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Abstract: The ubiquity of soil water erosion in the Yarlung Tsangpo River Basin leads to a series of
natural hazards, including landslides, debris flows and floods. In this study, the Revised Universal
Soil Loss Equation model (RUSLE) was used to quantify potential soil water erosion, while the Height
Above Nearest Drainage model (HAND) was used to delimit potential flood hazard zones. Remote
sensing and geographic information system technologies were employed to spatialize the results,
which showed that the annual soil loss from water erosion was less than 1239 t ha~! y~1. The total
soil loss was estimated to be over 108 x 10° tons, of which about 13 x 10° tons (12.04% of the total)
occurred from the agricultural land in the downstream valley. Soil erosion mapping was performed
using six levels of soil erosion intensity and the effects of precipitation, land use/land cover and
topography on soil erosion were revealed. Increases in precipitation and slope gradient significantly
increased the soil loss rate, while the maximum rate of soil loss occurred from densely vegetated land,
reaching 9.41 t ha=1! y_l, which was inconsistent with erosion preconceptions for this land type. This
may be due to a combination of the region’s unique climate of high intensity rainfall and steep slopes.
Flood hazard mapping showed that all regional cities were located in a flood hazard zone and that,
within the total basin area (~258 x 10° ha), 9.84% (2,537,622 ha) was in a high flood occurrence area,
with an additional 1.04% in aa vulnerable to moderate flood hazard area. Approximately 1.54% of the
area was in a low flood risk area and 4.15% was in a very low flood risk area. The results of this study
provide an initial identification of high-risk soil water erosion and flood hazard locations in the basin
and provide a foundation upon which decision-makers can develop water and soil conservation and
flood prevention policies.

Keywords: soil loss; potential flood risk; Revised Universal Soil Loss Equation (RUSLE); Height
Above Nearest Drainage (HAND)

1. Introduction

Soil erosion is an important environmental issue related to global ecology, environment,
economy and security. Soil erosion reduces soil productivity and water quality, threatens
food security and the future development of agriculture, increases sediment accumulation
and leads to the possibility of floods [1]. Severe soil erosion eventually leads to frequent
natural disasters such as siltation in rivers, lakes, weirs, ponds, floods, landslides and debris
flows [2,3]. The accumulation of sediments caused by soil erosion is an important factor
causing flood disasters. Since the 21st century, about 74% of natural disasters were related
to water disasters [4] and the frequency of global floods has increased significantly, for
example India is a region prone to chronic floods [5]. Ethiopia, one of the countries with the
highest erosion risk in the world and is also prone to flooding. Developing countries, with
more fragile soils and often very sensitive to climate change, often face more serious human
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and financial consequences and post-disaster reconstruction problems brought about by
floods and related land disasters. Therefore, the control of soil erosion and avoidance of
geological disasters caused by soil erosion is the focus of current research.

Against the background of global encouragement of preventing soil erosion and
protecting the soil environment, the Yarlung Tsangpo River Basin (YTRB) [6], as a soil
environment sensitive area and an area with strong physical freeze—thaw erosion, is located
in the southern part of the Qinghai-Tibet Plateau, with high altitude and complex terrain.
Its unique geographical features such as loose soil, high precipitation intensity and obvious
climate change lead to various forms of soil erosion that are prone to occur widely [3].
Among them, the main type of soil erosion is freeze-thaw erosion, although water erosion
cannot be ignored [7]. Therefore, quantitative evaluation of soil erosion in the Yarlung
Zangbo River Basin, identification and analysis of soil erosion sensitive areas and their
spatial and temporal patterns will bring important scientific guidance to the protection of
soil environment and the reduction of natural disasters.

At present, soil erosion research methods have been widely investigated, mainly in
the form of control simulation experiments, field fixed-point observations, remote sensing
image analysis, soil erosion model simulation and sediment element tracer methods [2,8].
At present, many scholars are conducting research on different spatial and temporal scales
based on different soil erosion models. The widely used models include the Revised Uni-
versal Soil Loss Equation (RUSLE), the US Universal Soil Loss Model (USLE), the Chinese
Soil Loss Model (CSLE), Soil and Water Assessment Tool (SWAT), etc. [9]. Compared with
the methods that rely on long-term soil survey data and parameters that are difficult to
collect and calculate, the RUSLE model has more obvious advantages in data operability,
high precision and a wide application range [10]. Combining remote sensing (RS) and
geographic information system (GIS) technologies, the RUSLE model is widely used in
complex areas of various terrain types and in the study of spatial pattern characteristics
of soil erosion at different scales [11,12]. However, the application of the model has obvi-
ous regional characteristics, so it is necessary to comprehensively consider the regional
characteristics and select a reasonable calculation method for the parameter localization
calculation.

