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Abstract: The Tibetan Plateau, known as the “Water Tower of Asia”, has made important contribu-
tions to global climate regulation and water conservation. With global climate change and water
shortages, the yield and reserves of water on the Tibetan Plateau have undergone obvious changes,
and its water yield function and water conservation function have gradually attracted widespread
attention. The results show that the total water yield in the past 20 years is 128,403.06 billion m3,
spatially reduced from southeast to northwest, and the interannual variation is large but increases
slowly overall. The water yield capacity is higher in the areas of less than 3000 m and 3500~4500 m,
and it is stronger with the increase in slope. The water yield capacity is extremely strong in the
middle and north subtropical zone. Ecological zones with high water yield capacity are mostly
covered with woodland and alpine meadows. The precipitation (P) is the dominant factor in the
water yield function before actual evapotranspiration (AET) = 500 mm, and then the negative force
of AET is enhanced. High altitude inhibits the positive effect of the normalized vegetation index
(NDVI), and the water yield at altitudes of less than 3000 m shows an almost linear relationship with
the leaf area index (LAI). When LAI > 0.2, the slower the slope, the higher the water yield and the
lower the growth rate. The spatial distribution of P change and water yield change is consistent and
significantly positively correlated; P and NDVI changes positively affected changes in water yield,
while AET and LAI changes had the opposite effect. In summary, combined with topographic factors,
this study emphasizes the influence of climate and vegetation changes on the spatiotemporal changes
in water yield on the Tibetan Plateau, which can provide a theoretical basis for the assessment and
prediction of water yield capacity and water conservation capacity in this area.

Keywords: Tibetan Plateau; InVEST model; water yield function; partition statistics; influencing factors

1. Introduction

Ecosystem services provide human beings with a variety of service functions related
to natural resources and the living environment, and the sustainable supply of these
service functions lays the foundation for sustainable economic and social development [1].
The water conservation function of ecosystems occupies an important position in many
ecosystem service functions, and it has gradually become a hotspot in the research of water
resource utilization and recycling. Among them, the water yield service is committed to
effectively regulating runoff, reducing soil erosion, optimizing the available water resources,
and improving and purifying the water quality [2], which is of great significance and has
a far-reaching influence in regulating the regional water cycle, improving the surface
hydrological conditions, and maintaining the balance of regional ecosystems.

Against the background of global change and widespread water resource shortages,
a series of global changes, such as global warming, glacier melting, precipitation change,
and wetland area change, have exerted a significant impact on the yield and reserve of
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water resources on the Tibetan Plateau [3]. As a typical area sensitive to global climate
change and a fragile ecosystem area, the Tibetan Plateau is gradually showing problems
in terms of water resources and ecology [4]. Therefore, quantitative research on the water
yield function and water conservation function of the Tibetan Plateau will contribute
to the protection of water resources and the environment, ecosystem maintenance, and
optimization in Asia and even the world, and will also bring new opportunities and
challenges to water resource management.

At present, the most commonly used water conservation assessment methods include
the water balance method, the comprehensive water storage capacity method, the annual
runoff method, and the hydrological model method. With the rapid development of RS
and GIS technology, the hydrological model method has gradually become the mainstream
method for water conservation assessment. It has the advantages of strong controllability,
strong repeatability, and dynamic simulation, and has significant advantages in the study
of large spatiotemporal scales [5]. The most commonly used physical models mainly
include the Soil and Water Assessment Tool (SWAT) model, the TerrainLab model, and
the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model, among
which the InVEST model is widely used at home and abroad, including Africa, Europe,
the United States, China, Côte d’Ivoire, and other regions [5–8]. The SWAT model divides
the watershed into several hydrological response units, which is conducive to the analysis
of spatial differences in water conservation, but the model’s soil database does not match
the domestic soil classification system, and the parameter values are uncertain [5,9]. The
TerrainLab model uses the subsurface saturated flow mechanism to accurately estimate the
groundwater level and soil water content and fully considers the effect of vegetation on
evapotranspiration and the influence of the terrain, but does not consider the effect of wind
speed and lacks water balance verification in the basin [10,11]. The InVEST model is based
on the principle of water balance and comprehensively considers the effects of climate,
land cover, soil properties, and terrain fluctuations [6,12,13]. For the Zhang coefficient, the
model does not fully consider the heterogeneity of the regional climate and the reliability of
existing calibration data [14]. Therefore, the localized calculation of the parameters of the
InVEST model on the Qinghai–Tibet Plateau will be a key issue to improve the applicability
and accuracy of the model in the alpine grasslands of the Qinghai–Tibet Plateau.

With the increasing attention given to the water conservation function of alpine grass-
land ecosystems at home and abroad, scholars have carried out a great deal of research
on the factors affecting the spatiotemporal variation in water conservation in alpine grass-
lands from natural and man-made aspects. (i) Natural factors: First, researchers focus on
climate (temperature, precipitation, and evapotranspiration) [15–19], vegetation (vegeta-
tion coverage and leaf area index) [20,21], and other single influencing factors to conduct
research. The second task is to comprehensively analyze the effects of climate, vegetation,
topography, and other factors on water conservation [4,7,22,23]. Studies have shown that
these factors have an important impact on the water conservation of alpine grasslands.
(ii) Human factors: The research mainly focuses on land use and mostly combines natural
factors [24–30]. The research results show that the water conservation amount of alpine
grassland and its spatiotemporal changes are the result of the combined effect of climate
change and land use. Reasonable human intervention activities enable us to protect the
water conservation function of alpine grasslands.

