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Abstract: The study employed the PML (Penman–Monteith–Leuning) model to simulate the evo-
lution law of long-sequence evapotranspiration in the mountainous region of the Luan River basin.
Additionally, this study conducted a quantitative analysis to determine the effect of restoration on
evapotranspiration water consumption. From 1981 to 2020, the results indicated that there were
significantly less fluctuations in precipitation in the mountainous region of the Luan River basin
than there were fluctuations in discharge. The restoration of vegetation in the mountainous region
of the Luan River basin caused a mean annual growth rate of 3.47 mm in evapotranspiration. A
linear positive correlation was observed between the evapotranspiration and vegetation NDVIs (nor-
malized difference vegetation indexes) in mountainous regions. Specifically, for each 0.01 increase
in the NDVI, there was an approximate 8.3 mm increase in evapotranspiration. When comparing
the time periods of 1995–2001 and 2002–2020, it was observed that evapotranspiration increased
by 70 mm. Furthermore, the evapotranspiration rate in the southeastern region exhibits significant
variation, peaking at over 50 mm per year. In contrast, the northwest experiences variations of less
than 10 mm per year. A quantitative analysis of the relationship between the evolution of mountain
evapotranspiration and the response law of vegetation restoration is presented in this study; this
information can be used as a guide when developing practical vegetation restoration strategies.

Keywords: Luan River Basin; vegetation restoration; runoff; PML model; evapotranspiration water
consumption

1. Introduction

Large-scale vegetation restoration and its effect on basin hydrological processes are
current research focuses [1,2]. China has implemented a series of ecological construction
projects, including the “Green Wall of China” project, since the 1980s. The “Green Wall of
China” project achieved a cumulative afforestation and conservation area of 30.14 million
hectares by the year 2020, resulting in an increase in vegetation coverage from 5.05% to
13.57% in the project area [3], establishing an ecological barrier made of green materials.
Recent research has established a correlation between the growth of vegetation in water-
scarce regions and a notable decrease in runoff in mountainous areas [4]. This correlation
has been verified in the Yellow River Basin [5,6] and Hai River Basin [7] in relation to the
rapid increase in vegetation coverage in northern China. The mountainous area of the
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Luan River Basin is one of the areas with the highest vegetation NDVI in the mountainous
area of the Hai River Basin, and it is also the area with the most significant vegetation
restoration [8]. At present, some studies have pointed out that due to climate warming, the
growing season of vegetation becomes longer, resulting in an increase in evapotranspiration
in mountainous areas, which in turn leads to a decline in runoff in the mountainous area
of the Luan River Basin [9]. In addition to vegetation phenology changes, soil and water
conservation measures are also the main reasons for the vegetation growth in the Luan
River Basin. Therefore, further research is needed from a comprehensive perspective to
study the relationship between vegetation restoration and mountainous runoff evolution
to guide future rational vegetation restoration planning, and this is a pressing issue that
needs to be addressed.

For a long time, there has been controversy among different sectors regarding the
hydrological effects of vegetation restoration. Some scholars [10,11] believe that one tree is
like a “small reservoir,” while others [12,13] consider it a “water pump”. The disagreement
lies in how to define the resource attributes of water. The “small reservoir” viewpoint believes
that vegetation restoration increases water retention capacity; although it reduces flood runoff,
it increases non-flood runoff and neutralizes the annual runoff process [14,15]. The “water
pump” viewpoint, on the other hand, posits that vegetation restoration undoubtedly
increases evapotranspiration in mountainous areas; from the total water balance account,
the runoff is reduced [16,17], exacerbating the competition between ecological water use
and socio-economic water use in water-deficient regions. However, scholars with different
views [18,19] also advocate for moderate vegetation restoration measures and advise against
large-scale human interventions in water-deficient areas, which may lead to inappropriate
vegetation arrangements and affect ecological functions.