The Relative Altitude to Nearest Neighbor Channel (HAND) model is a quantita-
tive terrain model based on the Shuttle Radar Terrain Mission-Digital Elevation Model
(SRTM-DEM) [13]. The local relative terrain with reference to the river network water
system is defined mathematically as the elevation difference between any position on the
surface and the point where it enters the river network from the hillside along the flow
of water and describes the relative height of any position on the surface compared to the
local water system [14,15]. Compared with the classic DEM method, HAND can provide
supplementary local terrain information. The flood mapping method based on HAND is
feasible and reasonable; it can highlight local terrain features and reflect the water flow
path of the hillside-valley, which is more conducive to establishing the relationship between
local topography and hydrological response [15]. Many scholars have carried out research
based on the HAND model. Zheng et al. developed a synthetic rating curve based on
flow and water level [16] and Chow et al. created an exclusion mask that can improve
the accuracy of flood mapping [17]. Liu et al. and Speckhann et al. demonstrated the
applicability of the HAND model for flood mapping over large areas [18,19]. Therefore,
this paper will use the DEM-based HAND model to draw flood hazard maps. However, it
cannot dynamically show the inundation changes in the process of flood evolution and the
influence of river network density on the accuracy of flood mapping cannot be ignored.

Soil erosion is caused by multiple factors, including rainfall intensity, soil characteris-
tics, topography, runoff, land use type, vegetation coverage and human activities [20,21].
Although precipitation and topography are the dominant factors of soil erosion, human
activities such as rapid population growth, deforestation, land plowing and overgrazing
have also been reported to accelerate soil erosion globally [22]. In terms of factors affecting
soil erosion, scholars have carried out much research mainly from two aspects: natural
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factors and human factors [23-25]. Studies have shown that climate change and human
activities have a dual impact on soil erosion, which will lead to significant changes in land
use/cover, causing drastic fluctuations in the soil erosion modulus [8].

Based on the research scale/region aspect of the RUSLE model, its feasibility has been
effectively verified in different regions and research areas at multiple scales around the
world. Global research involves areas such as Rondonia in Brazil, Ethiopia and so on [26].
However, scholars in China often conduct research on the influencing factors of soil erosion
spatio-temporal differentiation feature sets, involving various spatial scales. These include
Chengde City, Taihang Mountains, Dianchi Lake Basin, Maotiao River Basin, typical small
watersheds in the middle reaches of the Yellow River, small watersheds in sugarcane fields,
etc. [2,4,6,8,9,27-36]. The research on soil erosion in the source area of the Yarlung Tsangpo
River based on the RUSLE model usually focuses on a small watershed, such as the Maquan
River Basin [37-39] and the assessment of sudden soil erosion for the entire source area has
not yet been carried out. Studies have shown that freeze-thaw erosion is the main form of
soil erosion in this watershed. Overgrazing is common in the upper and middle reaches of
the watershed and the middle and lower reaches are the main planting areas. Long-term
grazing and farming activities will accelerate soil erosion. Furthermore, estimating the
scale and distribution of soil erosion and flood hazards at different spatio-temporal scales
should be undertaken to focus on environmental management and flood control in larger
river basins [40,41].

Although research on soil erosion has received considerable attention, the exploration
of the relationship between soil erosion and flood disasters has been neglected. In view
of this, based on the RUSLE and HAND models, this paper uses RS and GIS spatial
information analysis techniques to quantitatively analyze the spatial distribution patterns
of soil erosion and potential flood disasters in the YTRB, aiming to provide planners and
decision makers with the data to implement soil and water conservation and flood control
policies. Another aim is to provide reliable information in order to assist the area’s soil and
water conservation projects, disaster prevention tasks and ecological restoration.

2. Study Area

The YTRB is located in Tibet, SW China, between 27°49 and 31°16 N and 81°57 and
7°6 E (Figure 1). The basin lies at the northern foot of the Himalayas, with an average alti-
tude of 4500 m and an area of ~ 25.8 x 10° ha. The Yarlung Tsangpo (YT) river originates in
the Angsi Glacier in the SW of the Tibetan Plateau; it has an annual flow of 1.359 x 10!! m?
and flows for 2057 km into Assam, India [42].

The plateau valley in the upper reaches has the typical semiarid climate of a plateau
cold temperate zone, with an annual average precipitation of 300 mm. The floodplain in
the middle is approximately 1200 x 300 km in extent and there are numerous tributaries
here—including the Lhasa, Parlung Tsangpo, Nyang, Nyang Qu and Dkzhung Tsangpo as
the main five—which provide water for crop cultivation. The middle reaches, including
153,300 ha of agricultural land, with an annual precipitation of 300-600 mm, enjoy a plateau
temperate climate and constitute the most developed agricultural region in Tibet. The
downstream YT Grand Canyon is the deepest valley in the world, where the river flows
around the Namcha Barwa peak and arrives at Pasighat (India) through a large, horseshoe
bend. In this region, large altitudinal variations provide adequate hydraulic resources. The
YTRB reaches its lowest temperatures in January and its highest in June and July, with
annual average temperatures ranging from 4.3-8.3 °C. Precipitation in the basin gradually
increases from the NW to the SE, reaching 600-800 mm y_1 in the lower reaches [43].
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Figure 1. Yarlung Tsangpo river basin location, including major cities, mountains and rivers.