In the study of water conservation on the Tibetan Plateau, the spatiotemporal distri-
bution of the water yield and the analysis of climatic factors are mostly carried out in a
certain river basin, and there is little attention given to the spatiotemporal evolution charac-
teristics of the water yield under different climatic types and ecological types. Moreover,
the differences and regular characteristics of water yield functions under the influence of
different topographic landforms are ignored [31–37]. At the same time, studies have shown
that the water conservation function is the result of soil–vegetation–atmosphere system
interaction, which is affected by multiple factors, such as the climate, vegetation, soil, and
human activities, and the attention given to the coupling effect of climate elements and
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vegetation cover changes on water conservation should be strengthened [38–40]. In view
of this, this paper calculated the water yield of the Tibetan Plateau in the past 20 years
through the InVEST model and combined the topographic factors to explore the driving
effect on the spatiotemporal changes in the water yield of the Tibetan Plateau from the
perspective of climate change and vegetation change; we then explored the distribution
characteristics and regularities of the water yield under the comprehensive action, in order
to deeply understand the current and future evolution patterns of the water yield of the
Tibetan Plateau.

2. Materials and Methods

In this paper, the meteorological, land use, soil, watershed, and other data, as well as
the data of the plant available water fraction (PAWC) obtained by pretreatment, were used
to acquire the spatial distribution pattern of the water yield in the Tibetan Plateau from
2001 to 2020, by using the InVEST model’s water yield module, and the temporal variation
characteristics and significance of the water yield in the Tibetan Plateau were obtained by
Sen-MK trend analysis [41].

Based on different terrain types, climate types, and ecological types, the influencing
factors of the spatial distribution pattern of the water yield were analyzed. From the perspec-
tive of climate change and vegetation change, the correlation between the water yield and
influencing factors was calculated by the partial correlation analysis method, and the effect of
spatiotemporal changes in influencing factors on the spatiotemporal variation characteristics
of the water yield was explored under different climatic and ecological divisions.

2.1. Study Region

The Tibetan Plateau, situated at the world’s highest altitude and being the most
extensive plateau in China, is known as the “roof of the world”, “the third pole”, and other
names. It is located at latitude 26◦00′~39◦47′ N and longitude 73◦19′~104◦47′ E, with a total
area of 2.615 million square kilometers. The altitude is 3000~5000 m, the average is more
than 4000 m, and the whole area slopes from northwest to southeast. Spanning China and
many other nations, it covers all of Tibet and parts of Qinghai, Xinjiang, Gansu, Sichuan,
and Yunnan. The eight mountain ranges stretch from the southern edge of the Himalayas
in the south to the Kunlun Mountains, the Argin Mountains, and the northern edge of the
Qilian Mountains in the north, the Pamir Plateau and the Karakoram Mountains in the
west, and the western section of the Qinling Mountains and the Loess Plateau in the east
and northeast (Figure 1).

Climatic conditions are typical of the plateau climate, and the climate at the eastern
edge is distributed in gradient zones. The spatial distribution of precipitation is significantly
different, it overall decreases from southeast to northwest, and the maximum annual
average precipitation reaches more than 2000 mm. The temperature difference between day
and night is large, the southern part of the southern Valley of Tibet is high, and the northern
Tibetan plateau is low all year round. Due to its unique geographical location and extreme
climatic conditions, most of the Tibetan Plateau is an alpine meadow, and permafrost
is widely distributed [42]. The vegetation distribution is vertically zonal, distributing
from south to north in forests, meadows, plateaus, grasslands, deserts, and semi-desert
areas. The Tibetan Plateau, known as the “Water Tower of Asia” around the world, is
widely distributed in rivers, lakes, and glaciers (among which the marine glacier water
conservation capacity in Southern Tibet is extremely strong), which provide important
support for the output and conservation of water resources in many places [43–45].
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Figure 1. Geographical location and spatial distribution of elevation on the Tibetan Plateau; climatic
regionalization is superimposed in the upper figure, and ecological regionalization is superimposed
in the lower figure. Names and corresponding codes of each climate/ecological zone are shown in
Tables 1 and 2, respectively.

Table 1. Names and corresponding codes of each climate zone.

First-Level Zone Code First-Level Climate Zone Second-Level Zone Code Second-Level Climate Zone

II Middle Temperate Zone IIC2 Central Mongolia
IID1 Menggan

III South Temperate Zone IIID1 Nanjiang
IIIB3 Weihe

IV North Subtropical Zone IVA2 Qinba

V Middle Subtropical Zone VA3 Sichuan
VA5 Northern Yunnan

H Plateau Climate Zone

HD2 Northern Tibet
HC3 Southern Tibet
HC2 Central Tibet
HB2 Changdu
HA1 Bomi–Western Sichuan

HVVIVIIA1 Dawang–Chayu
HC1 Qilian–Qinghai Lake
HB1 Southern Qinghai
HD1 Qaidam
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Table 2. Names and corresponding codes of each ecological zone.

