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Abstract

Evapotranspiration (ET), as the main ecological water consumer, is crucial to assess the ecological
water budget and dry conditions in arid and semi-arid areas. The objective of this study was to
characterize the spatiotemporal variations of ET and determine the major parameters affecting ET by
using remote sensing data and climate data at annual and seasonal scales in Xilingol steppe, China.
The results of this study showed that the annual ET gradually reduced from northeast to southwest
in the Xilingol steppe, with the values fluctuating around 200 mm per year during 2000-2014.
The seasonal value of the spatially averaged ET was in reducing order from summer, fall, and winter
to spring, accounting for approximately 35%, 23%, 22%, and 20% of the annual ET, respectively. The
largest ET appeared in summer in meadow steppe, typical steppe, and sandy vegetation steppe, while in
the desert steppe, it occurred in winter, accounting for 39% of the annual ET. Precipitation and NDVI
are the major parameters positively affecting ET in spring, summer, and fall. However, in winter, ET
was positively correlated with temperature and negatively correlated with precipitation. The results
indicated that the spatiotemporal characteristics and the affecting parameters of the actual ET vary
seasonally and that the characteristics of the annual ET are mainly determined by the growing season
(spring-fall). Moreover, vegetation growth is directly correlated with ET and sunshine hours rather than
other parameters. Combining with the natural conditions, the conclusions can be deduced that the dry
conditions in the meadow and typical steppes are probably caused by uneven precipitation distribution
and high ET demands during the growing season, while the low annual precipitation combined with
high winter evaporation is the main reason for water scarcity in the desert steppe.
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Introduction

Evapotranspiration (ET) is the sum of transpiration
from living vegetation surfaces plus evaporation from
open water bodies, wetlands, bare soil, and snow cover
[1-3]. ET is the main process of water and energy
exchange among atmosphere, hydrosphere, soil and
biosphere. It is an important link between ecological
process and hydrological process. The ET process
consumes more than 50% of the net solar radiation at the
Earth’s surface [4, 5], and the accompanying latent heat
flux helps to control surface temperature with a cooling
effect [5]. ET can also affect precipitation [6], as near
60% of the total terrestrial precipitation is returned to
the atmosphere through the ET process [7]. Therefore,
ET is one of the most fundamental factors necessary
for understanding and monitoring the ecological water
demands and water-related natural disasters in arid and
semiarid areas. In particular, during drought disasters,
the significance of ET is amplified because ET continues
to deplete the limited remaining water supplies in the
soil [1].

Arid and semi-arid area is one of the most
ecologically fragile areas in the world. Nowadays, most
of the area faces desertification risk due to the severe
drought [8] and many measures have been reported
to prevent losses caused by the climate changes [9,
10]. In order to make better policies and actions for
desertification mitigation and climate change resilience,
it is scientifically important and policy relevant to
understand the spatio-temporal characteristics and
behaviors of ET in the arid and semi-arid area. This
study attempted to provide such an understanding
by conducting remote-sensing-based analysis of
spatiotemporal variation of ET and related parameters
in Xilingol steppe, China.

The Xilingol steppe in northern China is part of
the Eurasian steppe and is a typical arid and semiarid
temperate grassland region [11] with diverse grassland
types and abundant forage plant resources [12]. This
steppe is one of the vital ecological indicators and
animal husbandry production bases in northern China
[13]. Since 1950’s, drought disasters [14] and grassland
degradation [15] in this region have been severe due to
the impacts of climate changes and human activities.
Precipitation is the main water source and ET is
the main water consumer in Xilingol steppe. Thus,
characterizing the spatiotemporal variations of ET is
of great significance to assess the water budget and
water consumption in different grassland types.
Many studies have been focused on the ecological
and environmental changes in the Xilingol steppe,
especially on the variations of precipitation, temperature
and vegetation coverage and the relationships among
them [16, 17]. Some studies also paid attention to
grassland area monitoring and grass yield estimations
[17, 18]. However, few studies analyzed the
spatiotemporal variations of vegetation conditions based
on ET [19].

