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Evapotranspiration (ET) bridges the hydrological and energy cycle through vegetation
transpiration (T), soil evaporation (ES), and canopy interception evaporation (EI).
Transpiration to evapotranspiration ratio (T/ET) quantifies the water use efficiency of
terrestrial ecosystems explaining the mechanism of vegetation water transport and
water–carbon interactions. This study employed GIMMS LAI3g data to improve the
CLM4.5 land surface scheme of RegCM4.6. We designed two simulation experiments,
each with control (CTL) and sensitivity (SEN), simulating the interannual variability of
vegetation on ET and T/ET in China from 1982 to 2015. Studies show China has
experienced a greening trend, especially in mid-south China and South China. Leaf
area index (LAI) increased significantly (0.002m2m−2yr−1). ΔLAI (SEN input LAI data
minus CTL input LAI data) and ΔT/ET (T/ET data output by SEN minus T/ET data
output by CTL) have shown significant positive correlations. The impacts of LAI on
T/ET are more prominent during spring and winter than in autumn and summer.
Compared with T/ET and LAI (R = 0.70), the correlation between ET and LAI is
moderate (R < 0.5), indicating that vegetation has a higher impact on T/ET than ET.
The impact of vegetation anomalies (positive and negative LAI anomalies) on T/ET and ET
is spatially different, mainly due to dominant factors affecting ET and T/ET changes. In
spring, summer, and autumn, &T (transpiration changes corresponding to vegetation
anomalies) is the leading factor affecting both ET and T/ET regionally, and &T has a
stronger influence on T/ET than ET, especially in summer. Vegetation anomalies have a
stronger influence on T/ET than ET; and the influence of positive vegetation anomalies on
ET and T/ET is greater than that of negative vegetation anomalies, especially in spring and
autumn. This study reveals the mechanisms behind vegetation processes and their
influences on the water and heat fluxes at the land–atmosphere interface and provides
a strong scientific basis for studying the water cycle under climate warming.
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1 INTRODUCTION

The sixth assessment report of the Intergovernmental Panel on
Climate Change (IPCC) pointed out that the global average
temperature has increased by 1°C from 1880 to the present and
is projected to reach or exceed 1.5°C in the next 20 years
(Masson-Delmotte et al., 2021). Extreme weather events can
disrupt water balance (Samantha et al., 2012; Pachauri and
Meyer, 2014), eventually reducing the net primary
productivity of the terrestrial system (Melillo et al., 1993).
Vegetation interacts with the atmosphere by exchanging
moisture and energy fluxes, impacting the changes in
regional climate (Notaro et al., 2013; Bonan, 2008; Duveiller
et al., 2018). Conversely, climate change can also affect
regional land biodiversity and ecosystems (Walther et al.,
2002; Seddon et al., 2016). How vegetation has adapted to
regional climate change has been widely debated (Sudhof,
2009).

Evapotranspiration (ET) links the soil, vegetation, and
atmosphere through its critical role in the water cycle (Lu
et al., 2003; Xu et al., 2005; Wang et al., 2007; Lixin Wang
et al., 2013). T/ET characterizes the contribution of transpiration
to evapotranspiration (Niu et al., 2019), describing the water
vapor transport through plants to the atmosphere (Lian et al.,
2018). Therefore, quantifying the response of ET and T/ET to
vegetation is essential for understanding the role of vegetation in
the water cycle (Fatichi and Pappas, 2017; Li et al., 2019). In
recent decades, a large area of China has shown significant
vegetation greening (Piao et al., 2010; Miao-miao Li et al.,
2012; Chen et al., 2012; Chen et al., 2014; Piao et al., 2015),
which has profound implications for hydrological processes (Li
et al., 2018; Hagan et al., 2019; Ullah et al., 2020).

Lately, several studies have been conducted to understand the
ET variability in responses to global warming and vegetation
changes. Yin et al. (2012) used an improved Lund–Potsdam–Jena
(LPJ) dynamic vegetation model to simulate land ET on the
Qinghai–Tibetan Plateau, showing an upward trend from 1981 to
2010. The remote sensing-based records showed a decreasing
trend of global land ET from 1998 to 2008 and an increasing trend
after 2008 (Zhang et al., 2015). Vegetation transpiration and
consequently regional ET dynamics are strongly related to leaf
area index (LAI) (Good et al., 2014; Schlesinger and Jasechko,
2014; Liu et al., 2016); and it has been shown that the greening/
browning of vegetation in China during 2000–2014 has led to
increasing/decreasing annual ET, respectively (Liu et al., 2016).
Wang et al. (2014) estimated that LAI could explain about 43% of
the global T/ET spatial variability. Niu et al. (2019) have shown
that vegetation greening and climate change are the main reasons
for the increase of T/ET in China, explaining 57.89% and 36.84%,
respectively. Li et al. (2019) showed a strong correlation between
T/ET and LAI on the seasonal scales, whereas T/ET increase is
relatively nonlinear concerning LAI. A strong and nonlinear
relationship between LAI and T/ET may suggest that LAI is a
first-order factor affecting the regional division of ET in China
(Wang et al., 2014; Liu et al., 2016). At present, there are many
studies on ET and T/ET. However, many of them simply analyze
the impact of vegetation change on ET or T/ET (Scanlon and

