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• Actual evapotranspiration in the Loess
Plateau is quantiﬁed and validated.
• Windspeed is the dominant inﬂuential
climate factor to actual evapotranspiration in research area.
• Evapotranspiration variation is consistent with vegetation coverage change
in the Loess Plateau.
• Water deﬁcit of the Loess Plateau ﬂuctuated during revegetation period
(2000–2015).
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a b s t r a c t
The spatial distribution of water resources largely inﬂuences Earth ecosystems and human civilization. Being a
major component of the global water cycle, evapotranspiration (ET) serves as an indicator of the availability of
water resources. Understanding the actual ET (ETa) variation mechanism at different spatial and temporal scales
can improve management of water use within the sustainable development limits. In this study, remote sensing
derived ETa data were used to study water resource ﬂuctuations in the Loess Plateau, China. This region covers
diverse climate types from humid to arid and experienced large changes in vegetation cover during a revegetation project between 2000 and 2015. The relations between spatiotemporal variation of ETa, climate factors and
vegetation change were explored using statistical methods. The results show that cropland, forestland and grassland take the largest percentage of total ETa. Total ETa exhibited a marginally increasing trend (p b 0.1) during
2000–2010 and no trend during 2011–2015. Windspeed and vegetation cover index highly inﬂuenced ETa,
followed by atmospheric pressure, air humidity, precipitation, bright sunshine duration and temperature. Temperature has little effect on ETa throughout the Loess Plateau. The monitoring of water resources based upon
water balance between precipitation, ETa and river ﬂow changes shows that water consumption deﬁcit is consistent with vegetation changes: it was large during 2000–2010 when vegetation increased rapidly and decreased
after 2010. These results could help to develop different water saving strategies across the Loess Plateau and build
a better monitoring system of water resources.
© 2019 Published by Elsevier B.V.
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1. Introduction
Water is a basic natural resource that plays an essential role in
sustaining life and human societal development. Water exchanged
continuously between land surface and atmosphere through precipitation, runoff, actual evapotranspiration (ET a ) and inﬁltration
(Brutsaert, 2013). The amount of water available for human use,
however, is limited since many fresh water resources are stored
deep underground and in permanent polar glaciers and thus is difﬁcult and costly to reach (Vörösmarty et al., 2000). Located in the middle areas of China, the Loess Plateau is known for its heavy loess
accumulation, water shortages and fragile ecological systems.
Water has limited the sustainable economic and social development
in this region. Efﬁcient methods for monitoring changes in available
water amounts are therefore urgently needed. As a major variable of
the global hydrological cycle and major component of the surface energy balance, ETa exerts a signiﬁcant inﬂuence over water allocation
(Wu et al., 2018). The use of ETa to evaluate regional water consumption in water resource management have proven effective in many
studies (Anderson et al., 2012; Ding et al., 2015; Li et al., 2017a;
Peng et al., 2016) and the results manifest that use of ETa as a monitoring indicator of water resource is feasible.
Traditional ET observation and computation methods such as
weighing lysimeters, eddy covariance and various standard equations,
especially Penman's, are based on data from ground stations and represent only a small area. Remote sensing products, on the other hand, suffer from the defect of being sampled over time. Weighing lysimeters
reﬂect daily ETa with very high precision and represent the surrounding
ground surface (Liu et al., 2002). Eddy covariance measurements can
provide instantaneous heat ﬂux and retrieve measurements of hourly
ETa development (Feng et al., 2017). Representative areas for onsite observations, however, are limited and are of limited relevance for regional analyses (Li et al., 2009). In recent decades, several
evapotranspiration models based upon remotely sensed images have
been created and validated under different climate environments and
heterogenous surfaces. These include the Surface Energy Balance Algorithm for Land (SEBAL) model introduced by Bastiaanssen et al.
(1998), the MOD16 ET product developed by Mu et al. (2007), the
Global Land Evaporation Amsterdam Model (GLEAM) developed by
Martens et al. (2017). The ETWatch model developed by Wu et al.
(2008b) combines the theory of energy balance with the PenmanMonteith equation for daily ET estimation (Wu et al., 2010a) and has
been successfully applied and validated in the water management in regions of diverse climate, including Turpan Basin, the Heihe Basin in
northwest China and the Haihe Basin in northeast China that are adjacent to the Loess Plateau and share similar climatic conditions (Tan
et al., 2018; Wu et al., 2012; Wu et al., 2018).
After Roderick and Farquhar (2002) brought forward the famous
evaporation paradox theory during the recent decade, many studies
have concentrated on the variability in ET under climate changes
(Ding et al., 2013; Dunn and Mackay, 1995; Wang et al., 2017; Yang
et al., 2018a; Zhao et al., 2013). For instance, Ye et al. (2014) found
that bright sunshine duration is a sensitive climate factor to potential
ET (ET0) variation in Poyang Lake, China. Li et al. (2017a) evaluated
the effects of climate factors on ET0, their results indicate that ET0
is highly sensitive to relative humidity, temperature and windspeed
in Shaanxi, Loess Plateau. Ma et al. (2012) concluded that the decreasing windspeed may dominate ET0 decreases in the Yellow
River watershed. Most of those studies focused on the relationship
between climate factors and ET0. Since actual ET (ET a) is substantially different from ET0 and the relationship between ETa and climate factors may differ from that for ET0 . As for studies on ETa , Li
et al. (2017b) concluded that deforestation greatly inﬂuences ETa in
China after separating inﬂuence of climate change and landcover
transitions. Roderick and Farquhar (2004) analyzed the causes of actual evapotranspiration change in Australia using lysimeter data
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from 1970 to 2002. Talsma et al. (2018) analyzed the sensitivity of
three global ET remote sensing models based on the uncertainty of
the input variables and concluded that ET is highly sensitive to vegetation index, relative humidity and net radiation. Zheng et al.
(2009) found that the decrease of actual evapotranspiration monitored with lysimeters in the Haihe basin is mostly inﬂuenced by
windspeed. In the mentioned researches, discussions on ETa variations either emphasized areas outside the Loess Plateau or by using
point observed data that lacks spatial information. Thus, research
on the ETa in the Loess Plateau using remote sensing ETa data is still
indispensable in analyzing spatiotemporal ETa variation related to
climate factors and vegetation changes.
To prevent worsening of soil erosion and resulting water consumption stress, the Chinese government implemented the Grain for Green
project, which included returning cropland to forestland and grassland.
Evaluating the water resource development during the revegetation period is necessary for future water resource management and several
studies have been conducted in the Loess Plateau (Feng et al., 2016b;
Lü et al., 2015; Zhang et al., 2016). Feng et al. (2016a) analyzed the effect
of long-term reduction on the Yellow River ﬂow in and out the Loess
Plateau using a climate and anthropogenic causal analysis. Zhang et al.
(2008) concluded that precipitation is the dominant factor on runoff
changes and the inﬂuence of human activity is negligible. Gao et al.
(2015) found that underground water storage exhibits a signiﬁcant decreasing trend in most catchments of the Loess Plateau. Feng et al.
(2016b) investigated the relationship between revegetation and water
consumption on the Loess Plateau during 2000–2010 and concluded
that revegetation has approached the sustainable water consumption
limit. The researches above focused on major components of water balance such as actual ET, river ﬂow and precipitation. Water resource
analyses combining all three components could better reveal the ﬂuctuation of water resources reserves in the Loess Plateau during revegetation period.
The major objective of this study is to explore the spatiotemporal
variation of actual ET during the revegetation period (2000–2015). To
do so, we studied the water resources ﬂuctuation of the Loess Plateau
using actual ET, precipitation and observed river ﬂow data and
discussed the consequences of revegetation on regional water resources. We investigated the relationships among climate variables,
fractional vegetation index (fveg) and ETa using statistical methods.
The results may help improve water consumption management in regions of similar climate types.