3. Materials and Methods
3.1. Data Sources

Weather stations are sparsely distributed in the YTRB and in their absence, widely
used interpolation methods could obscure regional-level precipitation characteristics. For
this reason, Chinese monthly precipitation data for the period 1901-2017, at a spatial
resolution of 1 km and using 0.1 mm precipitation units were used in this study. These data
were provided by the National Tibetan Plateau Data Center (http://www.data.tpdc.ac.cn
(accessed on 8 March 2022)), based on the global 0.5° climate dataset published by CRU
and the global high-resolution climate dataset published by WorldClim and obtained by
the Delta spatial downscaling scheme [44—48]. Soil map information (at a 1 km spatial
resolution) was extracted from the China Soil Map, which originated from data held in
the Harmonized World Soil Database (HWSD) (version 1.1) [49,50]. Imagery of 30 x 30 m
from Landsat 8§ OLI was downloaded from the USGS (http:/ /www.earthexplorer.usgs.gov
(accessed on 13 March 2022)) to generate land use/land cover (LULC) study area mapping
and 90 x 90 m SRTM3 DEM datasets from the USGS were also applied. The Chinese
Vegetation Dataset and the YTRB outer cadaster were both downloaded from the Data
Center for Resources and Environmental Sciences (RESDC) of the Chinese Academy of
Sciences (http:/ /www.resdc.cn (accessed on 15 March 2022)).

3.2. Revised Universal Soil Loss Equation

Soil water erosion was estimated using the RUSLE model. RS technology was used
for LULC classification and GIS technology was employed to compute various factors
(Figure 2).

The RUSLE model is empirically expressed as shown in Equation (1):

A=RXKXxLSxCxP D

where A indicates the average annual soil erosion per unit area (t ha—! y~!); R represents
the rainfall erosivity factor (M] mm ha—! h=! y~1); K denotes the soil erodibility factor
(thahMJ~! ha=! mm™!); LS stands for the combination of slope length and slope steep-
ness (dimensionless); C represents the cover management factor (dimensionless); and P
indicates the support practice factor (dimensionless).
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Figure 2. RUSLE model methodology flow chart, as used in this study.

3.2.1. Precipitation Erosivity (R) Factor

Precipitation is the direct driver of soil erosion because splashing raindrops separate
soil particles and runoff from rainfall can further wash away and carry soil, causing soil
erosion [11]. Thus, the precipitation erosion force factor reflects the ability of raindrops to
separate and transport soil particles. Primarily, the R factor consists of the multiplication
of total rainfall kinetic energy and maximum rainfall intensity for 30 consecutive minutes.
Since intensity data were not available for the YITRB, a regression equation based on
monthly precipitation data was applied [51], as shown in Equation (2):

12 2 —
R = Zi:l 1.735 x 10(1.5 logw (Pl /P)—0.08188) (2)

where R indicates the precipitation erosivity factor (M] mm ha~! h™! y=1); p; represents
monthly precipitation (mm month~!); and p shows annual precipitation (mm y ). R-factor
mapping was generated with the ArcGIS (version 10.2, ESRI, Redlands, CA, USA) software
raster calculator, using Equation (2).

3.2.2. Soil Erodibility (K) Factor

Soil erodibility is a measure of the inherent sensitivity of a standard plot to precipitation
erosivity. The K factor demonstrates the inherent resistance of soil particles to the separation
and transport capacity of precipitation and runoff [11]. In this study, K-factor estimation
was carried out using the Erosion Productivity Impact Calculator (EPIC) empirical model,
as developed by Williams [52] and represented by Equation (3):

SIL SIL 03
- 0.25C - 0.7SN1
C +exp(3.72 —2.95C) SN1+ exp(—5.51+22.9SN1)
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where K indicates the soil erodibility factor (t ha h MJ~! ha=! mm™1); SAN represents
the percentage of sand (0.1-2 mm diameter) (%); CLA represents the percentage of clay
(0.002-0.1 mm diameter) (%); SIL denotes the percentage of silt (diameter < 0.002 mm) (%);
C shows the percentage of organic carbon (%); and SN1 =1 — SAN/100. The soil types
and respective characteristic values in the YTRB were acquired from the China Soil Map,
while K-factor mapping was generated according to Equation (3), in the spatial raster layer
(Figure 3).
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Figure 3. Yarlung Tsangpo soil data. (a) soil types; (b) percentage of clay; (c) percentage of sand;
(d) percentage of silt.

3.2.3. Slope Length and Slope Steepness (LS) Factor

The LS factor consists of the ratio of soil loss per unit area of a field slope to that of the
RUSLE standard slope, with a slope length of 22.13 m and a slope steepness of 9°, under
the same conditions [11]. The effect of topography on soil erosion is mainly reflected in the
movement and flow of sediment and water, as driven by gravity. The LS factor is made up
of the slope length (L) and slope steepness (S) factors. Slope length refers to the distance
from the initiation point of overland flow to the designated receiving channel along the
flow route, while slope steepness is the ratio of the vertical height of the slope surface to
the horizontal distance. Therefore, Equations (4) and (5) were used to calculate the LS
factor [53,54]: .