Kustas, 2012; Chang et al., 2014; Wang et al., 2014; Zhou et al.,
2016; Fatichi and Pappas, 2017; Scott and Biederman, 2017; Song
et al., 2018; Zhou et al., 2018; Sullivan et al., 2019), while there is
no unified conclusion on whether vegetation change has a
significant impact on ET or T/ET (Gu et al., 2018). At the
same time, there are very few studies on the impact of
abnormal vegetation changes on ET and T/ET. To fill the gaps
in this part of scientific research, we use the regional climate
model (RegCM) to assess these potential impacts. This study uses
the long-term vegetation data of GIMMS LAI3g to improve the
land surface scheme of RegCM4.6 to study the role of vegetation
changes within the land–atmosphere interactions; more
specifically, to evaluate vegetation impacts on the interannual
variations and associated anomalies on land evapotranspiration
in China during 1982–2015. The rest of the study includes data
and methods in section 2, results in section 3, discussion in
section 4, and conclusion in section 5, respectively.

2 DATA AND METHODS

2.1 Data
2.1.1 GIMMS LAI3g
The LAI dataset used in this study is GIMMS LAI3g, developed
from the improved third-generation Global Inventory
Modeling and Mapping Studies (GIMMS) Normalized
Difference Vegetation Index (NDVI3g) from AVHRR
sensors and best-quality MODIS LAI data (Zhu et al., 2013;
Kappas et al., 2015). GIMMS LAI3g is the longest available
satellite LAI dataset, with a temporal resolution of 15 days and
a spatial resolution of 0.083° (Choi et al., 2013; Park and Jeong,
2021). We used bilinear interpolation to resample the spatial
resolution of GIMMS LAI to 0.5°. GIMMS LAI3g as the input
data for RegCM, providing vegetation information for RegCM
simulations from 1982 to 2015. The GIMMS LAI3g data can be
downloaded from: https://ecocast.arc.nasa.gov/data/pub/
gimms/3g.v1/.

2.1.2 ERA-Interim Forcing Data
ERA-Interim is a reanalysis product from ECMWF (European
Center for Medium-Range Weather Forecasts) using a four-
dimensional variational assimilation scheme following the
ERA-40 (Uppala et al., 2008). The initial, lateral boundary,
and SST (sea surface temperature) data as RegCM input data
are from ERA-interim reanalysis data with a horizontal resolution
of 1.5° × 1.5°. It is currently used more frequently due to its higher
resolution and large assimilation of observational and satellite
inversion datasets (LloPart et al., 2018).

2.2 Methods
2.2.1 Theil-Sen Slope and Mann-Kendall Test
This study uses the non-parametric Theil–Sen slope (TSslope)
method to calculate the long-term LAI trend. Compared to
the traditional linear regression, this method is insensitive to
data outliers and skewness (Sen, 1968; Su et al., 2014). As a result,
it has been widely used in hydrology and climate research (Guo
et al., 2016; Zamani et al., 2017). The formula is as follows:
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TSslope � median(LAIj − LAIi
j − i

) (1)

In Eq. 1, the median is the function; LAIi and LAIj are i and j
data in the time series. TSslope > 0 indicates an upward trend, and
TSslope < 0 indicates a downward trend; a larger TSslope value
indicates a stronger upward or downward trend.

The non-parametric Mann-Kendall (MK) test determines the
trend’s significance level, which is widely used in hydrology and
meteorological studies (Hess et al., 2001; Modarres, 2007; Shan
et al., 2015).

The MK test defines a set of time series, with the parameter Z
as the standardized test statistic:

Z �

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

S − 1������
Var(S)√ S> 0

0 S � 0
S + 1������
Var(S)√ S< 0

(2)

.

Among them,

S � ∑n−1
i�1

∑n
j�i+1

sgn(ETj − ETi) (3)
,

sgn(ETj − ETi) � ⎧⎪⎨⎪⎩
1 ETj − ET> 0
0 ETj − ET � 0
−1 ETj − ETi < 0

(4)
.

In the formula, n is the length of the time series. Given a
significance level α, Z1-α/2 is calculated; when |Z|>α, there is a
significant change in the time series at the α level. When |Z|>1.64,
1.96, or 2.58, the linear trend has passed the significance test of α
= 0.10, 0.05, or 0.01, respectively. In this study, the significance
test at α = 0.05 level is used.

2.2.2 Numerical Experiments
We used regional climate model version 4.6 (RegCM4.6) to study
the impact of vegetation change on land ET. The community land
model 4.5 (CLM4.5) is used as the land surface scheme, which
mainly includes four parts: biogeophysics, hydrological cycle,
biogeochemistry, and vegetation dynamics (Oleson et al., 2008;
Oleson et al., 2013). Furthermore, within the model, fluxes of
momentum, latent heat (including ground evaporation, canopy
evaporation, and transpiration), and sensible heat (including both
ground and canopy) are also represented. The land surface in

CLM4.5 is vertically divided into 16 layers, namely ten uneven
soil layers, five snow-falling layers, and one vegetation layer. It
uses a grid mosaic method, where each grid point can contain 17
different types of plant function types (Tiedtke, 1989; Oleson
et al., 2013; Kim and Mohanty, 2016; Sun et al., 2016). The
hydrostatic dynamical core is used for the model integration.
Therefore, the model can dynamically downscale grid spacing up
to 10 km or larger where hydrostatic assumptions are valid. We
use a horizontal resolution of 50 km and a vertical coordinate
system of 18 levels with a top level of 50 hPa. The utilized physical
parameterization schemes are listed in Table 1. The integration
domain covers the mainland of China (Figure 1). The
distribution map of China’s provinces is shown in
Supplementary Figure S1.