2. Data and methods
2.1. Study area
The study focused on the ET diversity of the Loess Plateau for the
duration of the Grain for Green project evaluation from 2000 to 2015.
Located in the upper and middle reaches of the Yellow River, China
(Fig. 1), the study area is the world's largest loess accumulation
area. The altitude of the Loess Plateau ranges from 11 to 5200 m. According to Köppen-Geiger climate classiﬁcation map produced by
Beck et al. (2018), the Köppen classes of the Loess Plateau mainly include BWk (Cold arid climate), BSk (Cold semiarid climate), Cwa
(Humid subtropical climate), Dwa (Hot-summer humid continental
climate), Dwb (Warm-summer humid continental climate), Dwc
(Subarctic climate), ET (Tundra climate). Fig. 1(b) shows that most
of the northwest region of the Loess Plateau located in arid and semiarid climate, while the south and east region located in humid climate. Annual precipitation is approximately 400 mm for most
regions, and is mainly concentrated in July–September. Natural vegetation varies from sandy grassland in the north, through grassland
to forestland in the south. The 22 subregions and their abbreviations
adopted in our paper are shown in Fig. 1.
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Fig. 1. (a) Location and altitude of the Loess Plateau, sub basins, meteorological stations and observation stations. (b) Köppen-Geiger climate classiﬁcation map (Beck et al., 2018). (c) Land
cover map of the Loess Plateau.

2.2. Data
2.2.1. Meteorological data
Daily meteorological data used in this research include average temperature, maximum temperature, minimum temperature, atmospheric
pressure, bright sunshine duration, precipitation and relative humidity.
All climate data are collected from the 75 meteorological stations on the
Loess Plateau (see Fig. 1), and were downloaded from the China National Meteorological Data Service Center (CMDC) (http://data.cma.
cn/en/?r=site/index). We interpolated all climate data toward 1 km
resolution, using Albers Conical Equal Area geographical reference by
means of the Inverse Distance Weighted interpolation method
(Fotheringham and O'Kelly, 1989; Lloyd, 2005). The raw records contain
some abnormal values, including errors caused by instrument malfunction and missing records at several stations. According to the Speciﬁcations for surface meteorological observation (Administration, 2003), the
abnormal records are marked in the raw data downloaded. Before interpolation, we conducted quality control by excluding the abnormal
records.

