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a b s t r a c t
Land surface evapotranspiration (ET) is a central component of the Earth's global energy balance and water cycle.
Understanding ET is important in quantifying the impacts of human inﬂuences on the hydrological cycle and thus
helps improving water use efﬁciency and strengthening water use planning and watershed management. China
has experienced tremendous land use and land cover changes (LUCC) as a result of urbanization and ecological restoration under a broad background of climate change. This study used MODIS data products to analyze how LUCC
and climate change affected ET in China in the period 2001–2013. We examined the separate contribution to the estimated ET changes by combining LUCC and climate data. Results showed that the average annual ET in China decreased at a rate of −0.6 mm/yr from 2001 to 2013. Areas in which ET decreased signiﬁcantly were mainly
distributed in the northwest China, the central of southwest China, and most regions of south central and east
China. The trends of four climatic factors including air temperature, wind speed, sunshine duration, and relative humidity were determined, while the contributions of these four factors to ET were quantiﬁed by combining the ET and
climate datasets. Among the four climatic factors, sunshine duration and wind speed had the greatest inﬂuence on
ET. LUCC data from 2001 to 2013 showed that forests, grasslands and croplands in China mutually replaced each
other. The reduction of forests had much greater effects on ET than change by other land cover types. Finally, through
quantitative separation of the distinct effects of climate change and LUCC on ET, we conclude that climate change
was the more signiﬁcant than LULC change in inﬂuencing ET in China during the period 2001–2013. Effective
water resource management and vegetation-based ecological restoration efforts in China must consider the effects
of climate change on ET and water availability.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
Water is an important resource for maintaining the sustainable development of agriculture and other related socio-economic activity.
Over the past few years, water scarcity has become a very serious global
problem, and water resource allocation is becoming an important issue
as a result of population rise and climate change (Sun et al., 2008). There
is an urgent need to fully understand environmental effects on water resources for science-based management and rational allocation of water
resources.
Evapotranspiration (ET) is an important component of both the hydrological cycle and surface energy balance. In recent years two factors
have had increasing effects on ET: land use and land cover change
(LUCC) due to human activity, and climate change (Vörösmarty et al.,
2000). We must quantify the distinct effects of LUCC and climate change
on ET in order to gain an understanding of regional hydrological cycles
and energy balances. This understanding will make us better able to
maintain ecosystem functions and services, and to ensure efﬁcient
water resources managements (Allen et al., 2011a, 2011b).
The global terrestrial ET data product MOD16 was developed based
on land surface characteristics from remote sensing and the Penman–
Monteith equation (Monteith, 1965). The MOD16 dataset was evaluated by global ﬂux measurement data, and the estimated accuracy of the
data reached 86% (Mu et al., 2011). The dataset has been widely used to
study temporal and spatial characteristics of ET on a regional scale own
certain advantages (Autovino et al., 2016). In China, some researchers
(Jia et al., 2012; Zhang et al., 2016a) found that MOD16 is reasonably
practicable and trustworthy on the regional scale although MOD16 in
some pixels are overestimated or underestimated.
In the context of climate change, the trend of change in ET and its relationship with climate factors have been widely considered (Roderick
and Farquhar, 2004; Tang et al., 2011; Irmak et al., 2012; Croitoru et
al., 2013). In one study, Peterson et al. (1995) found that although temperature continuously increased, surface evaporation continuously decreased. Roderick and Farquhar (2002) called this contradiction the
evaporation paradox. In recent years, many scholars around the world
have studied the effects of climate change on the temporal and spatial
characteristics of ET (Brutsaert Amp and Parlange, 1998; Golubev et
al., 2001; Xu et al., 2006a). For example, some studies concluded that
ET has decreased in most countries, and that the decrease might be
caused by a reduction in solar radiation and a decrease in wind speed
(Gao et al., 2006; Zhang et al., 2007; Zheng et al., 2009). ET increases
in some individual areas (Yu et al., 2002; Burn and Hesch, 2007;
Dinpashoh et al., 2011) were mainly related to increases in wind
speed and decreases in relative humidity.
In addition to climate, ET is highly affected by land cover properties