The land surface parameterization for identifying plant
biomass is LAI in the CLM4.5 scheme. However, LAI is
prescribed from January to December using RegCM default
data, which cannot reflect the interannual variations of
vegetation. Therefore, we replace the prescribed LAI using
monthly GIMMS LAI3g data from 1982 to 2015 so that the
impact of interannual vegetation changes can be studied. Two
numerical experiments, namely control (CTL) and sensitivity
(SEN) run, are integrated. Both CTL and SEN runs are forced
using ERA-Interim boundary data from 1980 to 2015 for
36 years, and the first 2 years of simulation are used for model
spin-up. The monthly GIMMS LAI3g data from 1982 to 2015 is
used in the SEN run; however, we have used the multi-year-mean
climatology derived from the same LAI data instead in the
CTL run.

3 RESULTS

3.1 Vegetation Greening
Figure 2 shows the annual climatological mean LAI and its pixel-
wise trend from 1982 to 2015. The LAI mean (Figure 2A) shows
higher vegetation density in eastern China and scarce vegetation
in the west. It can be seen that LAI is unevenly distributed in

TABLE 1 | List of physical parameterization schemes used in the simulation.

Physical process Scheme

Cumulus convection over land Emanuel
Cumulus convection over ocean Emanuel
Land surface CLM4.5
Lateral boundary Index relaxation
Large-scale precipitation SUBEX
Radiation CCM3
Planetary boundary layer Holtslag PBL
Air-sea flux Zeng scheme

FIGURE 1 | Model domain and terrain height (unit: m).
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China, with a gradual increase from arid to humid areas. The
southeast coast and southwest China have ample water and heat
conditions, where the LAI is higher than 3 m2m−2. In
comparison, west and North China are relatively arid, with as
little as 0.5 m2m−2. The temporal trend in LAI is shown in
Figure 2B, indicating a significant spatial heterogeneity in the
annual trend. A significant greening in China is evident,
especially in South China (0.0015–0.0025 m2m−2yr−1) and the
mid-south China (0.001–0.002 m2m−2yr−1). In general, most
areas of China have significant vegetation greening, affecting
the change of the land water cycle to a certain extent.
However, there is no clear conclusion on whether vegetation
greening greatly impacts ET or T/ET, so we conducted the
following study.

3.2 Impacts of Vegetation Interannual
Changes on ET and T/ET
This section shows the impact of the increasing vegetation
density on ET and T/ET during 1982–2015. For this purpose,
we designed two simulation experiments, each with control
(CTL) and sensitivity (SEN). The input data of SEN is the
monthly LAI data from 1982 to 2015, while the LAI input
data of CTL is the multiple-year-averaged climatology
derived from the same LAI data. The main difference
between the SEN and CTL experiments is LAI; thus, the
difference in ET and T/ET between SEN and CTL is mainly
due to LAI changes. By studying the experiment results of
CTL and SEN, the impact of vegetation greening on ET and
T/ET can be reflected. We used ΔLAI to represent each pixel
of LAI input data of China from 1982 to 2015 in SEN minus
LAI input data of CTL. ΔET represents ET data output by
SEN minus ET data output by CTL from 1982 to 2015. Δ(T/
ET) represents T/ET data output by SEN minus T/ET data
output by CTL from 1982 to 2015. The comparison of the

simulation results of the two experiments can only reflect
whether vegetation greening has a substantial impact on ET
or T/ET but cannot reflect the impact of other influencing
factors (human activity and global warming) on ET
and T/ET.

We calculated pixel correlation coefficients of ΔLAI with
ΔET and Δ(T/ET) in China from 1982 to 2015, respectively. In
Figure 3, the first column is the correlation coefficient
between ΔLAI and ΔET, and the second column is Δ(T/ET)
in four seasons in China. From the relationship among ΔLAI,
ΔET, and Δ(T/ET), we then characterize the impact of
vegetation changes on ET and T/ET. From the results, a
moderate correlation between ΔLAI and ΔET indicates that
vegetation changes have a limited effect on ΔET. However,
Δ(T/ET) is significantly correlated with ΔLAI (R > 0.50), with
differences in the strength of the correlation evident in space
and time.

In spring, ΔLAI and Δ(T/ET) in most regions show a
significant positive correlation (R = 0.70), especially in the
Northeast, North, and mid-south China (Figure 3B),
manifesting that Δ(T/ET) in spring is more sensitive to
vegetation changes. In summer, areas with a high
correlation between ΔLAI and Δ(T/ET) are mainly
distributed in Shanxi and parts of inner Mongolia, where
the values are between 0.6 and 0.7. In contrast, the
correlation is moderately weak in areas with rich vegetation
(Figure 3D). In autumn, the correlation between ΔLAI and
Δ(T/ET) is relatively strong in parts of Southwest and North
China reaching as high as 0.6 (Figure 3F). In winter, except for
Northeast and North China, the spatial distribution of the
correlation between ΔLAI and Δ(T/ET) is similar to that of the
spring. Still, the correlation intensity is slightly lower than in
spring (Figure 3H). Especially in the mid-south of China.

