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A B S T R A C T   

Global vegetation greenness has likely enhanced evapotranspiration (ET) that has been assumed to be the pri-
mary contributor to water consumption in some regions. However, the proportion of each ET component and 
their changes given vegetation greening are unclear. In this study, we investigated the response of ET compo-
nents, especially vegetation transpiration (Et) and soil evaporation (Es), to vegetation and climate changes in a 
typical dryland region, i.e., the Loess Plateau in China, where vegetation is significantly greening. We used a 
sophisticated hydrological model (i.e., the Variable Infiltration Capacity, VIC) to partition ET, which considers 
the water-energy balance and vegetation dynamics associated with satellite products of fractional vegetation 
cover, leaf area index, surface albedo, and radiation forcing. The results showed that during the greening period 
of 2000–2018, Et had the largest increasing rate among the components and accounted for 31.8% of the ET. In 
contrast, Es showed a minor increase but occupied a larger proportion of about 60% of ET. Therefore, water 
consumption was primarily from Es rather than Et despite the increased proportion of Et. Vegetation greening 
certainly intensified Et, but also substantially constrained Es with a rate of − 2.36 mm yr− 1. Increasing water 
availability (i.e., more precipitation) on the Loess Plateau made the largest contribution to the increase in the 
annual ET compared with vegetation greening and radiation forcing. These findings imply that the effect of 
vegetation greening on water consumption may be overestimated on the Loess Plateau. Our study highlights the 
importance of considering water balance and vegetation dynamics when evaluating ecological programs.   

1. Introduction 

Evapotranspiration (ET) is a major water flux in the energy-car-
bon–water cycle of ecosystems, transferring 60–90% of precipitation to 
the atmosphere (Law et al., 2002; Oki and Kanae, 2006). It comprises 
soil evaporation (Es) and vegetation-associated evaporation, i.e., vege-
tation transpiration (Et) and canopy interception loss (Ec) (Penman and 
Keen, 1948; Zhang et al., 2019b). Where snow constitutes a significant 
portion of the total precipitation, sublimation (Esn) is included in this 
term (Wilcox et al., 2003). Et and Es have totally different functions 
within ecosystems: the former is strongly related to gross ecosystem 
productivity, whereas the latter does not directly contribute to 

production (Hu et al., 2008; Schlesinger and Jasechko, 2014). These 
components have divergent responses to meteorological conditions, soil 
moisture storage and vegetation coverage (Zhang et al., 2016b). 

The factors driving the ET process can be divided into water supply 
(e.g., precipitation), energy availability (e.g., solar radiation) and 
vegetation coverage (Monteith, 1965). Precipitation increased in the 
Northern Hemisphere mid- to high-latitude lands and decreased in some 
of the tropical and subtropical areas (Adler et al., 2017; Gu, 2016), 
which resulted in ET changes (Pan et al., 2015). Downward shortwave 
radiation recovered in many parts of the world after 1980 (Wild, 2016), 
and downward longwave radiation rose almost everywhere while clus-
tering at the high-latitude in the Northern Hemisphere (Wang and Liang, 
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2009); both of these changes could influence the ET trend (Jiang et al., 
2021). In addition to water and energy constraints, vegetation coverage 
also plays an important role in the terrestrial water cycle that affects ET 
directly through transpiration and indirectly through determining sur-
face absorbed radiation by albedo changes (Duveiller et al., 2018). 
Vegetation greening has been increasing globally since 1981 (Piao et al., 
2020), which has been assumed to cause global intensification of 
terrestrial ET (Zeng et al., 2018). 

In the context of climate change and vegetation greenness, many 
studies have been devoted to quantifying the contributions of various 
factors (e.g., precipitation and vegetation) to ET changes. A few studies 
reported that climate change, especially precipitation, determined the 
spatiotemporal variations in ET and elevated atmospheric CO2 ranked 
second after 1982 (Mao et al., 2015; Shi et al., 2013). Some studies 
found that vegetation greening was the primary driver of the global ET 
increasing trend since 1982 (Zeng et al., 2016; Zhang et al., 2015b). 
Jung et al. (2010) indicated that increasing soil moisture limitations on 
ET largely explained the declining trend of the global terrestrial ET 
during 1998–2008. Zhang et al. (2016b) analysed the effect of greening 
on Es and Et to explain the reasons for the ET increase. These findings 
reveal the complexity of interactions between climatic factors, vegeta-
tion coverage and ET, but little attention has been paid to ET 
components. 

A suite of ecological restoration programs have been implemented 
over the Loess Plateau in China to alleviate soil erosion and deforesta-
tion since 1998 (Bryan et al., 2018), making this region green in recent 
years (Liu et al., 2020). Moreover, this region experienced a warm-wet 
climate transition after 2000 (He et al., 2015). Vegetation greening 
and climate change likely affected the regional water-energy cycle (Feng 
et al., 2012; Jia et al., 2017; Wang et al., 2020; Xie et al., 2015; Zhang 
et al., 2019a). Many studies have explored the impact of climate change 
and vegetation greening on ET trends on the Loess Plateau (Bai et al., 
2019; Chen et al., 2017; Gao et al., 2017; Jiang et al., 2021; Meng et al., 
2020; Xie et al., 2020; Yao et al., 2019). However, these studies merely 
concentrated on the total water consumption, i.e., ET, rather than ET 
components that were the foundation for explaining the variation in ET. 
Although some studies have investigated the changes in ET components 
(Liang et al., 2020; Qiu et al., 2021; Shao et al., 2019), they did not fully 
explore the contributions of climatic factors and vegetation coverage to 
ET components, which was associated with ET partitioning after 
ecological restoration. 

Given the importance of partitioning ET, many methods have been 
developed. At small scales (e.g., plot and small catchment scales), ET 
partitioning is generally based on observations of CO2 and water flux 
variance similarity relationships, while eddy covariance-determined 
ecosystem-scale water use efficiency has also been used for partition-
ing ET (Ma et al., 2020). Moreover, transpiration and soil evaporation 
can be isolated either through a combination of stable isotope, sap flow, 
and eddy covariation techniques, or with porometer, lysimeter and 
Bowen ratio techniques (Lawrence et al., 2007). At large scales (e.g., 
watershed, regional and global scales), ET partitioning should rely on 
land surface models, satellite-based estimations, and relationships with 
groundwater (Ma et al., 2020). Land surface models generally consider 
biophysical processes regarding hydrological cycle, energy balance and 
vegetation dynamics. 

This study attempted to identify the response of ET components to 
climate change and vegetation greening on the Loess Plateau. We 
employed a macroscale land-surface hydrological model, i.e., the Vari-
able Infiltration Capacity (VIC), which well considers water constraints 
and energy balance, along with incorporating the remote sensing-based 
dynamic fractional vegetation coverage (FVC), leaf area index (LAI), 
albedo and shortwave/longwave radiation forcing. The aim of this study 
is to test the hypothesis that vegetation greening constrains soil evap-
oration, although it promotes vegetation transpiration. This hypothesis 
is expected to be helpful for understanding the hydrological effect of 
vegetation greenness and for evaluating water consumption in drylands 

with afforestation/reforestation practices. 