Studying the response relationship between vegetation restoration and evapotranspi-
ration is key to determining the appropriate restoration scale in water-deficient regions
and is a current research hotspot. Currently, there is more research on the Loess Plateau,
where large-scale vegetation restoration and water conservation engineering measures
have increased water consumption in mountainous areas and are important reasons for
reduced runoff in the Loess Plateau [20,21]. Especially since 2000, large-scale vegetation
restoration in the Loess Plateau has led to a significant increase in evapotranspiration [22].
Although rainfall has increased at a rate of 5.16 mm/year during the same period, in the 16
sub-watersheds with intense vegetation restoration, surface runoff still shows a continuous
downward trend, with an average decrease of −1.45 mm/year [23]. In addition to directly
increasing soil water consumption, mountain vegetation also increases crown interception
and surface roughness. As the vegetation restoration age increases, the surface soil bulk
density decreases, and the water-holding capacity and infiltration capacity improve, lead-
ing to a decline in runoff in mountainous areas [24]. Currently, research on the relationship
between vegetation restoration and runoff in the Loess Plateau is mostly based on the
statistical analysis of data [25,26], and the response mechanism of vegetation change and
runoff still lack in-depth exploration. Bao et al. [27] used machine learning algorithms to
evaluate the sensitivity of the NDVI in the Huang-Huai-Hai Region to temperature and
precipitation changes. They found that the NDVI in the basin had a positive response to
temperature and precipitation changes, and climate indirectly influenced runoff by chang-
ing vegetation conditions. Feng et al. [6] believed that the increased evapotranspiration
in the Loess Plateau has significantly reduced the proportion of runoff to basin rainfall
(p < 0.001). Considering the water resources endowment of the Loess Plateau, vegetation
restoration has reached its limit. Zhang et al. [28] compared the relationship between NDVI
changes and surface runoff in the Huang-Huai-Hai Region using the elasticity coefficient
method, and found that an increase in the NDVI in the Huang-Huai-Hai Region weakens
runoff, with an average decrease of 8.3% for every 10% increase in the NDVI. Currently,
there is no similar study on the Hai River Basin, and the decline in water resources in the
Hai River Basin is more severe than that in the Yellow River Basin. Based on this, this study
takes the mountainous area of the Luan River as the research object, and conducts research
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on the changing law of the vegetation index from 1981 to 2020 and the corresponding rela-
tionship with evapotranspiration water consumption. We then provide technical support
for formulating reasonable vegetation restoration plans.

2. Study Area and Method
2.1. Study Area

The research area is located the mountainous area of the Luan River Basin, as shown
in Figure 1. Its geographical location is between 115◦34′ E and 119◦50′ E, with a total area
of approximately 530,000 km2. The Mountainous area of the Luan River Basin is situated
in the northern part of Hebei Province, within the jurisdiction of Zhangjiakou City, at the
northern foot of Bayan Gultu Mountain. The terrain slopes from northwest to southeast.
The climate in the basin varies significantly from north to south, transitioning from a cold,
temperate arid and semi-arid climate to a warm, temperate semi-humid climate. The
average annual precipitation in the entire basin ranges from 300 to 800 mm, with large
interannual variations and uneven distribution throughout the year. The rainy season
accounts for 60% to 80% of the annual precipitation. The average annual temperature in the
basin ranges from −3 ◦C to 11 ◦C, gradually decreasing from southeast to northwest, the
minimum temperature in winter can reach −25 ◦C, and the temperature in the vegetation
growing season is usually higher than 0 ◦C. The annual average pan evaporation in the
basin is 950–1150 mm, with the maximum occurring in the Qian’an and Qianxi areas,
generally exceeding 600 mm and decreasing significantly toward the north. The minimum
occurs in the Bashang area, at around 400 mm.

Water 2024, 16, x FOR PEER REVIEW 3 of 14 
 

 

water resources in the Hai River Basin is more severe than that in the Yellow River Basin. 

Based on this, this study takes the mountainous area of the Luan River as the research 

object, and conducts research on the changing law of the vegetation index from 1981 to 

2020 and the corresponding relationship with evapotranspiration water consumption. We 

then provide technical support for formulating reasonable vegetation restoration plans. 

2. Study Area and Method 

2.1. Study Area 

The research area is located the mountainous area of the Luan River Basin, as shown 

in Figure 1. Its geographical location is between 115°34′ E and 119°50′ E, with a total area 

of approximately 530,000 km2. The Mountainous area of the Luan River Basin is situated 

in the northern part of Hebei Province, within the jurisdiction of Zhangjiakou City, at the 

northern foot of Bayan Gultu Mountain. The terrain slopes from northwest to southeast. 