The reasons for the above situation lie in two
aspects: on the one hand, there are many factors
that affect the ET process, such as vegetation and
weather parameters, management and environmental
conditions [2]. Therefore, the ET models, such as the
famous Penman equations based on a comprehensive
theory of aerodynamic and energy balance [20], the
Penman-Monteith model [21], S-SEBI [22], SEBAL
[23, 24], and SEBS [25] models, are usually very
complex, need to consider many complex processes
and parameters, and require many relevant data as the
model inputs, which are difficult to obtain. On the other
hand, the traditional ET models are usually based in-
situ data, which is difficult to form a long time-series
product for monitoring and analyzing long-term ET
characteristics over a large area [19]. Furthermore,
the physical and biological diversities in the land
surface over a large geographic area make it difficult
to directly apply traditional local-scale ET methods to
solve the regional-scale problem. Recent advances in
satellite remote-sensing-based ET measurements have
made the consistent and timely ET measures over a
large geographic area feasible and practical [3, 26].
One of the most popular satellite-based ET products
is MODI16A2 from the U.S. National Aeronautics and
Space Administration (NASA), which is currently the
only global-scale ET product with high spatiotemporal
resolution and long data series. The MODI16A2 product
has been widely used in many regions [27-29]. However,
the product has been used less in grassland areas and is
especially rare in the Xilingol Steppe.

At present, the existing literatures generally
concluded that large evaporation is the main reason for
the dry condition in the west part of Xilingol steppe
[30, 31]. The conclusion was all based on weather
station records of pan evaporation and temperature,
suggesting both increased from east to west. However,
the pan evaporation measured at weather stations is not
the actual ET from the natural land surface but likely
the maximum evaporation of the free water body in
the area because of the unlimited supply of water in
the evaporating pan [2]. In arid and semiarid regions,
such as Xilingol steppe, the actual ET is mainly limited
by both water and energy, while the pan evaporation
at the weather stations is not limited by water but
energy. Thus, the spatio-temporal characteristics of pan
evaporation might be totally different from those of
the actual ET. Due to the diversity of grassland types
in the Xilingol and the complexity of ET process, there
are still great uncertainties about the characteristics
of actual ET. The uncertainties have become the
bottleneck for hydrological, ecological, climatic and
environmental research in the region. In order to
mitigate the frequent drought and grassland degradation
conditions in Xilingol steppe, it is in urgent needs to
characterize the spatiotemporal characteristics of actual
ET in different grassland types and reveal the impacts
of ecological water allocation on vegetation. This
study attempts to meet the urgent needs by analyzing
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the monthly MODI6A2 data product to understand
the spatiotemporal variations of actual ET in different
grassland types at annual and seasonal scales from
2000 to 2014. The results from this study could be
used by environmentalists, policymakers, farmers and
herdsmen to better manage water resources and make
more effective remedial measures to mitigate climate
change impacts on the vegetation in Xilingol steppe.
The rest of the paper was structured in the following
way: Section 2 showed the material and methods
used in this study; Section 3 presented the results and
discussion; the paper concluded at Section 4.

Material and Methods
Study Area

The Xilingol steppe is located in the central part
of Inner Mongolia in northern China (Fig. 1) and lies
between E111°09” and E 120°01" and N 41°35" and N
46°46'. The steppe has a total areca of approximately
202,600 km? with an available grassland area of
180,000 km? [31]. Influenced by the East Asian
monsoon, this region has a temperate arid and
semiarid continental climate. The annual precipitation
decreases from 380 mm in the northeast to 120 mm
in the southwest (Fig. 2a). However, the annual mean
temperature increases from approximately 0°C in the
northeast to 6°C in the southwest (Fig. 2b). Due to the
southwestward decreasing gradient of precipitation and
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the southwestward increasing gradient of temperature,
the growing-season mean NDVI value decreases from
northeast to southwest (Fig. 2c). The vegetation types
are spatially well differentiated and divided into four
vegetation types, namely, meadow steppe, typical
steppe, sandy vegetation, and desert steppe (Fig. 1) [32,
33]. In this study, the spatial distribution of different
grassland types was extracted from the vegetation map
of Inner Mongolia at a scale of 1:1,000,000.