2. Data and methods 

2.1. Study area 

The Loess Plateau is situated in the upper and middle reaches of the 
Yellow River Basin in northern China, covering an area of 632,520 km2 

and accounting for 6.3% of the entire land area of China (Fig. 1). This 
region includes the whole or part of seven provinces: Qinghai, Gansu, 
Ningxia, Inner Mongolia, Shaanxi, Henan and Shanxi. The average 
annual precipitation ranges from 200 mm in the northwest to 750 mm in 
the southeast, with 60%-70% of the rainfall occurring during summer in 
the form of heavy storms (Sun et al., 2015). The mean annual air tem-
perature is 4 ℃ in the northwest and 14 ℃ in the southeast (Peng et al., 
2018). Therefore, this region is a typical dryland with an arid, semi-arid 
and semi-humid transitional climate. 

The major land cover types are grasslands and croplands, followed 
by forests, bare land and urban areas (Fig. 1b). After many ecological 
restoration programs, especially the Grain-for-Green project, had been 
carried out (Bryan et al., 2018), the areal coverage of grasslands and 
forests increased from 310,000 and 155,000 km2 in 2001 to 370,000 and 
185,000 km2 in 2010, respectively, and correspondingly, the area of 
barren land and shrublands showed decreasing trends (Fan et al., 2015). 

To detect the spatial variability of the vegetation greening effect, we 
divided the Loess Plateau into five subregions according to ecological 
restoration and geographic features (Yang et al., 2019), i.e., the North 
Loess Plateau (NLP), the Middle Loess Plateau (MLP), the East Loess 
Plateau (ELP), the West Loess Plateau (WLP) and the South Loess Plateau 
(SLP) (Fig. 1b). The NLP is a typical semi-arid area with average annual 
precipitation below 300 mm, mostly covered by deserts such as Mu Us 
Sandyland. The MLP is the central focus of vegetation restoration pro-
grams, with LAI rising by 48.4%; however, it is characterized by loess 
hill and gully terrains. The ELP and WLP feature rocky mountains and 
loess sorghum gullies, respectively. The SLP, mainly river fault depres-
sion valleys, is an economically developed area with a higher level of 
urbanization. 

2.2. Data availability 

The VIC model required various input data, including meteorological 
forcing, soil parameters, vegetation parameters, land cover type and 
topography. The meteorological forcing data consisted of daily precip-
itation, maximum and minimum air temperature, wind speed and 
relative humidity from 1990 to 2018. These gridded data, with a spatial 
resolution of 0.0625◦, were generated by using the inverse distance 
weighting method to interpolate ground-based observations from 303 
stations that were available from China Meteorological Administration 
(CMA, https://data.cma.cn/). Data of soil and vegetation parameters (e. 
g., architectural resistance, minimum stomatal resistance, and vegeta-
tion roughness) for each land use type were obtained from the VIC 
homepage (https://vic.readthedocs.io/en/master/Datasets/Datasets/) 
and they were generated by Nijssen et al. (2001) and successfully used in 
Meng et al. (2020) and Zhu et al. (2021). The land cover type data were 
produced by Landsat TM images at a spatial resolution of 1 km (Liu 
et al., 2010), obtained from National Earth System Science Data Center 
(https://www.geodata.cn/). It was assumed that in this study, the land 
cover type for 2010 was in a steady state after ecological restoration 
programs, as the land cover type changed little relative to the total area 
of the Loess Plateau during the study period (Jiang et al., 2021). 
Topographic data, i.e., Digital Elevation Model (DEM), were used to 
extract watersheds and river networks over the Loess Plateau, and were 
obtained from USGS (https://earthexplorer.usgs.gov/). 

Remote sensing products, including downward shortwave and 
longwave radiation, albedo, leaf area index (LAI) and fractional vege-
tation cover (FVC), were also employed to drive the hydrological model. 

F. Jiang et al.                                                                                                                                                                                                                                    

https://data.cma.cn/
https://vic.readthedocs.io/en/master/Datasets/Datasets/
https://www.geodata.cn/
https://earthexplorer.usgs.gov/


Journal of Hydrology 614 (2022) 128514

3

Apart from downward longwave radiation product which was obtained 
from National Tibetan Plateau Third Pole Environment Data Center 
(https://data.tpdc.ac.cn/zh-hans/), the other products were all derived 
from Global LAnd Surface Satellite (GLASS) product suite 
(https://www.geodata.cn/) (Liang et al., 2021; Liang et al., 2013). 
Downward longwave radiation product was estimated directly from 
temperature, surface pressure, specific humidity and downward short-
wave radiation data (He et al., 2020; Yang et al., 2010). The GLASS 
downward shortwave radiation product was produced by using a direct 
estimation method based on the top atmosphere spectral reflectance of 
MODIS (Zhang et al., 2014). The GLASS albedo product was made by 
using an angular bin algorithm together with a statistics-based temporal 
filter algorithm (Liu et al., 2013). The GLASS LAI product (V5) was 
retrieved from the MODIS reflectance data using the general regression 
neural networks algorithm (Xiao et al., 2014) and it was updated using a 
deep learning model (Ma and Liang, 2022). The GLASS FVC product was 
also obtained by using the general regression neural networks algorithm 
based on Landsat TM/ETM + and MODIS reflectance data (Jia et al., 
2015). To adapt to simulations with the VIC model, the 8-day composite 
LAI and FVC data were linearly interpolated to a daily resolution. 

To evaluate the model performance for ET and its components, 
several types of data, including ground-based observations, water 
balance-derived estimates and remote sensing retrievals, were imple-
mented. We collected ground-based daily ET observations from three 
covariance flux towers (Fig. 1a and Table 1) of the Coordinated 
Enhanced Observation Project in arid and semi-arid regions in northern 
China. The ET component data from field experiments were also ob-
tained to validate Ec, Et, and Es, and these data have been successfully 
used to detect the water consumption from vegetation and bare soil, as 
evidenced in the literature listed in Table 2. Please note the measure-
ments of ET, Ec, Et and Es located different sites, and their data were at 
different time scales (i.e., daily scales for ET and monthly scales for the 
three components). 