The climate in the basin varies significantly from north to south, transitioning from a cold, 

temperate arid and semi-arid climate to a warm, temperate semi-humid climate. The av-

erage annual precipitation in the entire basin ranges from 300 to 800 mm, with large in-

terannual variations and uneven distribution throughout the year. The rainy season ac-

counts for 60% to 80% of the annual precipitation. The average annual temperature in the 

basin ranges from −3 °C to 11 °C, gradually decreasing from southeast to northwest, the 

minimum temperature in winter can reach −25 °C, and the temperature in the vegetation 

growing season is usually higher than 0 °C. The annual average pan evaporation in the 

basin is 950–1150 mm, with the maximum occurring in the Qian’an and Qianxi areas, gen-

erally exceeding 600 mm and decreasing significantly toward the north. The minimum 

occurs in the Bashang area, at around 400 mm. 

 

Figure 1. DEM and river distribution in mountainous area of Luan River Basin. 

2.2. Method and Data 

2.2.1. Method 

In this study, the Penman–Monteith–Leuning (PML) model was used to calculate the 

changes in evapotranspiration after vegetation restoration. The PML model (2008), based 

on the Penman–Monteith theory, introduces the “surface resistance” parameter, which 

allows for the direct estimation of evapotranspiration under non-saturated surface condi-

tions based on changes in the vegetation leaf area index [29]. This method divides surface 

evapotranspiration into two components, soil evaporation and vegetation transpiration, 

which is suitable for calculating the change in evapotranspiration water consumption in 

Figure 1. DEM and river distribution in mountainous area of Luan River Basin.

2.2. Method and Data
2.2.1. Method

In this study, the Penman–Monteith–Leuning (PML) model was used to calculate the
changes in evapotranspiration after vegetation restoration. The PML model (2008), based on
the Penman–Monteith theory, introduces the “surface resistance” parameter, which allows
for the direct estimation of evapotranspiration under non-saturated surface conditions
based on changes in the vegetation leaf area index [29]. This method divides surface
evapotranspiration into two components, soil evaporation and vegetation transpiration,
which is suitable for calculating the change in evapotranspiration water consumption in
mountainous areas after vegetation restoration. It has been successfully applied in regions
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such as the Loess Plateau and the Heihe River Basin in China [26]. The basic calculation
formula is as follows:

ET =
1
λ

∆A + ρacpDaGa

∆ + γ(1 + Ga/Gs)
(1)

where ETa is the actual evapotranspiration in the mountainous region, in mm; λ is the latent
heat of vaporization, in MJ/kg; ∆ is the ratio of the slope of the temperature-saturated
vapor pressure curve to the wet and dry gauge constant, in kPa/◦C; ρa is the air density,
in kg/m3; cp is the specific heat capacity of air at constant pressure, in J/kg/◦C; A is the
available energy, the difference between net radiation and soil heat flux, in MJ; Da is the
reference height’s saturated water vapor pressure difference, in kPa; Ga is the aerodynamic
conductance, Ga = 0.033 m/s; and Gs is the surface conductance, in m/s, calculated from
Equation (2):

Gs = Gc

1 + τGa
(1+ε)Gc

[
f − (ε+1)(1− f )Gc

Ga

]
+ Ga

εGi

1 − τ
[

f − (ε+1)(1− f )Gc
Ga

]
+ Ga

εGi

 (2)

where Gc is the canopy conductance, in m/s, calculated from Equation (5), τ = exp(− kALAI),
where kA is the proportion of available energy allocated on the LAI, ε = ∆/γ, f is the soil
evaporation coefficient, which characterizes the soil water supply in the study area, and Gi
is the “climatological” conductance defined by Monteith [30] and Duan [31]; the formula is
as follows:

Gi =
A

(ρcp/γ)/Da
(3)

