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Abstract 

Climate change and land-use change strongly influence hydrological processes and soil erosion in tropical 

mountainous watersheds. This study uses the SWAT model to assess their individual and combined impacts on 

streamflow, sediment, and soil erosion in the Upper Cau River Basin, northern Vietnam. The model was 

calibrated and validated using observed hydro-meteorological data for 1997–2020 and applied to scenario-

based projections of future climate (2021–2050) and land-use planning to 2050. The SWAT model 

demonstrated high predictive accuracy for both streamflow and sediment (NSE > 0.76, R² > 0.77). Results 

indicate that, relative to the baseline, the combined climate and land-use change scenario produces the largest 

impacts, with mean streamflow increasing by 44.95%, sediment discharge at the gauge station rising by 53.3%, 

and average basin-wide soil erosion reaching 12.57 t/ha/year more than a 379% increase. By comparison, 

climate change alone increases mean streamflow and soil erosion by 44.8% and 73.7%, respectively, while 

land-use change alone causes only minor changes in streamflow (+0.82%) but substantially increases soil 

erosion (+265%). These findings demonstrate a pronounced amplification of hydrological extremes and 

erosion risk when both drivers act together. Beyond scenario comparison, this study contributes a spatially 

explicit erosion hotspot attribution framework that links scenario forcing to hydrological response unit and 

sub-basin prioritisation of erosion risk. Spatial analysis reveals a basin-wide shift from predominantly low 

erosion under baseline conditions to widespread moderate and high erosion under the combined scenario. 

While the results highlight the dominant and interacting roles of climate and land-use change, they reflect 

SSP2-4.5 projections from a single climate model (UK Earth System Model, UKESM1-0-LL), and uncertainty 

across multiple climate models was not considered. The findings provide a robust scientific basis for targeted 

watershed management and erosion-control planning in northern Vietnam’s mountainous regions. 
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1. Introduction 

Climate change and land-use change are widely 

recognised as primary drivers that strongly influence 

watershed-scale hydrological processes and soil 

erosion. Climate change alters temperature regimes, 

precipitation patterns, and the frequency and 

intensity of extreme rainfall events, while land-use 

transitions such as deforestation, agricultural 

expansion, and urbanization reduce vegetation cover, 

decrease infiltration capacity, and increase surface 

runoff, thereby directly affecting water balance, 

sediment transport, and erosion dynamics [1][2][3] 

and [4]. In tropical regions, particularly in 

mountainous watersheds, land-use/land-cover 

changes associated with forest degradation further 

intensify runoff generation and pollutant transport, 

amplifying erosion processes and disrupting 

hydrological regulation [2][3][5] and [6]. Tropical 

forests play a critical role in maintaining watershed 

ecological integrity [7]; however, severe land-cover 

degradation often leads to more frequent and intense 

runoff and erosion events with substantial impacts on 

water balance and sediment delivery [2][3] and [6]. 

Numerous empirical studies worldwide have 

demonstrated that the combined influence of climate 

change and land-use change can markedly amplify 

hydrological extremes and erosion responses [3] and 
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[4]. For example, in the Upper Mara River Basin 

(Kenya), reductions in vegetation cover due to land-

use change led to significant increases in sediment 

transport when variable rainfall inputs were 

incorporated into hydrological simulations [8]. In 

Pakistan, combined forest loss, expansion of bare 

land, and climate change resulted in enhanced 

extreme runoff and severe soil erosion [9]. Similar 

responses have been reported in agricultural and 

subtropical basins [2][6][9] and [10]. A recent study 

[11] further emphasized that poorly managed land 

use characterised by reduced vegetation cover, 

agricultural expansion, and bare soil exposure can 

substantially increase soil erosion, particularly in 

sensitive sub-watersheds. Together with the 

anticipated intensification of extreme rainfall under 

future climate conditions, these land-use pressures 

are expected to exacerbate soil loss and sediment 

yield, posing increasing challenges for sustainable 

watershed management [10][12][13] and [14]. 

