a, which was between the existing research results [54,55].
The average annual ET of the Qaidam region was 428.18 mm/a, which was inconsistent
with existing research [52,53]. The dry and hot climate leads to a shallow vegetation index
in the Qaidam region, and the MODIS16 data lack many ET values in this region. In
addition, the resolution of remote sensing data is too coarse to capture the ET spatial
changes in smaller areas [59]. This leads to a significant error with the actual ET value, and
more field measurements need to be used for further verification in future studies. Due to
the different study areas, the average annual ET in the Hehuang area was 470.32 mm/a,
which was higher than the results of Zhang et al. [58].

4.2. Drivers of ET Space Changes

ET results from the complex interaction between climatic factors and environmental
factors. The growth rates of T, P, and NDVI in Qinghai Province are 0.07 ◦C/decade
(Figure 2d), 24.73 mm/decade (Figure 2e), and 0.02/decade (Figure 2f), and they spatially
present distribution patterns similar to ET (Figure 2a–c). The correlation coefficients
of T, P, and NDVI with ET in Qinghai Province are −0.99 to 0.99, −0.93 to 0.99, and
−0.99 to 0.99, respectively (Figure 2a–c). Climate factors and environmental factors are
positively and negatively correlated with ET, T and ET positively correlated regions are
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mainly distributed in the northern, eastern, and southwestern margins of Qinghai Province;
negatively correlated regions are mainly distributed in the middle and southern parts of
Three-River Source (Figure 2a). P and ET positively correlated regions are distributed in
most regions of Qinghai Province; negatively correlated regions are mainly distributed in
the central and southwest of Qinghai Province with few regions. The relative distribution
characteristics of NDVI and ET are essentially the same as P. In general, the distribution
patterns of T, P, and NDVI determine the spatial distribution of ET in Qinghai Province.

The results of the significance test showed that T, P, and NDVI had an extremely sig-
nificant positive or negative correlation (p < 0.01) with ET (Figure 7d–f). In the T, extremely
significant correlation region between ET and T was 65.27% (Figure 7d), positive correlation
regions were mainly distributed in the northern and southwestern of Qinghai Province
where the altitude is higher (Figure 1), and the T is lower (Figure 2a). In contrast, in the
humid southeast region (Figure 2b), the T was lower than ET showed a very significant
negative correlation. P, NDVI, and ET were mainly spatially highly significant positive
correlations (Figure 7e,f), with significant correlation regions of 62.52% and 55.41%, respec-
tively, mainly distributed in the southeastern and northern regions of Qinghai Province.
This shows that T, P, and NDVI changes were the main driving forces for increasing ET.
The T had the most significant impact on ET, which was consistent with previous research
results [2,60,61].

Among the five ecological function zones, the driving factors of ET are similar to those
of Qinghai Province. The Three-River Source region is in the hinterland of the Plateau.
Most regions are high-cold regions above 4600 m, with a unique natural environment and
climatic conditions. ET showed a changing pattern during the study period in which the
west decreased and increased in the east, mainly due to the “decrease–increase” change
pattern of T, P, and NDVI from west to east. In addition, the main reason for the decrease
in ET in the southwestern part of the Three-River Source region is the drought caused by
the increase in T and the decrease in P [62].

The Qaidam basin region is far from the monsoon climate zone [63], surrounded by
mountains, with low P and vegetation coverage (Figure 2b,c), and high T. Although both
climatic and environmental factors show an upward trend, the increase in T affects ET.
The influence is more vital than other factors, and T is the main reason for the increase in
ET [47].

The T in the western part of the Qilian Mountain dropped slightly, P increased, and
the climate changed from warm and dry to warm and humid [64], which was the main
reason for the increase in ET. The increase in ET in the central and eastern part of the Qilian
Mountain region may be due to the combined effects of climate change, vegetation change,
and human activities [60]. In addition, the spatial variation of other climatic factors, such
as wind speed, is also an essential factor of ET variation in the Qilian Mountain region [65].

The western region around Qinghai Lake has exposed rocks and high altitude, while
high mountain regions show strong sensitivity to T [66], and T rise is the main reason
for the increase in ET. P and NDVI have increased in the past 20 years, but P can only
explain 16.68% of the region (Figure 7b,e). NDVI and ET are mainly negatively correlated,
indicating that P has little effect on the growth of ET in the region around Qinghai Lake;
the improvement of vegetation conditions restrained the growth of ET to a certain extent.