In the PML model, f reflects the supply of soil water. When f = 1, it means that the soil
water supply is sufficient, and the soil evaporation is not constrained by water. When f = 0,
it means that the soil is extremely dry. Zhang [32] pointed out that in areas with better
vegetation conditions, f has less of an effect on the simulated results of evapotranspiration.
f is usually calculated using the following formula:

f = min


N
∑

n=−N
Pn

N
∑

n=−N
Eeq,s,n

 (4)

where Pn is rainfall, in mm/d; Eeq,s,n is the average evaporation rate of the soil surface, in
mm/d. For details, please refer to the empirical formula provided by Zhang [26]:

Gs = Gc

1 + τGa
(1+ε)Gc

[
f − (ε+1)(1− f )Gc

Ga

]
+ Ga

εGi

1 − τ
[

f − (ε+1)(1− f )Gc
Ga

]
+ Ga

εGi

 (5)

Gi =
γA

ρacpDa
(6)

where Qh is the flux density of visible radiation at the top of the canopy (approximately
half of the incoming solar radiation). Q50 is the visible light radiation flux above the canopy,
in m/s; Q50 and D50 are the visible light radiation flux and water vapor pressure difference
when the stomatal conductance is gs = gsx/2, usually 2.6 MJ/m2/d and 0.8 kPa; KQ is the
short-wave radiation attenuation coefficient, usually 0.6;

In the PML model, gsx needs to be calibrated and verified through the simulation of
evapotranspiration and measured data. gsx represents the maximum stomatal conductance
of the vegetation canopy and is a calibrated parameter, typically ranging from 0.002 to 0.015.

Since it is difficult to obtain actual evapotranspiration data and there are no long-term
observation data from flux towers in the Luan River Basin, the water balance method was
used to verify the accuracy of the simulated actual evapotranspiration. Considering that the
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northern part of the Luan River mountainous area is dominated by grassland, the central
area is dominated by arbor irrigation forests, and the southern area has more rainfall where
vegetation develops into arbor forests, the water balance of these small watersheds was
used to calibrate and verify the parameters (Equation (7)), and the calibrated parameters
were then applied to three sub-regions within the Luan River Basin; as shown in Figure 2,
the three statistical charts on the right of the figure are the verification results of the ETa of
the three small catchments. The horizontal coordinate is the ETa calculated under the PML
model, and the vertical coordinate is the ETa calculated using the water balance method.
The same gsx value was used for all three sub-regions; on an annual scale, the water balance
was used to verify the entire Luan River Basin, and the results are shown in Section 3.3.

ETa = P − R (7)

where ETa is the actual evapotranspiration on an annual scale; P is the precipitation
observed from the meteorological station; R is the runoff monitored by the hydrological
station. Considering that the study area is a mountainous area and that the soil layer capable
of storing water is thin, the change in soil water storage is ignored on the annual scale.
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2.2.2. Data

The meteorological data (rainfall, radiation, wind speed, relative humidity, temper-
ature, etc.) used in the study were obtained from 13 surface meteorological stations
distributed in the Luan River Basin. Leaf area index (LAI) data were obtained from the
GLASS (The Global Land Surface Satellite Product) dataset (http://www.glass.umd.edu/
Download.html, accessed on 13 February 2024), produced from 1981 to 2018 using AVHRR
remote sensing products. The 2019–2020 data were produced via MODIS remote sensing
product interpolation extension. NDVI data were obtained from the National Earth System
Science Data Center (http://www.geodata.cn/data/datadetails.html?dataguid=23911875
6960240, accessed on 13 February 2024), which provides NDVI product data from 1981 to
2020, extracted from the global NOAA_CDR_AVHRR_NDVI_V5 dataset. Arcpy software
(Arcgis 10.5) was used to process spatial remote sensing data and conduct statistical analy-
sis. Runoff data were obtained from the third Luan River Basin Water Resources Survey

http://www.glass.umd.edu/Download.html
http://www.glass.umd.edu/Download.html
http://www.geodata.cn/data/datadetails.html?dataguid=239118756960240
http://www.geodata.cn/data/datadetails.html?dataguid=239118756960240
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and Assessment (1956–2016), and the data series was extended to 2020 through the annual
Water Resources Bulletin.

