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Abstract: Vegetation serves as a key element in the land-atmospheric system, and changes in
vegetation can impact the regional water-energy balance via several biophysical processes. This study
proposes a new water-energy balance index that estimates the available-water-to-available-energy
ratio (WER) by improving upon the Budyko framework, which evaluates climate variation
and vegetation change. Moreover, the impact of vegetation greening on WER is quantified in
34 catchments under different climatic conditions. The results show that the normalized difference
vegetation index (NDVI) increased at all the catchments, which indicates that there was a vegetation
greening trend in the study area. There are negative relationships between the NDVI and runoff at
both water-limited and energy-limited catchments, which demonstrates that both types of catchments
became drier due to vegetation greening. Four numerical experiments were executed to quantify
the contribution of vegetation greening and climate variations to WER changes. The results show
that the calculated WER trends by numerical tests fit well with the observed WER trends (R2 = 0.96).
Vegetation greening has positive influences on WER changes under energy-limited conditions, which
indicates that residual energy decreases faster than water availability, resulting in less energy for
sensible heat, i.e., a cooling effect. Nevertheless, vegetation greening has negative influences on WER
under water-limited conditions, which indicates that water availability decreases faster than residual
energy, resulting in more energy for sensible heat. Notably, the WER decrease in water-limited
catchments is dominated by potential evapotranspiration and NDVI variation, whereas the WER
change in energy-limited catchments is dominated by climate variation. This study provides a
comprehensive understanding of the relationships among water, energy and vegetation greening
under different climatic conditions, which is important for land-atmosphere-vegetation modeling
and designing strategies for ecological conservation and local water resource management.
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1. Introduction

Water and energy are essential elements of regional hydrology and are closely connected
via evapotranspiration [1–3]. Vegetation is a crucial component of the land-atmospheric system,
and changes in vegetation alter the regional water and energy balance through several biophysical
processes [4–6]. Large-scale vegetation variation would lead to changes in climate dynamics,
atmospheric-land surface interaction and global hydrological processes. According to reports from
around the world, vegetation greening occurs in response to the effects of climate change and
the impact of policies on ecological conservation and restoration in recent decades [7,8], including
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increased growth of the savannas in Australia, Africa and South America due to increased rainfall, the
reforestation of abandoned farmlands in Russia and tree planting projects in China [9–11]. Investigating
the impact of vegetation greening on the regional water-energy balance is an important issue in Earth
system science with impacts in the present and in the future [12,13].

The regional water-energy balance is determined by the water supply (precipitation) and the
energy availability (evaporative demand, PET) and is modified by land-surface characteristics, such as
vegetation, soil and topography [14,15]. The Budyko framework, which is the primary approach used
to investigate the regional water-energy balance, considers both climatic conditions and the underlying
characteristics using a land-surface parameter w [16,17], which is related to vegetation, soil type,
soil infiltration capacity, topography, etc. Recently, Liu et al. [18] proposed a new water-balance
index (the available-water-to-available-energy ratio, WER) to reflect the regional energy balance
and hydrological processes based on the Budyko framework and further investigated the impact of
land-surface changes on WER. However, the impact of vegetation change on WER remains unknown
because the study by Liu et al. [18] did not provide data on the relationships between vegetation
greening and WER.

Several previous studies have noted the importance of considering vegetation dynamics
when using the Budyko framework to evaluate the water-energy balance [19–21]. For example,
Donohue et al. [22] concluded that the accuracy of runoff estimation was improved by incorporating
dynamic vegetation into the Budyko framework when it was applied at finer spatial timescales.
In addition, some researchers attempted to establish relationships between the variations in vegetation
and the land-surface parameter w [23–25]. Li et al. [23] found that w was linearly correlated with
vegetation coverage at long timescales in large river basins. Zhang et al. [25] presented an exponential
relationship between the change in w and the vegetation variation using the Budyko framework.
In general, these studies found positive relationships between changes in w and variations in
vegetation under all climatic conditions; in other words, vegetation greening leads to an increase
in evapotranspiration (i.e., a decrease in runoff), and the inverse is also true. This phenomenon is
known as the “trade-off relationship” between vegetation and water [26]. The essence of this “trade-off
relationship” is that precipitation and energy are redistributed via evapotranspiration because of
vegetation changes.