Although the average annual ET in the Hehuang region is not the largest in Qinghai
Province, the average annual growth rate of ET is the largest. There may be several reasons;
the Hehuang region is located at a low altitude in the eastern part of Qinghai Province,
with better hydrothermal conditions, which are favorable for the evaporation of vegetation
and soil. In the past 21 years, T, P, and NDVI in this region have increased the most,
reaching 0–0.11 ◦C/a, 2.79–8.38 mm/a, and 0.006–0.023/a, respectively, and these factors
were significantly positively correlated with ET (Figure 7d,e). This may partly explain
the rapid growth of ET. The correlation between T, P, NDVI, and ET of more regions in
the Hehuang was not significant (Figure 7d,e), accounting for 49.01%, 67.96%, and 49.19%
of the region of Hehuang, respectively. ET may also be affected by other factors. Some
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studies have showed that the contribution rate of human activities to regional hydrological
changes in the Hehuang region reached 64.54% [55]. Further in-depth research is needed in
the future.
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Qaidam Basin region, the Qilian Mountain region, the region around Qinghai Lake, and the Hehuang
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In general, ET in the Three-River Source, Qaidam Basin, and Qilian Mountain regions
is driven by T, P, and NDVI, with 54.66–66.51%, 46.89–59.97%, and 51.68–66.34% in the
regions, respectively. ET in the Hehuang region and the region around Qinghai Lake is
driven by T and NDVI, which are 65–65% and 49.47–56.95% in these regions, respectively.
However, the impact of P on ET in these regions is small, only 32% and 17%. In the
southwest of Qinghai Province, there is an “evaporation paradox” in the Three-River
Source region.

4.3. Altitude Effect of ET Changes

The altitude is one of the critical factors that affects the heterogeneity pattern of
ET [67,68]. It affects environmental variables, such as NDVI [69], by affecting climatic
conditions, such as T and P, thereby impacting ET. The Plateau was found to have a complex
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topography, and its average altitude was much higher than that of the surrounding regions
at the same latitude. Therefore, it was crucial to analyze the relationship between the
altitude gradient and T, P, NDVI, and ET.

Table 3 shows that T was the main factor affecting the change of ET on the elevation
gradient in Qinghai Province. T has a significant negative correlation with ET. When the
T rises by 1 ◦C, ET decreased by 5.16 mm (R2 = 0.53, p < 0.01), followed by P, which is
significantly positively correlated with ET, with P increasing by 1 mm and ET increasing
by 0.23 mm (R2 = 0.21, p < 0.01); the correlation between NDVI and ET is not significant
(R2 = 0.01, p > 0.05). The complexity of the overall terrain of Qinghai Province, changes
in T, P, and other factors show significant regional differences (Figure 2), resulting in the
non-significant dependence of NDVI on altitude.

Table 3. Correlation between ET and T, P, and NDVI on the altitude gradient.

Fitting Equation Determination
Coefficient (R2) Test

Correlation
Coefficient

T y = −5.1618x + 447.5 0.5254 p < 0.01
P y = 0.2295x + 370.39 0.2078 p < 0.01

NDVI y = 30.74x + 445.26 0.0091 p > 0.05

The distribution characteristics of ET in Qinghai Province were evident on the altitude
gradient (Figure 8). The ET value in high-altitude regions was significantly higher than in
low-altitude regions. The region with the lowest altitude has the smallest ET, which was
339.51 mm, and the highest ET value appears on the 4300–4400 m altitude gradient, which
was 523.29 mm. Meanwhile, ET increased significantly with the increase in altitude; when
the altitude increased by 100 m, ET increased by 2.84 mm (R2 = 0.55, p < 0.01). Previous
studies on China’s Hengduan Mountains and Southwest Mountains also supported the
results of other research [70,71], in that ET has a significant positive correlation with altitude.
However, there were still differences in the changes of ET on different altitude gradients.
Chen et al. found that altitude above 4000 m had a negative and significant correlation with
reference ET [68]. This study also found that ET above 4400 m had the same performance
(R2 = 0.95, p < 0.01, Table 4). In order to further quantify the influence of altitude on
ET, Qinghai Province was divided into five intervals on the altitude gradient (Figure 8)
for research.

Table 4. Correlation between ET and T, P, NDVI at different altitude gradients (p < 0.01).