In short, ΔLAI and Δ(T/ET) show a significant positive
correlation, with temporal and spatial differences. The

FIGURE 2 | Spatial distribution of the (A) annual mean LAI, and (B) Theil–Sen slope trends of LAI during 1982–2015. The shades indicate the trend passing the 5%
significance test.
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correlations between ΔET and vegetation changes are not as
strong as those between Δ(T/ET) and vegetation changes,
showing that the sensitivity of transpiration and

evapotranspiration to vegetation is different (Niu et al., 2019)
and has a more pronounced impact on transpiration than
evaporation. The changes of T/ET in spring and winter are

FIGURE 3 | The pixel correlation coefficients of ΔLAI with ΔET and Δ(T/ET), respectively. The first column is ΔET and the second is Δ(T/ET). Spring (A,B) summer
(C,D) autumn (E,F) and winter (G,H). The dots indicate the correlation coefficient passing the significance test at the 5% level.
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more sensitive to vegetation changes than in summer and
autumn.

Figure 4 shows the correlation of average ΔLAI with ΔET and
Δ(T/ET) in China from 1982 to 2015, showing that the winter
ΔLAI has the most significant correlation (R = 0.75) with ΔET
followed by spring and summer, and the autumn has the lowest
(R = 0.32). However, the correlation between ΔLAI and Δ(T/ET)
is significantly stronger than ΔET, whereas the overall correlation
coefficients are above 0.78 with seasonal differences. The
influences of vegetation changes on Δ(T/ET) are significantly
stronger than those on ΔET in China, which is consistent with the
result shown in Figure 3.

3.3 Impacts of Vegetation Anomalies
Changes on ET and T/ET
To further investigate whether vegetation anomalies have a more
significant impact on ET or T/ET, we used the 95th and 5th
percentile of LAI in SEN as the thresholds for extremely dense
and scarce vegetation, respectively. In SEN, LAImax represents the
part where each pixel LAI in China from 1982 to 2015 is higher
than extremely dense vegetation thresholds; LAImin represents
the part where each pixel LAI in China from 1982 to 2015 is lower
than extremely scarce vegetation thresholds. The ET in SEN
corresponds to the LAImax grid point defined as ETmax; the ET in
SEN corresponds to the LAImin grid point defined as ETmin. The
T/ET in SEN corresponds to the LAImax grid point defined as (T/
ET)max; and the T/ET in SEN corresponds to the LAImin grid
point defined as (T/ET)min.

Vegetation shows a strong positive correlation with ET and
T/ET (Table 2). When the vegetation is extremely dense, the
correlation strength between LAImax and (T/ET)max is
significantly higher than that of ETmax, indicating that the
highly dense vegetation plays a more important role in
changing (T/ET)max. The correlation of LAImax with ETmax

and (T/ET)max is strongest in autumn (R = 0.81 and R =
0.94), while the correlation for summer and winter is
moderate (R = 0.63 and R = 0.78). When vegetation is
extremely scarce, the correlation strength of LAImin with
ETmin and (T/ET)min shows seasonal differences. In summer,

the correlation strength between LAImin and (T/ET)min is lower
than that of ETmin (R = 0.45 and R = 0.52). The correlation
strength between LAImin and (T/ET)min in the rest of the seasons
is higher than that of ETmin, inferring that the influence of
vegetation density on ETmin in summer is stronger than that
of (T/ET)min, and the effect on ETmin in the rest of the seasons is
limited.

In a word, the effect of extreme vegetation change on T/ET is
significantly higher than that of ET, and extremely rich vegetation
has a stronger impact on T/ET than scarce vegetation. In our
study, extremely dense vegetation strongly influences T/ET and
ET during autumn, while very scarce vegetation has the weakest
influence (Table 2).

To study how vegetation affects the water cycle under
extreme conditions, we analyze the changes of ET and T/ET
for positive and negative LAI anomalies during 1982–2015. We
use positive anomalies to represent the ETmax (T/ETmax) of all
grid points in China in the SEN minus the average ET (T/ET)
simulated by the CTL from 1982 to 2015; negative anomalies
represent the ETmin (T/ETmin) of all grid points in China in the
SEN minus the average ET (T/ET) simulated by the CTL from
1982 to 2015.

Figure 5 shows the spatial distribution of positive anomalies in
LAI, ET, and T/ET, that is, ET and T/ET change compared to the
CTLwhen the vegetation is extremely dense. In spring, most areas
of China show more vegetation in SEN when compared to CTL.
The northeast and the Loess Plateau show higher LAI ranging
from 1.2 to 1.5. The significant increase in vegetation, canopy
interception evaporation, and transpiration increase have
resulted in ET increase in this area, with an increase of more
than 55 mm. However, ET in Yunnan, Guangdong, and Fujian
show a decreasing trend, which may be due to the complex nature
of the underlying surface in these areas affecting model
simulation results (Liu et al., 2016). T/ET shows an increasing
trend in most regions, especially in the northeast, north, and the
Loess Plateau, with an increase of even more than 0.15, possibly
due to the increments of transpiration in this area being higher
than that of total ET. In summer, LAI increases significantly in
mid-south China, Henan, and Shandong. Despite summer ET
and T/ET showing an increasing trend, the actual increment of
ET and T/ET is less than in spring.