Vegetation in China has increased considerably during the past 30 years because of the large-scale
soil and water conservation projects implemented by the Chinese government [27,28]. The coverage
of forest increased from 11% in the 1980s to 22% in 2010, especially in the Yangtze River and
Yellow River basins [29,30]. Although some studies have investigated the influence of vegetation
greening on evapotranspiration and runoff in China, no consensus regarding this subject has yet been
achieved [31,32]. This study aims to propose a comprehensive approach to quantify the contribution
of vegetation greening to the water-energy balance index (WER). Furthermore, the new approach is
used to study 34 catchments under different climatic conditions in China. The results are expected
to provide a comprehensive understanding of the interactions among vegetation, energy and water,
which would be helpful for ecological restoration, forest protection and water resources management.
The objectives of this study are (1) to investigate the relationships among WER changes, vegetation
greening and climate variation under different climatic conditions, and (2) to quantify the contribution
of vegetation greening and climate variation to WER changes.

2. Study Area

In this study, 34 catchments located in the middle reaches of the Yangtze River and Yellow
River in China are selected to investigate the impact of vegetation greening on WER under different
climatic conditions (Figure 1). The drainage areas range from 656 to 30,661 km2, and the aridity
index (AI) values range from 0.5 to 3.2. Catchments in the Yangtze River (nos. 1–16) belong to an
energy-limited condition (PET < precipitation), and catchments in the Yellow River (nos. 17–34) belong
to a water-limited condition (PET > precipitation) [33]. The details are shown in Table 1. The dominant
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vegetation of the energy-limited catchments is forest, and the dominant vegetation of the water-limited
catchments is grass [34,35].

Table 1. Information of the studied catchments under different climatic conditions.

Catchments Characteristics Energy-Limited Water-Limited

number 16 18
catchment area (km2) 656–15,307 1121–30,661
air temperature (◦C) 14.8–19.7 0.9–11.3
annual rainfall (mm) 1279–1852 388–683

aridity index 0.5–0.8 1.7–3.2
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Figure 1. (a) Sketch map of the study area, (b) catchments under energy-limited condition,
(c) catchments under water-limited condition, and (d) the long-term hydroclimatological characteristics
of the 34 selected catchments based on the Budyko hypothesis. AI is the aridity index, P is precipitation,
PET is potential evapotranspiration and ET is actual evaporation. Triangle in (b,c) represents the
location of hydrological station.

3. Materials and Methods

3.1. Materials

Monthly runoff datasets from 1982 to 2013 under energy-limited conditions were collected from
the Hydrological Yearbook of the Yangtze River in China. These energy-limited catchments are in the
headwaters of the tributaries of the Yangtze River, and human influences, such as dams and reservoirs,
on runoff are limited. Runoff under water-limited conditions in the Yellow River is influenced by
intensive human activities, such as irrigation and water impoundment by dams. As a result, monthly
naturalized runoff time series were provided by the Hydrological Bureau of the Yellow River. Monthly
precipitation data from 1954 rainfall stations were obtained from the National Climate Center of
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the China Meteorological Administration. The maximum and minimum air temperatures, sunshine
duration, relative humidity, and wind speed from 753 meteorological stations are used to calculate
the PET based on the Penman formula, which has been shown to be the most appropriate form when
considering a changing climate [36–38]. The AI is calculated as the ratio of the mean annual PET to the
mean annual precipitation averaged from 1982–2013 and therefore reflects the average conditions of
the regional climate. The climate variables and PET for each catchment are weighted by the Thiessen
polygon method.

Monthly Advanced Very High Resolution (AVHRR) NDVI (normalized difference vegetation
index)datasets processed by the Global Inventory Modeling and Mapping Studies are employed to
explore the trends in vegetation during the past 30 years and are provided by the Global Land Cover
Facility of the University of Maryland [39,40]. These data have a good accuracy and have been used
widely in hydrological and ecological research [40]. The spatial resolution is 8 km × 8 km. The NDVI
data are averaged over all grid cells whose centers are in the corresponding catchment.