such as leaf area index (Sun et al., 2011a, 2011b). Some researchers believed that LUCC had greater impact on the hydrological cycle than climate change (e.g., Xu et al., 2016) and may cancel or mask the effects
of climate change (Hao et al., 2011). LUCC affects ET on the regional
scale mainly through vegetation changes (e.g., deforestation and afforestation, or grassland reclamation), agricultural development activities
(e.g., farmland reclamation, crop cultivation, and agricultural management), and urbanization (Bronstert et al., 2002). ET change rates differ
among land cover types that have different underlying surfaces
(Olchev et al., 2008; Douglas et al., 2009; Dias et al., 2015).
In previous studies, several researchers have comprehensively quantiﬁed the combined effects of climate change and LUCC on ET in China
(Li et al., 2009; Kim et al., 2013; Zhao et al., 2016); however, the individual effects of climate change and LUCC on ET change have not been fully
explored. Since 2000, China has seen a large change in land cover as a
result of rapid urbanization and implementations of a few large scale
ecological restoration projects, including Grain for Green program, the
Natural Forest Conservation Program, and Three-North Shelterbelt Program (Feng et al., 2005; Qiu et al., 2011; Xiao et al., 2015; Zhang et al.,
2015). These massive LUCCs together with climate change have clearly
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inﬂuenced ET in China. There have debate in China on the causes of
large-scale changes in water balances. Currently, it is unclear how
LUCC and climate change have respectively contributed to change in
water resources in different geographic regions (Feng et al., 2016).
Whether the LUCCs had determined ET trends or whether the great effect of LUCCs on ET can be ignored in comparison with the effect of climate change on ET becomes an endless debate. Thus, quantiﬁcation of
the individual effect of climate change and LUCC on changes in ET, and
determination of the dominant factor have practical signiﬁcance for
the national-scale ecological campaigns amid a changing climate (Ma
et al., 2008; Bao et al., 2012; Hao et al., 2015; Xie et al., 2015).
Therefore, the objectives of this study were to: 1) characterize the
spatial and temporal variability of ET in China from 2001 to 2013, 2)
quantifying individual contributions of climate change and LUCC. Our
guiding hypothesis for this study is that climate change may cancel or
aggravate the effects of LUCC on regional ET. Research results may
offer important knowledge for land and water managers to take proper
watershed actions to mitigate the likely effects of climate on watershed
water balances.
2. Materials and methods
2.1. Data
The moderate resolution imaging spectroradiometer (MODIS) is a
key sensor aboard both the Terra and Aqua satellites which are part of
NASA's (the United States National Aeronautics and Space Administration) Earth Observation System. MODIS data products are well validated
and used widely across the world (Friedl et al., 2010; Mu et al., 2011; Hu
et al., 2015; Zeng et al., 2015). In this study, we used the yearly 500 m
MCD12Q1 land cover data based on the International Geosphere-Biosphere Programme classiﬁcation (IGBP; Loveland and Belward, 1997)
(http://ladsweb.nascom.nasa.gov), and yearly 1 km MOD16A3 ET data
from the Numerical Terra dynamic Simulation Group at the University
of Montana (http://ntsg.umt.edu). All 1 km ET data were interpolated
to 500 m using the nearest neighbor resampling method. We
reclassiﬁed land cover types into ﬁve categories: forests, croplands,
grasslands, wetlands, and bare lands. The forests category includes
evergreen needleleaf forests, deciduous needleleaf forests, evergreen
broadleaf forests, deciduous broadleaf forests, mixed forests, and
shrublands.
The meteorological datasets used were acquired from the National
Meteorological Information Center of the China Meteorological Administration (http://cdc.cma.gov.cn). The datasets include average temperatures (TA) (°C), sunshine duration (SD) (h), wind speeds (WD) at 10 m
height (m/s) and relative humidity (RH) (%). Data from 596 meteorological stations were used in the study period. Stations with lost data
or data anomalies were eliminated. Fig. 1 shows the regional distribution of the 596 stations according to a Chinese climatic and geographic
regionalization (Jin et al., 2016; Zheng et al., 2013). Spatial distributions
of each climatic variable at the 500 m resolution were interpolated from
all stations and used to match the spatial distribution of ET using the
Kriging method, further for calculating contributions of each climatic
variable on the regional scale. Finally, the spatial dataset including
land cover, ET, and meteorological data was converted into the albers
equal area conical projection at the 500 m resolution.
2.2. Methods
2.2.1. Trend analysis
This study assessed the trends of annual ET for the period 2001–
2013 with the following linear equation:

y ¼ ax þ b; ðx ¼ n; n þ 1; …; NÞ

ð1Þ
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where Ɛ represents the systemic error. The four terms on the right-hand
side of the equation represent the positive (increases in ET) and negative (decreases in ET) contributions of the four climate factors (TA,
WD, RH, and SD) to the long-term ET trend, respectively. The dominant
climatic factors inﬂuencing the change in ET can be identiﬁed by comparing the absolute values of the contributions of each factor.
Second, we assumed that if land cover types were changed and then
changes in ET were attributable to the combined effect of climate
change and LUCC. Therefore, the effects of LUCC on ET in a region can
be quantitatively identiﬁed by removing the effects of climate change
on ET in that region (refer to Eq. (2)) since the effects of climate change
on ET in a region are the same. Through two variation transfer matrices
(Tables 1 and 2), the directions of changes in the proportions of land
cover types and the effect of each LUCC on ET can be determined.
Finally, as a ﬁrst-order approximation, the total change in annual
total ET in a region can be calculated as (Ma et al., 2008; Zhang et al.,
2016b):
ΔET total ¼ ΔET c limate  C c limate þ ΔET LUCC  C LUCC
Fig. 1. The spatial distribution of meteorological sites with six region divisions (Dong Bei
(DB) is northeast in China, Hua Bei (HB) is the north China, Xi Bei (XB) is northwest in
China, Hua Dong (HD) is the eastern China, Zhong Nan (ZN) is middle-of-south in China,
Xi Nan (XN) is southwest in China).

where y is the trend of annual ET; x is the year; a and b are the slope and
intercept respectively; n represents the starting year of the time series;
and N–n + 1 is the sample size.
A positive value of a shows an increasing trend, whereas a negative
value of a shows a decreasing trend. The signiﬁcance level (p) of 0.05
was used for the linear trend analysis. The signiﬁcance level represents
the level of conﬁdence in the trend value, independent of the rate of
change.

ð4Þ

So the change in mean ET in a region can be expressed as:
ΔET total ¼ ΔET c limate  C c limate þ ΔET LUCC  C LUCC

ð5Þ

where ΔET total is the total change in mean ET (mm) in a region;ΔET climate
and ΔET LUCC is the mean ET change due to climate change and LUCC, respectively; Atotal, Aclimate, and ALUCC is total area within a region, area affected by climate, and area with land cover change, respectively; Since
climate affects the whole region, so Aclimate= Atotal; CLUCC and Cclimate represents the area proportion of contribution of LUCC and climate change
to ET in a region, respectively. Cclimate is 1.0 and CLUCC is calculated by AALUCC
.
total
3. Results

2.2.2. Contribution assessment
This study assumed that the trend of ET was only affected by climate
change and LUCC:
unit
ΔET unit ¼ ΔET unit
climate þ ΔET LUCC

ð2Þ

where Δ ETunit is the change in ET in a unit area; Δ ETunitclimate and
Δ ETunitLUCC are ET changes in the unit area due to climate change and
LUCC, respectively.
If neither climate nor LUCC change over a period of time, ET in a region remains constant over the period. If the climatic characteristics of a
region are basically the same, the effect of climate change on ET in this
region should be the same regardless of the land use and cover types.
We divided China into six regions according to different ecological geography (Jin et al., 2016) and climatic zones (Zheng et al., 2013), ensuring
that the climate characteristics in each region are basically the same but
land use patterns differ in the region (Fig. 1).
First, we assumed that if land cover types in a region were unchanged during the period 2001–2013, then any change in ET in that region was caused by climate change. There are many climatic factors that
can affect ET, and different regions have different climatic characteristics. We needed to know which climatic factors primarily inﬂuenced
ET. Four important factors that inﬂuence ET, which are provided by
the MOD16 algorithm, are TA, WD, RH, and SD. ET changes with time
(t) were decomposed by the partial differentiation equation method
(Zheng et al., 2009; Liu et al., 2011; Yang and Yang, 2012):