Altitudes
(m) T P NDVI

1700–2600
y = −11.855x + 482.44 y = 0.7059x + 102.5 y = 120.15x + 340.77

R2 = 0.5 R2 = 0.78 R2 = 0.0212 p > 0.05

2600–3800
y = −15.632x + 461.3 y = 0.3139x + 355.53 y = 244.98x + 356.99

R2 = 0.83 R2 = 0.81 R2 = 0.86

3800–4400
y = −16.82x + 451.1 y = 1.2654x − 30.292 y = −60.18x + 686.54

R2 = 0.98 R2 = 0.89 R2 = 0.94

4400–5100
y = 11.598x + 570.71 y = 0.4916x + 309.31 Y = 162.61x + 446.56

R2 = 0.96 R2 = 0.87 R2 = 0.93

5100–6000
y = 2.0736x + 496.2 y = −0.1975x + 56.05 y = 96.302x + 458.73

R2 = 0.88 R2 = 0.86 R2 = 0.84
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Below the altitude of 2600 m, the T kept dropping, but the annual average T was
above 4.93 ◦C, and the P was more and continuously increasing, which was roughly consis-
tent with the changing trend of ET, while the fluctuation of NDVI was very pronounced
(Figure 8). It may be because this region was mainly distributed in the eastern agricultural
region, and the vegetation types are main crops, and crop ET and the climatic factors affect-
ing it are quite different on the seasonal and annual time scales [72]. Correlation analysis
showed that P and ET were significantly positively correlated (R2 = 0.78, p < 0.01, Table 4),
T also had a particular influence on ET (R2 = 0.5, p < 0.01), and the correlation between
NDVI and ET was not significant. Research by Liu et al. showed that the maximum T
(Tmax) was the dominant driving factor of ET under the 2800 m altitude gradient of the
Plateau [73], which was different from the results of this paper.

On the altitude gradient of 2600–3800 m, ET increased the fastest, which was roughly
the same as the changing trend of P and NDVI. Although the T kept decreasing, it stayed
above 0 ◦C, and the P also increased rapidly, which was beneficial to vegetation growth,
and NDVI reached its maximum value (Figure 8), becoming the main driving factor of ET
(R2 = 0.86, p < 0.01, Table 4). Consistent with the results of previous studies [73], T and
P also had a more significant effect on ET (R2 > 0.8, p < 0.01). It is worth noting that ET,
T, P, and NDVI had abrupt changes on the altitude gradient of 2600–2700 m (Figure 8).
According to remote sensing images, this region was in the Qaidam Basin with an extremely
arid climate; T and ET had a significant positive correlation (R2 = 0.99, p < 0.01).

The altitude gradient of 3800–4400 m was a significant response region for the climate
transition from warm and dry to warm and humid [74]. There was more P, which slowly
increased with the increase in altitude, and the fluctuation of NDVI decreased (Figure 8).
The influencing factors of ET are T, P, and NDVI (R2 > 0.9, Table 4), of which T promotes
ET the most (R2 = 0.98, p < 0.01, Table 4). Previous studies have shown that the high-
altitude regions of the Plateau below 5000 m have apparent warming trends [75], leading
to regional vegetation greening [76], and climate warming also leads to ET of cryospheric
hydrological systems, such as glaciers, frozen soil, snow, and lake ice. The study of Feng’s
hydrological effects on the glacial permafrost on the Plateau shows that the impact of
glacier degradation on ET reaches 14.69 ± 12.82 mm [77]. The effects of these climate
changes have promoted the continuous rise of ET on the 3800–4400 m altitude gradient
and reached its highest value.
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On the altitude gradient of 4400–5100 m, climate and environmental factors (T, P, and
NDVI) decreased with the increase in altitude (Figure 8), which limits ET and causes ET to
drop continuously (R2 > 0.9, p < 0.01, Table 4). The T has the most significant influence on
ET changes (R2 = 0.96, p < 0.01, Table 4). These results were also verified by measuring the
altitude gradient of Qinghai Lake and the scale of the ecosystem [56], indicating that the
dominant factor of ET changes with the increase in altitude to the limit of T conditions.

Above an altitude of 5100 m, the ET change was consistent with the changing trend of
T and NDVI. The T dropped below−7.89 ◦C, the vegetation normalization index continued
to drop to the lowest level, close to 0.1, and the P increased to the highest value (Figure 8).
Due to the high altitude and shallow vegetation coverage, the T was the lowest, although
there was more P. P mainly existed in the form of ice and snow. The ability to absorb solar
radiation was weakened and soil moisture cannot be effectively converted into evaporation.
This may be one of the factors limiting ET [45]. The results showed that the main driving
factor of ET was T (R2 = 0.88, p < 0.01, Table 4), and P and T also had a certain impact on ET
(R2 > 0.8, p < 0.01, Table 4).