The ground-based observations of total ET and its components only 

represent small-scale evaporation flux (<1 km2); therefore, we derived 
annual water balance-based ET estimates, i.e., ET = P – Q – ΔS, where P 
is the annual precipitation, Q is the annual runoff, and ΔS is the change 
of total water storage. The annual runoff was calculated based on 
monthly streamflow data of eight catchments on the Loess Plateau 
(Fig. 1a), which were obtained from the Annual Hydrological Report for 
China. The change of total water storage (ΔS) of each catchment was 
derived from the Gravity Recovery and Climate Experiment (GRACE) 
with respect to the average of three solutions, i.e., CSR (https://www2. 
csr.utexas.edu/grace/), GSFC (https://earth.gsfc.nasa.gov/geo/) and 
JPL Mascon (https://grace.jpl.nasa.gov/). 

Moreover, we collected two remote sensing ET products from Global 
Land Evaporation Amsterdam Model (GLEAM) (Martens et al., 2017; 
Miralles et al., 2011) and Penman-Monteith-Leuning (PML) (Zhang 
et al., 2019b; Zhang et al., 2016b). Both the GLEAM and PML products 
used LAI to represent vegetation dynamics and simply considered water 
balance. GLEAM ET was at 0.25◦ and daily resolution and PML ET was at 
0.05◦ and 8-day resolution, both of which were interpolated to 0.0625◦

and daily resolution in this study. To relieve their uncertainties, we 
averaged the two products to obtain a more reliable ET estimation, 
which was referred to as remote sensing ET in this study. 

2.3. Hydrological model for ET partitioning 

The Variable Infiltration Capacity (VIC) model was adopted to esti-
mate ET components and to detect their drivers on the Loess Plateau. 
The VIC model, an extensively used macroscale hydrological model 
(Liang et al., 1994; Liang et al., 1996), is able to solve the problems of 
water and energy balance with vegetation, soil and atmosphere (Had-
deland et al., 2006; Nijssen et al., 2001; Painter et al., 2010). It is a grid- 
based model that can be implemented at different spatial (from 0.0625◦

to 2◦ latitude by longitude) and temporal resolutions (from hourly to 
daily). For land cover variability, each grid cell is partitioned into 
multiple vegetation types and bare soil, and the soil column is typically 
divided into three (or more) layers, so the model considers root distri-
bution in multiple layers, but it fails to represent growth with root dy-
namics; however, it can incorporate remote sensing products (e.g., LAI 
and FVC) to partly remedy this issue. Hydrological states and variables, 
such as infiltration, surface runoff, subsurface runoff, evapotranspira-
tion (ET), land surface temperature and energy flux, are calculated at the 
subgrid scale and finally aggregated to the grid scale. 

We briefly describe the formulation of the ET and its components 

Fig. 1. (a) Location of the Loess Plateau (LP), the sites of ground-based observations of ET components, and catchments with water discharge observations; and (b) 
land cover distribution in the five subregions. 

Table 1 
Basic information for ET observations.  

Flux tower Lat, Lon Year (month) Vegetation type 

Haibei (HB) 37.62◦, 101.32◦ 2002–2004 (1–12) Shrub 
Yuzhong (YZ) 35.95◦, 104.13◦ 2008–2009 (7–9) Grass 
Changwu (CW) 35.25◦, 107.68◦ 2008–2009 (7–9) Grass  
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here. The VIC model partitions ET into four components: soil evapora-
tion (Es), vegetation transpiration (Et), canopy interception loss (Ec) and 
snow sublimation (Esn). The total ET over a grid cell is computed as the 
sum of the above components, weighted by their respective surface 
cover area fractions, which is: 

ET =
∑N

n=1
Cn⋅(Ec,n + Et,n) + CN+1⋅Es + Esn (1)  

where Cn is the fractional vegetation coverage (FVC) for the nth vege-
tation title, which is often regarded as a constant in the study period, but 
a dynamic FVC can better represent vegetation growth, providing more 
accurate ET simulations. CN+1 is the soil fraction, and 

∑N+1
n=1 Cn = 1. 

Vegetation transpiration, canopy interception loss and soil evapo-
ration are all developed by constraining the potential evapotranspira-
tion from the Penman–Monteith formulation (Shuttleworth, 1993), 
which sets the bulk surface resistant as zero to be simplified to the 
Penman formulation for potential ET computation in this model: 

Ep =
Δ(Rn − G) + ρaCpD/ra

λ(Δ + γ)
(2)  

where Ep is the potential evapotranspiration (mm day− 1), Rn is the net 
radiation (W m− 2), G is the ground heat flux (W m− 2), D is the vapor 
pressure deficit (VPD) of the air (Pa), ρa is the density of air at constant 
pressure (kg m− 3), Cp is the specific heat of the air (J kg− 1 K− 1), ra is the 
aerodynamic resistance (s m− 1), λ is the latent heat of vaporization (J 
kg− 1), Δ is the slope of the saturation vapor pressure curve at the tem-
perature of interest (Pa K− 1) which is a function of temperature, and γ is 
the psychrometric constant (Pa K− 1). 

For the area with vegetation coverage, canopy interception loss is 
calculated as a fraction of the potential ET, 

Ec = f ⋅(
Wi

Wim
)

2/3Ep
ra

ra + ro
(3)  

where Ec is the canopy interception loss (mm), f is the fraction of the 
time step when canopy interception loss happens, ro is the architectural 
resistance (s m− 1), Wi is the amount of water the canopy intercepts 
(mm), and Wim is the maximum amount of water that the canopy can 
intercept (mm), which is parameterized to be proportional to the LAI. 

After canopy interception loss, vegetation transpiration can occur 
and is estimated as: 

Et = (1 − f )Ep
ra

ra + ro + rc
+ f ⋅(1 − (

Wi

Wim
)

2/3
)Ep

ra

ra + ro + rc
(4)  

where Et is vegetation transpiration (mm), and rc is the canopy resistance 
(s m− 1) expressed as: 

rc =
r0cgT gvpdgPARgsm

LAI
(5)  

where r0c is the minimum canopy resistance (s m− 1); gT, gvpd, and gPAR 

are the temperature factor, VPD factor, and photosynthetically active 
radiation flux (PAR) factor, respectively; gsm is a soil moisture stress 
factor that depends on the soil moisture content; and LAI is the leaf area 
index (m2 m− 2), which is usually a static (interannually invariant) index 
in most studies, but dynamic LAI is used to reflect the interannual 
change in vegetation in this study. 

Soil evaporation only occurs for the area without vegetation 
coverage (i.e., bare land) on the top thin layer. When the surface soil is 
saturated, it evaporates at the potential evaporation rate; otherwise, its 
evaporation varies according to the heterogeneities in infiltration, 
topography and soil characteristics. Soil evaporation is described as: 

Es = Ep

(∫ As

0
dA +

∫ 1

As

i0

im(1 − (1 − A)1/bi )
dA

)

(6)  

where Es is the soil evaporation (mm), im is the maximum infiltration 
capacity (mm), A is the fraction of area for which the infiltration ca-
pacity is less than the current infiltration capacity i, bi is the infiltration 
shape parameter, As represents the fraction of the bare soil that is 
saturated, and i0 represents the corresponding point infiltration capac-
ity. So Es is dependent on soil moisture condition. 

