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Abstract
The Huai River Basin (HRB) has experienced significant climate and land use and land cover changes (LUCC) which have
impacted the water cycle in recent times. However, little is understood about the impact of climate change and LUCC affecting
evapotranspiration (ET). Thus, we investigate how surface ET response to climate change and LUCC in the HRB for the period
from 2001 to 2014. ET and land cover types products (i.e., MOD16 and MCD12Q1, respectively) from MODerate-resolution
Imaging Spectroradiometer (MODIS) were employed in this research. Water balance method and D20 pan evaporation data
(Epan) as well as eddy covariance (EC) measurements were used to validate the MOD16 product, and the Theil–Sen’s slope
estimator and Mann–Kendall (M-K) test were adopted to estimate the magnitude and significance of ET trends. Moreover, daily
meteorological data of 137 weather stations from 2001 to 2014 were also employed to explore the correlation mechanism
between ET and meteorological factors. The results showed that the accuracy of MOD16 product data were convincible and
could be used to estimate ET in the HRB. The higher values of ET are mainly distributed in the south and lower values in the
north. ET decreased significantly in all seasons except in spring, especially in winter. The results also depicted that the land-use
type in the HRB is mainly croplands, followed by forests and grasslands. Croplands area showed a decreasing trend at a rate of
−176.2 km2·a−1, grasslands area presents a w-type fluctuation decreasing trend with a rate of −35.8 km2·a−1, urban/built-up area
increased at a rate of 138.3 km2·a−1, water bodies area decreased gradually at a rate of −1.38 km2·a−1, wetlands area increased
significantly at a rate of 43.6 km2·a−1, and barren area decreased gradually at a rate of −9.5 km2·a−1. The average annual ET is
closely related to land-use types and shows a significant downward trend in general. The corresponding ET magnitude is
exhibited as follows: forests>grasslands>croplands>wetlands>water bodies>urban/build−up lands>barren. Results of the study
also suggest water conditions (precipitation (Pre) and relative humidity (RH) decrease) are major controlling factors in the decline
of ET. Overall, the LUCC has a smaller influence on ET than climate change in the HRB. This research will provide a better
insight into climate change and LUCC impacts on water resources.
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Introduction

Huai River Basin (HRB), located in a typical climatic transition
zone between north and south of China, is a commodity grain
production base in China. In recent years, due to human impact
and climate change, remarkable changes have occurred in the
water cycle process, which has also brought critical challenge
for water resources, ecological environment, and economic and
social development. Evapotranspiration (ET), as an important
climatic parameter, plays a pivotal role in surface water balance
and the hydrological cycle (Chu et al. 2017). Therefore, study-
ing change in surface ET characteristics, as well as its response
to climate change and land use and land cover (LUCC), can
provide a crucial theoretical basis for realizing the optimal al-
location and sustainable development of regional water
resources.

Previous studies on the actual ET were mainly based on
the data from meteorological stations, without taking into
account the surface vegetation cover and underlying sur-
face type. When interpolating with the site ET to obtain
regional ET, large errors may occur due to variations in
surface type. Meanwhile, although the predecessors had
adopted the data of meteorological stations as much as
possible, the problem of sparse stations still exists. In re-
cent years, the development of satellite remote sensing
technology and related inversion algorithms made it possi-
ble to monitor surface vegetation cover and underlying
surface type, offering continuous ET value on a large scale.
Therefore, it is reasonable to use remote sensing product
data to explore the impact of land-use type change on sur-
face ET. In the past few decades, more and more models
had used remote sensing data to estimate ET, including
TSEB model (Norman et al. 1995), SEBAL model
(Bastiaanssen et al. 1998a; Bastiaanssen et al. 1998b), S
−SEBI model (Roerink et al. 2000), SEBS model (Su
2002), STSEB model (Sánchez et al. 2008), GLEAM mod-
el (Miralles et al. 2011), and MODIS−ET (Mu et al. 2011).
The performance of the above models is convincible.
Among them, based on Penman−Monteith equation and
the land surface characteristics obtained by remote sensing
data, the National Aeronautics and Space Administration
(NASA) developed the global land evapotranspiration data
product—MOD16, which had been verified by the global
flux observation data, and the estimated accuracy was 86%
(Gowda et al. 2008). Based on the high estimation accura-
cy and the accessibility of MOD16 data, this product has
been widely used in the study of spatiotemporal variation
characteristics of ET worldwide. Therefore, this study
adopted the MOD16 and MCD12Q1 from the MODIS
product datasets from 2001 to 2014 in the HRB.

