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Abstract: Increasing numbers of observations and research studies have detected widespread vegeta-
tion greening across China since the 1980s. The dynamics of vegetation can influence the process of
terrestrial evapotranspiration (ET) and its components (vegetation transpiration (Ec), soil evapora-
tion (Es), and intercepted precipitation evaporation (Ei)). However, it is still not clear how the ET
components responded to China’s greening. This work investigated the characteristics and dynamics
of ET components for different climate zones and moisture regions and the dominant ecosystems
over China using PML ET products during 2001–2020. The results showed that ET increased by
9%, Ec and Ec/ET increased by 18.7% and 4.4%, respectively, contributing to more than 90% of the
ET increment across China. The increment in Ec generally increased from north to south with the
most obvious change of Ec/ET having occurred in the temperate zone and semi-humid regions. Es
increased in arid, semi-arid and plateau climate regions but decreased in the remaining climate zones.
As a result, Es only decreased by 2.7% on average, while Es/ET decreased by 5.7%. Ei increased by
26.6% across China, while Ei/ET changed slightly due to the little contribution of Ei to ET. The agri-
cultural ecosystem presented the most obvious change of Ec and Es among the dominant ecosystems,
and the most obvious change of Ei occurred in the forest ecosystem. Vegetation greening altered
biophysical factors that govern heat and vapor exchange in the soil-plant-atmosphere continuum,
thus modulating the reallocation of ET components.

Keywords: China’s greening; evapotranspiration; spatial and temporal variation; terrestrial ecosystems

1. Introduction

Increasing research on greening has revealed a widespread increase in leaf area index
(LAI) (earth greening) on a global scale since the 1980s [1–3]. The greening area is clustered
mainly in two largest developing countries, China and India, which dominated the earth
greening by ecological protection, land use and management, and LAI changes in China
alone accounted for more than one quarter of the world LAI increment [2].

Many previous studies found an increase of forest LAI in northeastern, northern, north-
western and central China [4] and increased LAI, vegetation coverage (VC) and carbon
sequestration in karst regions in southern China [5,6]. A greening trend was also observed
for the Loess Plateau where LAI, VC and net primary productivity all experienced an
increasing trend over the past decades [7,8]. Long-term series of the Normalized Difference
Vegetation Index (NDVI) also suggested an increasing greenness over China since 1the
1980s, especially in the growing season [9,10]. LAI, VC and NDVI are among the most im-
portant vegetation indices modelling the canopy density, coverage, and productivity, which
together determine greenness [11]. The above and numerous other studies and observations
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consistently proved a greening China over the past decades [12,13], which would affect the
energy and water exchange and carbon cycle in soil-plant-atmosphere continuum [14].

Vegetation plays a critical role in water and carbon cycles, as well as the land surface
energy balance through evapotranspiration (ET) [15,16], which would be inevitably affected
by vegetation greening. Previous studies based on modelling results showed that earth
greening enhanced the ET globally [17]. Combining remote sensing images, meteorological
datasets, field observations and the Penman–Monteith–Leuning (PML) model, Bai et al. [18]
found that ET increased over nearly three quarters of China due to vegetation greening,
with the most pronounced change occurring in southern China and the Qinghai-Tibet
Plateau. The results agreed well with those reported for the Yellow River basin [19], Loess
Plateau [20,21] and Qilian Mountain [19] where ET increased with the vegetation greening.
Yuan et al. [22] explored the potential mechanism underlying the effect of vegetation
dynamics on ET using a physical model, and the results revealed that vegetation greening
reduced surface albedo, aerodynamic conductance and canopy stomatal conductance,
resulting in the increase of ET.