Snow sublimation is calculated directly from a modified energy 
balance. Energy exchange between atmosphere, forest canopy and 
snowpack occurs only within the surface layer. For specific calculations 
of the snow sublimation, and the parameters and variables described 
above, please refer to the original VIC papers (Liang et al., 1994). 

From the above description, we can see that the VIC model features 
prominently in the computation of the ET components by considering 
energy balance and establishing water constraints, so that the interac-
tion between soil moisture dynamics and ET processes are well formu-
lated. This feature makes it more suitable for ET estimation than remote 
sensing-based ET algorithms in water-limited conditions, which gener-
ally only employ energy balance to constrain, e.g., the Priestley–Taylor 
Jet Propulsion Laboratory (PT-JPL) model (Fisher et al., 2008). As 
expressed in the above equations, the VIC model also applies vegetation 
structure (i.e., LAI for each land use type) and coverage (i.e., FVC) to 
reflect the impact of land cover on ET. However, the original version of 
the VIC generally employs static LAI and FVC with climatological con-
ditions, which is able to represent seasonal variability rather than 
interannual dynamics. To remedy this issue, this study applied daily LAI 
and FVC from the GLASS products to force the VIC simulations, and this 
application has been demonstrated to be effective in hydrological sim-
ulations due to the representation of vegetation dynamics (Jiang et al., 
2021; Meng et al., 2020). 

2.4. Simulation experimental design 

We designed one baseline and three detrended scenarios, i.e., P-det, 
V-det and Ra-det (Table 3), to quantify the hydrological effects of pre-
cipitation change, vegetation greening and radiation change, respec-
tively, on the Loess Plateau for 2000–2018. The four were run at 

Table 2 
Basic information for ET components. The tick (√) means the data are available.  

Station Lat., Lon. Et Es Ec Year (month) Method Vegetation type Reference 

Yangjuangou 
(YJG) 

36.70◦, 
109.52◦

√ √ √ 2013–2014 
(5–9) 
2015–2016 
(6–9) 

Sap flow, Microlysimeter Black locust Jiao et al. (2016)Jiao 
et al. (2018) 

Mt Gonglushan 
(MGLS) 

36.42◦, 
109.53◦

√   2008–2010 
(4–10) 

Sap flow Black locust Zhang et al. (2015a) 

Qishui (QS) 34.55◦, 
107.90◦

√   2015 (6–9) 
2016 (5–9) 

Sap flow Black locust Zhang et al. (2018) 

Tuqiaogou (TQG) 37.62◦, 
110.05◦

√ √ √ 2003–2004 
(5–10) 

Microlysimeter, Portable photosynthesis 
system 

Black locust, Platycladus 
orientalis 

Tian (2005) 

Diediegou (DDG) 35.97◦, 
106.15◦

√   2006 (6–9) Water balance, Thermal dissipation probes, 
Microlysimeter, Pluviometer 

Larch Liu (2008)  
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spatial–temporal resolutions of 0.0625◦ and 3 h to achieve water and 
energy balances. The difference in ET and its components between the 
baseline scenario and the different detrended scenario is assumed to 
represent the contributions of precipitation change, vegetation greening 
or radiation change. For the baseline scenario, the model was run using 
the original forcing data, including dynamic vegetation coverage and 
radiation forcing. For the P-det scenario, the trend of precipitation was 
linearly removed, and the other forcing variables remained the same as 
those in the baseline scenario. Similarly, with respect to the Ra-det 
scenario, the downward longwave and shortwave radiation data were 
linearly detrended. The detrended method used in the P-det and Ra-det 
simulation schemes is as follows: 

V ′

Yi,d
=

(
VYi + a⋅(Yb − Yi)

VYi

)

⋅VYi,d (7)  

whereYi is a year within 2000–2018; V′

Yi,d 
is the detrended daily pre-

cipitation, shortwave radiation or longwave radiation on day d in the 
year Yi; VYi,d is the original daily precipitation, shortwave radiation or 
longwave radiation; VYi is the annual daily precipitation, shortwave 
radiation or longwave radiation in the year Yi; Yb is the reference year, 
2000; and a is the linear trend of annual precipitation, shortwave radi-
ation or longwave radiation. The detrended time series (V ′

Yi,d
) maintains 

the seasonal variations but has no interannual trend. 
For the V-det scenario, the daily mean values of LAI, FVC and albedo 

during 2000–2002 were used to drive the VIC model for the period 
2000–2018. This strategy not only removes the variation trend but also 
avoids abrupt land cover changes in a given year. While there are many 
factors influencing land surface albedo (e.g., vegetation coverage, soil 
moisture, and snow coverage), land use and land cover are generally 
assumed as the primary factors. Therefore, this study takes the effect of 
albedo on ET as one of the vegetation contributors, although it is 

connected to radiation balance. 

3. Results 

3.1. Model evaluation 

3.1.1. Ground-based evaluation 
The metrics of root mean square error (RMSE), Pearson correlation 

coefficient (R), and the relative bias (Bias) were used to examine the 
robustness of the VIC model. We first compared simulations with 
ground-based observations. Fig. 2 shows the simulated ET against 
observed ET at three towers on a daily basis. The simulated ET is 
consistent with the observations as the R is up to 0.68 and the relative 
bias ranges from − 35.4% to − 2.7%. The model also presents acceptable 
performance for transpiration (Et), canopy interception loss (Ec) and soil 
evaporation (Es) simulations. The R for Et is more than 0.45 with the 
relative bias < 24.8% (Fig. 3). Similar levels of the three metrics are 
obtained for Ec and Es, while the numbers of their observation points are 
relatively small (Fig. 4). 

The VIC model was further evaluated based on the catchment-scale 
runoff and the associated water balance-derived ET. We used another 
metric, i.e., the Kling–Gupta efficiency index (KGE) (Gupta et al., 2009), 
instead of RMSE to detect the runoff simulation performance, as it is 
more robust and widely used in streamflow evaluation (Althoff and 
Rodrigues, 2021). As shown in Table 4, the model can reasonably 
simulate the monthly runoff for the eight catchments with KGE more 
than 0.31 and Bias < 33.93%. The simulations generally capture the 
peak flow and baseflow well at most stations, although relatively poor 
performance occurs when tracing the peak flow at Linjiaping and 
Gaoshiya stations (Fig. 5). For the water balance-derived ET, the model 
achieves R of 0.69 and Bias of − 5.2% (Fig. 5i). Although the model 
seems to slightly underestimate ET and the components to some degree, 

Table 3 
Simulation scenarios used to detect the contribution of precipitation, vegetation and radiation (longwave radiation Rl and shortwave radiation Rs) during 2000–2018.  