3. Results
3.1. Evolutionary Pattern of Runoff in the Mountainous Area of Luan River Basin

Since the 1980s, runoff in the mountainous area of the Luan River Basin has shown
a trend of initial increase, followed by a decrease, and then a slow increase, as shown in
Figure 3. The variation in runoff in this mountainous area can be roughly divided into
three stages: from 1981 to 1994, the runoff showed an increasing trend with a growth rate
of about 260 million m3 per year; from 1995 to 2001, the runoff decreased sharply with a
decline rate of 1.06 billion m3 per year; from 2002 to 2020, the runoff in the mountainous
area slowly increased with a growth rate of about 110 million m3 per year. In the long
series from 1981 to 2020, the runoff in the mountainous area still shows a declining trend,
with a decline rate of 30 million m3 per year. The average runoff in the three periods
was 3.37 billion m3, 3.88 billion m3, and 2.01 billion m3, respectively. From 2001 to 2020,
the runoff in the mountainous area of the Luan River Basin decreased by 40% and 48%
compared with that in the previous two periods.
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The runoff in the mountainous area of the Luan River Basin is influenced by the
precipitation of the current year. To reflect the impact of non-precipitation factors more
clearly, the runoff coefficient (runoff/precipitation) is compared with precipitation for
analysis, as shown in Figure 4. Since 1981, the precipitation in the mountainous area has not
shown a significant change. The average annual precipitation (1981–2020) is 524 mm, with
a change rate of −0.18 mm/year. However, the runoff coefficient has shown a continuous
decreasing trend, with an average annual decrease rate of 0.004. It has decreased from the
peak value of 0.3 to the current value of 0.05. The decrease in runoff in the mountainous
area is influenced by both changes in rainfall and changes in vegetation and land use,
especially the large-scale construction of terraced fields in the Hai mountainous area, which
intercepts and consumes rainfall resources, leading to a significant decline in runoff.
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3.2. Evolutionary Pattern of NDVI in the Mountainous Area of Luan River Basin

Since the 1980s, vegetation restoration measures have been gradually carried out in the
mountainous area of the Luan River Basin, and the vegetation quality in the mountainous
area has significantly improved. Based on vegetation remote sensing data (Figure 5), the
vegetation NDVI in the mountainous area of the Luan River Basin has shown a continuous
increasing trend. The annual growth rate is 0.0011. Except for the year 1999, when the
whole basin encountered a severe drought with an annual precipitation of 337 mm, only
57% of the average precipitation from 1956 to 2016, the vegetation quality sharply decreased.
In the remaining years, the vegetation showed a fluctuating upward trend influenced by
climate and underlying surface factors. The average NDVI increased from 0.68 in the early
1980s to 0.712 in 2020, with the highest value occurring in 2014 at 0.738. In 2014, there was
abundant rainfall, which was conducive to vegetation growth.
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From the spatial distribution of the NDVI, as shown in Figure 6a, the vegetation
coverage is better in Watershed II and III of the mountainous area of the Luan River
Basin, where the precipitation exceeds 600 mm and the temperature is higher than that in
Watershed I. In Watershed I in the upper reaches of the Luan River, with an elevation of
over 2000 m and lower temperatures, the rainfall is around 300 mm, and the vegetation is
primarily grassland with lower coverage. The spatial variation rate of the NDVI, as shown
in Figure 6b, demonstrates that most areas in the mountainous area of the Luan River Basin
have an increasing trend in vegetation, with only 7% of the grid cells showing a degradation
trend, possibly influenced by urbanization or land use changes. Similarly, the vegetation
coverage rate in the smaller watersheds in Watersheds II and III of the mountainous area
increased at a higher rate than did that in Watershed I. The southernmost region of the
Luan River mountainous area has transitioned into the plain area and is a watershed of
urban development. Influenced by urban expansion, the NDVI of vegetation there shows a
declining trend.