Data Sources and Processing
Remote Sensing Data

Because NASA only produced and released the
monthly MODI6A2 data product for the period
from 2000 to 2014 and the aim of this study was to
characterize the ET wvariations at both annual and
seasonal scales, the study period was set from 2000 to
2014. Both the monthly MOD16A2 ET and MODI13A3
NDVI datasets with a 1000 m spatial resolution were
downloaded from the University of Montana (http:/
www.ntsg.umt.edu) and NASA LP DAAC (https:/
ladsweb.modaps.eosdis.nasa.gov/), respectively. MODIS
Re-projection Tools [34] was used to convert the
downloaded data from HDF format to TIFF format and
the SIN projection to the Albers Equal Area projection
with the WGS84 ellipsoid. The image mosaic was also
completed at the same time.

The pixel values for the monthly MOD16A2 ET are
the sum of ET within the composite days, so the annual
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Fig. 1. Location of study area, spatial distribution of climate stations, and grassland types in the Xilingol Steppe.
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Fig. 2. Annual mean precipitation a), annual mean temperature b), and growing-season mean NDVI c) from 2000-2014.

ET was calculated from the sum of twelve months within
one year. The seasonal ET of spring (March-May),
summer (June-August), fall (September-November),
and winter (December and January-February of the
next year) were generated separately through the
sum of respective months. Because most vegetation
withered in Xilingol or was covered by snow in winter
[35], the annual NDVI was defined as the mean of the
growing-season NDVI from March to November, and
the seasonal NDVI averages for spring (March-May),
summer (June-August) and fall (September-November)
were calculated for the respective months. All the
processed datasets were clipped by the boundaries of
Xilingol and grassland types.

Climate Data

The annual and seasonal climate data, including
precipitation, mean temperature, wind speed, sunshine
hours, water vapor pressure and relative humidity, were
calculated from the monthly data, which were acquired
from the China Weather Information Center (http:/
data.cma.cn) and the Inner Mongolia Weather Bureau,
and these parameters were measured at 15 climate
stations in the Xilingol steppe (Fig. 1). The coordinate
information from the climate stations was applied to
extract the corresponding values of the ET and NDVI
images at each station, and the relationships between
ET and NDVI and climate parameters were analyzed at
all the investigated scales.

Methods
Pearson Correlation Analysis
The Pearson correlation analysis (Eq. 1) and highest
partial correlation analysis (Eq. 2) were utilized to

explore the relationships between MODI6A2 ET and
NDVI and climate factors.
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-.where r_is the Pearson correlation coefficient between
variables x and y, with a value ranging from -1 to 1
(a larger absolute value indicates a stronger correlation);
i represents the year from 1 to 15 in the study period;
n represents the total period (i.e., 15 years in this study);
x,is the MOD16A2 ET data in the i year; y, is the annual
or seasonal NDVI, precipitation, mean temperature,
wind speed, sunshine hours, water vapor pressure or
relative humidity in the i year; x represents the mean
MODI6A2 ET; and y is the mean value of the annual or
seasonal NDVI, precipitation, mean temperature, wind
speed, sunshine hours, water vapor pressure or relative
humidity from 2000 to 2014.

The highest partial correlation analysis is to fix
m — 2 variables among m variables and study only
the correlation of the other two variables (there are
eight variables in this study, including ET, NDVI,
precipitation, water vapor pressure, relative humidity,
mean temperature, wind speed, and sunshine hours). To
directly reveal the response characteristics of NDVI to
ET and climate factors, the highest partial correlation
was applied to analyze the net correlation between
NDVI and each element. In equation (2), T has the
same meaning as in equation 1, ris the highest partial
correlation coefficient between x and y, and so on.
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The significance tests of correlation and partial
correlation coefficients were performed based on
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the ¢ test formulations in Obilor et al. [36] and
Zhang et al. [37], respectively. According to the
results, the significance values were divided into
extremely significant (P<0.01), significant (P<0.05)
and nonsignificant (P>0.05). The classification of
significance test for linear regression analysis is the
same for the Pearson correlation analysis.