Code Ecological Zone

I12 Agricultural and grassland ecological area of the Loess Plateau
I15 Ecological area of deciduous and evergreen broad-leaved forest in Qinba Mountains
I25 Ecological area of evergreen broad-leaved forest in Southwest Sichuan and North Central Yunnan
II03 Grassland desertification ecological area in the middle of Inner Mongolia Plateau
II08 Tarim Basin–Eastern Xinjiang desert ecological area
III01 Qilian Mountain forest and alpine grassland ecological area
III02 Desert ecological area of Qaidam Basin
III03 Pamir–Kunlun–Altun alpine desert grassland ecological area
III04 River source area–Gannan alpine meadow grassland ecological area
III05 Alpine desert grassland ecological area of northern Tibetan Plateau
III06 Ali Mountain warm arid desert ecological area
III07 Cold temperate coniferous forest ecological area in Eastern Tibet–Western Sichuan
III08 Alpine meadow grassland ecological area in Southern Tibet
III09 Seasonal rainforest ecological area of tropical rain forest in Southeast Tibet

2.2. Data Sources and Data Processing

Based on the data requirements of the InVEST model water yield module and in-
fluencing factor analysis, long-term sequence data such as precipitation (P), reference
evapotranspiration, DEM data, soil maximum root depth, land use type, primary water-
shed, and biophysical coefficients were collected from remote sensing products such as
the Moderate-Resolution Imaging Spectroradiometer (MODIS) and converged datasets
such as the TerraClimate dataset from Google Earth Engine (GEE) and so on. Specific data
sources and descriptions are shown in Table 3, and the biophysical parameters of the water
production module of the InVEST model are given in Table 4.

Table 3. Date sources and data descriptions.

Data Name Date Source Spatial Resolution Data Description

Annual precipitation

Monthly climate and
climate–water balance datasets on

the global land surface,
TerraClimate

(https://www.nature.com/,
accessed on 1 April 2023)

5 km × 5 km
Has relatively fine spatial
resolution to fill gaps in

climate data.

Average annual reference
evapotranspiration

Monthly climate and
climate–water balance datasets on

the global land surface,
TerraClimate

(https://www.nature.com/,
accessed on 1 April 2023)

5 km × 5 km

On the basis of the data, the
water balance model is used
to derive the monthly surface

water balance dataset.

Average annual actual
evapotranspiration InVEST model 500 m × 500 m

Derived from the calculation
results of the InVEST model
water production module.

DEM data

Resources and Environmental
Sciences and Data Center, Chinese

Academy of Sciences
(https://www.resdc.cn/,
accessed on 1 April 2023)

500 m × 500 m
Radar topographic mapping
SRTM derived from the U.S.

Space Shuttle Endeavour.

https://www.nature.com/
https://www.nature.com/
https://www.resdc.cn/
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Table 3. Cont.

Data Name Date Source Spatial Resolution Data Description

Max root depth

Soil dataset of China at the World
World Soil Database (HWSD)

(v1.1) (2009)
(http://poles.tpdc.ac.cn/,
accessed on 1 April 2023)

It contains detailed data such
as maximum soil root depth

(mm), clay content (%),
powder content (%), sand

content (%), organic matter
content (%), soil bulk density

(g/cm3), and so on.

Land use/land cover
(LULC)

Terrestrial Process Distributed
Activity Archiving Center (LP

DAAC) MOD12Q1
(https://lpdaac.usgs.gov/,
accessed on 1 April 2023)

500 m × 500 m

It was obtained by
supervising classification

processing by MODIS Terra
and water reflectivity data,

combining prior knowledge
and supporting information.

NDVI

Terrestrial Process Distributed
Activity Archiving Cente (LP

DAAC) MOD13A1 v006
(https://lpdaac.usgs.gov/,
accessed on 1 April 2023)

500 m × 500 m

Contains enhanced vegetation
index (EVI), which improves

sensitivity to areas of
high biomass.

LAI

Terrestrial Process Distributed
Activity Archiving Cente (LP

DAAC) MOD15A2H v006
(https://lpdaac.usgs.gov/,
accessed on 1 April 2023)

500 m × 500 m

A composite dataset of 8 days,
combining LAI and

photosynthetic effective
radiation fraction
(FPAR) products.

Primary watershed data

Resources and Environmental
Sciences and Data Center, Chinese

Academy of Sciences
(https://www.resdc.cn/,
accessed on 1 April 2023)

(Vector data)

It includes all river networks
in the country and all

sub-basins with an area
greater than 100 km2.

Biophysical coefficients Refer to the existing literature
[46]

Includes the type coefficient,
maximum root depth, and

evapotranspiration coefficient
Kc for each type of land

use type.

Zhang parameter
(Z)

Refer to the existing literature
[46] (Empirical onstant)

It is a seasonal factor that can
capture precipitation patterns

and other hydrogeological
features in the study area, and

set Z = 15.

Climate zone data

Resources and Environmental
Sciences and Data Center, Chinese

Academy of Sciences
(https://www.resdc.cn/,
accessed on 1 April 2023)

(Vector data)

This dataset is a map of
China’s climate zoning

compiled by the National
Meteorological

Administration of China in
1978, using climate data from

1951 to 1970.

Ecological zone data

Ecosystem Assessment and
Ecological Security Database

in China
(http://www.ecosystem.csdb.cn/,

accessed on 1 April 2023)

(Vector data)

On the basis of ecological
regions, ecological zones and

ecological sub-regions
are divided.

http://poles.tpdc.ac.cn/
https://lpdaac.usgs.gov/
https://lpdaac.usgs.gov/
https://lpdaac.usgs.gov/
https://www.resdc.cn/
https://www.resdc.cn/
http://www.ecosystem.csdb.cn/
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Table 4. Biophysical parameters of water production module of InVEST model.