3.2. Water-Energy Balance Index Considering Vegetation Change

The water-energy balance index proposed by Liu et al. [18] is defined as the ratio of water
availability to energy availability, which is written as:

WER =
P − ET

PET − ET
, (1)

Where P is precipitation, PET is potential evapotranspiration and ET is actual evaporation.
WER reflects the regional dryness and wetness condition comprehensively, which is the balanced
state of the catchment’s energy and water. ET is estimated by Fu’s equation based on the Budyko
framework [17]:

ET = P · (1 + AI − (1 + AIw)1/w) (2)

Where AI is the aridity index, which is the ratio of precipitation to potential evapotranspiration.
The parameter w is related to the land-surface characteristics and can be estimated using long-term
hydroclimatic data. Previous studies have demonstrated that the Budyko-based Fu’s equation is
appropriate for ET estimation at different timescales [31,41]. For a reasonable application of Fu’s
equation and to better use the available data, a 60-month (5-year timescale) moving average is adopted
for water balance analysis.

Substituting Equation (2) into Equation (1), WER can be simplified as:

WER =
(1 + AIw)1/w − AI

(1 + AIw)1/w − 1
(3)

Previous studies have indicated that w is related to vegetation, soil type, soil infiltration capacity,
topography, and other factors. When all the affecting factors for w are considered, w can be estimated.
Li et al. [23] found a linear relationship between w and NDVI over a wide range of river basins, which is
expressed as:

w = a · NDVI + b (4)

Where a and b are the regression coefficients. Substituting Equation (4) into Equation (3), WER can
be simplified as:

WER =
(1 + AI(a·NDVI+b)))

1/(a·NDVI+b)

− AI

(1 + AI(a·NDVI+b))
1/(a·NDVI+b)

− 1
(5)

Equation (5) shows the nonlinear correlations among WER, vegetation and climate variables
(precipitation and PET). There are three advantages of WER. First, it considers both the regional
climatic condition and the land-surface features and is therefore closer to the actual condition than
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the standardized precipitation index, standardized precipitation evapotranspiration index or Palmer
drought severity index. Second, it provides a nonlinear relationship between WER changes and NDVI
changes, as well as AI, which can be used to quantify WER changes. Third, the index has a simple
form and can be easily combined with remote sensing products, making it appropriate for use in
data-scarce catchments.

3.3. Sensitivity Analysis

The sensitivity of WER to climate variation and vegetation change is evaluated by the following
equation [42,43]:

εxi =
∂WER

∂xi
× xi

WER
(6)

Where ∂WER/∂xi is the partial derivative of WER to the influencing factor xi (precipitation,
PET and NDVI). A positive sensitivity coefficient indicates WER will increase as xi increases, whereas
a negative sensitivity coefficient indicates WER will decrease as xi increases. A sensitivity coefficient of
0.1 indicates that a 10% increase of xi will lead to an increase in WER by 1%. The larger the absolute
value of εxi the larger the influence of change in xi on WER.

3.4.Contribution Method

In this study, a numerical experiment approach is employed to quantify the impacts of vegetation
changes and climate variation on WER. Four numerical experiments are designed, including one
control experiment and three sensitivity experiments (Table 2). The WER values calculated by the
control experiment represent the combined influence of climate and vegetation changes, and the WER
values calculated by each sensitivity experiment represent the influence of the two factors other than
the unchanged factor. Thus, the impact of each factor on WER changes can be estimated as:

C_xi = TWER_ctr − TWER_xi (7)

Where xi represents precipitation, PET or NDVI, C_xi is the contribution of the corresponding
factor to WER changes, TWER_ctr is the slope of WER_ctr based on linear regression, and TWER_xi is the
slope of WER based on the ith sensitivity experiment.

Table 2. Numerical experiment design for WER contributions.