2.2.2. Actual ET data
The remote sensing data used in ET calculation include land surface
reﬂectance product (MOD09GA) (Vermote and Wolfe, 2015), land surface temperature data (MOD11A1) (Wan et al., 2015), bidirectional reﬂectance distribution function (BRDF) product (MCD43A1) (Schaaf and
Wang, 2015). All MODIS products were downloaded from the NASA
Land Processes Distributed Active Archive Center (LP DAAC) (https://
lpdaac.usgs.gov/) and converted to 1 km resolution and the Albers Conical Equal Area projection.
For actual ET calculation, cloud free day ET was ﬁrst calculated with
ETWatch method based on a series of unique methods for computing
different variables. The instantaneous latent heat (LE) was computed
as a residual of the surface energy balance at the time of satellite passing
territory in cloud free days. The major surface energy balance equation
reads:
Rn ¼ H þ G0 þ LE

ð1Þ

where Rn is the net radiation (W·m−2), G0 is the soil heat ﬂux,
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(W·m−2), LE is the latent heat ﬂux and H is the sensible heat ﬂux
(W·m−2). ETWatch model can provide the results of Rn, G0 and H at
the instant of satellite image capture (Wu et al., 2008a; Wu et al.,
2017; Wu et al., 2010a; Wu et al., 2008b; Zhu et al., 2014; Zhuang
et al., 2016).
After obtaining the instantaneous latent heat, the daily latent heat
could be extended under the assumption that evapotranspiration ratio
remains constant within each cloud free day (Xu et al., 2008). By applying the inverse of Penman-Monteith equation (P-M), daily surface resistance (rs) in cloud free days was derived. Then, the all year daily surface
resistance was reconstructed using gap ﬁlling methods in cloudy days
based on vapor pressure deﬁcit (VPD), leaf area index (LAI) and air temperature (Wu et al., 2012). Eventually, all year daily ETa was estimated
using Penman-Monteith equation with meteorological data:
es −ea
ΔðRn −GÞ þ ρa C p
ra

λLE ¼
rs
Δþγ 1þ Þ
ra

ð2Þ

where G is the daily soil heat ﬂux (MJ·m2·day−1), es–ea is the air vapor
deﬁcit (kPa), ρa is the mean air density at a constant pressure level, Cp is
the air speciﬁc heat, Δ represents the slope of the saturation vapor pressure and temperature (kPa·°C−1), γ is the psychrometric constant
(kPa·°C−1), rs is the surface resistance and ra is the aerodynamic resistance. The whole calculation process is shown in Fig. 2.
2.2.3. Vegetation cover fraction data
To investigate the inﬂuence of the vegetation transition on ET, we
chose the vegetation cover fraction (fveg) as an index of vegetation
growth. The vegetation cover fraction data are derived from normalized
differential vegetation index (NDVI) data, which were calculated with
MOD09GA band reﬂectance product.
Several remote sensing-based models for fveg assessment have become available since the 1990s. We chose the widely accepted and validated pixel dichotomy model developed by Gutman and Ignatov
(1998). This model assumes that a remote sensing pixel is composed
of vegetation and two soil parts (Price, 1993). Under this assumption,
each pixel can be divided into subpixel types of a full vegetation cover
pixel, full soil cover pixel and mixed vegetation soil cover pixel.
In the pixel dichotomy model, the NDVI is regarded as a weighted
average sum of pure vegetation and pure soil information in mixed
pixels. The pixel NDVI can be expressed by the fractional vegetation
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index as follows:


NDVIpixel ¼ f veg  NDVIveg þ 1−f veg  NDVIsoil

ð3Þ

Here, NDVIpixel is the index value of the mixed pixel, NDVIveg is the
index value of the pure vegetation type, NDVIsoil is the index value of
the pure soil type. Based on (3), we obtain fveg as:
f veg ¼

NDVIpixel −NDVIsoil
NDVIveg −NDVIsoil

ð4Þ

Due to meteorological inﬂuence, vegetation type and distribution
has seasonal variations, the NDVIsoil and NDVIveg may ﬂuctuate. We
chose the maximum NDVI values from the time of maximum vegetation
growth (June to August) to compose an annual NDVI image of each year,
and we used the 0.5% conﬁdence level as the maximum value and minimum value thresholds (Li et al., 2004). The 0.5% highest NDVI value is
set as the annual NDVIveg and the 0.5% lowest NDVI value is set as the annual NDVIsoil. Based on the annual NDVIveg, NDVIsoil values, the fveg images of each month were calculated by applying (4). Then we
composed the annual fveg image by choosing the highest value among
the twelve months of the year at each pixel. Finally, the time series annual fveg of the Loess Plateau between 2000 and 2015 is derived.
2.2.4. Auxiliary data
The landcover data adopted in this research are obtained from the
ChinaCover landcover product, produced by ‘Strategic Priority Research
Program-Climate Change: Carbon Budget and Related Issues from the
Chinese Academy of Science’ (Wu et al., 2010b). This landcover product
uses an object-oriented classiﬁcation method that monitors all of China
every ﬁve years and achieves over 86% accuracy on the second classes
(Ouyang et al., 2016).
The river ﬂow data of the Yellow River reach and the basin precipitation statistics of Inﬂow Zone Basin are collected from the Yellow
River Water Resource Bulletin issued by the Yellow River Conservancy
Commission (http://www.yellowriver.gov.cn/). To capture the inﬂow
and outﬂow volumes of the Yellow River in the Loess Plateau, we used
the river ﬂow monitoring data from two Yellow River hydrological stations, Lanzhou station and Huayuankou station, and the locations of
both stations are shown in Fig. 1. To validate the interpolated precipitation data, we used annual precipitation statistics from the Yellow River