Land Use Type Code Name of Land Use Type Land Use Type
Coefficient

Max Root
Depth (mm)

Transpiration
Coefficient Kc

1 Evergreen coniferous forest 1 5000 0.9
2 Broad-leaved evergreen forest 1 5000 0.9
3 Deciduous coniferous forest 1 5000 0.9
4 Deciduous broad-leaved forest 1 5000 0.9
5 Mixed forest 1 5000 0.9
6 Enclosed bush 1 5000 0.9
7 Open shrub 1 5000 0.9
8 Woody savanna 1 600 0.65
9 Savanna 1 600 0.65

10 Grassland 1 600 0.65
11 Permanent wetland 0 1 1
12 Cultivated land 1 500 0.65
13 Urban and built-up land 0 1 0.3
14 Farmland/natural vegetation 1 500 0.65
15 Permanent ice and snow 0 1 1
16 Poor land 0 1 0.3
17 Body of water 0 1 1

2.3. Methodology

The Integrated Valuation of Ecosystem Services and Trade-offs (InVEST) model can
simulate the change in the quality and value of ecosystem services systems under different
land cover scenarios, and realize the spatialization and visualization of the quantitative
assessment of the ecosystem services’ functional value. The water yield estimation module
in the InVEST model calculates the water yield based on the principle of water balance via
parameters such as precipitation, surface evaporation, vegetation transpiration, soil depth,
and root depth [47,48]. This model is used to calculate the multi-year water yield of the
Tibetan Plateau, and to analyze and explore the spatiotemporal evolution of the water yield
capacity of the Tibetan Plateau and its regularities. The flowchart of the study is shown
as Figure 2. Based on the 500 m scale, this study conducts a long-sequence assessment of
the water yield on the Tibetan Plateau over many years, using the Budyko hydrothermal
coupling equilibrium hypothesis, and the formula is as follows:

Yxi =

(
1− AETxi

Px

)
× Px (1)

where Yxi is the annual water yield of grid cell x on land use type i; Px is the total annual
precipitation on grid x; AETxi is the annual actual evapotranspiration of land use type i on
raster x. Calculations are based on the improved method of [7] as follows:

AETx

Px
=

1 + wxRxj

1 + wxRxj +
(

1
Rxj

) (2)

where Rxi is the dryness index (dimensionless) of grid cell x on land use type i, obtained
by the ratio of the potential evapotranspiration to the precipitation. wx is an empirical
parameter representing a non-physical parameter of climate and soil properties [30] and
is the ratio of the modified annual PAWC to expected precipitation. The specific function
formula of wx is as follows:

wx = Z× AWCx

Px
(3)

where wx represents the linear function AWCx × Np, N is the number of rainfall events
per year, AWCx represents the available water content of plants, and Z represents the
hydrogeological features and seasonal distribution of precipitation.
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The principle of PAWC refers to the existing literature [28,48], and it is used to calculate
the difference between the amount of water held in the field and the permanent wilt
coefficient. The formula is as follows:

FMC = 0.003 075× Sand + 0.005 886× Slit + 0.008 039×Clay + 0.002 208×OM− 0.143 40× BD (4)

WC = −0.000 059× Sand + 0.001 142× Silt + 0.005 766×Clay + 0.002 228×OM + 0.026 71× BD (5)
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where FMC is the field water holding capacity (%), WC is the permanent wilt coefficient,
Clay is the soil clay particle content (%), Silt is the soil silt content (%), Sand is the soil sand
content (%), OM is the soil organic matter content (%), and BD is the soil bulk density (g/cm3).

3. Results
3.1. Water Yield Calculation Results and Verification

Based on the InVEST model’s water yield module, the water yield of the Tibetan
Plateau for a long-term series was calculated, and the results are as shown in Figure 3. The
results are verified by using the water resource statistics of the Tibetan Plateau (2004–2016)
as the true values, and the datasets include the water resource statistics of Tibet and
Qinghai, which originated from the Tibet Water Resources Bulletin and the Qinghai Water
Resources Bulletin, and are the statistical scales of the municipal units. The data of 2004,
2008, 2012, and 2016 are selected for accuracy testing, and the results of Table 5 show that
the simulation accuracy of the water yield is good, with an average relative error of 7.47%
and a maximum relative error of no more than 11.08%.
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Table 5. Comparison and accuracy test of water yield measurement value with true value.

Year Measurements (108 m3) True Value (108 m3) Relative Error

2004 4777.727 5373.002 11.08%
2008 5076.571 5313.416 4.46%
2012 4748.039 5182.336 8.38%
2016 5035.244 5354.324 5.96%
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In the past 20 years, the overall spatial distribution pattern of the water yield on
the Tibetan Plateau has been consistent, showing a decreasing trend from southeast to
northwest. The total annual water yield is 12,840.31 km3, the average annual total water
yield is 642.02 km3, and the total annual water yield is the highest at 718.99 km3 and the
lowest at 535.78 km3, confirming that this is a high-water-yield area.

The degradation of the permafrost and the thickening of the active layer will inevitably
lead to the conversion of a large amount of underground ice in the permafrost into liquid
water [49,50]. Moreover, as the permafrost is no longer frozen after degradation, the
permeability coefficient of the original frozen aquifer will suddenly increase and form a
runoff channel, resulting in an increase in river recharge and an increase in river runoff [51].
Since the InVEST model water yield module does not consider the impact of plateau frozen
soil degradation on water resources, the results of this study tend to be underestimated. The
study of water resources considering the degradation of permafrost on the Qinghai–Tibet
Plateau is worthy of further consideration.