dET c limate ∂ET c limate dTA ∂ET c limate dWD ∂ET c limate dRH
¼
þ
þ



dt
dt
dt
dt
∂TA
∂WD
∂RH
∂ET c limate dSD
þ
þε

dt
∂SD

ð3Þ

3.1. The temporal and spatial distribution of ET
Average annual ET in China for the period 2001–2013 was
553 mm/yr. Generally, the ET trend was decreasing with the average
rate of decrease −0.6 mm/yr, but it ﬂuctuated inter-annually (Fig. S1).
Spatially, average annual ET in China was lower in the western and
northern regions with spare vegetation, and higher in the eastern and
southern regions with abundant vegetation. Average annual ET increased gradually from the northwest inland area to the southeast
coastal area (Fig. 2a). During the period 2001–2013, the ET trend was
decreasing in about 68% of China with a signiﬁcant decrease in 17% of
areas, distributed in the northwest of XB and the central region of XN,
and most regions of ZN and HD. In contrast, areas with signiﬁcant increases in ET were sporadically distributed in the southeast of XB and
the west of DB (Fig. 2b, Fig. S2).
3.2. Changes of climatic factors and their contributions to ET trends
Fig. 3 shows the change trends of four climatic factors and their contributions to changes in ET. TA increased in most parts of China during
the period 2001–2013 (Fig. 3a). Among meteorological sites used in
China, 32% of sites showed a signiﬁcant increase (p b 0.05), and only
12% of sites showed a signiﬁcant reduction in TA (p b 0.05). TA contributed positively to changes of ET in N 85% of China. Only in the central
part of XB that had the least annual ET which was most barren
(Fig. 3a), did TA contribute negatively. SD decreased in N60% of sites
but showed signiﬁcant decrease in only 15% of sites (p b 0.05). SD contributed negatively to change in ET in N 75% of China, with the greatest
effect in eastern and western parts of XB and the western part of XN
(Fig. 3b). In the majority of sites studied, WD was declining. A signiﬁcant
decrease was found in 36% of sites and a signiﬁcant increase in 16% of
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Table 1
The transfer matrix of areas between land use types in China during the period 2001–2013 (km2).
2001

Forests
Grasslands
Wetlands
Croplands
Bare lands
Total

2013
Forests

Grasslands

Wetlands

Croplands

Bare lands

Total

1,747,546
228,350
15,735
194,440
53,993
2,240,064

184,573
2,236,456
294
97,752
244,237
2,763,311

6684
2805
946
7449
586
18,470

182,569
243,943
4559
981,006
16,510
1,428,587

25,477
118,091
50.3
4216
1,837,752
1,985,585

2,146,849
2,829,645
21,583
1,284,863
2,153,078

Note: italic numbers on diagonal line are areas kept as the same land cover type during the period of 2001 to 2013.

sites (p b 0.05). WD contributed negatively to changes in ET in N 80% of
China, which were distributed mostly in the eastern part of XB (Fig. 3c).
A signiﬁcant decrease in RH was found in 30% of all sites of which 8%
showed a signiﬁcant increase (p b 0.05). RH contributed positively to
changes in ET in N 85% of China, but the contribution was relatively
small (Fig. 3d).
Overall, the average regional contributions of TA, WD, SD, and RH to
ET were 0.9 mm/yr, −1.2 mm/yr, −1.5 mm/yr, and 0.3 mm/yr, respectively. Comparisons of the contributions of each climatic factor to ET
showed that ET changes in different regions were attributable to different factors (Fig. 4). SD was the dominant factor in 48% of China, which
included XB, the northeastern part of HB, and some parts of DB and
ZN. WD was the dominant factor for changes in ET in 27% of China,
mainly concentrated in the middle-west part of DB and XN. TA and RH
were the dominant factors for changes in ET in 15% and 11% of China, respectively, scattered over different regions. These results indicate that
changes in ET are mainly due to TA, WD, and SD, and that the combined
negative effects of WD and SD were signiﬁcantly greater than the positive effects of TA. This may explain why ET decreased despite of the increase in TA.