Scenarios Precipitation LAI FVC albedo Rl Rs 

Baseline Real Real Real Real Real Real 
P-det Detrended Real Real Real Real Real 
V-det Real Detrended Detrended Detrended Real Real 
Ra-det Real Real Real Real Detrended Detrended  

Fig. 2. Simulated daily ET against observed ET at three covariance flux towers on a daily basis: (a) HB Station, (b) CW Station, (c) YZ Station. The sites of the three 
towers are shown in Table 1. 
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the overall performance is acceptable to match the ground-based 
observations. 

3.1.2. Remote sensing-based comparison 
In addition to the ground-based evaluation, we employed GLEAM 

and PML products, both of which simply incorporated water constraints 
by solving the water balance equation with precipitation as input in the 

Fig. 3. Simulated Et against observed Et on a monthly basis for five stations: (a) YJG, (b) MGLS, (c) QS, (d) TQG, and (e) DDG. The sites of the five stations are shown 
in Table 2. 

Fig. 4. Simulated Ec and Es against observed Ec and Es on a monthly basis: (a) Ec at YJG Station, (b) Ec at TQG Station, (c) Es at YJG Station, (d) Es at TQG Station. The 
sites of the two stations are shown in Table 2. 
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ET estimation. Fig. 6 compares the simulated ET with remote sensing ET 
(i.e., the average between GLEAM ET and PML ET) in the growing 
season (May-October) during the period 2003–2018 since the PML 
product has a large amount of missing data for the first three years of 
2000–2002. The spatial pattern of the simulated ET is in agreement with 
that of the remote sensing estimation, displaying lower values in the 
northwest and higher values in the southeast (Fig. 6a and b) and with 
Bias ranging between − 40% and 20% (Fig. 6c). The simulated inter-
annual ET variability also closely follows that of the remote sensing ET, 
with R of 0.91 and Bias of − 3.40% (Fig. 6d). 

To further confirm our simulations, ET and its components (Et, Ec and 
Es) of our study were compared with those of GLEAM and PML for the 
growing season during 2003–2018. We focused the inter-annual varia-
tions of the four variables, which was important to reflect the change 
trends of the four. Thus, we computed their time series anomalies by 
removing their long-term means. The trends of the four components 
from the three estimations are consistent: ET, Et, and Ec increase but Es 

decreases in this period despite slight differences between the VIC 
simulation and the other two products (Fig. 7). This consistency also 
indicates the reliability of the estimations of the ET components. 

3.2. Spatial distribution 

The spatial distribution of the mean annual ET and the ratio of each 
ET component are shown in Fig. 8. The mean annual ET over the entire 
region is about 390 mm, but large spatial heterogeneity can be seen in 
the study area, with lower values (<200 mm) in the northwestern part 
and higher values (greater than 500 mm) in the southeastern part 
(Fig. 8a). This spatial pattern is consistent with the distribution of pre-
cipitation. Averaged over the whole region, Es accounts for the largest 
proportion of ET, about 60%, followed by Et, Ec and Esn (Fig. 8b), which 
indicates that soil evaporation consumes more water than vegetation 
transpiration. However, the ratios of the four components to the total ET 
present contrasting spatial distributions (Fig. 8c-f). In the NLP and 
northern part of the WLP, ET primarily comes from Es with Es/ET above 
75% because the land cover type is mainly desert and these areas are 
under a dry climate. In contrast, in the ELP, and eastern part of the WLP 
and MLP, Et is the main contributor with Et/ET greater than 50%, and 
Ec/ET is also as high as 15%, because the land cover in these areas is 
dominated by forest and grassland. In terms of Esn, it occupies only a 
little portion of ET, below 6%, except for a small area in the western part 
of the WLP whose elevation is more than 4000 m. 

3.3. Temporal changes 

To detect the difference of the changes in ET and its components, so 
as to identify which one is the largest contributor to the total ET, 

Table 4 
Model performance for the eight catchments.  

Station Calibration Validation 

KGE R Bias (%) KGE R Bias (%) 

Yanchuan  0.74  0.89  20.09  0.40  0.94  33.93 
Daning  0.83  0.84  5.33  0.66  0.89  11.72 
Linjiaping  0.47  0.57  − 5.70  0.45  0.65  − 15.48 
Houdacheng  0.62  0.65  16.48  0.58  0.80  23.62 
Gaoshiya  0.31  0.70  − 28.16  0.61  0.67  13.40 
Zhuangtou  0.56  0.82  − 32.31  0.55  0.59  7.82 
Zhangjiashan  0.59  0.93  − 23.52  0.70  0.77  10.77 
Linjiacun  0.63  0.92  17.42  0.50  0.71  − 1.53  

Fig. 5. Simulated runoff against observed runoff for eight catchments on a monthly basis for eight stations: (a) Yanchuan, (b) Daning, (c) Linjiaping, (d) Houdacheng, 
(e) Gaoshiya, (f) Zhuangtou, (g) Zhangjiashan, and (h) Linjiacun. (i) Comparison of the simulated ET to water balance ET at annual scale for the eight catchments. 
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interannual variations are depicted in Fig. 9a. The average annual ET on 
the Loess Plateau exhibits a significantly increasing trend of 5.73 mm 
yr− 1, totalling 108.87 mm during 2000–2018, which results from the 
significant positive trends in Et (4.76 mm yr− 1, P < 0.01) and Ec (0.91 
mm yr− 1, P < 0.01), while the trends of Es (0.09 mm yr− 1) and Esn 

(− 0.03 mm yr− 1) are relatively small. Fig. 9b presents the temporal 
variation in the ratios of ET components to ET. Despite the slight in-
crease in Es, the ratio of Es (Es/ET) shows a significant downward trend 
of − 7.67% decade− 1, which means it decreases from 61.80% in 2000 to 
44.85% in 2018. In contrast, Et/ET and Ec/ET rise significantly with 

Fig. 6. Total ET in the growing season (May-October) obtained from VIC and the remote sensing data (the average between GLEAM ET and PML ET) over the period 
of 2003–2018: (a) mean VIC ET; (b) mean remote sensing ET; (c) Bias between the VIC ET and the remote sensing ET; and (d) monthly time series of VIC ET and the 
remote sensing ET. 

Fig. 7. Comparisons of mean annual ET and its components from VIC, PML and GLEAM in the growing season during 2003–2018: (a) ET, (b) transpiration (Et), (c) 
canopy interception loss (Ec), and (d) soil evaporation (Es). 
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rates of 6.92% decade− 1 (from 28.04% to 43.81%) and 1.27% decade− 1 

(from 6.05% to 8.49%), respectively, and the variation in Esn/ET is 
negligible. Therefore, vegetation transpiration has recently become the 
primary component in the ET process. 