Experiment Description

Control test:WER_ctr Precipitation, PET and NDVI from 1982–2013
Sensitivity test:WER_Prcp Precipitation maintained at the initial year, the others same as the control test
Sensitivity test:WER_PET PET maintained at the initial year, the others same as the control test

Sensitivity test:WER_NDVI NDVI maintained at the initial year, the others same as the control test

NDVI: normalized difference vegetation index; PET: potential evapotranspiration.

4. Results

4.1. Relationship between Vegetation and the Land-Surface Parameter w

Figure 2 shows the relationships between w and NDVI for the selected catchments. The coefficient
of determination R2 ranges from 0.11 to 0.68, and all catchment values are significant at the level
of 0.01 by the t-test, which indicates that changes in NDVI explain 11–68% of the changes in w
(Table 3). Parameter a is positive in all 34 catchments, indicating that evapotranspiration increases
with vegetation greening. The average value of a in energy-limited catchments is 6.3, whereas the
average value of a in water-limited catchments is 11.4. This difference indicates that the impact of
vegetation greening on w (e.g., evapotranspiration) is larger under a water-limited condition than
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under an energy-limited condition. Parameter b ranges from −9.22 to 0.16 under an energy-limited
condition, whereas it ranges from −4.55 to 1.58 under a water-limited condition.Forests 2018, 9, x FOR PEER REVIEW  6 of 15 
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Figure 2. Relationships between NDVI and the land-surface parameter w in the 34 catchments. The red
line is the fitting curve of scatters, and * indicates that the relationship is significant at the level of 0.01
by the t-test. NDVI: normalized difference vegetation index.

Table 3. Relationship between NDVI and the land surface parameter w.

Catchment No. AI R2 a b Catchment No. AI R2 a b

1 0.52 0.21 * 4.5 −1.3 18 1.94 0.19 * 4.39 0.61
2 0.54 0.40 * 16.71 −9.22 19 1.95 0.30 * 9.38 −1.79
3 0.55 0.35 * 9.44 −4.59 20 2.01 0.68 * 14.9 −2.98
4 0.56 0.28 * 10.09 −5.26 21 2.14 0.51 * 4.91 −0.31
5 0.57 0.44 * 3.6 −0.85 22 2.17 0.30 * 6.41 0.99
6 0.61 0.29 * 4.39 −1.32 23 2.18 0.53 * 21.44 −4.54
7 0.61 0.37 * 9.47 −4.7 24 2.2 0.39 * 8.29 −0.88
8 0.61 0.32 * 4.66 −1.28 25 2.23 0.59 * 11.7 −0.36
9 0.62 0.35 * 6.99 −2.42 26 2.39 0.58 * 11.02 −0.06

10 0.64 0.29 * 1.79 0.16 27 2.4 0.39 * 9.91 0.35
11 0.64 0.36 * 1.96 0.08 28 2.43 0.38 * 6.86 0.08
12 0.66 0.37 * 3.63 −0.68 29 2.44 0.12 * 5.76 1.58
13 0.67 0.17 * 4.36 −1.09 30 2.86 0.14 * 36.12 −4.18
14 0.68 0.31 * 1.97 0.11 31 2.98 0.12 * 8.81 0.72
15 0.69 0.41 * 6.54 −2.89 32 3.07 0.53 * 7.66 0.39
16 0.73 0.14 * 11.28 −4.95 33 3.13 0.11 * 15.72 −0.85
17 1.76 0.26 * 13.49 −4.55 34 3.23 0.47 * 7.92 0.79

Note: * indicates the relationship is significant at the level of 0.01 by thet-test.AI: aridity index.
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4.2. Changes in WER, Climate Variables and Vegetation

Figure 3 show the changes in WER in the 34 catchments during the past three decades. WER
decreased significantly in 21 catchments (p < 0.01) (Table 4), whereas WER increased significantly
(p < 0.01) in 12 catchments, and all the increasing trends were present in energy-limited catchments.
Precipitation increased significantly (p < 0.01) in 8 catchments and decreased significantly (p < 0.01)
in 9 catchments. PET increased significantly (p < 0.01) in 28 catchments and decreased significantly
(p < 0.01) in 4 catchments. Overall, runoff decreased significantly (p < 0.01) in 31 catchments and
only increased significantly (p < 0.01) in 1 catchment, in which precipitation increased significantly
(p < 0.01). The NDVI values in all 34 catchments increased significantly (p < 0.01), which means that
the vegetation recovered during the last 30 years in the selected catchments. The general conclusion
that vegetation greening leads to a decrease in runoff was observed in almost all catchments [25].