Evapotranspiration consists of three major components, that is, vegetation transpi-
ration (Ec), soil evaporation (Es), and intercepted precipitation evaporation (Ei). While
previous studies investigated the relation between vegetation greening and the overall
ET dynamics in China, it is still not clear how and why the three ET components have
each responded to vegetation greening over China. A recent study from Zhang et al. [23]
derived time series of ET components combining remote sensing data and the PML model,
and the results revealed an increasing Ec and Ei, yet a decreasing Es during 2004–2017 at a
global scale. Some works investigated the effect of vegetation change on ET components,
and found that Ec and Ei were positively correlated with LAI and NDVI [24–26], while Es
was negatively correlated with LAI [27,28]. However, the mechanism by which vegetation
greening regulated the reallocation of ET components was still not fully revealed.

Therefore, this work was carried out with two main objectives: (1) to investigate
the characteristics and dynamics of the ET components over the past two decades across
different regions of China; and (2) to discuss the biophysical mechanisms driving the
response of ET components to vegetation greening. The work is expected to deepen our
understanding of the processes of the water and carbon cycles and energy balance in the
soil-plant-atmosphere continuum under the notable vegetation greening in China.

2. Materials and Methods
2.1. Data Collection

A long term time series of ET components was employed to analyze the dynam-
ics of ET components across China during 2001–2020. This dataset was derived with
PML-V2 algorithm which was revised by Gan et al. [29] and Zhang et al. [16,30] from
the PML algorithm developed by Leuning et al. [31]. The accuracy of the ET product
was validated at 95 flux towers around the world, with the RMSE of 0.69 mm/day for
the total ET [30]. In this work, the ET components product, with 8-day temporal and
500 m spatial resolution, from 2001–2020 over China was obtained with the Google Earth
Engine (https://developers.google.com/earth-engine/datasets/catalog/CAS_IGSNRR_
PML_V2_v017?hl=en (accessed on 1 May 2022)).

The climate zones and moisture regions data of China were obtained from the Data
Center for Resources and Environmental Sciences, Chinese Academy of Sciences (https://www.
resdc.cn (accessed on 2 May 2022)). China’s complex and varied climate results in a great
variety of temperature and moisture zones. In terms of temperature variation, continental
China can be sectioned from south to north into tropical, subtropical, and temperate zones
and a plateau climate zone. In terms of moisture, it can be sectioned from east to west into
humid, semi-humid, semi-arid and arid regions (Figure 1).

https://developers.google.com/earth-engine/datasets/catalog/CAS_IGSNRR_PML_V2_v017?hl=en
https://developers.google.com/earth-engine/datasets/catalog/CAS_IGSNRR_PML_V2_v017?hl=en
https://www.resdc.cn
https://www.resdc.cn
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Data for the dominant terrestrial ecosystems including agriculture, forest and grass-
land ecosystems (Figure 1) was extracted form land cover/land use data of China which
was obtained from the Data Center for Resources and Environmental Sciences, Chinese
Academy of Sciences (https://www.resdc.cn (accessed on 3 May 2022)). This data was
derived from the Landsat images with supervised classification and visual interpretation,
and has been widely used to monitor the land use change at regional scale [32].

The eddy covariance data of ET fluxes at 9 flux net sites including 5 sites for grassland
ecosystems, 3 sites for forest ecosystems and one site for a wetland ecosystem over China
were obtained from FLUXNET2015 (http://fluxnet.fluxdata.org/data/fluxnet2015-dataset/
(accessed on 5 May 2022)).

2.2. Validation of PML ET Product over China

The PML ET product was evaluated using the eddy flux data at 95 flux towers around
the world, but the accuracy of the PML model was not evaluated over China. Therefore,
the accuracy of the PML ET product was validated using the eddy flux data set at 9 flux net
sites across China. The root mean square error (RMSE) and coefficient of determination
(R2) were used to assess the performance of the PML model over China. RMSE provides
information on the short term performance of the correlations by allowing a term by term
comparison of the actual deviation between the estimation and measurements; a lower
value of RMSE indicates a better performance. The R2 varying between 0 and 1 was adopted
to measure the fit of model, with a higher value suggesting a better performance.