At present, a number of studies have been performed on the
influence of climate change on the ET in the HRB (Chu et al.
2017; Zou et al. 2017). In addition to the impact of climate

change, however, the land-use change caused by human ac-
tivities is also one of the most important factors affecting the
surface ET. Because different land-use types are characterized
with different vegetation types, leaf area index (or vegetation
coverage), and surface albedo (or surface optical characteris-
tics), etc., when land-use types change, their corresponding
ET capacity will change accordingly. Land-use type change
has different impacts on surface ET in various basins of China.
For example, deforestation may decrease ET (Olchev et al.
2008), and croplands offer much greater actual ET than
built-up area (Liu et al. 2010). China experienced a rapid
transformation of LUCC process in the twentieth century.
Since most of the forested land was transferred to paddy or
irrigated fields, deforestation reduced ET by an average of 422
mm·a−1. Currently, changes in land-use patterns such as veg-
etation change (deforestation, afforestation or grassland recla-
mation), agricultural development activities ( farmland recla-
mation, crop cultivation and agricultural management), and
urbanization have seriously affected the regional ET, resulting
in the intensified flood (Brath et al. 2006) and great changes in
the base flow (Wang et al. 2006) and the annual average flow
(Costa et al. 2003).

Furthermore, the ET rate of the HRB also varies with dif-
ferent land cover types on different underlying surfaces. At
present, there are many studies on surface ET and land use in
China, including Poyang Lake Basin (Wu et al. 2013),
Sanjiang Plain (Feng et al. 2015), Shaanxi (Fan et al. 2014;
Wang et al. 2016) and Anhui (Wang et al. 2018) provinces,
Huan River Basin (Zhang et al. 2018b), and northwest China
(Deng et al. 2017). However, the influence of land-use change
on surface ET in the HRB is unclear. In water-scarce condi-
tions, land-use transitions sometimes lead to enhanced com-
petition for water (Feng et al. 2016). Current insights into the
impacts of these competing requirements are yet inadequate
(Menz et al. 2013). Particularly, the question of whether the
land-use types have controlled surface ET trends or whether
the impact of the meteorological factor on surface ET is
outweighed by the impact of land-use types on surface ET
remains undetermined.

Nevertheless, little is understood about changes in actual
ET for diverse land-use types in the HRB. In this study, we
hypothesized that the impacts of meteorological factors are
much higher than that of the effects of land-use types that
affecting surface ET. We tested the hypothesis by estimating
transitions from different land-use types affecting surface ET.
This study seeks to find the gaps in understanding of the role
of climate change and LUCC on ET of the HRB. The prime
objectives of the current study were (i) to investigate the spa-
tiotemporal variation trends and characteristics of ET based on
the Theil−Sen’s trend estimation method and Mann–Kendall
(MK) test, (ii) to analyze the actual surface ET change char-
acteristics of different land-use types in the HRB, (iii) to clar-
ify the correlation between ET andmeteorological factors, and
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(iv) to quantify the effects of climate change and LUCC on
ET. This research will play an important role in effective plan-
ning, sustainable water resources management, and mitigating
probable impacts of climate on the HRB water balance.

Study area and data

Study area

Huai River originates from Tongbai mountains in Henan
province, which flows through Henan, Hubei, Anhui, and
Jiangsu provinces from west to east. HRB locates between
the Yangtze River Basin and the Yellow River Basin and
belongs to the climate transition zone between north and south
China (111° 55′~121° 25′ E, 30° 55′~36° 36′ N), which is
considered to be the dividing line between China’s warm tem-
perate zone and the north subtropical zone (zero isotherms).
The HRB has four distinct seasons and a mild climate. The
HRB covers an area of about 270,000 km2, and the length of
its mainstream is about 1,000 km, with a total drop height of
about 200 m. The western, southwestern, and northeastern
areas of the HRB are mainly mountains and hills. The rest of
the areas are vast plains, accounting for about two-thirds of the
total area (Fig. 1). The HRB is divided into two major water
systems, namely the Huai river system and Yi-Shu-Si river
system, in which the Huai river system is subdivided into
the upper, middle, and lower reaches (He et al. 2015). The
average annual temperature increases from north to south
and from coastal areas to inland, with an overall range of
11~16 °C. The average annual evaporation of water is be-
tween 900 and 1500 mm, the relative humidity is between

40 and 70%, and the average annual precipitation is about
970 mm, with more than 50% of the precipitation concentrat-
ed in the monsoon season from June to September. Due to the
uneven distribution of precipitation and complicated weather
system, the HRB is vulnerable to flood in the rainy season and
drought in the dry season. In addition, because the study area
is adjacent to the Yangtze River Delta (YRD) and Huang-
Huai-Hai (HHH) plain, the population density of the HRB is
about fivefold of the national average. The HRB is also the
main grain production base of eastern China (Yan et al. 2010).
The main crops include wheat, rice, maize, potato, rapeseed,
soybean, and cotton, with output accounting for about 17.3%
of the total national production. Shouxian National Climate
Observatory (116° 46′ E, 32° 33′ N) is located on the south
shore of the middle HRB, which represents a typical farmland
ecosystem in the HRB. The cropping system is mainly rice–
wheat crop rotation (Tian et al. 2011).