3.2. Temporal and Spatial Variation in Water Yield

In the past 20 years, there have been large differences in the interannual variation in
the water yield of the Tibetan Plateau, but the overall trend of a slow rise is shown. The
time change trend was analyzed at five-year intervals, and it can be seen that the water
yield in the first two years showed a significant growth trend, while the last two years have
a clear downward trend, but the water yield capacity has been slightly enhanced in the
past five years. From Figure 4a, it is seen that the total annual water production ranges
from 5357.77 to 7189.95 billion m3, and the average annual total water production from
2001 to 2020 is 6420.15 billion m3. From Figure 4b, it is seen that the average water yield
is 200–280 mm and shows a slow upward trend; the maximum value is 2100–3300 mm,
which shows a clear downward trend. It is inferred that due to natural and man-made
factors, the overall water yield in this area has gradually increased, while the extreme-
water-yield areas have been regulated and improved. Using the Sen-MK trend analysis
method, as shown in Figure 5, it was found that the overall multi-year water yield has
experienced an increase–decrease–increase trend from northeast to southwest, and the areas
with significant increases and significant decreases are mainly symmetrically distributed
in the east, while a small number of significantly increased areas are concentrated in the
southwest marginal area. The areas with no change in water yield are scattered in the
northwest corner, where is no water yield all year round. The areas with an increasing
water yield accounted for 31.96% of the total area, and the areas with decreasing values
accounted for 15.40%.
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4. Discussion

The Tibetan Plateau has a strong water conservation capacity and is known worldwide
as the “Asian Water Tower”, providing a steady stream of water resources for Asia and even
the world, and it is also a powerful regulator of the water resource cycle. The geographical
conditions are unique in the study area: the climatic conditions are extreme and changeable
all year round, and the ecosystem is extremely sensitive, which has an important impact on
the spatial distribution pattern of the water yield and the characteristics of spatiotemporal
changes in the area. Moreover, to a certain extent, it also determines the water yield capacity
and water conservation capacity of the region [52]. In order to explore the influencing
factors of the spatial distribution pattern and spatiotemporal variation characteristics of
the water yield capacity on the Tibetan Plateau, this paper explores the differences in the
spatial distribution patterns of the water yield from the perspective of different terrain
types, climate types, and ecological types, selecting four factors with an important influence
on P, AET, NDVI, and LAI, exploring the effects and influence laws of climate change and
vegetation change on the spatiotemporal variation characteristics of the water yield under
different climate types and ecological types [53–55].

4.1. Analysis of Influencing Factors of Spatial Distribution Pattern
4.1.1. Spatial Distribution Pattern of Water Yield under Different Terrain Types

Figure 6 shows that the water yield in the eastern part of the Tibetan Plateau is
significantly higher. The altitude of this area is low; it belongs to the Sanjiangyuan Area
and the valley of the upper reaches of the Brahmaputra River and other rivers, and there
are many local plains along the valleys. The southernmost part of the region has a very
high water yield capacity, which is closely related to the distribution of its oceanic glaciers
and its low-altitude characteristics. The water yield in the large areas of the north and
west tends to be zero all year round, and the northern Qaidam Basin displays the plateau’s
continental climate, with drastic temperature changes, mainly characterized by droughts.
A series of high-altitude mountains are distributed in the west, with snowy peaks and
widespread glaciers all year round, resulting in an extremely weak water yield capacity.

Based on the above characteristics of the water yield, the spatial distribution pat-
tern of the water yield on the Tibetan Plateau under different elevations and slopes was
explored from the perspective of topography. The general correlation between eleva-
tion, slope, and water yield was −0.31 and 0.37, respectively. The elevation and water
yield were weakly negatively correlated, and the slope and water yield were weakly pos-
itive. The elevation is divided into six categories: <3000 m, 3000~5000 m, 3500~4000 m,
4000~4500 m, 4500~5000 m, and >5000 m. The slope is also divided into six categories: flat
slope (0~5◦), gentle slope (5~8◦), steep slope (15~25◦), sharp slope (25~35◦), and dangerous
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slope (>35◦) [56]. The results show that the overall elevation of the study area increases
from east to west, and the central and western areas are large in the high-altitude area of
more than 4500 m, while the eastern altitude is mostly 4000–4500 m and less than 3000 m.
Moreover, the study area is mostly of a flat slope, followed by a slant slope, and the south-
east slope is steep, mainly due to the distribution of the important Hengduan Mountain
Range in China. Statistics on the area proportion of various altitudes and slopes and the
average water yield of the pixel scale are shown in Figure 3. The water yield at the pixel
scale shows a downward trend with the increase in altitude and an increasing trend with
the increase in slope, in which the water yield at 3000–4000 m above sea level increases
significantly with the increase in altitude.
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4.1.2. Spatial Distribution Patterns of Water Yield under Different Climatic Types