2.3. Analysis Method

The interannual trend of ET components was analyzed using the simple linear regres-
sion model:

k =
n × ∑n

i=1(i × Ei)− ∑n
i=1 i ∑n

i=1 Ei

n × ∑n
i=1 i2 − (∑n

i=1 i)2 (1)

where k is the regression slope, k > 0 suggests an increasing trend, and k < 0 suggests a
decreasing trend. Ei is the ET component for the ith year, and n is the number of years.

https://www.resdc.cn
http://fluxnet.fluxdata.org/data/fluxnet2015-dataset/
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The significance of the linear regression model was measured using F-test:

F =
U

Q/(n − 2)
∼ F(1, n − 2) (2)

U = ∑n
i=1 (ŷi − y)2 (3)

Q = ∑n
i=1 (yi − ŷi)

2 (4)

where U is the sum of squares measuring the dispersion of data points, Q is the residual
sum of squares determining the variance that is not explained by the regression model, n is
the number of years, yi is value of the ET component for the ith year, ŷi is the estimated
value of ET components by the regression model, and y is the average value of yi.

Analysis of the interannual trends of ET components for each pixel across China was
conducted using the batch processing script complied by Python. Subsequently, combing
the changing rate and the significance of the interannual trends, continental China was
reclassified into 6 classes including highly significantly increased (k > 0, p < 0.01), signifi-
cantly increased (k > 0, 0.01 ≤ p < 0.05), insignificantly increased (k > 0, p ≥ 0.05), highly
significantly decreased (k < 0, p < 0.01), significantly decreased (k < 0, 0.01 ≤ p < 0.05),
and insignificantly decreased (k < 0, p ≥ 0.05).

3. Results
3.1. Performances of the PML Product over China

The performance of the PML model for the total ET at 9 flux net sites (Figure 2) showed
good agreement between the model estimation and measurements. The R2 varied between
0.57 and 0.93 with the average of 0.77, and the RMSE ranged from 0.33 to 0.99 mm/d with
the average of 0.63 mm/d. This suggests a reasonable accuracy of the PML product over
China, which is slightly superior to (has a smaller RMSE than) the performance at the
global scale (RMSE of 0.69 mm/day [30]). The PML model performed best at the Haibei
alpine meadow ecosystem (Figure 2d) with the lowest RMSE of 0.33 mm/day, followed by
that at Changbaishan forestry ecosystem (Figure 2g) and Changling grassland ecosystem
(Figure 2a), while higher RMSE was observed at Qianyanzhou forestry ecosystem (Figure 2i)
and Dangxiong wetland ecosystem (Figure 2b).

3.2. General Variation of ET Components across China over the Past Two Decades

The annual mean ET varied between 392.8 mm and 469.7 mm across China during
2001~2020, with the average ET of 441.3 mm, and the ET components varied between
168.4 mm and 216.7 mm (mean 195.4 mm) for Ec, 194 mm and 225.4 mm (211.9 mm) for Es,
and 30.4 mm and 40.5 mm (mean 33.9 mm) for Ei, which accounted for 44.2%, 48.1% and
7.7% of ET, respectively.

Overall, increasing trends were observed in ET (36.5 mm or 18.7%), Ec (36.5 mm or
18.7%) and Ei (9 mm or 26.6%), whereas Es decreased by 5.8 mm or 2.7% in the context of
China greening over the past two decades. Increase in Ec contributed to 91.8% of the ET
increment, suggesting the dominant role of vegetation transpiration in governing the ET
change over China. The above changes can also be expressed in terms of the ratio of each
ET component to the total ET, that is, an increase of Ec/ET by 4.4%, Ei/ET by 1.3%, and a
decrease of Es/ET by 5.7%.