In autumn, the spatial distribution of both LAI and ET
changes is similar to that in spring, showing an increasing
trend, but the increment is slightly different from that in
spring. The regional average ET increment is more than

FIGURE 4 | Correlation coefficients of interannual variability of ΔLAI with
ΔET and Δ(T/ET).

TABLE 2 | Correlation coefficients of LAImax (LAImin) with ETmax (ETmin) and (T/
ET)max [(T/ET)min] from SEN during the period 1982–2015 (* indicates not
passing significance test at 0.05 level).

Season LAImax LAImin

ETmax (T/ET)max ETmin (T/ET)min

Spring 0.73 0.91 0.43 0.52
Summer 0.63 0.89 0.52 0.45
Autumn 0.81 0.94 0.31* 0.40
Winter 0.72 0.78 0.32* 0.51
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70 mm. T/ET shows a significant increasing trend in the
northeast and north, while the decreasing trend in the south.
In winter, LAI in South China shows a large increase ranging
from 0.6 to 1.2. ET increment is also larger in the area with larger
vegetation change, which is because the increment of canopy
evaporation can compensate for ground evaporation decrement

(Hungate et al., 2002; Fatichi and Pappas, 2017). The increasing
trend of T/ET is observed highest in mid-south China, with a
growth rate greater than 0.06. Although in winter, the increased
vegetation will reduce the surface exposure (Hungate et al., 2002),
and it has a certain thermal insulation effect (Yu et al., 2021) and
increases soil evaporation.

FIGURE 5 | Spatial distribution of positive anomalies in LAI, ET, and T/ET. The first column is LAI, the second is ET, and the third is T/ET. Spring (A–C) summer
(D–F) autumn (G–I) and winter (J–L).
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Figure 6 shows the spatial distribution of negative anomalies
in LAI, ET, and T/ET, that is, ET and T/ET change compared to
the CTL when the vegetation is extremely scarce. In spring, the
areas where vegetation has decreased significantly are mainly in
mid-south China, leading to negative ET anomalies. However,
some areas such as the Tibet Plateau show positive ET anomalies.
T/ET decreases in Henan, Shandong, Dongbei, and the middle

and lower reaches of the mid-south China, the decrement value
exceeds 1.5. In summer, both ET and T/ET show negative
anomalies in most parts of China. ET changes have uniform
spatial distribution with a rapid decrease of 10–55 mm; the spatial
change of T/ET is not so noticeable. ET exhibits negative
anomalies when the vegetation is extremely reduced in
autumn, especially the largest decrease evident in southern

FIGURE 6 | Spatial distribution of negative anomalies in LAI, ET, and T/ET. The first column is LAI, the second is ET, and the third is T/ET. Spring (A–C) summer
(D–F) autumn (G–I) and winter (J–L).
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FIGURE 7 | The spatial contribution of transpiration (&T), canopy interception (&EI), and soil evaporation (&ES) on ET and T/ET anomalies. Each color corresponds
to a unique combination of the correlation coefficients of the three components with ET (A–G) and T/ET (B–H). The first column is ET and the second is T/ET. Spring (A,B)
summer (C,D) autumn (E,F) and winter (G,H).
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FIGURE 8 | Interannual anomalies of LAI, ET, and T/ET in four seasons. Where R1 and R2 represent the correlation coefficients of LAI with ET and T/ET when the
vegetation is positive anomalies, respectively; R3 and R4 represent the correlation coefficients of LAI with ET and T/ET when the vegetation is negative anomalies,
respectively. Spring (A) summer (B) autumn (C) and winter (D).
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China. The spatial change of T/ET is similar in autumn and
spring. However, the intensity of T/ET changes in autumn is
significantly higher than in spring. T/ET in the Northeast and the
mid-south China shows negative anomalies, while South China
shows positive anomalies. In winter, mid-south China shows an
increase in ET. Although vegetation and transpiration are
significantly reduced, soil evaporation increases due to
reducing vegetation coverage. Winter soil evaporation can
contribute most of the ET; thus, T/ET shows the most
significant change in mid-south China from 0.09 to 0.15. The
effects of vegetation anomaly changes on ET and T/ET show
obvious seasonal differences in China; the strongest influence is in
spring and autumn, and the lowest influence is in summer and
winter. Supplementary Figure S2 shows the pixel percentage
change of positive and negative anomalies in ET and T/ET. When
the vegetation is extremely dense, the pixels percentage of areas
with high ET changes is similar to T/ET; when the vegetation is
extremely scarce, the pixels percentage of areas with high ET
changes is lower than T/ET.