LS = <%> X (0.065 +0.0455, + 0.00655§) 4)
sin(0.01745 x @)
0.09 ©)
where LS indicates the slope length and steepness factor; A represents slope length (m); S¢
shows the grid slope in percentage; and 6 denotes the slope (°). According to the above
paragraph, m is taken as 0.5. SRTM-DEM imagery, with a 90 m spatial resolution, was used
to identify filled sinks, which allowed flow direction and accumulation grids to be deduced.
LS-factor mapping was computed using ArcGIS 10.2 software.

A = [flow accumulation * cell size] ;Sq =
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3.2.4. Cover Management Factor

The cover management factor is the ratio of soil loss from a specific land area to that
from continuous fallow land under certain environmental conditions [42]. The C factor,
which indicates the influence of surface vegetation, land use and agricultural activities
on soil erosion, is an important factor in soil erosion assessment and can be estimated
using several methods. In this study, the authors determined C-factor values for different
vegetation types in the Chinese vegetation dataset (Figure 4), which, when combined with
previous research results (Table 1), facilitated C-factor map development.

Vegetation types

|Broad-leave forest  Grassland
Coniferous forest

¥# Tropical rain forest i Farmland

Alpine steppe
Alpine meadow

Savanna

Ml Bare area

[IWater body 0 50 100 200 300 400
Glacier [ mm T

Figure 4. Yarlung Tsangpo river basin vegetation types.

Table 1. Yarlung Tsangpo river basin vegetation types and their C values.

Vegetation Type Area (ha) Proportion (%) C Value Source
Broad-leaved forest 840,050 3.26 0.06 Xiao et al. [55]
Coniferous forest 1,654,860 6.41 0.09 Xiao et al. [55]
Tropical rain forest 268,494 1.04 0.004 Xiao et al. [55]
Shrubs 3,810,622 14.77 0.09 Xiao et al. [55]
Alpine steppe 7,920,449 30.69 0.15 Wang & Jiao [56]
Alpine meadow 8,813,183 34.15 0.15 Wang & Jiao [56]
Grassland 910,231 3.53 0.11 Wang & Jiao [56]
Savanna 22,289 0.09 0.04 Xiao et al. [55]
Farmland 341,261 1.32 0.55 Yu et al. [55]
Bare area 2347 0.01 0.55 Yu et al. [55]
Water body 174,376 0.68 1 Zhou et al. [1]
Glacier 1,043,678 4.05 1 Zhou et al. [1]

3.2.5. Support Practice Factor

The support practice factor is the ratio of soil loss to soil erosion on upslopes and
downslopes under the influence of specific support measures [11]. Large-scale P-factor
mapping was performed using the method provided by the USDA handbook for LULC
types, as classified using satellite images (Table 2) [57]. LULC mapping was generated using
supervised classification of Landsat 8 OLI imagery and applying maximum likelihood
settings in ENVI (version 5.1, Exelis Visual Information Solutions Inc., Boulder, CO, USA)
software (Figure 5). For the classification accuracy of LULC data, a 2m GF image was used
to evenly select 30 points for each of the ten land use types for verification and the results
showed that the accuracy rate was about 88%.
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Land-use types

[CIAgriculture land [Z]Rocky area

Table 2. Yarlung Tsangpo river basin land use types and their P values.

Land Use Type Area (ha) Proportion (%) P
Agricultural 405,554 1.57 0.5
Degraded forest 1,282,931 497 0.8
Densely vegetated 2,508,603 9.72 1.0
Grassland 12,322,344 47.76 0.9
Open forest 1,516,450 5.89 0.8
Rocky areas 5,508,307 21.35 1.0
Sandy areas 932,961 3.62 1.0
Settlements 25,155 0.10 0.1
Snow areas 402,839 1.56 1.0
Water bodies 892,381 3.46 0.0

gDegraded forest|__|Sandy area
Dense land Settlement
[_|Grass land Snow area 0 50 100 200 300 400

[JOpen forest

EWater body T N N <

Figure 5. Yarlung Tsangpo river basin land use/land-cover map.

3.3. Using the Height above Nearest Drainage Model

The elevation from each raster cell above the nearest catchment unit can be described
using the HAND model [13], which can separate flood-prone areas from areas with lower
flood occurrence probability [17]. Topography is an influencing factor on hydrology, which
determines the water flow direction and rate; thus, in order to establish a drainage network,
it is necessary to maintain flow direction topological continuity.