Fig. 2. Process ﬂowchart of the ETWatch model to derive daily ET values.
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Water Resource Bulletin for the Inﬂow Zone Basin, located in the central
Loess Plateau region.
The validation of in site ETa observations used data from lysimeter
and eddy covariance (EC) instruments. The lysimeter data was acquired
from the Changwu observation station under the framework of National
Science & Technology Infrastructure (http://cwa.cern.ac.cn/). The data
was observed by large auto-weighing lysimeters and the landcover
type being is cropland. EC data was acquired from Chinese Flux Observation and Research Network (http://www.chinaﬂux.org/enn/index.
aspx) at Haibei observation station. Both stations are marked in Fig. 1
(a).
2.3. Validation of actual ET data
The ETWatch model was validated by Wu et al. (2012) under heterogeneous underlying landscapes and concluded that the ETWatch output
is reliable in speciﬁc study areas. We made a comparison between validation results using several ET datasets: ETWatch, MOD16 ET and
GLEAM ET. The MOD16A2 dataset is an 8-day composite product produced at 500 meters pixel resolution, provided by the LP DAAC. The
GLEAM ET data (Global Land Evaporation Amsterdam Model) is a satellite data driven global dataset at 0.25° × 0.25° latitude-longitude regular
grid with a daily temporal resolution. We collected GLEAM ET from ofﬁcial website (https://www.gleam.eu/#home). The validation results
are evaluated with R2 and root mean square deviation (RMSD)
(Willmott and Matsuura, 2006).
The ET data derived from ETWatch model was validated using
monthly Eddy Covariance observation data (2003–2005) and monthly
lysimeter data from 2003 to 2015. Due to the snow and frost inﬂuence
that could cause errors to lysimeter records, certain months with no record and errors had to be eliminated. We ﬁnally chose lysimeter data
mainly from the growing seasons (April to October) for validation.
Fig. 3 illustrates the comparison between model ET and in site observation ET. Results of validation showed that the ETWatch model performed well in the region. The precipitation data interpolated was
validated using annual basin statistical data of the Inﬂow Zone during
2000–2015 in Fig. 3(c).
2.4. Methods
2.4.1. Statistical analysis method
To analyze the temporal trends of ET and fveg, meteorological factors
and water consumption, we used correlation analysis and linear regression (Zou et al., 2003). We tested the signiﬁcance of the monotonic time
trends with the Mann-Kendall test that is widely applied in hydrological
and climate change studies (Kendall, 1955; Mann, 1945). A particular
example is Ahmad et al. (2015) who applied it to detect the precipitation trend at Swat Lake at monthly, seasonal and annual time scales,

thereby documenting the practicability of test in hydrology time series
analyses.
We divided the trend of ET, fveg and climate factors into three categories based on the Z parameter of the Mann-Kendall test: an increase occurs if Z N 0; it remains unchanged if Z = 0 and a decrease occurs if Z b 0.
By determining the absolute value of Z, signiﬁcance of the trend occurs if
(|Z| N Zα/2 = 1.96, i.e. α = 0.05), we assume marginally signiﬁcance if
(1.96 N |Z| N Zα/2 = 1.64, i.e. α = 0.1) and lack of signiﬁcance if (1.64
= Zα/2 N |Z| N 0).
2.4.2. Water resource monitoring method
Finally, we used the water budget equation (Brutsaert, 2013) to
monitor water resources. This equation characterizes the water mass
conservation in a hydrological system, and the equation can be
expressed as follows:
S ¼ P–ET þ Q i –Q 0

ð5Þ

where S is the water surplus volume of the system, P is the regional precipitation, ET is the evapotranspiration, Qi and Q0 stand for the groundwater inﬂow and outﬂow, respectively. In the Loess Plateau, we use
river ﬂow data at Lanzhou station as Qi and river ﬂow data at
Huayuankou station as Q0.
3. Results
3.1. Spatial distribution pattern of actual ET
We calculated 16 years of annual average ETa on the Loess Plateau
from 2000 to 2015 (Fig. 4). Showing a large spatial diversity, the annual
ETa volume is decreasing spatially from southeast to northwest and the
annual average ETa of the Loess Plateau is 403 mm year−1. Viewing at
sub basin scale, the BL River and southern WB basin (refer to Fig. 1
(a) for location and full name) shows high annual ETa, where the
major landcover type is forest, covering approximately 45% area of the
BL River. Another basin that demonstrates a high ETa is the Wei River
basin, where cropland occupies most of the basin, up to 59% according
to landcover map in Fig. 1(c). Low ET values appear in the Inﬂow Zone
and in WB basin, where the dominant landcover types are grassland
and bare land, these two landcover types together dominate 80% area
in the Inﬂow Zone and 60% area in WB basin. The results show that actual ET volume strongly correlates with the landcover types.
Among all six major types of landcover, the waterbody presents the
highest ETa of 589 mm year−1, followed by the forestland ETa of
482 mm year−1, cropland ETa of 436 mm year−1, grassland ETa of
367 mm year−1 and built-up land & bare land ETa of 280 mm year−1.
Then, we obtained the total ETa amount based on the annual average
ETa map. The total annual ETa amount presents a different sequence