ET is an important indicator of climate change’s impact on
the water cycle, which mainly includes three components:
vegetation transpiration (T), soil evaporation (ES), and
canopy interception evaporation (EI) (Wang and Dickinson,
2012; Kool et al., 2014). The three components corresponding
to the ETmax and ETmin are defined as &T, &ES, and &EI. To
study the spatial differences in ET and T/ET caused by changes
in vegetation anomalies, we computed the correlation
coefficients of three ET components with ET and T/ET,
respectively. The spatial distribution of the three
components that contribute to ET and T/ET are identical in
spring (Figures 7A, B). As ET and T/ET changes are mainly
affected by &T in most parts of China, the increasing and
decreasing vegetation have led to positive and negative ET and
T/ET anomalies (Figure 5B, C, Figure 6B, C). In South China,
T/ET is affected by &ES, indicating the increasing influence of
soil evaporation on T/ET. In summer, &T significantly
influences T/ET; &T is the main influence factor on ET in
most of China, whereas &ES strongly influences ET in the
Qinghai–Tibetan Plateau, Qinghai, Sichuan, and parts of inner
Mongolia (Figure 7D). Although vegetation transpiration
strongly influences summer ET and T/ET, its impact on
T/ET is more pronounced. No differences in the spatial
distribution of dominant factors &T and &ES affecting ET
and T/ET are observed in autumn and spring (Figure 7E, F).
The &T influences ET and T/ET in autumn in most regions of
China, and the spatial distribution of ET and T/ET changes is
similar to that in spring (Figure 5H, I, Figure 6H, I). In South
China, &ES and &EI play the dominant role in affecting T/ET
changes, and the sheltering (evergreen broad-leaved forest)
effect of vegetation can lead to a decrease in the soil
evaporation (Raz-Yaseef et al., 2010; Wang et al., 2013),
explaining the increase in vegetation and decrease in T/ET
(Figure 5I). Significant spatial differences in the dominant
factors such as &T and &ES in affecting ET and T/ET in winter
are evident (Figure 7G, Figure 7H). For example, in Northeast
China, North China, Northwest China, and parts of the
Qinghai–Tibet Plateau, &ES is the dominant factor affecting

ET, but the dominant factor affecting T/ET is &T. In South
China, ET is mainly affected by &T, while T/ET is mainly
affected by &ES. The results show that ET changes in spring,
summer, and autumn are mainly affected by &T, while the
winter is mainly affected by &ES.

Figure 8 shows the interannual variation of negative and
positive anomalies in LAI, ET, and T/ET. Here, positive LAI
anomalies represent the mean value of LAImax minus CTL LAI
after the regional average of SEN from 1982 to 2015; negative LAI
anomalies are the mean value of LAImin minus CTL LAI after the
regional average of SEN from 1982 to 2015. Positive and negative
ET (T/ET) anomalies are the same. The influence of changes in
vegetation anomalies on ET and T/ET in 1982–2015 shows that
the correlation coefficients of positive LAI anomalies with ET and
T/ET are significantly higher than those of negative LAI
anomalies, indicating that the influence of vegetation positive
anomalies on ET and T/ET is stronger than that of negative
vegetation anomalies. The correlation coefficient between LAI
and T/ET anomalies is higher than that of ET anomalies except in
spring. Making clear that changes in vegetation anomalies have a
stronger impact on T/ET than ET, and there are obvious seasonal
differences in the intensity of the impact. The highest correlation
coefficients (R = 0.94 and R = 0.81) of positive LAI anomalies with
T/ET and ET, are measured in spring (Figure 8A), and the
smallest coefficients (R = 0.75 and R = 0.59) are measured in
winter (Figure 8D). The highest correlation (R = 0.70) between
negative LAI anomalies and ET is measured in spring and the
smallest (R = 0.36) in autumn (Figure 8C). In contrast, the
highest correlation coefficients (R = 0.58) between negative LAI
and T/ET are measured in winter. Results show that vegetation
directly impacts the T/ET under abnormal conditions than ET,
most prominently in the spring and autumn.

Vegetation activities can directly or indirectly affect the
changes of ET and its components (ES, EI, and T) (Scanlon
and Kustas, 2012; Good et al., 2014). Positive vegetation
anomalies do not appear to influence ES changes but influence
EI, T, and ET (Figure 9A). ET change is observed mostly in
spring and autumn, followed by summer and winter. T/ET in all
four seasons shows significant positive anomalies. However, there
are seasonal differences in the intensity of its changes, which may
mainly relate to the unsynchronized changes of T and ET in
different seasons. The influence of vegetation negative and
positive anomalies on ET and T/ET changes shows a parallel
response of decreasing and increasing vegetation anomalies
toward ET and T/ET. For instance, canopy interception and
transpiration decrease when the vegetation decreases, resulting in
negative total ET and T/ET anomalies (Figure 9B). Because the
results in Figure 9 cannot show the regional differences of ET
three components; therefore, we selected two typical regions of
South China (22–24.5 N, 110–112.5 E) and North China
(34.5–37 N, 112–114.5 E) and calculated the changes of ET
three components when the vegetation changes abnormally
(Supplementary Figure S3). It can be seen that when
vegetation is abnormal, there are apparent differences in EI
and ES between South and North China. This indicates that
different dry and wet environments will significantly affect the
impact of vegetation greening on the water cycle.
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4 DISCUSSION

4.1 Impacts of Vegetation Greening on ET
and T/ET
China has implemented large-scale afforestation programs in the
past 40 years (1978–2018). Significant vegetation changes will
have a huge impact on the terrestrial water cycle (Liu et al., 2008;
Ang Li et al., 2012; Zhu et al., 2016). Currently, LAI has been
widely used as an indicator to measure vegetation greening and its
related climate effects (Piao et al., 2015; Forzieri et al., 2020; Zeng
et al., 2018; Zhang et al., 2020). Previous studies have shown that
most areas of China have significant vegetation greening (Yang
et al., 2016; Niu et al., 2019; Yu et al., 2021), which is consistent
with our study findings.