The interannual variation of ET components showed obviously spatial heterogeneity
as shown in Figure 3. A large portion (87.5%) of continental China experienced an increasing
Ec, with the regions classified “significantly increased” and “highly significantly increased”
accounting for more than one third of the area of China; these areas were mainly distributed
in the northern China plain and northeastern China plain. Es decreased over about 64% of
the area of China, with the “significantly decreased” and “highly significantly decreased”
regions accounting for more than 30% of the total area of China; these areas were also mainly
distributed in the northern China plain and northeastern China plain. Es significantly
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increased in 17% of the area of China including the Qinghai-Tibet plateau and the northern
Trim basin. Increasing Ei was observed over about 60% of the area of China, and the
“significantly increased” and “highly significantly increased” regions accounted for nearly
one third of China; these areas were mainly distributed in eastern and northern areas of
northeastern China.
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3.3. ET Components’ Variation over Different Climate Zones and Moisture Regions

The annual mean and the interannual variation of ET components for different climate
zones and moisture regions are presented in Figures 4 and 5, respectively. Overall, the spa-
tial variations of ET, Ec and Ei are similar to those of air temperature and precipitation [26].
In terms of climate variations, Ec, Ei and their proportions to ET (Ec/ET, Ei/ET) generally
increased as the temperature increased from north to south, presenting obvious latitudinal
zonality, except for the plateau climate region (Figure 4). Ec was the dominant component
(>55%) of ET for subtropical and tropical regions, given their relatively high vegetation
LAI and transpiration rates. The annual mean Es was 278.1 mm for the plateau climate
region, contributing to approximately three quarters of ET, and the Es accounted for about
half of ET for the temperate zone. The proportion of Es to ET (Es/ET) generally decreased
from north to south and from temperate to tropical zones, presenting opposite latitudinal
zonality to Ec/ET and Ei/ET.
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In terms of moisture variations, Ec, Ei and their proportions generally decreased as the
moisture availability decreased from east to west, presenting obvious longitudinal zonality.
The humid region had the highest Ec (Ec/ET) and Ei (Ei/ET) due to the abundant precipita-
tion favorable to the growth of vegetation and the probability of canopy interception; on the
contrary, lower Ec (Ec/ET) and Ei (Ei/ET) occurred in semi-arid and arid regions due to
lower precipitation and sparser vegetation in these regions. Es in the semi-arid region was
similar to that in the semi-humid region. Contrary to the patterns of Ec (Ec/ET) and Ei
(Ei/ET) in relation to the moisture variation, Es (Es/ET) generally increased as the moisture
decreased from east to west. Es became the most import ET component in semi-arid (>70%
of ET) and arid (>80% of ET) regions.

China’s greening had significant effects on the dynamics of ET components and their
proportions with obvious regional variation across different climate zones and moisture
regions (Figure 5). The increment of Ec along with vegetation greening generally increased
as the temperature increased from north to south except for the plateau climate region.
The most pronounced change occurred in the tropical region where Ec increased by more
than 110 mm, whereas Ec/ET increased most obviously (9%) in the temperate zone but
increased insignificantly in the plateau climate region. Along the moisture gradient, the in-
crement of Ec and Ec/ET under China’s greening generally increased as the moisture
availability increased from west to east except for the humid region; the most obvious
change occurred in the semi-humid region where Ec and Ec/Et increased by 63.9 mm and
8.1%, respectively.

Compared to Ec, Es showed different change trend in most regions (Figure 5). Among
the climate zones, Es increased by 50.7 mm in the plateau climate region but decreased in
other climate zones by about 25 mm. In terms of moisture availability, the arid region and,
to a lesser degree, the semi-arid region experienced increasing Es, while the humid and
semi-humid regions experienced decreases in Es. However, Es/ET universally declined in
all climate and moisture regions, with the most obvious decreases in the temperate zone
(−10%) and the semi-humid region (−8.7%) but the least decreases in the plateau climate
region (−1%) and the arid region (−2.1%).

The Ei increased in subtropical and tropical zones and humid regions by more than
20 mm (Figure 5), while its proportion to ET (Ei/ET) increased by only 2.6% in the subtrop-
ical zone and humid region and changed little in other climate zones and moisture regions.