Data

Digital elevation model (DEM) data

The spatial resolution of the digital elevation model (DEM)
employed in this research (Fig. 1) is 90 m; the data source is
from http://srtm.csi.cgiar.org/.

Remote sensing data

The spatial resolution of MOD16 product data adopted in this
study is 1 km × 1 km, the temporal resolution includes 8 day,
month, and year time scales. The datasets, including the
evapotranspiration (ET), latent heat flux (LE), potential ET
(PET), and potential LE (PLE), have been widely validated
and used around the world (Mu et al. 2011). This research
mainly adopts the synthetic product data of MOD16 in day,
month (MOD16A2), and year (MOD16A3) timescales during
2001–2014; it can be downloaded from the website of the
University of Montana Digital Earth Dynamic Simulation
Research Group (http://www.ntsg.umt.edu/project/mod16).
Based on the geographical location of the HRB and the line
number distribution map from MODIS product in China, the
remote sensing images covering the HRB were selected, the
specific satellite orbit numbers are h27v05 and h28v05.

The land cover type data adopted in this study was
MCD12Q1 product data of MODIS during 2001–2014, with
a spatial resolution of 500 m × 500 m. This product used the
International Geosphere-Biosphere Programme (IGBP) to
classify the global surface types into 17 types. In this study,
based on the main vegetation types of the HRB, the surface
type was reclassified into 7 types, namely croplands, forests,
grasslands, urban/built-up, water bodies, wetlands, and bar-
ren. The nearest neighbor resampling method was also
adopted in this study to interpolate the MOD16 data with a

Fig. 1 Location of the Huai River Basin (HRB) in China. I: Upper HRB;
II: Middle HRB; III: Yi-Shu-Si basin; IV: Lower HRB
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resolution of 1 km × 1 km to the spatial resolution of 500 m ×
500 m, to unify the accuracy of MOD16 ET and MCD12Q1
datasets. Due that the MODIS product data is based on the
HDF format of SIN projection, theMODIS Reprojection Tool
(MRT) was used to preprocess the original data in this study.
Detailed data description can be found in the data user guide
of the above data download website.

Hydrological, meteorological, and eddy covariance data

To verify the applicability of theMOD16 ET product data, the
annual precipitation and runoff data of the HRB during 2001–
2014 were selected in this study. The datasets were obtained
from the Huai River Water Resources Bulletin (http://www.
hrc.gov.cn/) issued by the Huai River Commission of the
Ministry of Water Resources.

Furthermore, in order to explore the correlation mechanism
between ET and meteorological factors, daily meteorological
data of 137 meteorological stations from 2001 to 2014 re-
leased by the National Meteorological Information Center
(NMIC) of the China Meteorological Administration (CMA)
were employed in this study. This data sets included the mean
temperature (Ta, °C), precipitation (Pre, mm), relative humid-
ity (RH, %), wind speed at 10-m height (u10, m·s−1), and
sunshine duration (SD, h). In addition, to further prove the
validity of MOD16 product data, the D20 pan evaporation
data (Epan, mm) of 89 meteorological stations (Li et al.
2018b) during 2001 to 2013 were also adopted here to verify
the MOD16 PET data. The eddy covariance (EC) measure-
ments during 2008–2009 provided by the Shouxian National
Climate Observatory were employed to verify the MOD16
monthly ET data, and the specific information of EC

Fig. 2 Validation of the applicability of annual MOD16 ET product data
using the water balance method (a, b), MOD16 PET product data using
monthly Epan data (c) during 2001–2013 and monthly MOD16 ET prod-
uct data using EC measurements by Shouxian flux tower during rice–

wheat growing seasons in 2008 and 2009 (d). Note: The monthly EC
measurements were from November 2007 to September 2009, except
June and October in 2008
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measurements could be found in the literature referenced in
Chu et al. (2019) and Li et al. (2020).

Quality control of the meteorological data sets had already
been carried out by the staff members of the NMIC. Detailed
data descriptions can be checked from the website http://data.
cma.cn/. Conversion formula of u10 to wind speed at 2 m (u2)
and SD to net radiation (Rn) can be referred to Li et al. (2018a).