Studies indicate that hydrological models such as 

the Soil and Water Assessment Tool (SWAT) have 

been widely used to analyse the impacts of climate 

and land-use changes [15] and [16]. These studies 

have helped elucidate the responses of streamflow, 

surface runoff, infiltration, soil retention capacity, 

and sediment transport within watersheds. In 

Vietnam, climate variations, including increased air 

temperature and more pronounced changes in rainfall 

[17], along with agricultural and industrial 

development and population growth [18], have 

significantly affected soil erosion and water 

resources. However, while previous studies exist in 

Vietnam, few have integrated future land-use 

planning scenarios (up to 2050) with future climate 

projections (2021–2050) to assess the combined 

impacts of climate change and human activities on 

hydrological processes and sediment yield, 

particularly in the northern midland and mountainous 

regions [19]. This gap is especially evident in the 

Upper Cau River Basin, where complex topography, 

dynamic vegetation cover, and diverse land-use 

patterns strongly influence runoff generation and 

sediment transport processes [20]. Moreover, 

modelling climate change and land-use change 

separately may underestimate total sediment yield, as 

such approaches fail to capture the non-linear and 

synergistic interactions between intensified rainfall, 

vegetation degradation, and altered surface runoff 

pathways. Addressing this limitation, the present 

study integrates future climate projections for 2021–

2050 with land-use planning data projected to 2050 

to quantify the individual and combined effects of 

climate change and land-use change on streamflow, 

sediment transport, and soil erosion in the Upper Cau 

River Basin. 

Despite growing recognition of the combined 

impacts of climate change and land-use change, 

integrated assessments remain limited in Vietnam, 

particularly for mountainous river basins 

characterised by complex terrain and rapid land-use 

transitions. The Upper Cau River Basin represents a 

critical case study due to its steep topography, 

heterogeneous land-cover patterns, and high 

sensitivity to hydrological extremes. In recent years, 

the basin has experienced several severe flood 

events, including record-breaking floods in 2024 and 

2025, which exposed the vulnerability of existing 

land-use practices and watershed management 

strategies. These events highlight the urgent need for 

spatially explicit analyses that integrate future 

climate projections with planned land-use changes to 

better understand runoff generation, sediment 

dynamics, and erosion hotspots. However, to date, no 

study has systematically combined official land-use 

planning data with downscaled climate projections to 

evaluate their joint impacts on hydrology and soil 

erosion in the Upper Cau River Basin. 

From a geoinformatics perspective, this study 

aims to advance an integrated spatial modelling 

framework that combines multi-source geospatial 

data with future climate projections and official land-

use planning scenarios. By linking SWAT outputs 

with GIS-based spatial analysis at sub-basin and 

HRU scales, this study explicitly quantifies the 

combined and non-linear impacts of climate change 

and land-use change on hydrological and sediment 

processes, and identifies future erosion hotspots to 

support spatial planning and watershed management 

in mountainous regions. 

Building upon our previous work that modelled 

streamflow and sediment yield in the Upper Cau 

River Basin using the SWAT model [20] and [21], 

this research advances an integrated geoinformatics 

framework by combining official land-use planning 

data to 2050 with downscaled CMIP6-VN (the 

Coupled Model Intercomparison Project Phase 6 for 

Vietnam [22]) climate projections to support 

spatially explicit erosion hotspot identification and 

prioritization. To achieve these objectives, the study 

aims to: (i) calibrate and validate the SWAT model 

for streamflow and sediment using observed 

hydrometeorological data; (ii) simulate baseline (S1) 

and future scenarios representing land-use change 

(S2), climate change (S3), and their combined effects 

(S4); (iii) quantify changes in streamflow, sediment 

load, and soil erosion under individual and combined 

scenario drivers; (iv) map and rank soil erosion 

hotspots at sub-basin and HRU scales to support 

spatial intervention prioritization; and (v) discuss 

implications for watershed management, land-use 
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planning, and model limitations under future climate 

and development pressures. 

 