Linear Regression Analysis

A linear regression analysis was utilized to analyze
the temporal trends of ET variations, and the linear
model is expressed as Eq. (3).

y=a+ bx 3)
..where y is the annual ET value from 2000 to 2014; x is
the year from 2000 to 2014; and a and b are the intercept
and slope of the regression line, respectively, with the
latter being calculated by Eq. (4).

b= 2(x-x)(y-y)
Y(x-x)? 4)

..where, x is the mean value of the years, and yis the
mean value of ET during 2000-2014. When b>0, ET is
increasing, and when b<0, it is decreasing.

The ¢ test was used to determine whether the change
was significant or not, which was calculated as follows

(Eq. 5):
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t = bxy/ X (x—x)?
Q
n-2 (5)

.where @ =21(Vi =9)% is the sum of the error
squares, y, is the annual ET value in the i year (and y, is
its regression value), and nU: 15 in this paper.

2 _

In addition, T Q+U is the coefficient of
determination (where U= T Oi-7 i regression sum
of squares), which is used to reflect the proportion of
the regression sum of squares to the total sum of
squares, and the larger the value is and the closer it is to
1, the better the model fit is.

In this study, both the Pearson correlation analysis
and linear regression analysis were used to explore the
annual and seasonal relationships between MODI6A2
ET and NDVI and climate parameters at the site scale.
Fig. 3 shows the flowchart of the methodology adopted
in this study.

Results and Discussion
Annual Variations in ET at the Xilingol Steppe

Fig. 4 displays the spatial distribution of the annual
ET from 2000 to 2014. The southwestward decreasing
trend of the annual ET is consistent with that of the
annual mean precipitation and NDVI but is different
from the distribution of the annual mean temperature
(Fig. 2), which is consistent with the results found by
Chen et al. [38], demonstrating that precipitation and
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Fig. 3. Flowchart of the methodology.
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NDVI play important driving roles in the ET process,
and mean temperature is a converse factor at the annual
scale.

To intuitively analyze the ET changes in various
grassland types, the spatially averaged ET values
were extracted and presented in Table 1, which
shows that the annual ET varied from 186.59 mm to
24751 mm in the Xilingol steppe during 2000-2014,
and the averaged ET is 218.21 mm; meanwhile, the
annual ET in the meadow steppe, typical steppe,
sandy vegetation and desert steppe ranged from
21690 mm to 29737 mm, from 178.62 mm to
248.18 mm, from 180.02 mm to 247.41 mm and from
121.60 mm to 170.20 mm, respectively, with the
averaged ET of 268.49 mm, 210.56 mm, 206.63 mm and
145.12 mm, respectively. It is proved that the annual
ET in the meadow steppe is largest, followed by the
typical steppe and sandy vegetation, while the spatially
averaged ET in the desert steppe is the smallest. A
linear trend analysis revealed that the annual ET
in the meadow steppe, typical steppe, and Xilingol
steppe all showed increasing trends with the slope
of 1.61/yr, 1.14/yr and 0.94/yr, respectively; while in
the sandy vegetation and desert steppe, all showed
decreasing trends with the slope of -0.04/yr and -0.22/
yr, respectively (Table 1); but significant tests indicate
that none of the changes were significant.

As an important component of water balance,
ET is a crucial parameter in drought monitoring. For
example, CWSI (Crop Water Shortage Index) [39, 40]

. T ET .
is a drought monitoring index constructed by BT with

the formula of CWSI =1 — %, where the smaller the
is, the closer the CWSI is to 1 and the severer drought
degree (PET is potential ET, it represents the maximum
ET of a consistent underlying surface with an abundant
water supply). The spatial distribution of the annual ET

(Fig. 4) is contrary to the annual PET (Fig. Sa), thus,
ET

the 7o7 is decreasing from east to west (Fig. 5b) and
the degree of aridity is gradually aggravating [41].
In addition, the annual PET ranges from 1082.21
mm in the northeast to 1844.47mm in the southwest
(Fig. 5a), and the annual ET is far below the annual
PET. The huge difference shows that, in arid and semi-
arid areas, due to the constraints of water supply, the
actual ET is far below the PET and the droughts are
frequently happened [14, 35, 42]. The highly positive
correlation between the annual —— and the annual
precipitation (r = 0.83, P<0.01) (Fig. 5¢) further shows
that the precipitation, as the main water source, is much
lower than the requirement of evaporation, which is
the main reason for the dry conditions in this region.
Because the smaller the ET is, the severer the aridity is,
the increasing trends of the annual ET in the meadow
steppe, typical steppe, and the whole Xilingol steppe
indicate that the aridity is mitigated in these areas,
while the decreasing trends of the annual ET in the
sandy vegetation and desert steppes imply that the
aridity is aggravated in the two steppes.