3.4. ET Components Variation over Dominant Ecosystem Types

The ET components of the agriculture ecosystem changed greatly over the past two
decades (Figure 6). Ec and Ec/ET increased by 63.2 mm and 9.8% over China, respec-
tively, with the most pronounced change occurring in the tropical zone and arid region,
respectively. The increment of Ec/ET generally decreased from west to east along the
moisture gradient (Figure 6b). Es and Es/ET universally decreased by about 50 mm and
10%, respectively, in different climate zones and moisture regions (Figure 6). No significant
difference in Es change was found among different climate zones (Figure 6a), whereas
a slightly higher change of Es/ET occurred in the temperate zone. In terms of moisture
regions, the maximum change of Es occurred in the semi-humid region. Ei increased
by 9 mm on national average, with a higher increment towards the south, particularly
the tropical zone and humid regions but with smaller changes in other moisture regions.
Ei/ET slightly changed in different climate zones and moisture regions, with an average
increment of 1.5%.

The Ec and Ec/ET of the total forestry ecosystem over continental China increased by
49.9 mm and 3.3% (Figure 7a), respectively. The change of Ec generally increased along the
temperature gradient. The maximum increment (>110 mm) of Ec occurred in the tropical
region, whereas the change of Ec/ET was higher in the temperate zone but similar in
the remaining climate zones. The changes of Ec and Ec/ET in the plateau climate region
were similar to those in the subtropical zone. In terms of moisture regions (Figure 7b),
the maximum change of Ec and Ec/ET occurred in semi-arid and semi-humid regions,
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respectively, followed by the humid region. Es and Es/ET decreased by 20.5 mm and
5.6% (Figure 7a), respectively. More decrement of Es and Es/ET was generally observed
towards the north, particularly for the temperate zone, whereas the plateau climate region
showed an increasing Es. Semi-arid and arid regions experienced increasing Es, which were
opposite to humid and semi-humid regions, while the Es/ET universally declined across
different moisture regions (about −5% for humid, semi-humid and semi-arid regions).
Ei increased by 22.1 mm national wide, with the most obvious change (>30 mm increment)
in the tropical zone, while Ei/ET only increased by 2.3% on average. The pattern of the
Ei change in the forest ecosystem along the temperature gradient was similar to that of
the agriculture ecosystem. In terms of moisture regions, the maximum increment of Ei
(24.8 mm) and Ei/ET (2.6%) occurred in the humid region, and increments of Ei/ET in
remaining moisture regions were around 1%.
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The Ec and Ec/ET of the grassland ecosystem increased by 26 mm and 3.2% (Figure 8),
respectively. The increment of Ec generally increased as the moisture availability increased
from west to east, with the maximum increment of Ec (68.1 mm) occurring in the humid
region. The Ec/ET slightly decreased in the arid region but increased in other moisture
regions by 4.2% to 5.5%. The subtropical zone had a much higher Ec increment than
the temperate zone, although a similar increment of Ec/ET was observed in both zones.
Es increased by 21.5 mm, while the Es/ET decreased by 3.6% on average (Figure 8).
Es decreased in both the subtropical zone and humid region by about 24 mm, while it
increased in other climate zones and moisture regions, with the most pronounced increment
in the arid region by more than 60 mm. Except for the slight increase of Es/ET in the arid
region, Es/ET universally decreased in other climate zones and moisture regions, with the
maximum decrease of Es/ET in the humid region followed by that in the subtropical zone.
Ei in the subtropical zone and humid region increased by more than 20 mm on average,
while Ei/ET only increased by about 2.4% in these two regions. In general, Ei and Ei/ET
changed slightly in semi-arid and arid regions which accounted for more three quarters of
the area for grassland, resulting in a slight change in Ei and Ei/ET of grassland over China.
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4. Discussion
4.1. Effect of the Vegetation Greening on ET

Our results based on the PML model data showed the overall ET increased by 9%
along with vegetation greening across China during 2001–2020, which is consistent with
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earlier studies using remote sensing, meteorological datasets, ground observations and
models that revealed a positive relationship between vegetation greening and ET over a
large portion of China since the 1980s [17–21,33] and is also consistent with the general
positive effect of vegetation greening on ET globally [17–19,33,34].