The actual topography represented in SRTM data approximates the upper canopy [58]
so that, for areas covered by dense or tall vegetation, a variable degree of relief masking
occurs in SRTM data, producing depressions and pits. This causes inconsistencies between
local drainage directions calculated using topography data (LDD) and actual flow paths.
For this reason, in order to calculate a corrected LDD for this study, the original SRTM-DEM
data were filled by raising the heights of pits to those of their pour points, in a procedure
performed using ArcGIS 10.2. The contribution area grid was then determined using the D8
method proposed by Mark [59]. Then, since normalized terrain heights had been calculated
using drainage network pixel elevations, the drainage network needed to be correctly
defined by the contribution area threshold [19]. The HAND model, which was integrated
into TerraHidro software, was applied by inputting the no-sinks DEM, the D8 flow grid and
the drainage network grid (Figure 2), which allowed the HAND model nearest drainage
mapping to be generated.

4. Results
4.1. Soil Loss Assessment Using the RUSLE Model

The method of combining GIS with the RUSLE model was used to determine the
amount and spatial distribution of soil loss in the study area, including the following five
erosion risk factors: rainfall erosivity, soil erosivity, slope length and steepness, soil cover
management and soil conservation.
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High-intensity precipitation is more likely to cause severe soil erosion and flood
hazards. The R factors estimated for this study ranged from 38-4857 MJ mm ha=' h~! y~1,
with an average of 658 MJ mm ha=! h~! y~! (Figure 6a). Actual weather station rainfall
data were used to verify the accuracy of the R-factor estimation process. Data from five
weather stations were compared with that of the Chinese Monthly Precipitation Dataset
(Table 3), with the results showing that the latter were generally lower, with relative errors
ranging between —17.88% and 5.03%.

85°E 90°E 95°E 100°E
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Figure 6. The RUSLE model factor maps: (a). R factor (precipitation erosivity), including locations of
five weather stations used for verification; (b). K factor (soil erodibility); (c). LS factor (slope length
and slope steepness); (d). C factor (cover management); (e). P factor (support practices).

Table 3. Validation of R-factor estimation using the Chinese Monthly Precipitation Dataset.

Average Annual Precipitation (mm) R Factor MJ mm ha—1h-1y-1)
Station Station In This Relative Station In This Relative
Value Study Error (%) Value Study Error (%)
Namling 576 473 —17.88 1391 1230 —11.57
Lhoka 378 397 5.03 895 722 —19.33
Mainling 707 663 —6.22 638 698 9.40
Nyingchi 709 663 —6.49 709 721 1.69
Bomé 929 878 —5.49 992 920 —7.26

The relative errors for the R-factor estimates ranged from —19.33% to 9.40%, which
was very consistent. The YTRB is very broad and also has elevation differences of > 7000 m
(149-7782 m). These unique geographical conditions give rise to very large precipitation
differences, with rainfall increasing from upstream to downstream, reaching a maximum
of 2357 mm y~!. The 490 mm month ! peak in the downstream monthly average occurs
in June (Figure 7). It was found that the R value was higher in areas with large rainfall
and intensity and vice versa. However, a single R value cannot satisfactorily prove the
change of rainfall distribution in the study area. Rainfall erosivity is an important factor in
assessing soil erosion risk for future land use and climate change.
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Figure 7. Spatial distribution of average monthly and annual precipitation. The bottom axis shows
the distance to the river source and the top axis shows the average annual precipitation in each
distance range. Blue (red) indicates low (high) precipitation. The lower panel indicates topography
and elevation along the river.

The K factor shows the resistance of different soil types to runoff erosion and raindrop
impact, with higher K values indicating lower resistance to soil erosion and vice versa [60].
According to the percentages of sand, silt, clay and organic carbon in different soils, the K
values in the YTRB varied from 0 to 0.049 t ha h MJ~! ha~! mm~!. The average K value
was 0.034 tha h MJ~! ha~! mm™! (Figure 6b). Since settlements, glaciers and water bodies
were not considered, they were assigned zero values.

The LS factor reveals the influence of topography on surface runoff and soil particle
transport and in this study, its values increased gradually from the NW of the YTRB to the
SE, with an average of 1.54 (Figure 6¢). In several individual mountain areas, the values
grew gradually from the valley to the peak, generally reaching > 5 at the ridges. In the
Nyenchen Tanglha Mountains, for example, LS-factor values reached 43.78 at Namcha
Barwa inside the horseshoe bend in the SE Nyenchen Tanglha, which constituted the largest
elevation difference in the lower reaches. In such areas, the steep terrain makes the region
vulnerable to soil erosion.

Vegetation coverage and the depth of plant roots affect resistance to soil erosion.
Vegetation types in the Chinese vegetation dataset were reclassified to obtain the C factor
map; here, higher C factor values indicate a higher susceptibility to soil erosion and vice
versa. Most of the YITRB is covered by alpine steppe and alpine meadow (64.84% of the
total basin), with C-factor values here being 0.15. In contrast, values of 0.11 were observed
in grasslands on hillsides (Figure 6d), while the middle and lower YTRB reaches were
mostly covered by shrubs and coniferous forests (21.18% of the total basin), where C values
were 0.09. Values of 0.06 were noted for those hillsides where the land coverage was
characterized by broad-leaved forests. Tropical rain forests in the valley regions have
high soil and water conservation, while agricultural land in the middle and lower reaches
exhibited C-factor values of 0.55, showing that they are highly susceptible to soil erosion.