matched by the contribution of LUCC in the opposite direction (change
from use B to use A). For example, the conversion of forests to
grasslands and to croplands decreased ET by − 25.2 mm/yr and
− 4.7 mm/yr, respectively. However, conversion of grasslands and of
croplands to forests increased ET only by 6 mm/yr and 6.4 mm/yr, respectively. These results indicate that the conversion of forests to grasslands had more effect on the change in ET than the conversion of forests
to croplands, but that increases in the afforestation or reforestation of
grasslands and croplands had similar effects on the change in ET. On
the other hand, conversion from croplands to grasslands caused a decrease in ET by −3.7 mm/yr, a much larger magnitude that of ET change
from the reverse direction (1.1 mm/yr). This result indicates that it is
better not to convert croplands to grasslands (perhaps through abandonment) if an increase ET is hoped for. Apart from the effects of climate
change, during 2001–2013, the largest contributory factor to the decrease in ET in the period 2001–2013 was LUCC of forests to bare
lands, which reduced ET by −38.5 mm/yr. The largest contribution to
total ET in China during the period 2001–2013 was from LUCC of forests
to grasslands because of the larger areas that were converted (from
Table 1).

3.3. Changes of land use/cover and their effects on ET
3.4. ET response to climate change and LUCC
In addition to climate change, human activity can also affect the surface water cycle and thereby affect ET in a region. LUCC indirectly reﬂects the level of human activity in an area. The effect of LUCC on
regional ET mainly results from physical changes to the land surface
which affects the efﬁciency of ET as a process (Douglas et al., 2009;
Dias et al., 2015). The reclassiﬁed 2001 MODIS land cover map of
China (Fig. 5a) shows that: most forests were located in the eastern
part of DB and the southern region of HD, ZN, and XN; croplands were
mainly in the northern part of HD, the northeast of ZN, and XN, and
the western part of DB; and grasslands and bare lands covered the western part of XN and most of the areas of HB and XB.
Comparing the multi-year mean ET of each land cover type from
2001 to 2013 (Figs. 2a, 5b), the change rules of perennial mean ET for
the various land cover types were as follows: wetlands N forests N
croplands N grasslands N bare lands.
Table 1 shows the direction of changes in the proportions of land
cover types in China during the period 2001–2013. The total area of forests increased by 93,214.7 km2 in the study period, with the main
sources from grasslands and croplands. Croplands were the larger
source because of the policy of returning croplands to forests in China
since 2000 (Feng et al., 2005). The total area of grasslands in the period
decreased by 66,333.2 km2, most of which became forests and croplands. The total area of croplands increased during the period, mainly
from grasslands.
Table 2 shows the contributions of each LUCC to changes in ET. We
found that the conversion of forests and wetlands to other land uses
caused a decrease in ET, and that conversion of croplands to grasslands
also resulted in a decrease in ET, and conversion of grasslands to croplands resulted in an increase in ET. However, the contribution to change
in ET of LUCC in one direction (change from use A to use B) was not

The annual ﬂuctuations in the effects of climate change and LUCC on
ET are shown in Fig. 6. In the DB, HD, and ZN regions, the ﬂuctuations in
the effects of LUCC on ET were signiﬁcantly smaller than ﬂuctuations in
the effects of climate change on ET. This result was mainly due to relatively small changes in the land use types of these three regions during
the period 2001–2013.
The cumulative response of annual average ET to climate change and
LUCC in different regions of China is shown in Fig. 7. We found that the
changes in ET in different regions of China during the period 2001–2013
were relatively consistent with the trends in climate change impact, but
the regional annual average ET also changed signiﬁcantly in some years
due to the inﬂuence of LUCC. Comparing the effects of LUCC and climate
change on ET, our study shows that the impact of climate change on ET
in China was greater than that of LUCC, and that the response of ET to
climate change in China was more signiﬁcant during the period of
2001–2013. Thus, climate change had a dominant effect on change in
ET in China as a whole during the period 2001–2013.

Table 2
The average contribution rate of LUCC to ET in China from 2001 to 2013 (mm/yr).
2001

2013
Forests

Forests
Grasslands
Wetlands
Croplands
Bare lands

6
1.4
6.4
8.6

Grasslands

Wetlands

Croplands

Bare lands

−25.2

5.9
13.4

−4.7
1.1
−4.7

−38.5
−7.4
−9.3
−10.9

−17
−3.7
0.2

17.6
2.6

28.5
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Fig. 2. a) The spatial distribution of mean annual evapotranspiration (ET) (mm) in China during the period 2001–2013, and b) Trend of ET change. The white color indicates non-vegetated
areas, the light gray and dark gray indicate areas without signiﬁcant decrease and increase ET changes, respectively (p N 0.05).