Fig. 3. Comparison between (a) EC observation ET and model ET, (b) Lysimeter observation ET and model ET, (c) Interpolated precipitation and basin statistic precipitation.
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Fig. 4. (a) The spatial distribution of the annual average ETa. (b) Signiﬁcant ETa trends (2000–2015) at the p b 0.05 level.

from the average ETa due to the discrepancy in occupied areas between
landcover types. Now grassland contributes the highest ET amount of
88.15 km3 and encompasses 35% of the regional total ETa, followed by
cropland and forestland, which are 32% and 25% of the total ETa,
whereas the annual ETa volume equals 81.27 km3 and 63.70 km3, respectively. For bare land & built-up land, the ETa amount equals
17.58 km3, which is 7% of the total regional ETa. Water bodies account
only for 2.74 km3 total water because they make up the smallest area
among the land cover types.
In a comparison of the different landcover types with areas of significant ETa change, the results show that the percentages of increasing
and decreasing areas are different. For forestland, the signiﬁcant increasing and decreasing area numbers are 49% and 51%, respectively,
which are quite close. For grassland, the increase and decrease reach
are 62% and 38%, respectively. Cropland differs from those two types
in that only 40% of cropland show a signiﬁcant increasing trend and
60% decreased signiﬁcantly. Bare land & built-up land share closely
changing percentages with grassland, where the increasing percentage
is 67% and the decreasing percentage is 32%. Among all landcover types,
grassland, forestland takes up 60% area of the Loess Plateau and the high
percentage of area with signiﬁcant increasing ETa may reﬂect water
consumption ﬂuctuation conditions and eventually inﬂuence available
water amount.

cropland. The driving factors of those signiﬁcant ETa developments are
complex and will be addressed in the Discussion section.
The trend analysis results of the climate factors during 2000–2015
are shown in Fig. 5(c)–(h). The results indicate that the climate factors
developed differently in the Loess Plateau. Windspeed shows signiﬁcant
changes in most areas of the plateau. Atmospheric pressure is signiﬁcantly decreasing in the west, south and central regions, while the
other areas are not signiﬁcantly changed. Air humidity and bright sunshine duration shows signiﬁcant increases in the eastern and southern
areas, while precipitation increases in the middle region. Temperature
shows no signiﬁcant trend in most areas of the Loess Plateau. The climate factor change trends could have diverse inﬂuence on the change
patterns and correlation with ETa, which are discussed in Section 4.1.
We calculated the trend of Actual ET and fveg and found that during
2000–2010, ETa increased at a rate of 2.07 mm per year (r = 0.57, p b
0.1). We found no signiﬁcant trend (p N 0.1) of ETa during 2000–2015.
Fractional vegetation cover (fveg) increased at 0.0086 per year (r =
0.76, p b 0.01) during (2000−2010) and is consistent with ETa. Previous
studies also evaluated ET variation during the restoration period. Feng
et al. (2016b) found that continuous revegetation lead to increasing
ET on the Loess Plateau in 2000–2010. This conclusion is consistent
with our statistical result (Fig. 6).
3.3. Correlations between actual ET, meteorological factors and changes in
vegetation cover

3.2. Time series characteristics of actual ET, meteorological factors and vegetation index
By applying the trend analysis method to 16 years of annual ETa, we
developed a time series of ETa changes from 2000 to 2015, and the trend
analysis result is shown in Fig. 5(a). To verify the reliability of the ETa
trend, we adopted the Mann-Kendall trend test to develop maps of signiﬁcant increasing or decreasing ETa in the Loess Plateau that passed the
signiﬁcance test (p b 0.05) and the results are shown in Fig. 4(b). Based
on the results, we found that the mean rate of ETa signiﬁcant increasing
area in the Loess Plateau is 5.73 mm per year and the mean ETa decreasing rate is 9.63 mm per year for the regions showing signiﬁcant decreases. In terms of spatial distribution, the increasing area is mostly
located in the croplands of the north Wei River, Inﬂow Zone, western
XHY and the eastern region of the Loess Plateau covering the ZY River,
ZW River, YD River and Fen River. In addition, the decreasing area
mainly lies in the northern and southern regions of the Loess Plateau including the SZS and eastern Wei River, which have large areas of

We obtained the correlation coefﬁcients between the signiﬁcant
changing ET and climate factors including windspeed, air humidity, air
temperature and fveg. Comparing the ET change areas that show significant correlations with different meteorological factors and fveg, we
found that fveg and windspeed are the two major driving factors of ET
changes, and these factors inﬂuence the largest areas of 38% and 39%, respectively, followed by atmospheric pressure (15%), air humidity (11%),
precipitation (9%), bright sunshine duration (8%) and temperature (7%).
The correlation results of ET and these inﬂuential factors are shown in
Fig. 7(a).
The combined inﬂuence of fveg and six climate factors on ET is complex. In Fig. 7, vegetation coverage inﬂuences most areas of the eastern
Loess Plateau, while windspeed is mostly correlated with the western
region at higher elevations. The trend results in Fig. 5 indicate that fveg
grows in most parts of the Loess Plateau except for the southern, northern and western border areas. Regarding windspeed, we found that the
windspeed increases in most parts of the south Loess Plateau such as the
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Fig. 5. Temporal trends (2000–2015) in (a) ETa, (b) fveg, (c) windspeed, (d) atmospheric pressure, (e) air humidity, (f) temperature, (g) precipitation and (h) bright sunshine duration.
Trends are tested using the Mann-Kendall signiﬁcance test.