P factor values range from zero to one, where zero indicates effective manmade erosion
resistance and one indicates that there is no resistance [12]. P values of 0.9 were observed
in grassland and values of 0.5 were noted for riparian areas, where a large portion of the
land was characterized as farmland (Figure 6e). Rocky and sandy areas were found to
be widely distributed on high altitude mountains and forest coverage in the downstream
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canyons reached > 79.2%, with P values of 1. P values of 0.1 were observed for settled areas,
reflecting their good manmade erosion resistance. Manmade erosion resistance was not
considered to be a factor for water bodies, so they were assigned P factor values of zero.

4.2. Soil Erosion in the YTRB

Estimates for the annual YTRB soil erosion ranged from 0-1239 t ha—! y~! (Figure 8)
and these results are consistent with the soil erosion spatial distribution estimates reported
by Yang et al. The soil erosion average was estimated to be 4.21 t ha~! y~!, which was
lower than the 5.43 tha=! y~! estimated by Yang et al.; their higher figure was caused by
an overestimation of the R value [61].
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Figure 8. Yarlung Tsangpo river basin soil erosion; yellow (red) indicates slight (severe) soil erosion.
In order to map soil erosion susceptibility, the YTRB water soil erosion was mapped
using six grades: slight (<5tha~! y~1),light (5-25 tha=! y~!), moderate (25-50 t ha=! y 1),
intense (50-80 tha~! y~1), extremely intense (80-150 tha—! y~!) and severe (> 150 tha=! y 1),
as shown in Table 4. Erosion susceptibility rated as slight covered most of the study area
(20,452,950 ha or 79.46% of the total basin), occurring mainly in the plateau of the upper and
middle—upper reaches. Total soil loss in this region was estimated to be 28,272,583 t y’l,
accounting for 26.07% of the YTRB basin total. Due to the prevalence of low-intensity
precipitation in these regions, it is difficult for soil particles to be transported by surface
runoff, making local soil loss here easily sustainable.
Table 4. Yarlung Tsangpo river basin soil erosion rates and coverage.
Soil Erosion Soil Erosion o Annual Soil Total Soil
Range (tha=1y~1) Grade Area (ha) Area (%) Erosion (t) Erosion (%)
<5 Slight 20,452,949.71 79.46 28,272,582.80 26.07
5-25 Light 4,543,178.91 17.65 46,992,121.22 43.34
25-50 Moderate 614,943.14 2.39 20,107,953.27 18.54
50-80 Intense 86,096.40 0.33 5,149,888.65 4.75
80-150 Extremely intense 23,608.96 0.09 2,428,166.16 224
>150 Severe 20,770.33 0.08 5,477,968.03 5.05
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Erosion susceptibility rated as light covered 4,543,179 ha and accounted for 46,992,121 tons
of soil loss. Much of this erosion susceptibility could be attributed to large terrain fluctu-
ations, which amplify the effect of gravity on sediment. Moderate erosion susceptibility
ratings, which occurred mostly on ridges, covered 614,943 ha and the soil loss from these
areas was estimated to be 20,107,953 tons (18.54% of the total). This erosion was thought to
be due mostly to the presence of Haplic Greyzems and Dystric Podzoluvisols, which are
susceptible to soil erosion.

Farmland in the downstream valley had intense, extremely intense and severe water
soil erosion susceptibility ratings, ranging from 50 to 1239 t ha—! y~!. In these regions,
13,056,023 tons (12.04% of the basin total) of soil erosion occurred over a land area of
130,476 ha (0.51% of the total) at a rate much greater than the sustainable soil loss rate.
These figures showed that frequent agricultural activities have seriously damaged soil
stability here, with surface runoff formed by high-intensity precipitation events upstream
taking away large amounts of loose soil, resulting in severe soil loss.

4.3. Effects of Precipitation, LULC and Topography on Soil Erosion

The relationship between precipitation and soil erosion is illustrated in Figure 9a, with
the results showing that soil loss rates were positively correlated with precipitation. The
soil loss rate varied from 0.71 to 15.69 t ha—! y~!, with precipitation from < 200 mm to
> 2000 mm, which indicated the predominant influence of precipitation on soil erosion.
Precipitation in 60.23% of the basin ranged from 200 to 500 mm, especially in the middle-
upper reaches, which accounted for 39.83% of the soil loss total. In contrast, regions with
precipitation levels between 500 and 1000 mm (28.80% of the study area) were estimated
to be responsible for 43.18% of the soil loss total. The lowest soil loss—1.11% of the
annual total—was found in the arid plateau regions which experienced an annual average
precipitation of <200 mm.
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Figure 9. (a) Soil erosion associated with different precipitation ranges; (b) soil erosion in different
land use types; and (c) soil erosion in different slope ranges. Blue, green and yellow columns represent
area percentages in various precipitation ranges, land use types and slope ranges, respectively; red
columns represent annual soil loss percentages.