Methods

Water balance method

In this study, the water balance method was adopted to verify
the applicability of MOD16 ET product data. The specific
calculation formula is as follows:

ETa ¼ Pre−R−ΔS ð1Þ
where ETa represents the actual surface evapotranspiration
(mm), Pre represents the precipitation (mm), R represents the
surface runoff (mm), and ΔS refers to the net changes in sur-
face and underground water storage (mm). Due to the effects
of natural and human factors, ΔS are difficult to determine and
can be ignored on a yearly or multi-year time scale.

Trend analysis

In this research, Theil–Sen’s slope estimator (Sen 1968; Theil
1950) was used to estimate the magnitude of the variables’
trends. In addition, the nonparametric Mann–Kendall (M-K)
test (Mann 1945), which has been widely used in hydrological
trend detection studies, was also applied to determine the sig-
nificance of the variables’ trends. Detailed descriptions of
these methods can be found in Li et al. (2018b).

Assessment of the impact of climate change and LUCC
on ET

To quantify the influence of climate change and LUCC on ET,
we followed the approach by Odongo et al. (2019) and intro-
duced the concept of ET volume from climate change and
LUCC; specific calculation processes are as follows:

VolLUCCti ¼ sum ETLUCC
ti −ETLUCC

ti−1

� �
� pixel area ð2Þ

VolClimate
ti ¼ sum ETClimate

ti −ETClimate
ti−1

� �
� pixel area ð3Þ

where VolLUCCti is the volume of total water from LUCC for
the current year ti and ETLUCC

ti and ETLUCC
ti−1 are the ET for

changed land-use type of each pixel for the current year ti
and previous year ti − 1, respectively. The pixel area is the
actual area of single pixel, which is 250000 m2.

where VolClimate
ti is the volume of total water from climate

change for the current year ti, and ETClimate
ti and ETClimate

ti−1 are

the ET for unchanged land-use type of each pixel for the
current year ti and previous year ti − 1, respectively. The pixel
area is the actual area of single pixel, which is also 250000m2.

Results

Applicability verification of MOD16 product data

Prior to using MOD16 products to estimate the actual ET in
the HRB, the accuracy and validity of MOD16 are needed to
be verified for the present study. Thus, the annual ET estimat-
ed from annual precipitation and runoff data by the water
balance method (Eq. 1) was compared with the MOD16 ET
data (Fig. 2a, b). From Fig. 2a, the overall error between the
annual ET estimated by the water balance method and the
MOD16 ET was relatively small, and the MOD16 ET was
generally underestimated. In addition, the scatter fitting graph
(Fig. 2b) showed that the two ETwere in good agreement with
each other, with a root-mean-square error (RMSE) of 70.49
mm·a−1, a correlation coefficient (R) of 0.58, and a significant
correlation (p<0.05). This indicated a reasonable accuracy of
MOD16 ET data in this research. In order to further verify the
validity of the MOD16 product data, we also adopted the
monthly Epan data during 2001–2013 to validate the MOD16
PET data and EC measurements by Shouxian flux tower dur-
ing rice–wheat growing seasons in 2008 and 2009 to validate
the monthly MOD16 ET product data here. As shown in Fig.
2c, we can find there was a significant linear relationship
(p<0.05) between Epan and MOD16 PET, with the R square
value (R2) of 0.82 and RMSE of 25.38 mm·month−1.

Fig. 3 Temporal variation characteristics of ET in the HRB during 2001–
2014
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Moreover, a significant linear relationship (p<0.05) between
Shouxian ET andMOD16 ETwas also shown in Fig. 2d, with
R2 of 0.74 and RMSE of 15.54 mm·month−1. Thus, all these
phenomena verified that the accuracy ofMOD16 product data
was adequate and could be used to estimate the ET in the
HRB.

Spatiotemporal variation characteristics of ET during
2001–2014

From Fig. 3, it can be seen that except for spring (0.49 mm·
a−1), the ET in the annual, growing season, summer, autumn,
and winter present decreasing trends, with a rate of −3.13 mm·

Fig. 4 Spatial distribution of ET in the HRB during 2001−2014

Table 1 Statistical significance
test of ET change trend in the
HRB (percentage of total area)

ET trend Annual Growing season Spring Summer Autumn Winter

Decreasing (S) 24.71% 11.75% 12.16% 14.09% 14.09% 53.32%

Decreasing (NS) 51.07% 45.84% 34.86% 53.58% 61.39% 43.63%

Increasing (S) 1.99% 5.16% 16.92% 2.44% 2.59% 0.01%

Increasing (NS) 22.23% 37.26% 36.06% 29.89% 21.93% 3.04%
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a−1, −0.84 mm·a−1, −1.14 mm·a−1, −0.94 mm·a−1, and −1.35
mm·a−1, respectively. The significance is found from the ET
in winter (p<0.05).