Table 1. Spatially averaged ET in different grassland types in Xilingol from 2000 to 2014 (mm/Year).

Year Meadow steppe Typical steppe Sandy vegetation Desert steppe Xilingol steppe
2000 249.80 189.66 198.56 141.31 202.07
2001 267.63 198.73 201.20 141.94 211.37
2002 274.79 228.08 211.96 161.26 230.63
2003 282.45 242.05 247.41 170.20 245.05
2004 274.37 217.12 223.13 149.63 225.58
2005 272.44 193.00 183.14 121.60 204.86
2006 256.18 195.04 198.77 134.50 205.43
2007 216.90 180.83 186.98 144.69 187.83
2008 285.06 225.04 211.19 147.83 230.41
2009 227.49 178.62 180.02 128.28 186.59
2010 263.26 211.97 210.31 144.61 217.86
2011 267.97 199.41 196.91 136.05 210.38
2012 297.37 248.18 224.17 162.59 247.51
2013 297.05 230.50 219.85 148.50 238.42
2014 294.66 220.21 205.87 143.76 229.15
Slope 1.61 1.14 -0.04 -0.22 0.94
Mean 268.49 210.56 206.63 145.12 218.21
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Fig. 6. Distribution of seasonally averaged ET during 2000-2014.

Seasonal Variations in ET at the Xilingol Steppe

Fig. 6 shows the spatial distribution of the seasonal
ET. Consistent with the annual ET, the seasonally
averaged ET value decreased from the northeast to the
southwest in spring, summer and fall; however, in the

winter, the ET value exhibited the opposite trend from
the annual ET. Fig. 7 shows the seasonal ET changes in
different grassland types during 2000-2014 and reveals
that the ET in all grassland types showed similar
fluctuation trends in each season. Except for two large
values in the sandy vegetation in spring 2003 and fall
2010, ET in the spring, summer, and fall all showed
the following order: meadow steppe>typical steppe
and sandy vegetation>desert steppe; however, in the
winter, ET followed the reverse order of desert steppe
>typical steppe and sandy vegetation>meadow steppe.
In particular, the ET values in the whole Xilingol steppe
were all close to that of the typical steppe and sandy
vegetation in all four seasons.

In the spring (Fig. 7a), spatially averaged ET values
in the meadow steppe, typical steppe, sandy vegetation,
and desert steppe fluctuate around approximately
50 mm, 40 mm, 40 mm, and 30 mm, respectively,
with similar fluctuation trends showing peaks in 2003,
2010, and 2013 and troughs in 2006 and 2009. In the
summer (Fig. 7b), spatially averaged ET values in the
meadow steppe, typical steppe, sandy vegetation, and
desert steppe fluctuate around approximately 120 mm,
60 mm, 60 mm, and 20 mm, respectively, and show
similar fluctuation trends with peaks in 2003 and 2012.
Additionally, during the fall (Fig. 7c), the spatially
averaged ET values in the meadow steppe, typical
steppe, sandy vegetation, and desert steppe fluctuate
around approximately 60 mm, 50 mm, 50 mm, and
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Fig. 7. Seasonal ET curves in different grassland types during 2000-2014.
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40 mm, respectively, with similar fluctuation trends
showing peaks in 2003 and 2008 and troughs in 2005
and 2009. In the winter (Fig. 7d), spatially averaged
ET wvalues in the meadow steppe, typical steppe,
sandy vegetation, and desert steppe fluctuate around
approximately 40 mm, 50 mm, 50 mm, and 55 mm,
respectively, and show similar fluctuation trends with
peaks appearing in 2001, 2003, 2006 and 2011 and
troughs in 2002, 2004, and 2012. A linear trend analysis
showed that the ET in all grassland types showed
decreasing trends in spring and fall and increasing
trends in summer and winter, but none of the changes
were significant (P>0.05).