The CLM5 model was used to explore the potential mechanism underlying the ef-
fect of vegetation greening on ET. Results revealed that vegetation greening affected ET
through biophysical factors such as surface albedo, canopy roughness (aerodynamic con-
ductance), and canopy stomatal conductance, which regulated the heat and vapor exchange
in the soil-plant-atmosphere continuum [22]. Satellite observation showed that vegetation
greening reduced surface albedo, resulting in the increase of radiation absorption and
net radiation [8,22,24,35].

Li et al. [25] used a coupled climate model to simulate the relation between vegetation
greening and climate, which suggested that most of the increased net radiation due to
vegetation greening was used to enhance latent heat flux, that is, ET. A number of studies
used ground measurements, remote sensing and modelling to prove that increase of LAI
favored the dissipation of net energy through evaporation, resulting in a cooling effect on
the surface [8,27,36]. Cooling of the surface can stabilize the air near the surface, which can
weaken the turbulent heat exchange between land and atmosphere, leading to a reduction
of sensible heat flux and increase of latent heat flux [28]. Moreover, variation of LAI and
canopy structure can alter the aerodynamic resistance, which was also expected to affect
the turbulent heat exchange in the soil-plant-atmosphere continuum. Zeng et al. [37]
and Li et al. [25] and Chen et al. [2] observed that increased LAI was associated with
surface roughness and reduced aerodynamic resistance, leading to increased latent heat
flux and ET.

4.2. Mechanism of Vegetation Greening Modulating the ET Component

Our results suggested that ET components significantly changed in the context of
vegetation greening across China. Specifically, Ec, Ec/ET and Ei significantly increased
and Ei/ET slightly increased. Reduced surface albedo due to the increasing LAI led
to the increase of the absorbed radiation by vegetation [8,22,24,35], which favored the
dissipation of latent heat flux through transpiration (Ec) [25]. Meanwhile, increasing LAI
with vegetation greening also meant more abundant leaf stomatal openings that directly
contribute to higher canopy conductance and transpiration (Ec) [24,37], a major component
of ET. These mechanisms explain why Ec and Ec/ET were nearly universally elevated with
vegetation greening across different climate zones and moisture regions and ecosystem
types across China.

Our results found that increase of Ec contributed to more than 90% of the ET increment
in the context of China’s greening. A recent study combining remote sensing datasets and
a PT-JPL model also showed that Ec and Ec/ET increased with China’s greening since the
1980s, and vegetation greening contributed to 57.9% of the Ec increment [38]. Modelling
results from Institute Pierre Simon Laplace climate model showed that 62.6% of increased
latent heat flux due to increasing LAI was dissipated through vegetation transpiration [25].
These results suggested the major contribution of vegetation greening to the increase of
Ec, and the dominant role of the enhanced Ec to the increase of ET. Previous studies and
our results both revealed that vegetation greening enhances vegetation transpiration to
enhance the overall ET and reallocate the ET components [21,28,39], which govern the heat
and vapor exchange in the soil-plant-atmosphere continuum.

Previous observations and research found that Ei was significantly influenced by LAI
and precipitation. Increasing LAI can intercept more precipitation, providing more water
for evaporation on the leaf surface [40,41], which was more pronounced in tropical and
subtropical zones that have abundant precipitation and high LAI; in contrast, Ei changed
only slightly in arid and semi-arid regions with scarce precipitation and relatively low
LAI. Decreasing aerodynamic resistance due to the increasing LAI [2] also favored the
evaporation of the intercepted precipitation on leaf surfaces. Therefore, vegetation greening
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can promote Ei, which was proved by observation in northern China [8]. Nevertheless,
Ei/ET changed only slightly due to the small contribution of Ei to ET.

Zeng et al. [17] investigated the impact of vegetation dynamics on the water cycle
with a coupled climate model and reported that enhanced plant transpiration induced by
vegetation greening consumed more water and energy, which resulted in the decrease of
Es, particularly in densely vegetated regions. In our study, Es did not decrease significantly
over the past two decades across China, partly due to the increase of Es in arid and semi-
arid regions (sparsely vegetated) offsetting the decrease of Es in humid and semi-humid
regions (densely vegetated).