In summary, the T was the main driving factor for ET on the altitude gradient in
Qinghai Province, followed by P, and NDVI had no significant impact on ET. At the same
time, the driving variability of ET on the altitude gradient was apparent, changing from P
driving to NDVI and T driving with increasing altitude, which was roughly the same as the
research results of the Mongolian Plateau and Qinghai Lake [56,78]. Interestingly, ET has
prominent distribution characteristics affected by T on the altitude gradient (Figure 9): In
regions where the average annual T was less than −4.32 ◦C and the altitude was less than
4400 m, ET rose significantly (R2 = 0.86, p < 0.01). In regions where the annual average T was
higher than −4.32 ◦C, and the altitude was higher than 4400 m, ET decreased significantly
(R2 = 0.83, p < 0.01). However, P and NDVI had no similar performance. The correlation
between P and ET on an altitude gradient was only 0.2 (p < 0.01), and the correlation
between NDVI and ET was not significant (p > 0.05).
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This paper discussed the spatial distribution and driving factors of ET in Qinghai
Province from 2000 to 2020, studied the driving factors of ET in Qinghai Province and five
ecological function regions, and quantified the changes and effects of ET on the altitude
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gradient (Figure 10), and obtained good research results. However, this study did not
quantify the spatial driving factors of ET in Qinghai Province. Other natural factors, such as
net radiation, wind speed, soil moisture, and the effects of different vegetation types on ET
have also not been discussed. At the same time, human activities can promote and inhibit
ET [60]. The impact of the large-scale implementation of ecological projects in Qinghai
Province by the Chinese government, such as returning farmland to forests, natural forest
protection, construction of the “Three Norths” shelter forest system, returning grazing land
to grasslands, and land-use changes caused by rapid urbanization in the Hehuang region,
are still unknown. By 2016, Qinghai had become the province with the most ecological
engineering projects in China, and the accumulated capital investment in the past 21 years
has exceeded RMB 60 billion. In addition, the accuracy of MODIS16 data in areas with low
vegetation coverage needs to be further verified on seasonal and more minor scales with
the measured ET data.
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5. Conclusions

ET is still one of the largest unknowns in the terrestrial ecological cycle. We used
MODIS16 ET data to obtain the spatiotemporal changes and driving factors of ET in Qinghai
Province. MODIS16 data can accurately reflect the spatial distribution, annual changes, and
range of ET. The distribution of ET decreased from southeast to northwest, and the change
of ET increased from southwest to northeast during the study period. T is the main factor
of the annual average ET change in Qinghai Province, followed by P and NDVI, which
account for 65.27%, 62.52%, and 55.41%, respectively. In the five ecological function zones,
the driving factors of ET are similar to those of Qinghai Province as a whole. However,
in Hehuang and regions around Qinghai Lake, the average annual ET change is mainly
affected by T and NDVI, and the driving region of P on ET is only 32% and 17%. The
“evaporation paradox” exists in the Three-River Source region in southwestern Qinghai
Province. ET is highly dependent on elevation, and there is significant heterogeneity in the
driving factors of ET across the altitude gradient: P is the driving factor for 1700–2600 mm,
NDVI is the driving factor for 2600–3800 mm, and the driving factor for 3800–6000 m is
T. In addition, there is a significant positive correlation between ET and T in regions with
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an average annual T of less than −4.32 ◦C and an altitude of less than 4400 m. There was
found to be a significant negative correlation between ET and T.

This research can provide a scientific basis and practical support for implementing
differentiated water resource management policies and the sustainable development of
ecosystems in Qinghai Province and different regions. The high-altitude regions in the west
of the Three-River Source, Qilian Mountain, and Qinghai Lake have few human activities,
and are mainly affected by climatic factors. We should be alert to the risk of vegetation
degradation caused by temperature rise and the risk of increased evapotranspiration and
water consumption caused by melting glaciers. By establishing prohibited and restricted
development zones, the pilot work in Three-River Source, Qilian Mountain, and Qinghai
Lake National Park has controlled the livestock carrying capacity of pastures and reduced
the impact of the increase in cultivated land on local water distribution and climate environ-
ment. The Hehuang region provides most of the agricultural products in the province, and
urbanization and farmland water resource management are the core measures to optimize
the regional eco-hydrological system. The Qaidam Basin region is the growth core of
industrial development in Qinghai Province. Although the evapotranspiration per unit
area is not large, the climate is arid, and the ecosystem is extremely fragile. It is necessary
to prevent the impact of industrial production and oasis development on the regional
water balance.
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