2. Study Area 

The Upper Cau River Basin covers approximately 

3,300 km², lying entirely within the administrative 

boundary of Thai Nguyen Province following its 

merger with Bac Kan (Figure 1). The Cau River 

originates in the northwestern part of the province, 

flows through the central region, and drains toward 

the Cha hydrological station (21.3725°N, 

105.9208°E) as part of the Thai Binh River system 

[23] and [24]. The basin is characterized by a 

predominantly mountainous terrain with elevations 

ranging from about 50 m to over 1,500 m above sea 

level, steep and highly dissected slopes, and uneven 

vegetation cover, resulting in low water retention 

capacity and high susceptibility to soil erosion, flash 

floods, and landslides during the rainy season. To 

support the SWAT modelling process, basin slopes 

derived from a 30 m digital elevation model were 

classified into five slope classes (0–8°, 8–15°, 15–

25°, 25–35°, and >35°). The model outlet was 

located at 21.43637°N, 105.961462°E, 

approximately 22 km southeast of the Gia Bay 

station, representing the downstream limit of the 

basin. The basin is characterised by a humid tropical 

monsoon climate, with mean annual rainfall ranging 

from 1,600 to 2,400 mm [24]. Approximately 80% of 

the total rainfall occurs during the rainy season (May 

- October), intensifying surface runoff and sediment 

transport and often causing severe floods with high 

peak discharges. Meanwhile, the dry season 

(November - April) features significantly reduced 

flow (Figure 2) [4]. Over the past decades, the Upper 

Cau River Basin has experienced several major 

floods. Peak flood events recorded at the Gia Bay 

station in 1959, 1968, 1971, 1983, and 1986 have 

long been considered important hydrological 

reference points [25]. Another major flood in 2001 

reached a water level of 28.08 m. On 9th September 

2024, the peak flood induced by Typhoon Yagi 

reached 28.81 m, surpassing all previous historical 

records. Most recently, on 8th October 2025, the peak 

flood caused by Typhoon Matmo exceeded the 2024 

level by approximately 1.5 m, setting the highest 

flood stage ever recorded in the area [13] and [26]. 

These post-2020 events are presented for contextual 

purposes only and were not used in model calibration 

or validation, which was based on observed data 

from 1990–2020.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1: Study area in the Upper Cau River Basin, northern Vietnam.  

The Cau River is represented as the thick blue line 
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Figure 2: Mean monthly precipitation and temperature regime in the Upper Cau River Basin  

during the baseline period (1990–2020) 
 

Additionally, prolonged rainfall events in 2013 and 

2017 elevated flood peaks, posing inundation risks 

and damaging infrastructure in the midstream and 

downstream regions [27]. These events underscore 

the high hydrological sensitivity of the basin and 

highlight the need for hydrological modelling to 

support water resources planning, flood 

management, and climate change adaptation 

[3][4][13] and [28]. 

Historically, forests have been the dominant land-

cover type in the Upper Cau River Basin; however, 

over recent decades, land-use transitions associated 

with logging, agricultural expansion, and urban 

development have gradually reduced forest cover 

and altered landscape structure [29]. In the upstream 

areas, shifting cultivation practices and the expansion 

of industrial crops have contributed to localised 

forest degradation and increased susceptibility to soil 

erosion. In the midstream and downstream regions, 

ongoing urbanization has progressively converted 

forest and agricultural land into built-up areas, 

increasing impervious surface coverage and 

influencing surface runoff and sediment delivery 

processes [30]. Although the overall decline in forest 

cover at the basin scale is moderate, these land-use 

changes are spatially concentrated and, when 

combined with climate change–driven increases in 

extreme rainfall, flash floods, and landslide 

occurrence, heighten the basin’s vulnerability to 

hydrological alteration and sediment transport. These 

dynamics underscore the importance of detailed 

hydrological modelling to evaluate the combined 

impacts of climate change and land-use change in 

support of flood risk management, erosion control, 

and sustainable watershed development. 

 

3. Methodology 

The key processing steps used to assess the impacts 

of climate change and land-use change on 

hydrological processes and sediment load in the 

Upper Cau River Basin are presented in Figure 3 and 

described in detail below. 

 

3.1 Data and Pre-Processing 

This study integrates multi-source spatial datasets 

and long-term hydro-climatic observations within a 

GIS–SWAT modelling framework to simulate 

streamflow and sediment dynamics in the Upper Cau 

River Basin. A summary of the datasets used is 

provided in Table 1. All spatial datasets were 

harmonised to a common coordinate reference 

system (WGS84/UTM Zone 48N) and resampled to 

a common spatial resolution of 30 m prior to model 

integration to ensure consistency in analysing their 

combined effects on streamflow and sediment yield. 

Hydrological data (streamflow and suspended 

sediment observations) at the Gia Bay station for 

1997–2020 were used for model calibration and 

validation. This station represents the only long-term 

streamflow and sediment monitoring site in the 

basin; therefore, internal sub-basin validation was 

not feasible due to data limitations. 

Meteorological observations for 1990–2020 

include daily rainfall from six stations (Dinh Hoa, 

Thai Nguyen, Cho Moi, Thac Gieng, Bac Kan, and 

Ngan Son) and daily temperature from two stations 

(Bac Kan and Thai Nguyen) (Figure 1). Although the 

density of meteorological stations is limited, the 

selected rainfall and temperature stations adequately 

represent the basin’s dominant elevation and climatic 

gradients. Their use is consistent with previous 

hydrological studies conducted in the Cau River 

system [20] and [21]. Future climate projections for 

2021–2050 were obtained from the CMIP6-VN 

dataset, which was developed from an ensemble of 

35 global climate models participating in the CMIP6 

framework [22].  
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Figure 3: Methodological framework of the study 
 