It has been reported that Es was greatly affected by both soil temperature and soil
moisture [16]. Observations and modelling results showed a positive correlation between
Es and soil temperature and soil moisture [42,43]. When soil moisture was high, Es was
substantially close to free water surface evaporation and the evaporation rate was relatively
stable. As the soil moisture decreased, the unsaturated infiltration coefficient decreased,
and the water supplied to Es decreased accordingly. In areas of vegetation greening, increas-
ing LAI was associated with increasing vegetation coverage and canopy closure, which
can directly reduce the shortwave radiation incident to the soil surface and result in a
cooling effect on the soil surface [8,27,28,36]. Changes of vegetation coverage and canopy
closure can also alter the aerodynamic resistance between soil surface and atmosphere,
which would affect the latent heat exchange [2,24,25]. Enhanced vegetation transpiration
induced by vegetation greening can consume more soil moisture and inhibit soil evapora-
tion [17,21], which explains the opposite trends of Ec and Es changes in most climate zones
and ecosystem types (Figures 2–4, [44]). Increased Ei with higher LAI also reduced the input
of precipitation to soil [45,46] and resulted in the decrease of the soil moisture [7,17,37].
The above studies revealed the joint negative effect of decreasing soil surface temperature,
reduction of soil moisture and aerodynamic resistance induced by vegetation greening on
the Es, which is consistent with our finding of the general decreasing trend of Es across
most climate zones and ecosystem types, particularly for humid and semi-humid regions
in China. Meanwhile, the relative contributions of Ec and Ei to ET significantly increased,
which resulted in the decrease of Es/ET in most regions.

When vegetation greening occurred in sparsely vegetated areas, the increased radiant
energy cannot be sufficiently dissipated through vegetation transpiration with lower LAI,
leading to larger increase in sensible heat flux than latent heat flux [22,39]. Consequently,
the stronger warming effect induced by reduced surface albedo associated with vegetation
greening than the cooling effect induced by the increasing ET resulted in a net warming
of the soil surface [22,47], which enhances soil evaporation (Es). Thus, increasing Es in
arid and semi-arid regions across China was probably due to the combined effect of lower
LAI and certain degree of vegetation browning in these regions. Nevertheless, Es/ET
universally decreased due to the higher increasing rate of Ec and Ei than that of Es.

4.3. Implication of the Vegetation Greening Modulating ET Components

If China’s vegetation greening continues, the enhanced ET would possibly lead to more
water vapor input into the atmosphere but less water available to the soil and land surface,
affecting the water cycle [2]. The feedback of vegetation greening to the atmospheric water
cycle is an important aspect of regional climate. Modeling studies indicated that enhanced
ET with increased LAI can accelerate the atmospheric moisture recycle and therefore affect
regional precipitation [48], with the most evident changes occurring in Amazonia, Congo
basin and Southeast Asia [17], followed by a 50% increase in precipitation due to enhanced
ET and latent heat flux in northern high latitudes [49]. Global climate model simulations
also indicated that China’s greening contributed to a significant increase of precipitation
during 1982 to 2011 [28].

On the other hand, vegetation greening may lead to a decrease in surface runoff [32,50,51],
reduction in soil moisture in temperate zones [52], or simultaneous decline of runoff and
soil moisture in Loess Plateau in relation to large-scale ecological restoration [7,53–55].
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Seasonal correlation between LAI and soil moisture also revealed detrimental effects of
spring vegetation greening on summer soil drought [37]. Therefore, despite the moistening
effect of enhanced ET on the atmosphere, large scale vegetation greening may increase the
risk of water scarcity and exacerbate drought in regions where the enhanced water loss
through ET cannot be compensated by precipitation and water resources [18,28,37,39,56].