Fig. 6. (a) The annual average distribution of fveg, (b) variations in ET and fveg during 2000–2015 and their trends in 2000–2010, and (c) fveg trends in the areas of signiﬁcant ETa change.
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Fig. 7. (a) Spatial distribution of the pixel level correlation analysis results between the signiﬁcant changes in ETa, fveg and the climate factors: precipitation (PRE), atmospheric pressure
(Air PRS), temperature (TEMP), windspeed (WIND), air humidity (Air HUMD) and bright sunshine duration (SUNT). (b) Triangular plot of the spatial distribution of fveg (green),
windspeed (red) and air condition (combining atmospheric pressure and air humidity) (blue) correlations with signiﬁcant changing ET area derived from long-term climate statistics
(2000–2015). All results have a signiﬁcant Pearson correlation coefﬁcient (R N 0.497). (For interpretation of the references to color in this ﬁgure, the reader is referred to the web
version of this article.)

LM, SMX, croplands of Wei River and southern Fen River and decreases
in the northern areas including the SZS, YD River, ZY River and northern
Fen River. We concentrate on the factors that inﬂuenced the ET in N10%
of the total area, which are the fveg, windspeed, atmospheric pressure
and air humidity. To illustrate the geospatial distribution of the top
four factors, we drew the RGB triangular ﬁgure of windspeed (red),
fveg (green) and air condition (blue), in which the air condition is the
combination of atmospheric pressure and air humidity in Fig. 7(b).
The inﬂuence of fveg, windspeed and air condition on actual ET exhibited
a spatial divergence in the Loess Plateau according to the statistical
methods. Actual ET in the Hetao Plain cropland of the western SZS
reach of the Yellow River is under a high inﬂuence of windspeed,
while in the cropland of the western Wei River Basin, where the topography differed from the western SZS reach, actual ET is highly correlated
with air condition and fveg. In the southern Wei River Basin, which is at a
lower altitude, the cropland ETa is highly related to windspeed and air
condition.
3.4. Water resource monitoring of the Loess Plateau
The water supply and consumption condition of the Loess Plateau
from 2000 to 2015 were evaluated by applying the water balance equation in Section 2 (Fig. 8). The Lanzhou hydrologic station is located at the
entrance of the Loess Plateau, while Huayuankou station is located at
the exit of the Loess Plateau (see Fig. 1(a)). According to historical
river ﬂow records of 1956–2000, the annual average river ﬂow at Lanzhou station (31.31 km3) was lower than that at Huayuankou station
(39.07 km3). However, the records during 2000–2010 showed a higher
annual average river ﬂow (29.50 ± 4.02 km3) at Lanzhou station than
the Huayuankou station (25.46 ± 5.42 km3). It may imply that more
water was extracted from the Yellow River at the Loess Plateau region
after 2000.
Fig. 8 shows that water deﬁcit happened in most years during
2000–2010. This phenomenon could be an indicator of water overuse
in the Loess Plateau during this period. Water surplus of the Loess Plateau is calculated according to Eq. (5). The river ﬂow difference is also
calculated by Lanzhou river ﬂow data minus Huayuankou river ﬂow
data and the positive value indicates more water from Yellow River is

consumed in the Loess Plateau. The average annual water surplus and
river ﬂow difference during 2000–2015 shows that river ﬂow difference
only count for around 20% of water surplus amount, thus water surplus
is mostly inﬂuenced by precipitation and ETa changes. By applying trend
analysis and nonparametric Mann-Kendall test, we found that during
2000–2010, precipitation has no signiﬁcant change trend (p N 0.1)
while ET exhibits a marginal increasing trend at 2.07 mm per year (p
b 0.1) and ET increase may be one of the driving factors that annual
water deﬁcit happened frequently in the ﬁrst decade.
4. Discussion
4.1. The role of major climate factors in inﬂuencing ETa development
Studies have been conducted on the mechanism of climate factors
inﬂuencing ET under different climate types, landcover types and
many other circumstances (Feng et al., 2016a; Goyal, 2004; Li et al.,
2017a; Li et al., 2017b). Through a correlation analysis with climate factors, we found that the top three factors highly correlated with ET are
windspeed, atmospheric pressure and relative humidity.
Our study shows that windspeed is highly correlated with ETa development and is consistent with Goyal's (2004) sensitivity analysis using
Penman–Monteith actual ET. Considering the mechanism of water
vapor transfer between the canopy and atmosphere, a high transfer
rate corresponds to increased water vapor production, where
windspeed is a key factor in determining transportation efﬁciency. Another factor that is highly correlated with ETa is relative humidity. The
pulling effect of water from plant into water is decided by vapor pressure deﬁcit (VPD) (es-ea) (Waring and Running, 2010), which is calculated with relative humidity, and VPD inﬂuence ETa together with wind.
Some previous studies on correlation between ETa and climate factors ﬁgured that ETa is correlated with variation in temperature
(Goyal, 2004; Ma et al., 2012; Wang et al., 2017; Ye et al., 2014),
which is not evident in our research. There may be two possible explanations. First, previous studies show that temperature changes alone do
not always provide a satisfactory indicator of ETa changes
(Chattopadhyay and Hulme, 1997), as actual ET is usually restricted by
available water amount in arid and semiarid regions (Barnett et al.,
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Fig. 8. (a) Temporal variations in ET, precipitation, (b) changes in river ﬂow at the Lanzhou and Huayuankou hydrological stations, (c) water surplus of the Loess Plateau during 2000–2015.
The ET trend during 2000–2010 is also shown (p b 0.1) in (a).