Forests 2018, 9, x FOR PEER REVIEW  7 of 15 

 

4.2. Changes in WER, Climate Variables and Vegetation 

Figures 3 show the changes in WER in the 34 catchments during the past three decades. WER 
decreased significantly in 21 catchments (p < 0.01) (Table 4), whereas WER increased significantly (p 
< 0.01) in 12 catchments, and all the increasing trends were present in energy-limited catchments. 
Precipitation increased significantly (p < 0.01) in 8 catchments and decreased significantly (p < 0.01) 
in 9 catchments. PET increased significantly (p < 0.01) in 28 catchments and decreased significantly (p 
< 0.01) in 4 catchments. Overall, runoff decreased significantly (p < 0.01) in 31 catchments and only 
increased significantly (p < 0.01) in 1 catchment, in which precipitation increased significantly (p < 
0.01). The NDVI values in all 34 catchments increased significantly (p < 0.01), which means that the 
vegetation recovered during the last 30 years in the selected catchments. The general conclusion that 
vegetation greening leads to a decrease in runoff was observed in almost all catchments [25]. 

 
Figure 3. Changes in WER, climate variables and NDVI in the 34 selected catchments. Red indicates 
increase trends, and blue indicates decrease trends. Solid indicates that the trend is significant (p < 
0.01), and hollow indicates that the trend is insignificant (p > 0.01). The left column, from (a–i), 
represents the energy-limited condition, and the right column, from (b–j), represents the water-
limited condition. WER: available-water-to-available-energy ratio. 

  

Figure 3. Changes in WER, climate variables and NDVI in the 34 selected catchments. Red indicates
increase trends, and blue indicates decrease trends. Solid indicates that the trend is significant (p < 0.01),
and hollow indicates that the trend is insignificant (p > 0.01). The left column, from (a–i), represents
the energy-limited condition, and the right column, from (b–j), represents the water-limited condition.
WER: available-water-to-available-energy ratio.
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Table 4. Numbers of catchments in four categories of trends for WER, climate variables and NDVI.