Soil erosion rates and the annual soil losses associated with different land use types
are mapped in Figure 9b. Open forests and densely vegetated land in the lower reaches
had the highest soil erosion rates. The data show that although dense vegetation has a
positive effect on soil conservation, the high precipitation downstream of the study area
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leads to its high erosion (33.32% of the total). The figures also showed that 16.85% of
the soil erosion total occurred in rocky areas, which occupy 21.35% of the YTRB area.
Grasslands constitute the main grazing areas in the basin; this is the land use that directly
promotes sediment transfer and transportation and indirectly contributes to soil erosion
by exposing fresh soil through grazing, trampling and digging. Thus, the soil erosion rate
in these areas was higher than that estimated for agricultural land and as these areas are
widespread throughout the study area, covering nearly half of the basin, they were a source
of significant soil loss (40.80% of the total).

Overall, our estimates showed that 80% of the study area soil erosion occurred from
grasslands, rocky areas and densely vegetated land, strongly indicating that these are the
three land use types where soil loss protection measures should be focused. The influence
of topography on soil erosion can be seen in Figure 9c, which shows that the soil loss
rate estimate was significantly lower for flat terrain. The YTRB consists mostly of slopes
between 10 and 20°, from which 29.45% of the soil erosion total was derived. It was also
seen that, although the area with slopes between 20 and 30° was found to cover less area,
its soil loss estimates were more greater, accounting for 34.21% of the total. Very steep
regions, with 30—-40° slopes, accounted for only 9.8% of the total area, but incurred 20.10%
of the total soil loss. The significant effect of gravity on YTRB soil erosion was thus clearly
evident.

4.4. Flood Hazard Mapping Using the HAND Model

The flood-risk map created using HAND model computations can be seen in Figure 10.
In the absence of hydrological data, the model produced potential flood hazard zones
with different flood risk levels, namely: none (>100 m depth), very low (15-100 m), low
(10-15 m), moderate (5-10 m) and high (<5 m). The HAND model estimates suggested that
approximately 9.84% (2,537,622 ha) of the area is vulnerable to high flood occurrence, with
1.04% located in a moderate hazard zone, as can be seen in Table 5. Approximately 1.54%
of the area was found to have a low flood risk and 4.15% had a very low flood risk. With an
area of 21,525,909 ha, the ‘no flood risk’ zone covered most of the basin, a total of 83.43%.

meters

[lHigh hazard zone(<5)
[IModerate hazard zone(5 — 10)
[CILow hazard zone(10 — 15)
[CIVery low hazard zone(15 — 100)
[INo hazard zone(>100)

I \Water body

Flood hazard zone

0 50100 200 300
- KM

Figure 10. Yarlung Tsangpo river basin flood hazard zones. Satellite images of major cities are from
Google Maps. White (red) indicates no (high) flood risk.
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Table 5. Yarlung Tsangpo river basin flood hazard zones and coverage.

Flood Hazard Zone (m) Area (ha) Area (%)
High (<5) 2,537,622.95 9.84
Moderate (5-10) 268,151.88 1.04
Low (10-15) 397,292.32 1.54
Very low (15-100) 1,071,023.77 415
No hazard (>100) 21,525,909.08 83.43

4.5. Soil Erosion and Flood Hazard Synergies

Examining the potential soil erosion and flood hazard zones in areas with different
slopes revealed contrasting scenarios. Most of the extreme and severe soil erosion estimates
occurred in areas with 20-30° slopes, as shown in Table 6, with steeper regions indicating
higher soil loss rates. Conversely, most moderate and high potential flood risk zones
occurred in the areas with slopes of 0-10°, which only covered ~ 30% of the total basin,
as can be seen in Table 7. It was also noted that moderate and high flood hazard zones
were found to be prevalent in areas that included major basin cities and towns (including
Lhasa, the Tibetan capital), with their highly concentrated populations, buildings and
facilities. These cities are located in plain and terrace areas with slopes of 0-10°, with little
topographic relief and are low-lying flood-prone areas within the watershed. Additionally,
the increase in surface imperviousness due to urbanization makes surface runoff higher
and increases the likelihood of flooding.

Table 6. Areas of soil erosion under different Yarlung Tsangpo river basin slope ranges.