3.3. Evolutionary Pattern of ET in the Luan River Mountainous Area

The most direct impact of increased vegetation coverage on the hydrological process in
mountainous areas is the increase in evapotranspiration water consumption. By construct-
ing a PML regional evapotranspiration model, the impact of enhanced vegetation coverage
on evapotranspiration water consumption in mountainous areas is simulated. Since there
are no direct observed data for evapotranspiration, the simulation results are validated
through water balance verification in three small watersheds and further validated on a
yearly scale in the entire mountainous area of the Luan River Basin, as seen in Figure 7a.
The simulated evapotranspiration and annual-scale water balance evapotranspiration are
distributed on both sides of the 1:1 line and have a correlation coefficient of 0.87, indicating
that the simulation results meet the research requirement. The relationship between the
NDVI and evapotranspiration in the mountainous area of Luan River Basin is shown in
Figure 7b. As the NDVI increases, evapotranspiration also increases, and the two variables
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roughly follow a linear positive correlation. On average, for every 0.01 increase in the
NDVI, evapotranspiration in the mountainous area increases by approximately 8.3 mm.
However, the fitted linear relationship has a Pearson correlation coefficient of only 0.15,
indicating that evapotranspiration is not only influenced by vegetation but also by various
climate factors such as rainfall, precipitation patterns, temperature, and radiation.
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From 1981 to 2020, there was an increasing trend in evapotranspiration water con-
sumption in the mountainous area of the Luan River Basin, as shown in Figure 8. The
average annual evapotranspiration is 443 mm, with a growth rate of 3.47 mm/year. Based
on the division of periods of abrupt change in runoff in the mountainous area, the mean
evapotranspiration from 1981 to 1994 was 424 mm, and from 1995 to 2001, the mean
evapotranspiration was 417 mm, which decreased by 1.5% compared to that in the period
from 1981 to 1994. The mean evapotranspiration increased to 487 mm from 2002 to 2020,
representing a 15% increase compared to that in the period from 1981 to 1994. In terms of
spatial distribution, evapotranspiration in the mountainous area of the Luan River Basin
exhibits a similar pattern to that of NDVI distribution, with higher values in the southeast
and lower values in the northwest [Figure 9a]. The region with the highest evapotranspira-
tion water consumption is in Watershed III, with average evapotranspiration exceeding
520 mm. From the southeast to the northwest, evapotranspiration decreases gradually,
with Watershed I having less than 300 mm of evapotranspiration. The spatial distribution
of evapotranspiration change rates [Figure 9b] shows that Watershed III also has the largest
rate of change, exceeding 50 mm/year, while the rate of change in Watershed I is less
than 10 mm/year. Vegetation restoration mainly occurs in Watersheds II and III of the
mountainous area, where the predominant tree species are distributed. Watershed I is
characterized by arid and cold conditions, with mostly grassland distribution and less
significant vegetation restoration effects.
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from 1980 to 2020.

3.4. The Relationship between the NDVI and Runoff Coefficient

The NDVI values from 1981 to 2020 were sorted in ascending order and divided into
four equal levels. The statistical results of runoff coefficients for each level are shown in
Figure 10. From the boxplots results, it can be observed that as the NDVI increases, the
runoff coefficient gradually decreases, indicating that vegetation restoration is one of the
important factors leading to the decline in surface runoff in the mountainous area of the
Luan River Basin. For NDVI values ranging from 0.65 to 0.68, the median runoff coefficient
is 0.23; for NDVI values ranging from 0.69 to 0.70, the median runoff coefficient is 0.19; for
NDVI values ranging from 0.71 to 0.72, the median runoff coefficient is 0.13; and for NDVI
values ranging from 0.73 to 0.74, the median runoff coefficient decreases to 0.11.

Compared to the prominent large-scale vegetation restoration projects in the Loess
Plateau, the relationship between vegetation and runoff in the Hai River Basin has received
relatively less attention. However, the decline in surface water resources in the Hai River
Basin is more severe, and water scarcity is more prominent. This research represents one of
the approaches to exploring the reasons for the decline in surface water resources in the Hai
River Basin. Although mountain vegetation restoration plays an irreplaceable role in water
conservation and soil protection, it should be considered in a holistic manner in water use
for mountainous vegetation and urban socio-economic water use in the water-stressed
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Luan River Basin. Reasonable water and soil conservation planning should be developed
to achieve the healthy development of the water cycle in the watershed.
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4. Discussion