LAI changes and T/ET changes show a more significant
positive correlation than ET. However, there are apparent
temporal and spatial differences, which may be attributed to
the variable contributions from ET components to ET in different
seasons (Li et al., 2019), indicating that vegetation greening has a
more substantial impact on T/ET than ET (Figure 3, Figure 4).
For instance, the changes of T/ET in spring and winter are more
sensitive to vegetation changes than in summer and autumn,
which may be because the temperature rises in spring. The
vegetation density increases during the growth period, and the

transpiration is enhanced; the low T/ET of forests and the poor
stomatal conductance of trees in winter (Teuling et al., 2010) and
the changes in ET in winter are mainly affected by soil
evaporation. In contrast, the increased greening accelerated
transpiration is much stronger during autumn and summer,
reducing the soil moisture and decreasing soil evaporation (Yu
et al., 2020). The vegetation coverage of mid-south China is high
in summer. Although transpiration increases with vegetation
greening, the increment is insignificant (Figure3D).

Furthermore, the shading effect of grass and shrubs reduces
the exposure of bare soil, followed by reduced soil evaporation
(Huang et al., 2015). Global vegetation evapotranspiration
accounts for about 60% of the total land ET (Lian et al.,
2018). It has also been confirmed that vegetation is the main
driving factor for the spatial changes of T/ET, indicating that
vegetation greening may increase this ratio. However, due to
global vegetation greening, soil evaporation will decrease,
partially hindering the increase in ET (Zhang et al., 2016). In
wet areas of China, Zhang et al. (2020) pointed out that vegetation
greening actually changed the proportion of ET components,
which caused the proportion to increase by 59.0–62.0%. Still,
vegetation greening did not increase the total ET simultaneously.
The close relationship between vegetation and T/ET has been
verified. For example, Raz-Yaseef et al. (2010) found the

FIGURE 9 | The seasonal anomalies of ET, T/ET, and different components of ET in China during 1982–2015. Positive anomalies (A) and negative anomalies (B).
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expansion of LAI led to an increase in transpiration and a
decrease in soil evaporation, and T/ET is positively correlated
with LAI. Wang et al. (2010) experimented with the change of ET
allocation with vegetation cover, where they reported a 60%–83%
increase in T/ET under 25%–100% coverage. Liu et al. (2015)
stated that the increase in LAI leads to an increase in the T/ET.
However, Li et al. (2019) found that LAI can only explain 20% of
cross-site T/ET changes, mainly because the vegetation coverage
types and climate changes of different sites are different, and ET is
affected by biological and non-biological factors such as
vegetation coverage, which leads to the uncertainty of
observation.

4.2 Impacts of Vegetation Anomalies on ET
and T/ET
Vegetation growth generally increases LAI and supports greater
canopy conductance (Douville et al., 2000). Increased LAI will
promote transpiration and interception evaporation, leading to
increased evapotranspiration (Li et al., 2018; Piao et al., 2018).
However, because of the shielding effect of vegetation, the energy
reaching the soil surface is reduced (Hungate et al., 2002), causing
poor soil evaporation (Gu et al., 2018). LAI anomalies strongly
correlate with T/ET (Table2), consistent with previous research
(Li et al., 2019). The vegetation anomalies significantly impact the
changes of ET and T/ET, with noticeable seasonal and spatial
differences in China (Figure5, Figure6). For instance, the
influence of vegetation anomalies on the absolute amount of
ET and T/ET is stronger in spring and winter but weaker in
summer and autumn. It may be because, although in spring and
winter, the increased vegetation will reduce the surface exposure
(Hungate et al., 2002), and the increment of evaporation can
compensate for ground evaporation decrement (Fatichi and
Pappas, 2017). Although the environment, including high
temperature, abundant precipitation, and extensive vegetation
growth leading to transpiration, is most substantial in summer
than in the other three seasons (Lu et al., 2019; Zhan et al., 2020).
However, compared to normal vegetation conditions, the rate of
transpiration increment is relatively low during summer.
Although the increase in LAI promotes transpiration and
canopy interception evaporation (Piao et al., 2007; Xiangyi Li
et al., 2018a), vegetation canopy also reduces soil evaporation (Hu
et al., 2009; Gu et al., 2018), thereby offsetting most or all the
evapotranspiration from the canopy (Yu et al., 2021). The spatial
distribution difference between ET and T/ET is mainly related to
ET components’ contribution to them (Figure7). &T significantly
affects ET and T/ET in most regions of China. There is no doubt
that vegetation transpiration contributes a lot to ET and T/ET,
which is consistent with the research from Lu et al. (2019).