Group Trend WER Precipitation PET Runoff NDVI

Energy-limited

Increase (p < 0.01) 12 3 11 1 16
Increase 1 6 2 0 0
Decrease 0 4 0 2 0

Decrease (p < 0.01) 3 3 3 13 0

Water-limited

Increase (p < 0.01) 0 5 17 0 18
Increase 0 6 0 0 0
Decrease 0 1 0 0 0

Decrease (p < 0.01) 18 6 1 18 0

4.3. Sensitivity of WER to Climate Variables and Vegetation

Figure 4 shows the sensitivities of WER to precipitation, PET and NDVI in the 34 catchments.
Under the energy-limited condition, the sensitivity of WER to precipitation (εprcp) ranges from 0.26
to 28.2, which means a 10% increase in precipitation would result in WER decreasing by 2.6% to
282%. However, εprcp ranges from 0.73 to 1.60 under the water-limited condition, which would
result in a much smaller WER change than that under the energy-limited condition. Because the
sensitivity of WER to PET (εPET) is the inverse of the sensitivity of WER to precipitation, its spatial
distribution is similar to that of precipitation. The sensitivity of WER to NDVI (εNDVI) under the
energy-limited condition ranges from 0.21 to 11.2, which means a 10% increase in NDVI would result
in WER increasing by 2.1 to 112%. However, εNDVI under the water-limited condition ranges from
−0.23 to −1.09, which means a 10% increase in NDVI would result in WER decreasing by 2.3% to
10.9%. Moreover, the absolute value of the sensitivity of WER to NDVI under the water-limited
condition is much smaller than that under the energy-limited condition, indicating that WER changes
in energy-limited catchments are more sensitive to vegetation greening.
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Interestingly, there are positive relationships between sensitivity coefficients and AI (Figure 5).
εprcp increases with AI under an energy-limited condition (r = 0.74, p < 0.01), whereas εprcp decreases
with AI under a water-limited condition (r = −0.76, p < 0.01). The relationship between εPET and AI is
the inverse of that between εprcp and AI. There are negative relationships between εNDVI and AI under
a water-limited condition (r = −0.16, p > 0.01), whereas there are positive relationships between them
under an energy-limited condition (r = 0.69, p < 0.01). Please note that there is a large absolute value
of the sensitivities when AI is approaching 1 because WER is the ratio of water availability to energy
availability. When AI is approaching 1, evapotranspiration is close to precipitation and PET. A small
change in water availability and energy availability will lead to a substantial change in WER.
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4.4. Quantification of Climate Variation and Vegetation Greening to WER

The contributions of precipitation, PET and NDVI changes to the WER variation were quantified
via numerical experiments. As shown in Figure 6a, the calculated WER trends based on the control
test fit well with the detected WER trends based on linear regression for the 34 catchments (R2 = 0.96).
Figure 6b shows the relationship between WER changes based on the control test and the cumulative
WER trends based on the three sensitivity tests. Please note that the two trends are very close to
the 1:1 line (R2 = 0.99). This result confirms the effectiveness of the proposed approach based on the
numerical experiments.

Under the energy-limited condition, the contributions of precipitation, PET and NDVI to WER
changes are −57.9~80.4%, −62.1~49.7% and 11.8~90.8%, respectively (Figure 7). The WER changes
are dominantly influenced by precipitation, PET and NDVI in five, five and six of the 34 catchments,
respectively. Climate variation is the major factor controlling WER changes. Under the water-limited
condition, the contributions of precipitation, PET and NDVI to WER changes are −41.4~27.8%,
−69.9~63.2% and −71.7~−5.7%, respectively. Increased PET and NDVI are the dominant factors
responsible for the WER decreases in ten and eight of the 34 catchments, respectively.
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Figure 7. Contributions (%) of precipitation, PET and NDVI variations to WER changes in the 34
selected catchments.

Notably, although NDVI increased in all the catchments, the relationship between NDVI and
WER varied under different climatic conditions. Positive relationships between NDVI and w existed
under both energy-limited and water-limited conditions. However, an increased NDVI resulted
in a WER increase in energy-limited catchments, whereas the increase in NDVI resulted in a WER
decrease in water-limited catchments. This pattern exists because, although increasing NDVI results in
increasing evapotranspiration under both water-limited and energy-limited conditions, the sensitivity
of WER to increasing evapotranspiration is different. WER is more sensitive to water availability
changes under a water-limited condition but is more sensitive to energy availability changes under an
energy-limited condition.