As shown in Fig. 4, the average annual ET in the HRB
ranges from 280.5 to 1165.1 mm, the higher value distrib-
utes in the south and lower values in the north. The high-
value area in the southwest is also with a high altitude. The
distribution of ET in the growing season and summer are
consistent with the annual. The values are between 188.9
and 1051.1 mm for the growing season and 111.5 and
572 mm for summer. The high-value area in the southwest
expands in the summer season. The distribution pattern of
ET (42.4~312.5 mm) in spring differs from that in annual
and growing seasons, and the high-value area is mainly

concentrated in the middle area. The high ET values in
autumn are mostly identified in the southwest of the mid-
dle HRB and the lower HRB. The ET is the lowest in
winter, ranging from 44.0 to 104.3 mm. The high-value
area is mainly distributed in the south HRB and most of
the Yi-Shu-Si river basin. Meanwhile, ET distribution is
divided by the Huai River, and ET is lower in the north
of the Huai River and higher in the south.

Figures 5 and 6 and Table 1 together indicate that the an-
nual ET variation trend of the HRB is between −38.9 and 34.0
mm·a−2, with about 75.78% of the area showing a decreasing
trend, and the area with a significant decreasing trend account-
ing for about 24.71% of the total area, which mainly distrib-
utes in the northwest of the middle HRB and the southeast of

Fig. 5 Spatial distribution of ET trends in the HRB during 2001−2014
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the lower HRB. However, ET shows an increased trend in the
middle and eastern parts of the HRB, and only 1.99% of the
areas shows significance. The significant changing trend of
ET in the growing season is similar to that in the annual time
scale. In spring, more area shows an increasing ET trend,
accounting for about 52.98% of the total area, in which the
significantly increasing ET area proportion is 16.92%, mainly
distributed in the central part of the middle HRB, the northern
part of the lower HRB, and the northwestern part of the Yi-
Shu-Si river basin. In summer, ET shows a general declining
trend, which is similar to that in the annual time scale and
growing season. Meanwhile, about 67.67% area exhibits a
declining trend, of which about 14.09% shows the

significance, mainly located in the northwest of the middle
HRB and some part of the lower HRB. The area with signif-
icant increasing ET trend is mainly located in the southwest of
the HRB. In autumn, about 75.48% area shows decreasing ET
trend, mainly located in the northwest of the HRB. The area
with a significant decreasing ET trend is mainly located in the
central and northern parts of the HRB, accounting for about
14.09% of the total area. The changing trend of ET in winter is
different from that of other seasons. About 96.95% area ex-
presses decreasing ET trend, of which 53.32% of the total area
shows a significant decreasing trend, mainly located in the
upper and middle HRB and the northwest part of lower
HRB and Yi-Shu-Si river basin.

Fig. 6 Spatial distribution of ET trend significance in the HRB from 2001 to 2014

Environ Sci Pollut Res



Analysis of land-use change

As shown in Fig. 7, the distribution map of land cover types
after reclassification in the HRB between 2001 and 2014 was
selected here. It can be seen that the land-use type in the HRB
is mainly croplands, the areas with higher elevations in south-
west and northwest HRB are forests and grasslands, and some
areas in the lower HRB are also covered by grasslands. The
overall land-use type area is displayed in order:
c r o p l a n d s > g r a s s l a n d s > u r b a n / b u i l t - u p >w a t e r
bodies>forests>permanent wetlands>barren. In order to more
intuitively understand the changing trend of land cover types
in the HRB during the past 14 years, ArcGIS was employed to
extract the annual area of each land-use type. As shown in Fig.
8, the croplands area in the HRB showed a decreasing trend at
a rate of −176.2 km2·a−1, with the R2 value of 0.92. Before
2010, the area of forests showed a gradually increasing trend,
but showed a decreasing trend after 2010, with an overall
increased rate of 40.9 km2·a−1. The grasslands decreased sig-
nificantly from 2001 to 2004, increased slowly from 2004 to
2007, decreased from 2007 to 2010, and increased again after
2010. The grasslands area presents a w-type fluctuation de-
creasing trend, with an overall rate of −35.8 km2·a−1. The
urban/built-up area increased at a rate of 138.3 km2·a−1, with

the R2 value as high as 0.99. The water bodies area increased
significantly before 2006 and then decreased significantly af-
ter 2006, and this trend slowed down after 2010, gradually
decreasing at an overall rate of −1.38km2·a−1. The wetlands
area increased significantly at a rate of 43.6 km2·a−1, with an
R2 value as high as 0.94. The wetlands area increased rapidly
before 2004, and then, the increasing rate was slower than
before. Over the past 14 years, the barren area gradually de-
creased at a rate of −9.5 km2·a−1, and the R2 value was as high
as 0.94. However, the decline rate slowed down after 2012.