In general, the spatially averaged ET in the
Xilingol steppe demonstrated the following order:
summer>fall>winter>spring, accounting for
approximately 35%, 23%, 22%, and 20% of the
annual ET, respectively. The meadow steppe followed
the order of summer>fall>spring>winter, accounting
for 46%, 20%, 19%, and 15% of the annual ET,
respectively. In the typical steppe the order was
summer>fall>winter>spring, accounting for 33%,
24%, 23% and 20% of the annual ET, respectively. The
sandy vegetation followed the order of summer>fall
and winter>spring, accounting for 30%, 25%, 25% and
20% of the annual ET, respectively. The desert steppe
followed the order of winter>fall>spring>summer,
accounting for 39%, 28%, 20% and 14% of the annual
ET, respectively.

The opposite spatial distributions of ET in the
growing season (including spring, summer and fall)
and winter occur because the ET in the growing
season is mainly due to the contribution of vegetation
transpiration, where the greater the precipitation is,
the better the vegetation grows, and the higher the
vegetation transpiration is. Consequently, ET decreases
from east to west in spring, summer and fall. However,
in winter, vegetation withered and the transpiration
nearly stopped in the Xilingol steppe, with most areas
being covered by snow [35]. Therefore, ET is mainly
due to the evaporation of soil and snow. Due to the low
temperature in winter, the snow covering the ground
hinders the evaporation of the soil, and the temperature
in the southwest is higher than that in the northeast,
leading to higher ET in the west than in the east. From
these analyses, it can be inferred that the low annual
precipitation (Fig. 2a) combined with high winter
evaporation (Fig.7d) should be the main reasons for
water scarcity in the western desert steppe [35, 43, 44],
while the dry conditions of typical steppe and meadow
steppe are probably caused by the uneven distribution
of precipitation [35, 44] and high ET demands during

the growing season.

Relationships of ET with NDVI
and Climate Parameters

As shown in Figs 1, 2¢) and 4, the annual ET and
the growing seasonal NDVI have great consistency with

the distribution of grassland types. Thus, the analysis
was performed based on the whole Xilingol steppe
instead of the different grassland types. Based on the
weather station dataset with 225 samples (205 samples
in winter), the relationships between ET and NDVI and
climate parameters were investigated at the annual and
seasonal scales.

Annual Relationships of ET with NDVI
and Climate Parameters

Fig. 8(a-g) presents the scatter diagrams between
the ET and NDVI and climate parameters at the annual
scale, which shows that the determination coefficient
is largest between ET and NDVI (y = 694.73x + 61.53,
R2? = 0.6845), followed by precipitation (y = 0.42x
+ 95.77, R?= 0.5859), water vapor pressure (y = 98.69x
- 326.30, R*= 0.5551) and relative humidity (y = 6.41x
- 140.38, R?*= 0.4860) (Fig. 8(a-d)), with the correlation
coefficients of 0.827, 0.765, 0.745 and 0.697, respectively
(Table 2); all the linear equations and correlation
coefficients are significant at the 0.01 level (P<0.01).
These results indicate that the annual ET is positively
related to the vegetation growth, and precipitation is an
important factor affecting the vegetation growth [45]
and the ET process at the annual scale. Because the
better vegetation growth generates more ET, the dry
conditions in the central and eastern Xilingol are mainly
caused by high ET demands and uneven precipitation
distribution. Therefore, it is crucial for the healthy
growth of vegetation to maintain a balance between
precipitation and ET in arid and semiarid regions. In
addition, the water vapor pressure and relative humidity
are also positively related to ET and precipitation due
to their interaction. These conclusions are consistent
with the results of Zhao et al. [46] and Yang et al. [47],
who showed that ET is highly positively correlated with
NDVI and precipitation; as well as the results of Huang
et al. [32] and Zhang et al. [33], who showed that the
NDVI is mainly affected by precipitation with a strong
positive correlation. Liu et al. [48] also showed that the
change trend of NDVI is similar to that of ET at the
annual scale in northern China.