5. Discussion

5.1. Why Do the Influences of Vegetation Greening on WER Vary?

This study employed the new water-energy balance index WER to reflect regional
dryness/wetness conditions, which is similar in form to AI. However, WER is more suitable to
reflect the regional water-energy balance than AI. Under climatic conditions with the same AI value,
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regional water and energy availability vary because of different land-surface characteristics, such as
vegetation, soil, and topography [44–47]. The isolines among WER, parameter w and AI are helpful for
understanding WER changes and land-surface changes under different climatic conditions. Figure 8
shows the ln(WER) changes along with the land-surface parameter w variations under different climatic
conditions. WER increases as w increases under the energy-limited condition, while WER decreases as
w increases under the water-limited condition. When AI approaches 1, the isolines of WER become
dense, which indicates that WER would be sensitive to AI changes. WER directly reflects the regional
water and energy balance conditions by considering both the climate and land-surface features.
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Because of ecological protection and restoration in recent decades, the coverage of vegetation
is increasing [28,30]. The quantitative contribution of vegetation greening on water-energy balance
under different climatic conditions has not been assessed; such assessment is necessary for evaluating
the effectiveness of ecological management on water resources in China. Vegetation greening impacts
the water and energy balance via the linkage of evapotranspiration. This study found that WER
decreases in water-limited catchments with vegetation greening. Generally, vegetation greening
enhances the capacity of soil water storage. Water stored in the soil is finally consumed through
actual evaporation, given a sufficient energy supply [6]. The amount of water available changes more
quickly than the amount of energy available in these catchments, which results in more energy for
sensible heat, i.e., a warming effect. However, WER increases because of vegetation greening under an
energy-limited condition. Evapotranspiration increases with vegetation greening, which is similar to
what occurs under the water-limited condition. Nevertheless, the amount of energy available changes
more quickly than the amount of water available, resulting in less energy for sensible heat, which
known as a cooling effect. This reflects a synergistic reaction mechanism between water availability
and energy availability. However, the dominant factor for the WER change is different under the
two types of climatic conditions. The primary tree species involved in forest recovery are coniferous
(Pinus massoniana) in the middle reaches of the Yangtze River Basin. Many studies have indicated
that this low-quality and low-efficiency tree type, planted because of insufficient management, has a
limited ability to control water loss and soil erosion [48]. Therefore, the impacts of vegetation greening
on WER in the Yangtze River are not as obvious as those in the Yellow River.

However, vegetation cannot continue to green persistently under certain climatic conditions.
For example, Feng et al. [29] indicated that vegetation recovery has already reached its maximum in the
middle reaches of the Yellow River, which features an arid climate. In populous and developing regions,
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vegetation greening can enhance drought conditions and exacerbate the scarcity of water resources.
Determining how to balance vegetation recovery and water resources requires further investigation.

5.2. Uncertainties

Uncertainties exist in this study. First, this study quantifies the impact of vegetation greening
on a new water-energy balance index that considers both the climatic condition and the vegetation,
which are assumed to be independent. However, these factors are not independent of each other.
For example, regional greening of vegetation can affect regional precipitation and PET. Moreover,
changes in regional precipitation and PET will influence the distribution of vegetation. Thus, complex
interactions exist between the vegetation the and climatic condition [49,50]. Second, the land-surface
parameter w in the control test is estimated via NDVI, which only reflects the impact of vegetation
greening on WER. This process thus introduces a difference between WER estimated by the control
test and WER based on observations (Figure 6a). This difference between the two trends is caused by
the influence of the other factors on WER [41,51] Third, the total water storage change can be neglected
for long-term timescales, such as 10 years or longer. To determine the optimal use of the available data
for detecting the relationship between vegetation and the hydrological cycle, a 60-month (five-year)
moving window is applied to the hydrometeorological data.

6. Conclusions

In this study, the changes evaluated by the new water-energy balance index (WER) were
quantified in terms of vegetation greening and climate variation in 34 catchments under different
climatic conditions. Negative relationships were detected between vegetation greening and WER
in water-limited catchments, whereas positive relationships were detected between those factors in
energy-limited catchments. The results of numerical experiments showed that climate variations
(precipitation and PET) were the dominant factors controlling WER changes under the energy-limited
condition, whereas increased PET and NDVI were the dominant factors responsible for WER decreases
under the water-limited condition.

In general, vegetation greening had negative influences on WER under the water-limited
condition, indicating that water availability decreases faster than residual energy, which would
result in more energy for sensible heat. However, vegetation greening had positive influences on
WER changes under the energy-limited condition, which indicated that the amount of residual energy
decreases faster than the amount of water availability, which would result in less energy for sensible
heat. This study provides a comprehensive understanding of the relationship between water-energy
balance and vegetation greening under different climatic conditions and highlights the complex
relationships among water, energy and vegetation, especially under an energy-limited condition.
Our results are helpful for land-atmosphere-vegetation modeling, hydrological prediction under
changing environments, and designing strategies to account for ecological environmental construction
and local water resource management.
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