Based on climate zones, the influence of different climate types on the spatial layout of
WY is explored. As shown in Figure 7a, it can be seen that the plateau climate in the study
area is widely distributed (accounting for 96.75% of the total area), and the eastern marginal
climate zone shows a gradient distribution, from high latitude to low latitude, which is in
the middle temperate zone, the southern temperate zone, the northern subtropical zone,
and the central subtropical zone; a small part of the northwest edge is in the southern
temperate zone. Statistics of the total value, mean value, and standard deviation of WY
in each region show that the highest WY is found in the plateau climate zone, but due
to the comprehensive influence of various factors, such as the topography and landform,
the average value of WY is low and the distribution is extremely unstable. The mean WY
in the central and northern subtropical regions is high and relatively stable. Statistics of
the WY per unit area (mm/km2) of each climate zone are shown in Figure 8a, and it is
found that the plateau climate zone has a vast area but extremely low WY capacity. The
central subtropical and northern subtropical WY is high, with strong WY capacity and
water conservation potential.
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The impact of climate change on WY is complex and profound. P and AET are selected
as climate impact factors, and the topographic features are combined to analyze them.
As seen in Figure 9a,b, under different elevation and slope categories, the WY increases
linearly with the increase in P, and the positive impact of P on WY is speculated to be less
constrained by the terrain. Among them, the higher the altitude, the less the WY data, which
indirectly confirms the negative correlation between altitude and WY. As seen in Figure 9c,
under different elevation categories, the relationship between AET and WY is mainly of
two types. At altitude ≥3000 m, the WY does not change notably with the increase in
AET, and the average WY is approximately 200 mm. When the altitude is below 3000 m,
the WY shows an increase (AET = 0~500 mm) and a sharp drop (AET = 500~800 mm)
with the increase in AET. As seen in Figure 9d, under different slope types, the WY of
each slope showed a consistent upward trend when AET < 500 mm, the WY decreased
consistently when AET = 500–600 mm, and the relationship between the three showed
different changes when AET > 600 mm. On the whole, when the altitude is below 3000 m
and the slope is gentle, steep, or sharp, the effect of AET on WY is essentially the same.
The change from rising to falling occurs at AET = 500 mm, and the rebound phenomenon
occurs after the AET value increases to a certain extent. In summary, it is speculated that
before AET = 500 mm, the P is the dominant driving force on the WY function, the negative
force of AET at AET = 500~600 mm is gradually greater than that of P, and there is a slight
rebound in WY after AET ≥ 500 mm.

4.1.3. Spatial Distribution Patterns of Water Yield under Different Ecological Types

The spatial distribution pattern of WY in different regions is explored, and the WY
capacity per unit area in different types of ecological zones is explored. From Figure 7b,
it can be seen that the ecological areas with the largest coverage are III03, III04, III05, and
III07. Statistics of the total value, mean value, and standard deviation of WY in each
ecological region are shown in Figure 6; it can be seen that the distribution stability of WY
has obvious regional heterogeneity, and the overall situation is gradually stable from south
to north, and east to west. The most stable ecological areas are the III06 Alishan Temperate
Arid Desert Ecological Zone and the III09 Southeast Tibet Tropical Rainforest Monsoon
Rainforest Ecological Zone, the former due to the annual small amount of WY and the
latter due to the annual abundance of WY. The unit area WY (mm/km2) of each ecological
region was calculated, and the ecological regions with low unit WY capacity were found
in the north (Figure 8b), namely II03, II08, III02, III03, III05, and III06. The ecoregions
with higher unit WY capacity are distributed in the southeast, namely III09, I25, and III07,
and have high WY capacity and water conservation potential. Among them, III03, III04,
III05, and III07, which are widely distributed, have low WY values. For III09, due to the
comprehensive influence of the tropical rainforest climate and natural conditions of oceanic
glacier distribution, the total WY value is in the middle, the mean value and stability are
high, and the WY capacity cannot be ignored.
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(e) and slopes (f); Relationship between LAI and WY at different altitudes (g) and slopes (h).

Combining vegetation factors and topographic factors, the spatiotemporal variation
characteristics of WY on the Tibetan Plateau were analyzed. As seen in Figure 9e,f, at different
altitudes and slopes, the relationship between NDVI and WY showed a linear growth trend.
The WY at NDVI < 0.01 decreased significantly, and the WY at 0.01< NDVI < 0.90 gradually
increased. When the NDVI > 0.90, the WY in areas with an altitude of less than 3000 m and all
types of slopes surged, and it is speculated that when the vegetation coverage is extremely
high, the high altitude has a negative effect on the WY, and the slope type will not affect the
WY capacity. As seen in Figure 9g,h, for different altitude and slope types, when LAI < 0.2,
the WY decreases with the increase in LAI; however, when the altitude is less than 3000 m, the
WY increases almost linearly with the increase in LAI. It can be concluded that an increasing
LAI at low altitudes of less than 3000 m will help to enhance the WY function, and with a
larger LAI at 3000 m and above, the WY is not necessarily higher. When LAI > 0.2, the WY in
the area of 3000–5000 m increases to different values and decreases slowly; however, when
the altitude is greater than 5000 m, the WY fluctuates after LAI > 0.8. When LAI > 0.2, the WY
at each slope increases to varying degrees with the increase in LAI, and the lower the slope,
the higher the WY but the lower the growth rate.
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4.2. Analysis of Influencing Factors of Spatiotemporal Variation Characteristics

Based on the above characteristics of water yield change, the effects of changes in
climate factors and vegetation factors on the spatiotemporal variation characteristics of
the water yield were further explored in this study. Ebrahim Ghaderpour et al. proposed
a more advanced coherence and phase delay analysis method, helping to understand
uncertainty analysis in MODIS. Specifically, the least-squares wavelet software and Pearson
correlation coefficient were used to analyze the consistency and phase delay between land
cover and climate [57]. It is speculated that there is a high probability of correlation and
phase delay between the climate, vegetation, and water yield; meanwhile, the selection
of correlation analysis methods suitable for the characteristics of the data themselves
will greatly improve the accuracy and scientificity of the results. Since (i) the climate
and vegetation data used in the study may have outliers and do not show a normal
distribution, and (ii) there is a phase delay between the data, it is more appropriate to
explore the monotonic relationship (Spearman-based correlation analysis) than the linear
relationship (Pearson-based correlation analysis). Thus, this study uses Spearman-based
partial correlation analysis. This method has no requirement for a normal distribution of data
and is not sensitive to data errors and extreme values, making it more suitable for correlation
analysis related to climate data. For the Spearman correlation analysis of long-time-series
data, this used the MATLAB software to obtain the spatiotemporal variation characteristics of
the correlation coefficient (Figure 10). The specific analysis is as follows.
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4.2.1. Analysis of the Influencing Factors of Climate Change on the Spatiotemporal
Changes in Water Yield