2005). This is typical the case on the Loess Plateau. Second, Liaqat et al.'s
(2015) research on SEBS model in India found that actual ET is sensitive
to temperature increase. But the temperature trend during the research
period identiﬁes only a small area (21,528 km2) of the entire Loess Plateau that showed a signiﬁcantly increasing or decreasing trend (p b
0.05), while the ETa showed signiﬁcant changes (p b 0.05) in N20% of
the plateau area (127,395 km2). The temperature did not change
much in most regions where the ETa signiﬁcantly changed. Thus,
based on the discussion so far, we can conclude that the changes in
ETa amount on the Loess Plateau is mostly caused by wind changes instead of temperature change, as temperature variation is not signiﬁcant
in many regions.
We also found ETa exhibited a high correlation with atmospheric
pressure. The calculation of actual ET is mainly based on PenmanMonteith equation and atmospheric pressure is used in calculation of
psychrometric constant γ (Weiss, 1979). However, research by Stigter
(1976) concluded that the effect of atmospheric pressure is negligible
in γ. Thus, atmospheric pressure should not perceptibly inﬂuence the
bio-physical phenomenon of evapotranspiration, which seems to contradict our ﬁnding. However, contrary to the purely bio-physical process
of evapotranspiration, this paper concentrates on the complex interactions between environmental variables and the water cycle.. At that
scale, atmospheric pressure may be a proxy for some other variables
that inﬂuence ETa, since atmospheric pressure is highly correlated
with many atmospheric variables. Future works could reduce the variability of the variables highly correlated with ETa by applying principal

component analysis (PCA). Through PCA approach we may ﬁnd the
principle variables hidden behind atmospheric pressure that truly inﬂuence ETa.
4.2. Effects of revegetation on actual ET
The Loess Plateau is one of the most severe soil erosion locations
worldwide due to the poor erosion resistance of loess, peculiar topography of the plateau, heavy rainfall in summer and regional low natural vegetation cover (Yang et al., 2018b). To prevent the ecological deterioration,
the Chinese government implemented several restoration strategies including grassland and forestland restoration projects and the Grain for
Green project (Jiao et al., 2005; Liu et al., 2018). This project aimed at regional soil and water conservation by returning large areas of cropland to
forestland and grassland in ecologically fragile regions (Liu et al., 2018).
Our results show that actual ET is highly correlated with vegetation
cover changes, which is consistent with previous researches. Sensitivity
analyses on Penman-Monteith actual evapotranspiration estimates by
Beven (1979) concluded that P-M method is highly dependent on canopy resistance parameters that decided by vegetation cover conditions.
Previous researches on Surface Energy Balance Algorithm (SEBAL) also
showed actual ET is highly sensitive to vegetation index (Wang et al.,
2009). Considering the effects of vegetation variability on ET at sub
basin scale, our analysis found that ET variation is highly correlated
with changes in the fraction of vegetation cover in several major basins,
including the northern Wei River, HKZ, Jing River, BL River and northern
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Fen River. Those basins are the major focus areas of the Grain to Green
project and vegetation cover presented signiﬁcant increasing trend
there. We found that the response of ETa to vegetation cover increase
varies in different basins. For example, in the northern Wei River, the
vegetation cover fraction increased at a speed of N20% per year in
some regions, and the ETa also presented trends of 5 mm increases per
year, and thus, the ETa is positively correlated with vegetation cover
growth in this area. In contrast, in Jing River basin and BL River, the ET
decreased by 5 mm per year while the vegetation cover increased in
both basins. This circumstance could be due to the combined inﬂuence
of vegetation development and climate factors, since windspeed shows
a decreasing trend. The same situation happened in southern Fen River
basin and north SZS where fveg increased and ETa decreased. Those two
regions are mainly covered by cropland. As ETa in cropland can be altered by irrigation, the ETa response to vegetation and climate factor
variations could vary between irrigated cropland and rainfed forest.
This can partially explain the different responses of ETa to vegetation increases in the BLR and northern Wei River, since the major landcover
type in the northern Wei River is cropland, while the BLR is mostly covered by natural forestland.
Viewing the inﬂuence of revegetation on ETa at the whole region scale,
the revegetation and ecological restoration projects could cause transitions in landcover types (Bronstert et al., 2002; Li et al., 2017b). To determine the inﬂuence of revegetation on ETa, we compared the area changes
of forestland, grassland, cropland, bare land and built-up land between
2000, 2010 and 2015 acquired from landcover data (Table 1). The results
indicated that during 2000–2010, the cropland area decreased from
209,000 km2 to 189,000 km2 and bare land shrank from 78,000 km2 to
38,000 km2, whereas forestland increased from 124,000 km2 to
132,000 km2 and grassland expanded from 196,000 km2 to
241,000 km2. The expansion of forestland (+6.02%) and grassland
(+22.91%) is mainly from bare land (−50.7%) and cropland (−9.93%).
Our study showed that ETa increased during 2000–2010 and exhibited
smooth ﬂuctuation after 2010, while vegetation cover presented a significant increase (p b 0.01) during 2000–2010 and no signiﬁcant changes in
2011–2015. Since forestland and grassland contribute 60% of the Loess
Plateau ETa amount and bare land only contributes 7% ETa, the increasing
trend in ETa during 2000–2010 is consistent with the quick spatial enlargement of the former two landcover types caused by forestland and
grassland restoration projects. After the ﬁrst decade of the quick revegetation period, the ecological project slowed down the process of returning
cropland to forestland and grassland. This was followed by environment
stabilization as is reﬂected by the small differences in forestland, grassland and cropland areas between 2010 and 2015 (Table 1). Conversely,
the mild landcover transition may partially correlate with the smooth
ﬂuctuation in ETa after 2010. This phenomenon is encouraging for regional sustainable environment development under the conclusion
achieved by Feng et al. (2016b). Their research found that the water consumption increase induced by the planting of new vegetation arrived at
the largest sustainable water consumption limits in 2010.
4.3. The water surplus during the ecological restoration period
(2000–2015)
Our study showed that water surplus exhibited a conspicuous
change at 2010 with more water deﬁcits (water surplus below 0) during
Table 1
Area of different landcover types in the Loess Plateau from 2000 to 2015 (unit: kkm2).
Landcover