Table 2 shows the transfer matrix of land-use type for the
HRB from 2001 to 2014. It can be seen that, during the past 14
years, although there are 3962.5 km2 grasslands converted
into croplands, the overall croplands area decreased by 2360
km2, and the area size of croplands transformed into other land
cover types was in the following order: grasslands>urban/
built-up>permanent wetlands>forests>barren, predominantly
grasslands and urban/built-up. Due to a large area of grass-
lands (972.5 km2) converted into forests, the forests area even-
tually increased by 620.5 km2, while the area converted into
grasslands was small, only 389.5 km2. The grassland area
decreased by 551.25 km2 on the whole, and the area size
converted to other land cover types was in order:
croplands>forests>permanent wetlands>urban/built-

Fig. 7 Land cover type map of HRB after reclassification in 2001 and 2014
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up>barren>water bodies. The overall urban/built-up area in-
creased by 1733 km2, which was mainly converted from crop-
lands and grasslands, while the main urban area had no trans-
formation. The overall water bodies area increased by 4.75
km2, which was mainly converted into wetlands (16.5 km2),

and the land types converted into water bodies were mainly
wetlands and barren. The wetlands area increased by 648.25
km2 in total, and the main land types converted into wetlands
were in the following order: grasslands>croplands>
barren>water bodies, while wetlands were mainly converted

Fig. 8 Change trends of different land cover type areas in the HRB from 2001 to 2014

Table 2 Transfer matrix of land-use types in the HRB from 2001 to 2014 (km2)

2014

2001 Croplands Forests Grasslands Urban/Built-up Water bodies Permanent wetlands Barren Total area

Croplands 203238.5 48.25 4813.25 1376 2 143.5 7.75 209629.3

Forests 12.75 3534 389.5 0 0 0 0 3936.25

Grasslands 3962.5 972.5 14721.5 327.25 1.5 743.5 12 20740.75

Urban/Built-up 0 0 0 11720.5 0 0 0 11720.5

Water bodies 0 0 0.75 0.25 5701.25 16.5 1.25 5720

Permanent wetlands 49 2 245 12.25 22.25 1368 4 1702.5

Barren 6.5 0 19.25 17.25 7.75 79.25 71.75 201.75

Total area 207269.3 4556.75 20189.25 13453.5 5734.75 2350.75 96.75 253651

Note: The numbers in italics on the diagonal show the land cover area that remained the same type between 2001 and 2014.
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into grasslands. The total area of barren land decreased by 105
km2, mainly converted from grasslands and croplands, and
converted into wetlands, grasslands and urban/built-up.

Variation characteristics of ET of different land-use
types

Different land-use types have different ET rates due to their
physiological and ecological characteristics and precipitation
conditions. As shown in Fig. 9, this study adopts the spatial
statistics function of ArcGIS to extract the annual ET corre-
sponding to the regional scale of each land-use type year by
year. As can be seen from the figure, the annual ET is closely
related to the land-use types of the HRB, and there is a pro-
found difference between land-use types. In the past 14 years,

the ET of each land-use type all showed a significant declining
trend. The average annual ET of forests land was the highest,
with the value up to 735.3 mm·a−1, followed by grasslands
and croplands, where the average annual ET was 663.3 mm·
a−1 and 581.7 mm·a−1, respectively. However, the annual ET
and its variation trend in urban/built-up, water bodies, wet-
lands, and barren are relatively small. The annual ET is in
the following order: wetlands (526.1 mm·a−1)>water bodies
(514.8 mm·a−1)>urban/built-up (511.8 mm·a−1)>barren
(506.2 mm·a−1).

Correlation mechanism between ET and
meteorological factors

As shown in Fig. 10, the Pre exhibited a non-significant de-
creasing trend in the HRB for the past 14 years, with a rate of
−9.26 mm·a−1. Ta showed no change trend. RH showed a
significant decreasing trend, with a rate of −0.37a−1. u2 pre-
sented a significant decreasing trend, with a rate of −0.018 m·
s−1· a−1. However, Rn exhibited a non-significant decreasing
trend generally.