Due to the unique geographical location, topography, and plateau climate of the
Tibetan Plateau, it has become a very sensitive area affected by global changes, and it
is regarded as a “climate change laboratory” by China; with the recent global changes,
the Tibetan Plateau has shown a warming trend [58]. The simple correlations between
P, AET, and WY in the study area were calculated as 0.98 and 0.56, respectively. P and
WY showed a strong positive correlation, while AET and WY showed a moderate positive
correlation. In order to exclude the influence of the two on their respective correlations, the
degree of correlation was calculated using the partial correlation analysis method based
on the Spearman method, and Figure 10a,b show the spatial distribution of the partial
correlation coefficients of P and AET on WY. The P and WY partial correlation coefficients
(PCC) that passed the t test were 0.40~1.00 (average PCC = 0.96 on the cell scale). P and
WY were strongly positively correlated, of which the significant positive correlation region
accounted for 97.26% of the effective area, and P and its spatiotemporal distribution gave a
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positive response to WY. The PCC of AET and WY that passed the t test was −1~0 (average
PCC = −0.57 on the cell scale). AET and WY showed a moderate negative correlation, of
which the significant negative correlation region accounted for 49.63% of the effective area.
AET and its spatiotemporal distribution exert different degrees of inhibition on the water
yield function. Meanwhile, the partial correlation results show that the P factor is able to
enhance the positive correlation of AET and WY to some extent.

Based on the correlation between P, AET, and WY, the interannual change trend of
the three from 2001 to 2020 was explored. As shown in Figure 11a, it can be seen that P,
AET, and WY have shown a slow upward trend in the past 20 years, the overall change
trend of P and WY is consistent, and the AET change tends to be stable. Based on different
climate types, as shown in Figure 12a,b, the spatial distribution of the P and WY change
rate is consistent in that the increase trend is seen in the northeast, the decrease trend is
seen in the south, and the trends in the north and west have not changed. The areas with
significant increases or decreases are mainly concentrated in the eastern region, and the
overall rate of change of AET is decreasing from east to west (Figure 12c). In general, the
rate of change of P has a positive effect on the rate of change of WY, and the rate of change
of AET has a negative impact on the rate of change of WY, while the change in P dominates
the water yield capacity. According to the statistics of the change rates of the three climate
zones in Figure 13a, it can be seen that the change rate of the water yield in each climate
zone is essentially dominated by the change rate of P, and the AET in the plateau climate
zone is higher and has a significant negative impact.
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4.2.2. Analysis of the Influencing Factors of Vegetation Change on the Spatiotemporal
Changes in Water Yield

As one of the most important components of terrestrial ecosystems, vegetation par-
ticipates in and regulates the circulation of natural matter and energy, and its spatiotem-
poral distribution and change profoundly affect the evolution of water resource ecosys-
tems [59,60], among which the common vegetation remote sensing monitoring parameters
are NDVI and LAI. The simple correlations between NDVI, LAI, and WY in the study
area were calculated to be 0.74 and 0.49, respectively. NDVI showed a moderate positive
correlation with WY, and LAI showed a weak positive correlation with WY. Figure 10c,d
show the spatial distribution of the PCC of NDVI and LAI on WY. The PCC of WY and
NDVI that passed the t test is −0.82~0.93 (average PCC = 0.13 on the pixel scale), and it can
be seen that NDVI and WY are weakly correlated, and the weak positive correlation region
and the weak negative correlation area account for 18.48% and 47.75% of the effective area,
respectively. The effect of NDVI and its spatiotemporal distribution on WY is extremely
small. The PCC of WY and LAI that passed the t test is −0.90~0.92 (average PCC = −0.31
on the cell scale), which shows that LAI and WY are moderately negatively correlated,
and the negative correlation area accounts for 97.87% of the effective area, while LAI and
its spatiotemporal distribution mainly have a weak inhibitory effect on the water yield
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function. In addition, it was found that NDVI and LAI can enhance the positive correlation
of WY.
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Based on this, in Figure 11b, it can be seen that NDVI, LAI, and WY have shown a
slow upward trend in the past 20 years, the overall change trends of LAI and WY have
similarities but the change trend is small, and the overall change in NDVI tends to be flat.
After superimposing the ecological zones, as shown in Figure 12d,e, the spatial distribution
of the change rate of NDVI and WY is almost inconsistent; only in the northeast is there
an increasing trend, while the spatial distribution of the change rate of LAI and WY is not
consistent (Figure 12f). The ecoregion with the widest positive correlation coverage area of
NDVI is III04, which indirectly indicates that the meadow grassland vegetation cover in
this area is better, and the water yield capacity and water conservation capacity are high.
The negative correlation area was mainly concentrated in III09, and it is speculated that
the weakening of the water yield capacity is due to different vegetation types. The weak
positive correlation of LAI and WY covers a large proportion of the study area. It is found
that regulating the NDVI will improve the water yield capacity and water conservation
capacity, but its positive effect is weak due to the unique natural conditions. The statistics
of the rate of change of the three under each climate zone are shown in Figure 13b, and it is
found that the LAI growth rate is generally greater than that of the NDVI. The areas with
large growth rates of NDVI, LAI, and WY were I12 and I15, both of which are distributed
in the northeast border area, covering a small area. The growth rates of NDVI and LAI
are high in the II03 region, but the WY growth rate is low due to the natural environment,
such as the desert. There is no obvious regularity in the rate of change of the three in the
III02-III09 region. It can be inferred that NDVI and LAI have little effect on the water yield
function, but both of them can play a relatively obvious positive role in areas with a good
ecological environment.