The seasonal cycle of ET and the four components may change 
during the vegetation greening period. We analysed the difference in 
their seasonal cycle between the early stage (2000–2003) and the recent 
stage (2015–2018). The seasonal cycles at the two stages were calcu-
lated by averaging the four-year seasonal variability. As shown in 
Fig. 10a and b, the recent stage Et and Es are quite distinct from the early 
stage. Specifically, Et is smaller than Es during the yearly cycle at the 
early stage, but this pattern changes at the recent stage as Et overtakes Es 
during the warm season (from June to September). In the warm season, 
the difference in Et is over 10 mm mon− 1, while the difference in Es is 
about − 5 mm mon− 1 (Fig. 10c). The differences in this season represent 
a 10% increase in Et and a 15% decrease in Es. ET rises for all months, 

especially in July and August which is contributed by the substantial 
increase in Et. Snow sublimation (Esn) primarily occurs in winter with 
2.09 mm mon− 1, occupying a large portion (33.13%) of the total ET. 
Moreover, the phenology of the peak values of Et, Es and ET advances 
from August at the early stage to July at the recent stage (Fig. 10a and b). 

3.4. Contributions analysis 

3.4.1. Changes in precipitation, vegetation and radiation 
Before quantifying the contributions of precipitation, vegetation and 

radiation to ET and its components, we first identified the variations in 
these factors. As shown in Fig. 11, the area with increased precipitation 
occupies 94% of the Loess Plateau, 18% of which significantly increases, 
and the maximum (>10 mm yr− 1) is mainly distributed in the MLP, and 
decreased precipitation is sporadically distributed in the southeastern 
Loess Plateau (Fig. 11a). Overall, precipitation has a significant increase 

Fig. 8. Spatial distributions of ET and its components on the Loess Plateau during 2000–2018: (a) mean annual ET; (b) the ratio of ET components averaged over the 
whole region; (c) the ratio of transpiration (Et) to ET; (d) the ratio of soil evaporation (Es) to ET; (e) the ratio of canopy interception loss (Ec) to ET; and (f) the ratio of 
snow sublimation (Esn) to ET. 
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Fig. 9. (a) Temporal variations in ET and its components and (b) their ratios over the period 2000–2018. The asterisk (**) denotes statistical significance at P < 0.01.  

Fig. 10. Seasonal cycle of ET and its components and their ratios in two stages: (a) early stage (2000–2003), (b) recent stage (2015–2018), and (c) difference 
between the two stages, i.e., the ET and its components at the recent stage minus them at the early stage. 
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with a rate of 4.66 mm yr− 1 (P < 0.05) for the period of 2000–2018 
(Fig. 11d). Similarly, FVC rises in 92.0% of the whole region, with 87.6% 
of the area having significant increases and the highest positive trends 
reaching 1.5% yr− 1 (Fig. 11b). Averaged over the Loess Plateau, both 
FVC and LAI exhibit upward trends at 0.466% yr− 1 (P < 0.01) and 0.033 
m2/m− 2 yr− 1 (P < 0.01), but they are only 20% and 1.3 m2/m− 2 in 
2018, respectively, which may imply the limited vegetation transpira-
tion (Fig. 11e). However, the area with shortwave radiation decreasing 
accounts for 88.7% of the study region, especially in the western part of 
the WLP, whose values are up to − 0.8 W m− 2 yr− 1, and the increasing 
rates are mostly in some parts of the NLP, MLP and SLP (Fig. 11c). 
Generally, shortwave radiation declines, while longwave radiation rises 
(Fig. 11f). 

3.4.2. Yearly-scale contributions 
In addition to the baseline simulation, as described in subsection 2.4, 

the other three detrended simulations were conducted to quantify the 
contributions of precipitation, vegetation and radiation to ET processes. 
The linear trend of the difference between each of the detrended simu-
lations and the baseline simulation was calculated to represent the 
magnitude of the contribution. As shown in Fig. 12, precipitation in-
duces annual ET increase in 75% of the study area with a magnitude of 
2.87 mm yr− 1. This contribution results from the induced primary in-
creases in Es (1.42 mm yr− 1) and Et (1.30 mm yr− 1) and the minor in-
creases in Ec and Esn. Obviously, vegetation greenness promotes Et and 
Ec at rates of 3.21 mm yr− 1 and 0.672 mm yr− 1, respectively, but it 
decreases Es at a rate of − 2.36 mm yr− 1. Therefore, the contribution of 
vegetation greenness to ET is about 1.52 mm yr− 1. The effect of the 
radiation change on ET and its components can be ignored, ranging 
from − 0.05 to 0.009 mm yr− 1. Moreover, Ec and Esn, whose ratios to ET 
are quite small, are mainly affected by vegetation and precipitation, 
respectively. 

3.4.3. Seasonal-scale contributions 
We further analysed the seasonal-scale contribution based on the 

baseline simulation and the four detrended simulations. In addition to 

the average contribution over the Loess Plateau, we also calculated the 
contributions for the five subregions because of their varying climate 
and vegetation conditions. The absolute value of the contribution 
greater than 3 mm decade− 1 is generally assumed to be the significant 
impact. For the entire Loess Plateau, as shown in Fig. 13a, vegetation 
greenness significantly increases transpiration (Et) at rates of 4–7 mm 
decade− 1 throughout the growing period from May to September, but it 
substantially reduces soil evaporation (Es) during this period. The pre-
cipitation change promotes Et with a peak strength of 3 mm decade− 1 in 
July and August, and it also intensifies Es for the period from March to 
October, while the rate is not significant (<3 mm decade− 1). The radi-
ation forcing makes a relatively minor contribution throughout the year. 
Therefore, the ET increase is primarily caused by precipitation in the 
vegetation-growing season from May to September, with a peak 
contribution of 6 mm decade− 1 in July. 

The seasonal-scale contribution shows spatial variability in the study 
area. The effect of vegetation greenness is strongest in the subregions of 
MLP and ELP, where the LAI and FVC present larger increases than the 
other subregions. In the MLP, vegetation transpiration is enhanced due 
to greenness; particularly in July and August, the greenness-induced Et 
increase is up to 14 mm decade− 1, along with an Es decrease of 
approximately − 10 mm decade− 1. A similar pattern appears in the ELP, 
but the peak of increased Et and decreased Es only occur in July. The 
change in Ec is only driven by vegetation greenness in all five subregions, 
and the change in Esn is not observable due to its relatively small 
variation. 