Fig. 8(e-g) shows that ET exhibits extremely
significant negative correlations (P<0.01) with mean
temperature (y = -14.51x + 253.29, R?= 0.1586), wind
speed (y = -33.60x + 319.40, R*= 0.1499) and sunshine
hours (y = -0.12x + 575.88, R*>= 0.1169). However,
the effects of mean temperature, wind speed and
sunshine hours on ET are relatively low with small
determination coefficients and correlation coefficients
(Table 2). The negative correlations of ET with mean
temperature, wind speed and sunshine hours can be
explained with the following reasons: 1) the latent heat
accompanying the ET process has a cooling effect [5],
2) while vegetation growth requires certain temperature
conditions, high temperature limits the vegetation
growth as pointed out by Solangi et al. [49], 3)
precipitation has great significance for water supply and
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Fig. 8. Annual correlations between ET and NDVI and climate parameters during 2000-2014.

temperature regulation, and 4) sunshine and wind affect
ET by affecting air temperature and stoma-closing.

Seasonal Relationships of ET with NDVI
and Climate Parameters

Table 2 also shows that ET is positively correlated
with NDVI, precipitation, relative humidity, and water

vapor pressure at the 0.01 significant level in spring,
summer, and fall (as shown in orange), while ET is
negatively correlated with mean temperature, wind
speed, and sunshine hours at the 0.01 significant level
(as shown in green). In contrast, in winter, ET is
negatively correlated with precipitation (r = -0.480) and
relative humidity (r = -0.698) and positively correlated
with mean temperature (r = 0.781), water vapor pressure
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Table 2. Pearson’s correlation coefficients between ET and NDVI and climate parameters during 2000-2014.
Correlqtlon NDVI Precipitation Water vapor Rela.tlye Mean Wind speed Sunshine
coefficients pressure humidity temperature hours
Spring 0.622%* 0.598** 0.669** 0.810%* -0.589%* -0.388%** -0.341%*
Summer 0.837** 0.674** 0.641%* 0.831** -0.794%* -0.582%* -0.509**
Fall 0.476%* 0.506** 0.381** 0.582%* -0.388%* -0.244** -0.288%**
Winter — -0.480** 0.492%* -0.698** 0.781%** 0.394%* 0.271%**
Annual 0.827** 0.765%%* 0.745%* 0.697*%* -0.398** -0.387%* -0.342%*

Note: ** indicates significance at the P<0.01 level.

(r = 0.492), wind speed (r = 0.394), and sunshine hours
(r = 0.271), and all the correlation coefficients are
significant at the 0.01 level (P<0.01).

As discussed in section 3.2, vegetation transpiration
in spring, summer and fall has a large contribution
to ET, as illustrated in Table 2, where ET and NDVI
are positively correlated at the 0.01 significant level
(Spring: r = 0.622; Summer: r = 0.837; Fall: r = 0.476).
Precipitation is the main water source and limiting
factor for vegetation growth in this region [35, 45].
Many studies have shown that NDVI in the Xilingol
steppe is mainly affected by precipitation, with a
positive correlation coefficient of higher than 0.83 [32,
33]. Thus, the greater the precipitation is, the better
the vegetation growth is and the higher the ET, water
vapor pressure, and relative humidity are due to their
interactions. Simultaneously, precipitation and ET
result in a relatively low temperature, thus, ET in the
growing season is negatively correlated with the mean
temperature at the 0.01 significant level, as shown in
Table 2 (Spring: r = -0.589; Summer: r = -0.794; Fall:
r =-0.388). However, the ET in winter mainly originates
from snow and soil, and most areas of the Xilingol
steppe are covered by snow in winter [35]. Therefore,
the higher the temperature is, the more evaporation that
will occur (Winter: r = 0.781, P<0.01). Consequently,
the low annual precipitation combined with high winter
evaporation is the main reason for the water scarcity in
desert steppe.

Overall, the correlation between annual ET and
various factors is highly consistent with the vegetation
growing season (Spring-Fall), indicating that the factors

influencing the annual ET are mainly determined by the
vegetation growing season in the Xilingol steppe.