Slope Sl];ght. Soil Light Moderate Intense E;(tl;emely Severe
Degree rosion ntense
©) ha % ha % ha % ha % ha % ha %
0 118,191.55 0.46 2.85 0.00 0.52 0.00 0 0.00 0 0.00 0 0.00
0-10 7,206,708.728.03 510,034.31 1.98 46,884.67 0.18 7264.24 0.03 2446.48 0.01 1365.86 0.01
0-20 6,982,718.387.16 1,476,670.555.74 134,854.66 0.52 19,621.67 0.08 7166.27 0.03 5675.01 0.02
0-30 4,409,361.7617.15 1,637,668.976.37 217,520.93 0.85 28,982.35 0.11 8003.05 0.03 7963.62 0.03
0-40 1,498,273.055.83 809,853.16 3.15 172,528.87 0.67 23,121.38 0.09 4782.41 0.02 4742.85 0.02
>40 231,078.53 0.90 108,417.10 0.42 43,119.20 0.17 7098.06 0.03 1207.26 0.00 1022.98 0.00
Table 7. Flood hazard zone areas under different Yarlung Tsangpo river basin slope ranges.
Slope No Hazard Zone VERY LOW Low Moderate High
Degree (%) ha % ha % ha % ha % ha %
0 340.96 0.00 1611.24 0.01 655.84 0.00 1137.51 0.00 113,926.83 0.44
0-10 4,632,904.37 17.96 1,808,157.27 7.01 217,530.54 0.84 336,071.54 1.30 801,184.48 3.11
10-20 8,060,866.55 31.24 442,714.69 1.72 28,390.06 0.11 34,933.84 0.14 82,164.17 0.32
20-30 6,046,054.18 23.43 195,204.15 0.76 14,207.27 0.06 16,594.81 0.06 46,046.45 0.18
30-40 2,402,127.25 9.31 77,187.37 0.30 6208.52 0.02 6908.68 0.03 23,181.79 0.09
>40 373,117.74 1.45 12,582.55 0.05 1137.51 0.00 1090.94 0.00 4484.20 0.02

Various scenarios present a synergy between soil erosion and flood hazard. For
example, the flood disaster areas are mainly distributed in the relatively low and gentle
areas of the study area. The process of soil erosion mainly occurs on steep hillsides
and a high slope gradient produces significant water impact forces, which in turn cause
sediments to accumulate in sinks between slopes and floodplains. In spring and autumn,
the temperature changes frequently, the freeze—-thaw erosion is strong and the broken
material erodes under the action of snow (ice) meltwater or gravity and accumulates in
the gentle slope area to form an alluvial fan (alluvial skirt) [6]. Whenever a sink is filled,
the material will overtop and be stored again at the next downslope opportunity, doing
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this repeatedly until it reaches the floodplain, where its presence results in a rise in the
potential flood incidence level [62]. This indicates that the increase in sediment content in
surface runoff and flooding during soil erosion in flood season may increase the possibility
of a flood disaster. On the contrary, heavy rainfall and floods will lead to serious soil
erosion. It is obvious that soil loss and flood incidence will have a synergistic impact on
the environmental degradation of the catchment area. During the flood season, higher
sediment concentrations in surface runoff prevent surface runoff from being used efficiently;
the runoff cannot be taken from the river and is forced to discharge to the lower reaches of
the river, increasing the flood risk [63,64].

5. Conclusions

Soil erosion prevention planning and decision making require potential soil loss to
be quantified. In this study, RS and GIS technologies were employed in the RUSLE and
HAND model calculation processes to describe the scale and spatial distribution of soil
erosion and flood hazards in the YTRB. This resulted in soil erosion estimates ranging
from 0 to 1239 tha=! y !, with an average of 4.21 t ha—! y~!. Very intense and severe soil
erosion was found to occur in downstream valleys, where frequent and high precipitation
combined with agricultural land uses aggravate erosion.

Slight levels of erosion, which covered most of the basin, were spatially distributed
in the upper and middle—upper reaches, where there was low precipitation. Contrary to
previous findings, this study found that dense forests had the highest soil loss rate, which
may result from the combined effects of high precipitation and steep slopes in these regions.
It was also shown that the soil loss rate increased with slope gradient, confirming a high
correlation between soil erosion intensity and topographic relief.

Flood hazard prediction showed that approximately 17% of the YTRB was threatened
by flood hazards, with the high flood hazard rating covering 2,537,622 ha of the basin, with
an additional 268,151 ha vulnerable to moderate floods. Approximately 397,292 ha of the
basin was found to be in a low hazard zone, while 1,071,023 ha was found to be in the
very low hazard zone. The most flood-fragile areas were mostly distributed in riverside
valleys and plains and in areas with high concentrations of residents and buildings. Thus,
enhancing flood warnings and protection measures in these regions should be considered a
priority.

6. Discussion

We calculated the soil erosion intensity of the Yarlung Tsangpo River basin using the
RUSLE model, considering precipitation erodibility, different land use types, physical and
chemical properties of soil and topographic factors. In the calculation of the R factor, we
used the R factor based on monthly precipitation, pi and annual rainfall, p, due to the lack
of data on rainfall intensity. This resulted in the same R factor for high-intensity rainfall
over multiple consecutive days and scattered over a month, which is usually different from
the actual situation [65]. Additionally, due to the large scale of the study, we assigned the
same P value to the same LULC type in the calculation of the P factor. However, in areas
where human interventions are present, P factor values for the same land use types should
take into account for the effect of a slope [66-68]. At the same time, field-based soil loss
measurements are not currently available for the YTRB and so we have been unable to
verify the results of our study using field data. Therefore, it is suggested that government
and policy makers conduct field surveys in the regions identified as being susceptible to
soil erosion and establish soil loss measurement stations, so that accurate and real-time soil
loss information can be captured.
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