Fig. 3. Spatial distributions of contribution rates from four meteorological factors ((a) average temperatures (TA), (b) sunshine duration (SD), (c) wind speeds (WD), (d) relative humidity
(RH)) to evapotranspiration (ET) with their change trends at station used in this study during the period 2001–2013. Inverted triangle and crosses indicate a decreasing and increasing
trend, respectively (solid indicate that the trend is signiﬁcant (S), p b 0.05; and open inverted triangle and crosses indicate that the trend is not signiﬁcant (NS), p N 0.05); color ramps
represent the contribution rates (mm/yr).
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Fig. 4. The spatial distribution of dominant contribution from climate factors. TA: average temperatures; SD: sunshine duration; WD: wind speeds; RH: relative humidity.

4. Discussion
4.1. Climatic factors inﬂuencing ET
In recent decades, many researchers worldwide have studied the relationships between ET and climatic factors (Golubev et al., 2001;
Ohmura and Wild, 2002; Eslamian et al., 2011; Nam et al., 2015). In considering the regional distributions of the dominant climatic factors that
contribute to change in ET, our results are similar to those obtained by
others (Thomas, 2000; Gao et al., 2006). SD was the most important climatic factor that inﬂuenced ET in China. WD affected water vapor transport during the evaporation process. In China, as in other countries or
continents such as Australia, Europe, and North America (Tuller, 2004;

Roderick et al., 2007; McVicar et al., 2008; Donohue et al., 2010), WD,
which has a signiﬁcant effect on ET, has been decreasing in recent
years. Some studies suggest that the decrease in wind speed in China
is mainly due to the weakening of atmospheric circulation and the lessening intensity of the monsoon (Xu et al., 2006b), and that the signiﬁcant increases in wind speed in a few areas may be associated with
LUCC and underlying land surface changes. Any change in RH is closely
related to a change in dry or wet surface conditions. In this study, we
found that RH contributed only slightly to change in ET, and thus RH
was not the dominant factor affecting ET in China.
The evaporation paradox has been a subject of much concern in recent years (Roderick and Farquhar, 2002). The IPCC (2013) reported
that global surface temperatures have increased signiﬁcantly over the

Fig. 5. (a) The reclassiﬁed land cover map in 2001; (b) the land cover map unchanged from 2001 to 2013.
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Fig. 6. The annual ﬂuctuations in the effects of climate change and LUCC on average ET.

past century. China has experienced a signiﬁcant increase in TA, which
has risen by 0.23 °C every 10 years in the last 60 years (National
Assessment Report on Climate ChangeII, 2011), which is almost twice
the world average. Our study shows that TA in China has contributed
positively to ET changes since the beginning of the twenty-ﬁrst century,
but that the negative contributions of WD and SD outweighed the positive inﬂuence of TA. Thus, ET still showed a decreasing trend even in the
context of obvious global warming. We conclude that the evaporation
paradox is to some extent an illustration of the effect of isolating the
positive contribution of TA to change in ET which ignores the (mainly
negative) contributions of other factors.

with precipitation reduced by 50%–80% of that in more normal years
(Guo and Guo, 2010). In the HD and ZN regions, the differences between
a hot and rainy 2003 and the high temperatures and low rainfall in 2004
(Fig. S3) resulted in strong opposite effects on ET in these regions between each of the two years. LUCC had a negative effect on ET, which
decreased rapidly in the regions,. In 2011 there was a drought, followed
in 2012 by waterlogging, in the HD and ZN regions (Li et al., 2012; Wang
et al., 2013), which resulted in a decrease in ET in 2011 but an increase
in ET in 2012.

4.2. Effects of climate variability

Changes from forests and natural vegetation to other land use types
can increase water yield and decrease ET (Brown et al., 2005; Hayhoe et
al., 2011; Dias et al., 2015; Yao et al., 2015). Deforestation and afforestation are the most inﬂuential types of LUCC that affect ET on a global scale
(Bronstert et al., 2002). Olchev et al. (2008) found that transpiration and
the evaporation of intercepted rainfall were reduced after tropical
rainforests were converted to croplands in Indonesia. Although the
land use conversion also increased soil evaporation there was overall a
decrease in mean ET. Oliveira et al. (2014) found that deforestation reduced ET by 36% in Brazil because the leaf area index and vegetation