The results show that ET changes in spring, summer, and
autumn are mainly affected by &T. In contrast, the winter is
mainly affected by &ES due to low temperature, sparse vegetation,
and less evapotranspiration (Lu et al., 2019). The &T affects T/ET
changes in most regions of China in summer, while in other
seasons, &ES and &EI significantly influence T/ET in the south. It
is mainly because South China has high vegetation coverage,
sufficient hydrothermal conditions, and stronger vegetation

transpiration than other areas (Yan et al., 2019; Wang et al.,
2021). Therefore, compared with the normal state of vegetation,
when the vegetation changes positive or negative, the change ratio
of vegetation evapotranspiration is less than that of canopy
interception and soil evapotranspiration (Wei et al., 2017).
Figure 8 shows that positive vegetation anomalies lead to
positive anomalies of ET and T/ET, while negative vegetation
anomalies are the opposite. However, the correlation coefficient
of positive LAI anomalies with ET and T/ET is significantly
higher than negative LAI anomalies, showing that positive
vegetation anomalies have a stronger influence on ET and
T/ET changes than vegetation negative anomalies. It may be
because the contribution of vegetation transpiration to the total
ET is much higher than the canopy interception evaporation and
soil evaporation (Wang et al., 2014). Very dense vegetation has a
stronger sensitivity to transpiration than sparse vegetation, and
LAI is more sensitive to transpiration than evapotranspiration
(Niu et al., 2019). Vegetation promotes canopy transpiration and
interception evaporation due to increased LAI, leading to
increased evapotranspiration, thus affecting the water cycle
(Piao et al., 2008; Xiangyi Li et al., 2018). However, there are
few studies on the impact of changes in vegetation anomalies on
land evapotranspiration. For example, Niu et al. (2019) quantified
the relative contribution of China’s climate and vegetation
greening to the T/ET trend from 1982 to 2015, mainly
focusing on the impact of interannual vegetation changes on
T/ET. Hu et al. (2018), based on the eddy covariance method,
studied the comparison of the influence of vegetation on ET
division in five places in North China. The influence of different
vegetation types on T/ET is mainly emphasized. Wang et al.
(2014) studied the impact of vegetation control on
evapotranspiration zones in agricultural systems, but the
research focuses on agricultural plants. While in this study, we
clarified the degree of influence of changes in vegetation
anomalies on T/ET and ET, respectively, which is of great
significance to better understanding the water cycle under the
background of global warming.

4.3 Uncertainties
To verify the impact of vegetation greening on the water cycle, we
use GIMMS LAI data as vegetation information and input it into
RegCM4.6. RegCM is one of the most widely used high-
resolution numerical models (Giorgi, 1990), which may
outperform the general circulation model regarding the
interactions between land and atmosphere (Gao et al., 2003;
Gao et al., 2017; Gao et al., 2016; Yang et al., 2018). It should
be noted that the parameters used in the RegCM simulation in
this study have been verified by predecessors (Table.1), which
largely avoids the problems caused by excessive parameterization.
Furthermore, the parameterization scheme CLM4.5 compared
with the biosphere atmospheric transfer scheme (BATS) can
better capture the spatial heterogeneity of land cover (Gao
et al., 2003). At present, GIMMS LAI data has been widely
used in the research of vegetation greening (Lian et al., 2018).
However, to input LAI data into the model, we have preprocessed
the data, such as resampling, which may cause part of the
vegetation information to be lost. Although many studies have
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confirmed that vegetation has a significant impact on the water
cycle, such as river flow, runoff, ET, and water level (Piao et al.,
2015; Forzieri et al., 2020), human factors (CO2 concentration
and irrigation) on the water cycle cannot be ignored (Ainsworth
and Rogers, 2007; Yang et al., 2019). For example, North China
has become one of the largest irrigation areas globally, resulting in
an average annual decline of 2.0 cm in the groundwater level for
crop irrigation from 2003 to 2010 (Feng et al., 2013). Due to the
limitations of RegCM4.6 in quantifying human activities, this
study did not explicitly consider the impact of human factors. The
time-lag effects of vegetation greening will affect climate change
(Bai et al., 2012; Zheng et al., 2014; Niu et al., 2018; Zhao et al.,
2020), and different vegetation types also have a significant
impact on the land water cycle (Hu et al., 2018), while this
study lacks research on the effects of different vegetation types on
the land water cycle. Therefore, in follow-up research, we will
consider increasing components of ecosystem types and the time-
lag effects of vegetation responses to evapotranspiration.

5 CONCLUSION

In this study, the GIMMS LAI3g satellite remote sensing data in
the land parameterization scheme of the RegCM 4.6 model have
significantly improved the hydrothermal process simulation. The
effect of vegetation interannual and its changes on ET and T/ET
in China from 1982 to 2015, revealing the influence and
mechanism of vegetation process response to water and heat
flux at the land–atmosphere interface. The study found that the
interannual variation of vegetation in China had a more
significant impact on the T/ET variation than that on ET
variation. Among them, LAI changes in spring and winter
have a more substantial impact on T/ET than in summer and
autumn. Changes in vegetation anomalies have a more significant
impact on the changes of T/ET than ET, with noticeable spatial
differences in China. These differences are mainly related to the
dominant factors affecting the changes of ET and T/ET. In spring,
summer, and autumn, &T plays the dominant role in affecting ET
and T/ET changes in most regions of China. The influence of &T
on T/ET changes is stronger than that of ET changes, especially in

summer. In winter, &ES significantly affects the changes of ET,
while T/ET changes in South China are controlled by &T, and
other areas are affected by &ES and &EI. Vegetation positive
anomalies have a stronger influence on ET and T/ET changes
than vegetation negative anomalies (Chen et al., 2012; Gao et al.,
2016; Masson-Delmotte et al., 2021; Notaro and Liu, 2008;
Notaro et al., 2013; Oleson et al., 2008; Pachauri and Meyer,
2014; Scott and Biederman, 2017; Sullivan et al., 2019; Tiedtke,
1989; Yang et al., 2018; Yang et al., 2016; Zhu et al., 2016).
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