Exceptions apply when global warming or the feedback effect of vegetation greening
to the atmosphere creates more favorable conditions for water input (precipitation), which
can compensate for the decreasing runoff and soil moisture due to the enhanced ET [37].
This was found to be particularly true in Amazonia, Congo basin and Southeast Asia,
where the increase in precipitation was even larger than the increase in ET, resulting in
increased soil water storage [17]. A similar result was also observed in humid regions of
China where the vegetation greening increased water yields [55]. However, the significant
increase in ET cannot be compensated by scarce precipitation as found in water limited
regions over China [56] and in other dry regions such as Sahara and western Asia [17].

Furthermore, variation of precipitation due to ET change also affected vegetation
dynamics [57]; such feedback between vegetation and precipitation not only occurred
at local scale but may also operate globally through teleconnections [25,37]. Therefore,
the feedback mechanisms in the response of soil moisture and atmosphere water cycle
to vegetation greening must take into account the heat and vapor exchange in the whole
soil-vegetation-atmosphere continuum for better quantifying the hydrological effect of
vegetation change [37]. Finally, we note that the dynamics of ET and its components
are also affected by changes in air temperature, precipitation, relative humidity and CO2
concentration associated with climate change and changes in vegetation composition,
soil quality and nitrogen deposition associated with human activities, some of which are
reflected in the observed vegetation greening in China. Further studies are needed to
disentangle the coupled effects of vegetation dynamics and climate change or land use
change that may have contributed to the increase of ET in China.

4.4. Uncertainty

The accuracy of the PML ET product was validated using the eddy flux data set at
9 flux net sites across China. The results showed a good agreement between the model
estimation and measurements of the total ET. However, ET components was measured at
a very limited number of sites in China, and the data was not widely accessible, which
is also a common situation across the world. Thus, most of the ET component models
were not validated with the measurements of the ET component, which could lead to
substantial uncertainty in ET components’ dynamics and associated investigation. A recent
study compared the Ei estimated by the PML model with field observation; the results
showed that the PML model significantly underestimated Ei in evergreen broadleaf forests,
especially for large events [58]. Therefore, it is necessary to calibrate the ET components
of the PML ET product with more field observations of ET components to enhance the
reliability of the results in future studies.

5. Conclusions

This work investigated the dynamics of ET components for different climate zones and
moisture regions and dominant terrestrial ecosystems in the context of China’s greening
over the past two decades and discussed how vegetation greening modulated the realloca-
tion of ET components. ET was enhanced by 9% across China. Ec and Ec/ET increased by
36.5 mm and 4.4%, respectively, which contributed to more than 90% of the ET increment,
suggesting the dominant role of vegetation transpiration in governing ET change in the
context of vegetation greening. Ei increased by 9 mm, while Ei/ET only increased by 1.3%.
Es decreased by 5.8 mm, resulted in a 5.7% decrease of Es/ET.

Changes of ET components and their proportions varied greatly across climate zones
and moisture regions and ecosystem types in China. The increment of Ec occurred in
all dominant ecosystems of agriculture, forestry and grassland and increased from north
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to south as temperature increased, with the most pronounced increase of Ec/ET in the
temperate zone and in the agriculture ecosystem (10%). Ei significantly increased in tropical
and sub-tropical zones and th humid region, particularly in the forestry ecosystem, while
Ei/ET did not change significantly across regions and ecosystem types. Es increased in
plateau climate region, arid and semi-arid regions, while it decreased across the agriculture,
forestry and grassland ecosystems in the remaining climate zones and moisture regions.
However, Es/ET universally decreased across China, most intensely in the temperate zone
and in the agriculture ecosystem (−11.3%). Ec/ET of forestry and grassland ecosystems
increased by 3.2% on average, while Es/ET decreased by 5.6% and 3.6%, respectively.

Comparisons with previous studies revealed that vegetation greening affected the
heat and vapor exchange between the land surface and the atmosphere through altered bio-
physical factors (such as surface albedo, canopy roughness, canopy stomatal conductance),
thereby modulating the reallocation of ET components. Further research on the hydrologi-
cal and ecological effects of vegetation greening needs to fully consider the feedback effects
among vegetation dynamics, soil moisture and the atmospheric water cycle for the whole
soil-vegetation-atmosphere continuum.
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