4. Discussion 

4.1. Estimation and variation of ET and its components 

Partitioning ET is quite challenging partly because of limited ground- 
based observations, and different algorithms or products may provide 
different estimates, so substantial uncertainty exists and it is difficult to 
find “the best model” which is defined with the highest accuracy for 
estimating ET components. This study estimated ET and its components 

Fig. 11. Trends of (a) precipitation, (b) FVC and (c) shortwave radiation (Rs); time series of (d) precipitation, (e) FVC and LAI, and (f) shortwave/longwave radiation 
during 2000–2018. The black cross (+) in (a)-(c) denotes statistical significance at P < 0.05. The asterisks (** and *) in (d)-(f) denote statistical significance at P <
0.01 and P < 0.05, respectively. 
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based on the VIC model, which is sophisticated in considering energy 
balance and water constraints. In the modelling, we employed remote 
sensing-based radiation products, including the downward shortwave 
and longwave radiation and land surface albedo. Moreover, the remote 
sensing data of LAI and FVC products were used to represent vegetation 
dynamics. Benefited from the integration of these remote sensing 
products, the hydrological modelling in this study was capable of 
capturing the dynamics of the four ET components along with vegeta-
tion restoration on the Loess Plateau, as evidenced by reference data of 
ET components from ground-based observations and remote sensing- 
based products. 

Based on effective modelling, this study quantified the variation in 
ET components after ecological restoration. The results showed that ET 
mostly came from Es, about 60%, roughly twice the magnitude from Et 

during 2000–2018. This ratio was reasonable, as the fractional vegeta-
tion coverage was still relatively low (<20%) in the study area even after 
vegetation restoration programs (Fig. 11e). The largest ratio of Es 
occurred in the NLP and WLP, where fractional vegetation coverage 
was<0.1 (Mu et al., 2021), while the highest ratio of Et appeared in the 
ELP and eastern part of the MLP and WLP, where the land cover was 
primarily forests (Fig. 1b). A similar pattern in which Es accounted for a 
larger proportion of ET than Et was detected by Liang et al. (2020), who 
used a Penman-Monteith based model to simulate ET components. 

This study showed that the total ET exhibited a significant upward 
trend, which was consistent with previous studies (Li et al., 2021b; Ning 
et al., 2020; Zhang et al., 2016a; Zhao et al., 2021; Zheng et al., 2019). 
Moreover, the vegetation-related evaporation, i.e., Et and Ec, increased 
at rates of 4.76 and 0.91 mm yr− 1, respectively, in the study period. 

Fig. 12. Contributions of precipitation (P), vegetation (V) and radiation (Ra) to ET and the four components: (a), (b), and (c) to ET; (d), (e), and (f) to soil evap-
oration (Es); (g), (h), and (i) to transpiration (Et); (j), (k), and (l) to canopy interception loss (Ec); and (m), (n), and (o) to snow sublimation (Esn). Please note that the 
color scale for the contributions to Ec and Esn is different for the other three variables (i.e., ET, Et, and Es). 
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Therefore, the ratio of Et (Et/ET) showed a rising trend. The increasing 
trends of Et and Ec were also found by Liang et al. (2020) and Shao et al. 
(2019). However, we found that the trend of Es in this study also showed 
a slight increase of 0.09 mm yr− 1, which was inconsistent with the 
studies mentioned above. This was partly because these studies failed to 
consider water constraints in ET estimation, and they focused on 
different periods. Despite the very small increase in annual Es during 
2000–2018, the ratio of Es (Es/ET) showed a substantial downward 
trend of − 7.67% decade− 1. 

Our study also identified the seasonal cycle of ET and its components 
in different stages of ecological restoration, which has usually been 
ignored in other studies. ET rose in all months, which perhaps affected 

humidity and soil moisture to some extent, and in the recent stage, Et 
exceeded Es, becoming the main component in ET from June to 
September due to vegetation greenness (Chen et al., 2019). Esn 
decreased by 14% in January because of the warming climate (Sun et al., 
2015). 

4.2. Divergent response to vegetation greening 

Previous studies have investigated the dominant factors influencing 
ET processes on the Loess Plateau, such as large-scale afforestation (Lv 
et al., 2019; Zhao et al., 2017) and precipitation (He et al., 2019; Meng 
et al., 2020). Given the distinct arguments and divergent response of ET 

Fig. 13. Seasonal contributions of precipitation (P), vegetation (V) and radiation (Ra) to ET and its components on the Loess Plateau (LP) and the five subregions: (a) 
LP; (b) ELP; (c) MLP; (d) NLP; (e) WLP; and (f) SLP. Only the large numbers (absolute values greater than 3 mm decade− 1) are shown to denote significant 
contributions. 
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components to climatic factors and vegetation variables, our study fully 
explored the changes in the dominant factors of the components during 
2000–2018. There is no doubt that the Loess Plateau has experienced a 
greening trend in recent years. Vegetation greenness enhances leaf area 
in regard to transpiration, but reduces the area for soil evaporation. 
Moreover, vegetation coverage prevents direct solar radiation forcing, 
thereby reducing land surface temperature. We found that vegetation 
greenness had a differential influence on vegetation-associated evapo-
ration (Et and Ec) and soil evaporation (Es), whereas the total contri-
bution to ET was moderate. Specifically, the vegetation greenness 
intensified Et and Ec at rates of 3.21 and 0.672 mm yr− 1, respectively, 
which was mostly counteracted by the contrasting trend of Es, approx-
imately − 2.36 mm yr− 1. Moreover, it is known that precipitation 
variability largely influences seasonal and annual ET dynamics in water- 
limited areas. As a typical dryland, the Loess Plateau has increased 
precipitation after 2000, which has also been reported by other studies 
(Gao et al., 2020; Li et al., 2021a; Liu et al., 2016; Shao et al., 2019). 
Therefore, water availability should be the major factor driving ET 
changes. The results in this study confirmed that precipitation changes 
instead of vegetation greenness led to the increasing ET trend after 
ecological restoration. 

We noticed the above findings are different from other studies in 
which land-use change was assumed to be the primary cause for the ET 
increase (e.g., Feng et al., 2016). The differences may stem from the 
study period, the method for ET calculation and the attribution analysis. 
First, annual precipitation has a slight increase (0.37 mm yr− 1) during 
the first decade of the revegetation, which is the period focused in 
precious studies, but a relatively larger increase (4.66 mm yr− 1) during 
2000–2018. Second, Feng et al. (2016) indicated that “Annual ET esti-
mated from the areas without revegetation does not show any significant 
trend”. However, this is not true for the period of 2000–2018. We 
calculated ET for three typical land cover types, i.e., cropland, forest and 
grassland, based on the estimates from VIC, PML and GLEAM. We can 
see that ET in cropland has an obvious increase, and the change rate is 
larger than that in the forest (Fig. 14). So the area without land-use 

change (e.g. cropland) contributed substantial water consumption 
because the cropland area (2.016 × 105 km2) is larger than the forest 
area (0.946 × 105 km2) (Fig. 14d). Third, the methods for the ET 
calculation are different: our study calculated ET based on the VIC 
model which can consider water and energy balance; Feng et al. (2016) 
used satellite-derived ET which failed to consider water constraints, 
despite its acceptable performance. Moreover, FVC was used to drive 
VIC model, which is important to partition ET. The average FVC for the 
period was only 15%, so soil evaporation may be the primary contrib-
utor to water consumption. Our study is partly dedicated to updating 
findings from previous studies for the cause of the increased ET, and we 
argue that the effect of vegetation greening on water consumption was 
overestimated to a certain degree. 