Highest Partial Correlation Analysis between NDVI
and ET and Climate Parameters

To reveal the significance of ET to vegetation
growth, the highest Pearson’s partial correlation analysis
was utilized to explore the direct relationships between
NDVI and ET and climate parameters at both the annual
and seasonal scales. Table 3 illustrates that NDVI has
a relatively high correlation with ET and sunshine
hours (as shown in green) but has low correlations
with water vapor pressure, relative humidity, mean
temperature and wind speed (as shown in orange),
indicating that ET is a crucial factor that directly
reflects vegetation growth; simultaneously, sunshine
effectively promotes the photosynthesis process during
vegetation growth. Precipitation and temperature, as
well as other parameters, affect the vegetation growth
by participating in the ET and photosynthesis processes
instead of directly affecting the vegetation growth, and
thus, these factors have low net correlation coefficients
with NDVIL.

In spring, the highest partial correlation coefficient
between precipitation and NDVT is relatively high with
the value of 0.305 at the 0.01 significant level (as shown
in yellow in Table 3), indicating that precipitation in
spring is essential for vegetation re-greening, while
in the fall, the vegetation withered gradually, the
NDVI decreases in the Xilingol steppe, and the ET
mainly comes from soil evaporation. Therefore, the

Table 3. Highest partial correlation coefficients between NDVI and ET and other climate parameters.

Highest partial correlation o Water vapor Relative Mean Wind Sunshine
. ET Precipitation o
coefficients pressure humidity | temperature speed hours
Spring 0.368** 0.305** -0.053 0.038 0.012 -0.079 0.361%*
Summer 0.490** 0.062 -0.081 0.104 0.001 0.011 0.427**
Fall 0.166* 0.088 0.084 0.109 -0.088 -0.173* 0.369**
Annual 0.661** 0.128 -0.249%* 0.298** 0.132 0.032 0.478%*

Note: * and ** indicate significance at the P<0.05 and P<0.01 levels, respectively.
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highest partial correlation coefficient between NDVI
and ET is low with the value of 0.166 at the 0.05
significant level.

Overall, NDVI is positively correlated with the
annual ET (r = 0.661) and sunshine hours (r = 0.478)
at the 0.01 significant level, indicating that ET and
sunshine hours are the most direct factors involved in
the vegetation growth process, which further strengthens
the significance of monitoring and analyzing the ET
variations in this region.

Conclusions

In this study, the MODI6A2 monthly product
was utilized to reveal the spatiotemporal characteristics
of actual ET at the annual and seasonal scales
in Xilingol steppe. In the meantime, monthly
MODI16A2 ET and MODI3A3 NDVI data, as well as
meteorological data were wused to analyze the
relationships among ET, NDVI, and climate parameters.
Based on analysis and discussion described above, this
study has reached the following main conclusions: 1)
the characteristics of actual ET is absolutely different
from the pan evaporation measured at the weather
station, 2) the annual ET decreased from northeast
to southwest and fluctuated around approximately
200 mm during 2000-2014, 3) ET decreased from
northeast to southwest in spring, summer and fall;
however, in winter, ET increased from northeast to
southwest, 4) ET in typical steppe, sandy vegetation
and meadow steppe of the central and eastern Xilingol
consumes more water in summer and fall than
in winter and spring, while in the western desert steppe
ET is the largest in the winter (accounting for 39% of
the annual ET), 5) precipitation and NDVI are decisive
parameters positively affecting ET during the growing
season, and mean temperature becomes a positively
decisive parameter in winter, 6) since precipitation
is the main water source, low annual precipitation
combined with the high winter evaporation might
be the main reason for the dry condition in the
western desert steppe, and 7) uneven distributions
of precipitation combined with high growing season
ET demands should be the main reason for the dry
conditions in the central and eastern Xilingol. The
findings of this study are of great significance for better
understanding and assessing the dry conditions and
drought events.

Due to the wunavailability of the monthly
MODI16A2 after 2014, this study didn’t analyze the ET
variations in recent years, which should be continuously
studied in the future by using MODI6A2 8§-day
product. In addition, the multi-variable regression
between ET and various parameters and the application
of ET in drought monitoring are worthy of further
study.
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