In order to explore the correlation relationship between
ET and meteorological factors, we chose five meteorolog-
ical factors (namely Pre, Ta, RH, u2, and Rn) from 137
meteorological stations. Then, we carried on the analysis
from the temporal and spatial scale. At temporal scale, we
determined the spearman correlation coefficient between
annual average ET and each meteorological factor (Fig.
11). As shown in Fig. 11, we could detect that only the
Pre and RH significantly correlated with ET, both with
significance level of 0.05 and R2 value of 0.40 and 0.33,
respectively. At spatial scale, we adopted ArcGIS to carry
out spatial interpolation of each meteorological factor and
generated raster layers with the same spatial resolution as
MOD16 ET product data. Then, we calculated the corre-
lation relationship between ET and each meteorological
factor at pixel level to obtain the R2 and p values of each
pixel. Then, we extracted R2 of the pixel in which the p
value was less than 0.05 (Fig. 12). As shown in Fig. 12,
the spatial correlation between ET and Pre, Ta, RH, u2,
and Rn were 0.28~0.95, 0.28~0.79, 0.28~0.92, 0.28~0.93,
and 0.28~0.86, respectively. Similar with Fig. 11, from
the extracted area of the region, the correlation between
E T a n d c l i m a t e f a c t o r s w a s a s f o l l o w s :
Pre>RH>u2>Rn>Ta. Thus, in terms of meteorological fac-
tors, the ET in the HRB was dominated by the reduced
Pre and RH generally.

Influence of climate change and LUCC on ET

To quantify the influence of climate change and LUCC on ET,
we introduce the volume of total water released by climate
change and LUCC, respectively. As shown in Fig. 13, the

Fig. 9 ET variation trends of different land cover types in the HRB from
2001 to 2014
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change trend of ET contribution by volume from LUCC and
climate change varied simultaneously (Fig. 13a), and the cor-
relation coefficient is 0.90 (Fig. 13b). Moreover, the magni-
tude of ET contribution by volume from climate change (109

m3·a−1) is larger than that from LUCC (107 m3·a−1). Thus, the
influence of climate change on ET is larger than LUCC in the
HRB.

Discussion

Meteorological factors influencing ET

Meteorological factors are key factors that influence ET (Han
et al. 2019; Vörösmarty et al. 2000; Vörösmarty and Sahagian
2000; Xu et al. 2015; Zou et al. 2017). It is generally

Fig. 10 Temporal variations of meteorological factors in the HRB during 2001-2014
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acknowledged that water conditions, predominantly Pre and
RH, are major drivers that control ET (Han et al. 2019;
Lettenmaier and Famiglietti 2006; Shan et al. 2015). Our
study also indicated that the decreasing Pre and RH are the
main driving factors for the declining ET of the HRB in nearly
14 years. Similar results could also be found in the source
region of the Yellow River (Ye et al. 2018), Haihe River
Basin (Huang et al. 2019), and Dongting Lake Basin (Zhang
et al. 2018a) of China, where the effects of Pre on ET are both
stronger than those of Ta. Pre is one of the vital hydrologic
parts of the water cycle, accounting for the water supply, fur-
ther affecting ET to a certain degree (Walter et al. 2004).
However, a reduction in Pre confirmed that there was low-
moisture condition prevailing that suppressed surface ET over
the 14 years. This is consistent with the findings of Jung et al.
(2010), where ET declined due to low moisture supply in the
southern Hemisphere rather than by changes in atmospheric
conditions. The results of this study also showed that annual
surface ET exhibited a decreasing trend in the 14-year period,
which is similar with a prior study of ET in the HRB estimated
by the Advection–Aridity model (Chu et al. 2019). Moreover,
Chu et al. (2019) also demonstrated that RHwas the dominant
factor of actual ET trends in spring and was the second dom-
inant factor in annual timescale during 1991–2014. The reduc-
tion of RH was related to the change in dry or wet surface
conditions (Waring and Running 2007), thus affecting ET to
some extent. The thermodynamic factors (increasing Ta and

decreasing Rn) and dynamic factor (reducing u2) are generally
related to raising amounts of cloudiness and aerosols in the
atmosphere (Roderick et al. 2009; Stanhill and Cohen 2001),
and also, rising surface albedo and surface temperature due to
land-use changes may be contributed to the decrease in ET.