Currently, the “greening” and “drying” of the globe or specific regions due to vege-
tation restoration have been widely discussed in the academic community. Mankin [33]
found that vegetation regulates global-scale runoff by affecting surface evapotranspiration
in a global-scale study. In most regions of North America, Europe, and Asia, vegetation
growth leads to a significant decrease in available runoff resources. Regional studies in
China, such as in the Loess Plateau [23], also show similar phenomena. According to
the results of the third water resources assessment of the Hai River Basin, from 2001 to
2016, surface water resources in the Hai River Basin declined by 4.9 billion cubic meters
compared with those in the period from 1980 to 2000, with a decline of 87% in mountainous
areas. The main reason is the large-scale vegetation restoration measures in mountainous
areas [34]. The vegetation restoration in the mountainous areas of the Luan River Basin
is highly representative of that in the entire Hai River Basin. Zhao et al. [35] conducted a
correlation analysis and concluded that the change in vegetation coverage since 1980 is one
of the main factors causing the decrease in the runoff coefficient in the Luan River Basin.
This study quantitatively calculates the changes in evapotranspiration in the mountainous
areas after vegetation restoration and analyzes the impact on runoff, reaching a consistent
conclusion. Currently, there is limited research in the Hai River Basin, but referring to the
research conclusions in the neighboring Loess Plateau, the attenuation effect of vegetation
restoration on mountainous runoff cannot be ignored. The Beijing–Tianjin–Hebei region in
the Hai River Basin is one of the most water-stressed areas in China, and studying the im-
pact of vegetation restoration on mountainous runoff is an important aspect of addressing
regional water security.

Due to the lack of measured evapotranspiration data in the mountainous areas of
the Luan River Basin, there are uncertainties in the results of this study. Firstly, regarding
the model itself, the PML model introduces the concept of surface resistance, and the
parameters involved are not based on experimental observation data. The determination of
parameter values is influenced by data quality and calibration and validation processes,
leading to uncertainties in the simulation results, which is a common issue in evapotranspi-
ration simulation studies. Secondly, in this study, the water balance method was used to
calibrate and verify parameters, but it is subject to errors at the annual scale due to varia-
tions in annual water storage in mountainous watersheds, which can also affect the results.
In the absence of measured data, the calibration and validation processes were conducted
in three small watersheds to adapt to different regions and minimize the associated errors.
In the future, more field experiments need to be conducted and more refined research
should be carried out.

5. Conclusions

This study analyzed the long-term evolution of the vegetation NDVI in the mountain-
ous areas of the Luan River Basin based on remote sensing data. It also constructed the
PML model to simulate the water consumption pattern of evapotranspiration in response
to vegetation NDVI changes. The main conclusions are as follows:

From 1981 to 2020, the vegetation NDVI in the mountainous areas of the Luan River
Basin showed a continuous increasing trend, while the rainfall during the same period
did not undergo significant changes. However, the mountainous runoff decreased con-
tinuously. The average mountainous runoff during the periods of 1981–1994, 1995–2001,
and 2002–2020 was 3.37 billion cubic meters, 3.88 billion cubic meters, and 2.01 billion
cubic meters, respectively. From 2001 to 2020, the mountainous runoff decreased by 40%
and 48% compared with that in the two previous periods. According to the results of the
PML model, the increase in the vegetation NDVI led to an annual increase in the rate of
evapotranspiration water consumption in the mountainous areas of 3.47 mm/year. The
average evapotranspiration in the mountainous areas was 424 mm from 1981 to 1985, and
it increased to 487 mm from 2015 to 2020, representing a 15% increase.
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With the increase in the NDVI, the runoff coefficient of the mountainous vegetation
gradually decreased. When the NDVI reached the range of 0.65–0.68, the median runoff
coefficient was 0.23. When the NDVI increased to the range of 0.73–0.74, the median
runoff coefficient decreased to 0.11. On average, with every 0.01 increase in the NDVI, the
evapotranspiration in the mountainous areas increased by approximately 8.3 mm.

This study mainly focused on the analysis of the influence of vegetation changes on
evapotranspiration in the mountainous areas based on annual-scale water balance. It did
not consider the soil storage capacity and the runoff generation process in the mountainous
areas. Therefore, the next important task is to construct a hydrological model for hilly areas
that takes into account the factors of vegetation change and conduct research at a more
refined level to investigate the causes of runoff changes.
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