Precipitation is one of the most important components of the hydrological cycle and determines the water supply conditions, further to an
extent controlling ET (Walter et al., 2004). When precipitation is not a
limiting factor for change in ET, the energy conditions and atmospheric
demand factors that controlled by TA, WD, SD and RH) will be decisive.
However, under drought conditions, ET can be affected by precipitation
(Yang et al., 2006; Han et al., 2014). Thus, low ET in 2009 in DB and HB
region is attributed to the fact that the most severe drought occurred,

4.3. Implications of ecological restoration on water resources
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Fig. 7. Response of annual average ET cumulative to climate change and LUCC during the period 2001–2013.

coverage of croplands are relatively smaller than those of forests. In our
study, when we compared the effects of the conversions of three land
use types (forests, grasslands, croplands) on ET, we found that changes
in ET due to forests being converted to other land use types were not
equal to changes in ET due to other land use types being converted to
forests (Table 2). The former were much greater than the latter. This
might be due to the large differences between the growth cycles of forests and those of other vegetation types. Our study suggests that, in a
certain area, the effects of deforestation on ET cannot be offset by the effects of afforestation or reforestation.
When comparing the effects of both climate change and LUCC on ET,
we found that LUCC had a relatively greater effect than climate change
did in certain areas. However, LUCC had no obvious effect on change
in ET at the regional level because the area of LUCC was relatively
small within the region. For example, land desertiﬁcation in the XB
region increased annually before 2003 (Yang, 2004). After 2003, China
began to enforce the policy of returning croplands to forests and
returning pasture to grasslands in the XB region, which made this region
greened well (Bao, 2006). In 2007, to further improve the outcomes of
the policy, desertiﬁcation became more controlled and the area of vegetation coverage area in the region increased. Thus, during the period
2001–2003, changes in ET were mostly affected by land desertiﬁcation

in the XB region. ET was gradually less affected by LUCC after 2003,
and the effects of climate change on ET gradually dominated.
4.4. Uncertainty and future studies
This study quantitatively analyzed the effects of both climate change
and LUCC on ET based on MODIS products. The use of remotely-sensed
data will inevitably bring some error and uncertainty into the analysis.
We examined climate change and LUCC separately to identify their individual effects on ET, but climate change and LUCC interact. Climate factors can inﬂuence LUCC boundaries, and in turn LUCC also can affect
regional climate. The interactions between the two factors can lead to
considerable uncertainty in their roles in inﬂuencing ET. Land surface
models that take account of the feedbacks between climate change
and vegetation dynamics and LUCC may be used to study these issues
in future research.
5. Conclusions
In this study, we analyzed the temporal and spatial variations of ET
in China in the period 2001–2013 and the contributions both of climate
change factors and LUCC to changes in ET. The annual ET decreased at a
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rate of −0.6 mm/yr from 2001 to 2013 in spite increase in air temperature. Spatially, average annual ET increased gradually from the northwest inland areas to the southeast coastal areas. The signiﬁcant
decrease in ET was mainly conﬁned to the northwest China, the central
of southwest China, and most regions of south central and east China.
During 2000–2013, the overall area of forests and croplands increased,
and the area of grasslands decreased. The ET effects from changes
from forests to other land cover types were much greater than those
from other land cover types to forests.
The changes in ET were mainly controlled by climate change in different regions of China. The effects of climate change on ET were more
signiﬁcant than the effects of LUCC on ET, although LUCC was more inﬂuential in some years than in other years. Among four climatic factors,
SD was the dominant inﬂuence on changes in ET in China, but WD and
SD were responsible to the detected ET decrease in some areas without
LUCC.
This continental-scale study concludes that air temperature is not
the only climatic variable when considering the climate change effects
on hydrological cycle. When projecting effects of climate change on
water resources in the future, climatic variables other than temperature
and precipitation must be considered to realistically reﬂect future hydrometeorological conditions. This study suggests that LUCC induced
by urbanization and ecological restoration inﬂuenced ET and the hydrological cycle locally. However, the regional effects of LUCC including reforestation through affecting atmospheric moisture, cloud formation,
precipitation, and energy balances in different regions are unclear without additional studies using regional land surface models (Ellison et al.,
2012). Future studies on the regional interactions between climate
change, LUCC, and energy balances may offer more insights on the likely
effects of vegetation-based ecological restoration on local water resources in China.
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