In addition to vegetation and precipitation, this study identified the 
impact of radiation forcing and provided implications for the VPD. 
Although downward longwave radiation has been strengthened since 
1990 (Wei et al., 2021), and so did downward shortwave radiation 
(Yang et al., 2018), our study discovered that radiation changes had 
little impact on ET and its components. This has been partly demon-
strated in Jiang et al. (2021) who focused on the wet season ET and 
indicated that ET on the Loess Plateau has intensified by approximately 
5%. Moreover, we found that ET increased at a rate of 5.73 mm yr− 1, 
which was larger than the total contribution (4.34 mm yr− 1) from pre-
cipitation, vegetation and radiation. Therefore, we inferred that VPD 
might contribute to an increase in ET, while our study did not isolate the 
impact of VPD, which was a consequence of the air temperature and 
humidity, and the ET response varied due to the climate, photosynthesis 
strategy, and plant type (Massmann et al., 2019). 

4.3. Implications and future work 

The relative importance of Et and Es is highly dependent on vege-
tation coverage and water availability. However, hydrological model-
ling generally does not consider transient vegetation coverage 
information (Liu et al., 2018). Most satellite-based ET estimations lack 

Fig. 14. Temporal changes of ET in four dominant land cover types: (a) Cropland, (b) Forest, and (c) Grassland. (d) Water consumption.  
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water balance constraints due to reliable soil moisture data availability 
(Reitz et al., 2017; Yan et al., 2012; Zhao et al., 2022). When evaluating 
ET in arid and semiarid regions, this study indicated that Es rather than 
Et is the primary component in ET. This relative role implies that when 
partitioning the ET components, it is important to consider water bal-
ance constraints and to include the dynamic fraction of vegetation 
coverage, and not only the LAI. 

Our study has implications for evaluating water consumption in 
areas with vegetation greening. Many national and international 
ecological programs have been launched for biodiversity conservation, 
climate change mitigation and desertification reversion (Malagnoux 
et al., 2007; Strassburg et al., 2020). Revegetation is expected to in-
crease vegetation greenness and to consequently disturb the hydrolog-
ical cycle by reshaping ET processes. A few studies have concluded that 
afforestation or revegetation might be responsible for exacerbating 
water scarcity in water-limited areas worldwide (Bai et al., 2019; Deng 
et al., 2020; Olivera-Guerra et al., 2022; Paiva Alcoforado Rebello et al., 
2020; Ukkola et al., 2016). Vegetation greenness has the potential to 
aggravate water shortages, with water resources reaching the limit on 
the Loess Plateau (Feng et al., 2016; Han et al., 2020; Li et al., 2019). 
However, our study demonstrates that the water consumption by 
vegetation greenness on the Loess Plateau may be overestimated 
because vegetation greenness constrained Es along with the increased Et. 
In this arid and semiarid region, Es is still the primary component of 
water consumption. The increased ET is primarily caused by water 
availability, i.e., increasing precipitation. Please note that the findings 
from this study do not contradict that vegetation greenness is partly 
responsible for the increased ET. Vegetation greenness promotes more 
transpiration than water availability does. Moreover, transpiration on 
the Loess Plateau is becoming a primary component approximately 
equal to or larger than soil evaporation. We argue that there is a caveat 
for evaluating the hydrological effect of vegetation greenness. Particu-
larly, it is important to avoid the overestimation by considering the 
counterbalance between vegetation transpiration and soil evaporation. 

There are future works needed to address the hydrological effect of 
vegetation greenness. This study provided an example of water con-
sumption in a typical dryland. ET consumption highly depends on the 
magnitude of greening, climate conditions, and radiation forcing. 
Therefore, it would be a good attempt to characterize the hydrological 
effect in different regions or at the global scale with varying greenness. 
Moreover, the climate system and vegetation have strong interactions 
(Zeng and Neelin, 2000); for example, drought had a lagged effect on 
vegetation growth (Wu et al., 2020). Neglecting this interaction would 
cause uncertainties. In addition, vegetation greenness generates more 
litter coverage, which plays an important role in the hydrological cycle. 
The litter layer can affect root water uptake, soil moisture evaporation 
and drainage to mineral soils (Du et al., 2019). In hydrological model-
ling, it would be important to consider the hydrological effect of litter 
coverage to achieve a holistic evaluation of vegetation greenness. 

5. Conclusions 

In this study, we examined ET components in response to vegetation 
greening in a typical dryland, i.e., the Loess Plateau in China. The four 
ET components (Et, Ec, Es, and Esn) were successfully estimated based on 
sophisticated land surface hydrological modelling, i.e., VIC model, 
which was featured by consideration of water and energy balance with 
transient vegetation structure and coverage constraints. Contrasting to 
conventional hydrological modelling, newly released long-term satellite 
products (e.g., FVC, LAI and radiation parameters) were integrated into 
this model to estimate ET components. The modelling achieved reliable 
estimation of the ET components as evaluated using ground-based ob-
servations and remote sensing-based data. Based on hydrological 
modelling, this study achieved a few interesting conclusions:  

(1) Soil evaporation (Es) accounted for approximately 60% of ET, 
which was much larger than the vegetation transpiration (Et) 
during the vegetation greening period of 2000–2018. So the 
water consumption on the Loess Plateau was primarily from Es 
rather than Et.  

(2) Despite a slight increase in Es, its ratio of Es/ET decreased at a rate 
of − 7.67% decade− 1, along with a similar level of increase in Et. 
Therefore, Et overtook Es, becoming the main component of ET 
currently in the warm season from June to September.  

(3) Vegetation greenness substantially caused Es to decline at a rate 
of − 2.36 mm yr− 1, implying that vegetation greening con-
strained Es because vegetation coverage decreased the bare soil 
area and reduced land surface temperature. In contrast, the 
increased precipitation over the Loess Plateau provided more 
water availability, thereby promoting all the four ET components, 
so it was the primary factor to promote water consumption.  

(4) In the vegetation-growing season and in the concentration areas 
of ecological restoration, water availability was still the major 
contributor to intensify the total ET because of the counterbal-
ance between Et and Es. 

The above findings imply that the role of vegetation greenness on 
water consumption may be overestimated for the Loess Plateau. This 
does not necessarily mean that vegetation greenness is not responsible 
for water consumption. Global vegetation greenness will induce ET 
consumption with spatial–temporal variability. It would be important to 
revisit the effect of vegetation greenness on water consumption by 
considering the constraints of vegetation greenness on soil evaporation. 
Moreover, the water balance and the vegetation coverage magnitude 
should be included in ET estimation. 
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