2000

2010

2015

Variation in
2000–2010

Variation in
2010–2015

Forestland
Grassland
Cropland
Bare land
Built-up land

124.37
195.8
209.28
77.66
14.72

131.85
240.66
188.5
38.28
22.32

131.78
240.33
186.48
38.16
24.77

+7.49 (6.02%)
+44.86 (22.91%)
−20.78 (9.93%)
−39.37 (50.7%)
+7.60 (51.6%)

−0.07 (0.05%)
−0.33 (0.14%)
−2.02 (1.07%)
−0.10 (0.26%)
+2.44 (10.94%)
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2000–2010. Water deﬁcit between precipitation, river ﬂow and ETa is
replenished by groundwater pumping, resulting in an increase in regional ecological water consumption after removal of the anthropogenic water demand (Feng et al., 2016a). Researchers warned that
groundwater usage is mostly unsustainable and that it takes too long
to recover naturally due to the deep accumulation of highly erodible
loess, which is equal to N300 m in the Loess Plateau (Shi and Shao,
2000). In this situation, maintaining water consumption at levels that
are sustainable both ecologically and socially tends to be a critical
point for ecological scientists and policymakers.
4.4. Limitations and potential inaccuracies
This research of trend and correlation analysis is mainly based on the
interpolated meteorological data and calculated ETa data. Due to the
complexity of ETa calculation model and various input data, potential inaccuracies may exist spatially and temporally and limit the results of
ﬁnal correlation analysis. In this research, the meteorological variables
were interpolated using station point observations and different interpolation methods may inﬂuence the spatial values' accuracy and
brought inaccuracies into the spatial analysis (Li et al., 2000). The temporal inaccuracies could come from the temporal inconsistence of remote sensing data. Since remote sensing data could only reﬂect the
information at satellite overpass moment, temporal upscaling methods
are applied to extrapolate the instantaneous data into daily scale. Tang
et al. (2013) evaluated the commonly used ETa upscaling schemes and
concluded that the accuracy of extrapolated daily ETa is limited by the
accuracy of upscaling methods. Under this condition, future study
based on multi source climate data and actual ET data could lower the
potential of inaccuracies and strengthen the conclusions.
5. Conclusion
During the revegetation period (2000–2015), the Loess Plateau experienced spatially diverse climate and vegetation alterations. The average ETa decreased from southeast to northwest, whereas the annual ETa
exhibit a marginally signiﬁcant trend (p b 0.1) of 2.07 mm per year during 2000–2010, and followed by no signiﬁcant trend after 2010.
Throughout the basin ETa signiﬁcantly increased in cropland dominated
basins, including the northern Wei River and ZW River, and in forestland covered basins, including the ZY River, HKZ and YD River. Signiﬁcantly decreasing ETa occurred in the north and south Loess Plateau
including the SZS, southern Wei River, LM, SMX, YL River, Jing River
and BL River where croplands are most of the land cover.
Our analysis of ETa variation using statistical methods showed that
windspeed and fveg have the strongest inﬂuence, followed by atmospheric pressure, air humidity, precipitation, bright sunshine duration
and temperature. The vegetation changes include mainly the expansion
of forestland and grassland. The temperature is highly correlated with
b10% of the areas of signiﬁcant ETa changes, which is partly due to the
non-signiﬁcant changes in temperature in most areas of the Loess Plateau. The correlation between ETa and climate factors showed spatial diversity, which may indicate different water saving methods across the
region.
Monitoring results suggest that the water deﬁcit during 2000–2010
ﬂuctuated severely with revegetation changes, which is consistent with
changes in fveg and landcover. We conclude that the revegetation project greatly inﬂuenced ETa variations. Water management methods
are still required to control the use of water, and improve the planning
of sustainable development for the Loess Plateau.
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