4.3. Uncertainty and Limitations

The adaptability of remote sensing product data to the Qinghai–Tibet Plateau is the
main reason for the uncertainty and limitations of the results. In this regard, the main
discussion is focused on the MODIS NDVI and TerraClimate data.

At present, the assessment of vegetation coverage and changes on the Qinghai–Tibet
Plateau is mostly based on the NDVI [53,61–70], which is used as a representative of
vegetation greenness and vegetation difference in hillside-scale research [61,71]. Since the
Qinghai–Tibet Plateau is a typical complex mountainous terrain with obvious differences,
the vegetation cover is greatly affected by the light conditions—for example, vegetation
is greener on shaded slopes than on sunny slopes, and even has seasonal variations [71].
It is meaningful to compare indices such as the NDVI and EVI. The NDVI enables us
to eliminate the terrain lighting effect: the NDVI is less susceptible to light conditions
so that the effects can be even negligible [72]. The EVI is more sensitive to the terrain:
the EVI overcomes saturation, but is strongly affected by the lighting conditions and
the influence of shadows is more difficult to correct [73]; thus, it can be said to be more
sensitive to the terrain conditions than the NDVI [72]. The spatial scale reduces the terrain
effect: the terrain effect is related to the spatial scale, and the larger the pixel unit, the
smaller the negative impact of the terrain on the NDVI, or it may even be negligible [72].
Moreover, the MODIS NDVI has advantages over the VHRR NDVI and SPOT VGT NDVI
in terms of spatiotemporal resolution, spectral resolution, chlorophyll sensitivity, and the
exclusion of water vapor interference; it is expected to be used for the dynamic monitoring
of vegetation [62]. The AVHRR NDVI has a lower spatial resolution (1.1 km), while the
Landsat NDVI (30 m) and Sentinel (−2) NDVI (up to 10 m) have a higher spatial resolution,
but, due to the large study area, the MODIS NDVI was finally chosen. However, using
MAIAC BRDF corrected products over MODIS will be meaningful for further research.

Datasets such as TerraClimate, with a high spatial resolution, were used in this study,
which can better simulate the complex areas of the underlying surface and improve the
spatial realism [74,75]. However, due to the lack of ground truth data/stations for calibra-
tion and verification in mountainous areas around the world, the real situation reflection
capacity in and around the mountains of the Qinghai–Tibet Plateau is limited.
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Therefore, for areas with complex terrain, such as the Qinghai–Tibet Plateau, to
improve the accuracy and authenticity of the research results and promote the progress of
research ideas, methods, and technologies, high-precision development and localization
selection of product data are necessary and of great significance.

5. Conclusions

Based on the InVEST model, the water yield of the Tibetan Plateau in the past 20 years
was obtained, and a comprehensive analysis of the influencing factors of the spatial dis-
tribution and spatiotemporal variation characteristics of the water yield was carried out
from the three aspects of topography, climate, and ecology (vegetation), which provides
theoretical support for the ecological environment governance and protection of the water
yield function and water conservation on the Tibetan Plateau. The main findings of this
paper are as follows:

(1) The total water yield of the Tibetan Plateau from 2001 to 2020 is 12,840.31 km3, and
it belongs to the high-water-yield area and has a strong water yield capacity. The spatial
distribution of the water yield as a whole showed a decreasing trend from southeast to
northwest, and the interannual variation was large but showed an overall slow increase.

(2) The water yield capacity is higher in the areas of less than 3000 m and 3500~4500 m
above sea level. Moreover, the larger the slope, the stronger the water yield capacity. The
plateau climate zone covers a wide range but has a low water yield capacity, and the central
and northern subtropical water yield capacity is extremely strong. Ecoregions with a high
water yield capacity are mostly covered with woodland and alpine meadows (III09, I25, III07).

(3) When the altitude is lower within a certain range, the precipitation tends to increase.
The precipitation is the dominant factor in the water yield function when the AET < 500 mm,
and the negative force of AET increases significantly when AET = 500~600 mm, gradually
offsetting the precipitation effect.

(4) When the vegetation coverage is extremely high, the high altitude has an inhibitory
effect on the water yield. The water yield at an altitude of less than 3000 m has an almost
linear growth relationship with LAI. The water yield decreases with the increase in LAI
when LAI < 0.2, while the water yield at various slopes increases at different rates with the
increase in LAI when LAI > 0.2. Moreover, the lower the slope, the higher the water yield
and the lower the growth rate.

(5) The spatial distribution of the change in precipitation and water yield is consistent,
both showing an increase–decrease–increase trend from northeast to southwest, and there
is a significant positive correlation. The areas with significant increases and decreases
are concentrated in the east and are symmetrically distributed upwards and downwards.
Precipitation and NDVI changes have a positive effect on changes in water yield, while
changes in AET and LAI have a negative effect on changes in water yield.
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