Land-use types influencing ET

Recently, plenty of studies have been conducted in China
based on different land-use types (human activities) affecting
ET (Feng et al. 2016; Liu and Hu 2019; Ma et al. 2019; Wang
et al. 2019). In addition to meteorological factors, ET is more
susceptible to land-use types (Gong et al. 2017; Han et al.
2019; Liu and Hu 2019). In addition, some researchers sug-
gested that land-use types might have a more substantial effect
on the water cycle than climate change (Boisier et al. 2014;
Kundu et al. 2017; Zhao et al. 2017). Our study area covers the
watershed land-use types, which mainly consisted of crop-
lands. The impact of land-use types on regional ET is chiefly
an outcome of physical variation in the land surface which
influences the efficiency of ET (Dias et al. 2015; Douglas
et al. 2009). Zhao et al. (2017) showed that the effect of human
activities on ET is significantly larger than climate change.
However, contrary to the prior study, our study reveals that
land-use types have little influences on ET variations. Land
transformation (Bronstert et al. 2002) alters properties such as
temperature and soil moisture and further alters the water

Fig. 11 The correlation between annual ET and corresponding meteorological factors at temporal scale. Note: a, b, c, d and e represent the Pre, Ta, RH,
u2, and Rn, respectively.
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cycle. The type of land surface affects spatial and temporal
variations of ET (Dias et al. 2015; Douglas et al. 2009; Olchev
et al. 2008). In our study, the magnitude of ET of different
l a n d - u s e t y p e s f o l l o w e d i n t h e o r d e r o f
fo r e s t s>g r a s s l ands>c rop l ands>we t l ands>wa t e r
bodies>urban/built-up areas>barren. This result is basically
consistent with the findings of Deng et al. (2017), Zhang
et al. (2018a), and Huang et al. (2019). The possible reasons
for the large amount of ET of forests are that (a) physiological
characteristics of forest root water absorption for transpiration
and (b) the contribution of low plants under the canopy of
forest with high density to the overall ET of forest.

Future studies and uncertainty

Our study quantitatively assessed the impacts of climate
change and LUCC on ET through different input remote sens-
ing data of ET product and land cover types product. The
utilization of remote sensing data will bring some inaccuracies
and uncertainties into our research unavoidably. The temporal
incorrectness may come from the temporal inaccuracies of the
remote sensing dataset. Under this situation, further research
should be carried out using multi-source climatic dataset and
surface ET data to improve the accuracy and strengthen the
eventual conclusions. We explored LUCC and their impacts

Fig. 12 The correlation between annual ET and corresponding meteorological factors at spatial scale with significance at 0.05.
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on ET in our study. However, how to quantify the con-
tribution of each land-use change type to ET precisely
remains to be further studied and discussed. Moreover,
the regional impacts of land-use types such as reforesta-
tion via influencing atmospheric moisture, Pre, and ener-
gy balance in the HRB are still unclear. Meteorological
factors can affect land-use types, and in turn, land-use
types can also influence the local climate. The interac-
tions between the meteorological factor and land-use
types can lead to substantial uncertainty in their roles
in affecting ET. Future research based on regional land
surface models should take into consideration the relation
between the contributions of climate change and LUCC.

Conclusions

This study utilized remote sensing and meteorological
datasets to estimate surface ET and variations under different

land-use types in the HRB. The impacts of climate change
(meteorological factors) and human activities (LUCC) on sur-
face ET were investigated. The spatiotemporal variation char-
acteristics of ET, the variation trend of land-use types, ET
variation characteristics of different land cover types, and the
influence of LUCC and climate change on ET of the HRB in
the nearly 14-years were discussed. Specific research out-
comes are as follows:

Compared with the annual ET estimated by the water bal-
ance method and monthly ET by EC measurements as well as
Epan data, the MOD16 product data is more accurate and can
be used to estimate the ET of the HRB. Except for the slight
increase of ET in spring, ET in other seasons of the HRB
showed decreasing trends, especially significant in winter
(p<0.05). The land-use type of the HRB is mainly croplands,
the areas with higher elevations in the southwest and north-
west HRB are covered by forests and grasslands, and some
areas in lower HRB are also covered by grasslands. The crop-
lands area decreased at a rate of −176.2 km2·a−1, which was
mainly transformed into grasslands and urban/built-up. The
forests area increased at a rate of 40.9 km2· a−1 and was mainly
transformed from grasslands. The overall grasslands area pre-
sented a w-type fluctuation and decreased at the rate of −35.8
km2·a−1, and the transformed land-use area was in order:
croplands>forests>wetlands>urban/built-up>barren>water
bodies. The average annual ET in the HRB is closely related to
the land-use types, and there are substantial differences in ET
among different land-use types, all demonstrating obvious
downward trends. The annual ET showed in the following
order: forests>grasslands>croplands>wetlands>water
bodies>urban/built-up>barren. In terms of meteorological fac-
tors, the main controlling factors that finally influence the ET
decrease may be the water conditions (Pre decrease and RH
decrease) in this basin. Overall, the LUCC has a smaller in-
fluence on ET than climate change in the HRB.

The analysis contributed important understanding of ET
changes and revealed the impacts of climate change and
LUCC on ET, which will assist water managers to predict
expected effects, reduce uncertainties, and provide a founda-
tion for sustainable water use management.
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