Table 1: Summary of datasets used in the SWAT model 
 

Group Data 
Spatial/temporal 

resolution 
Time period Source 

Hydrological Streamflow Gia Bay station, daily 1997–2020 Vietnam 

Meteorological and 

Hydrological 

Administration 

Suspended sediment Gia Bay station, daily 1997–2020 

Meteorological Rainfall 6 stations, daily 1990–2020 

Air temperature 2 stations, daily 1990–2020 

Climate projection CMIP6-VN ~10 km 2021–2050 Scientific Data [22] 

Topographic Digital elevation model 30 m – USGS Earth Explorer 

Land-use Current land-use map Scale 1:100,000 2020 Provincial 

governments 
 

Land-use planning map Scale 1:100,000 2021–2050 

Soil Soil type map Scale 1:100,000 2005 

 

The dataset provides bias-corrected climate data 

tailored for Vietnam. Its generation involved two 

main steps: (i) bias correction using the Quantile 

Mapping method to reduce systematic differences 

between model simulations and observed data; and 

(ii) spatial downscaling from the global model grid 

(~100 km) to a finer resolution of 0.1° (~10 km), 

using multiplicative scaling for precipitation and 

bilinear interpolation for temperature. The bias 

correction process utilised observed records from 

481 rainfall stations and 147 temperature stations 

across Vietnam [22]. Although the CMIP6-VN 

dataset is based on a multi-model ensemble, this 

study used the UK Earth System Model (UKESM1-

0-LL) [31] under the SSP2-4.5 scenario as a 

representative climate projection due to its 

documented performance in reproducing 

temperature and precipitation patterns over Southeast 

Asia. Using a single model ensures consistency 

across scenario simulations; however, uncertainty 

associated with single-model projections is 

acknowledged.  

Topographic data, including elevation and slope, 

were derived from a 30 m resolution Digital 

Elevation Model (DEM), freely available from the 

USGS Earth Explorer platform [32] and [33]. The 

DEM was hydrologically corrected using a sink-

filling procedure to remove spurious depressions. 

Land-use data consisted of a 2020 land-use map and 

a 2021–2030 Land Use Planning map (with a 2050 

projection). These are official products developed by 

Thai Nguyen and Bac Kan provincial governments 

through the compilation of cadastral records and field 

surveys [34]. The original planning map, containing 

48 land-use classes, was reclassified into 11 SWAT 

land-use types (agricultural, barren, forest, orchard, 

rice, commercial, industrial, institutional, residential, 

transportation, and water), using a standardised land-

use cross-walk table to ensure compatibility with 

SWAT model requirements [21] and [35]. 

Soil information plays a fundamental input to the 

SWAT model, influencing hydrological processes 

such as infiltration, surface runoff, erosion, and the 

transport of dissolved materials [15][36] and [37]. 

This study used a 1:100,000 scale soil type map 

developed in 2005 by the provincial governments. 

Soil physical parameters required by SWAT, 

including soil depth, available water capacity 
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(AWC), and the soil erodibility factor (K), were 

assigned using national soil attribute tables and 

harmonized with the SWAT soil database following 

standard model requirements. 

 

3.2 Simulations of Streamflow and Sediment with  

SWAT Model 

In this study, the SWAT modelling workflow 

consisted of four main steps, as outlined in [20] and 

[21]. First, the watershed was delineated using the 

pre-processed DEM to generate the river network 

and sub-basin structure. Stream networks were 

delineated using a flow accumulation threshold of 

2,000 ha, which controls watershed discretization 

and strongly influences surface runoff generation and 

erosion processes [15] and [36]. Second, 

Hydrological Response Units (HRUs) were defined 

by overlaying land-use, soil, and slope layers, 

allowing spatial representation of land-use and soil 

heterogeneity within each sub-basin. Third, the 

model simulated key hydrological processes, 

including surface runoff, evapotranspiration, soil 

water balance, and sediment yield using the Modified 

Universal Soil Loss Equation (MUSLE) as defined in 

Equation 1 [35]:  

 

( )
0.56

11.8 surf peak hruSed Q Q A K C P LS CFRG=      

Equation 1 

 

Where: 

  Sed = sediment yield from an HRU for a given  

            day (t) 

  Qsurf = surface runoff volume (mm) 

 Qpeak = peak runoff rate (m3/s) 

   Ahru = HRU area (ha) 

      K = soil erodibility factor 

      C = cover and management factor 

      P = support practice factor 

    LS = topographic factor (slope length and  

             steepness) 

        CFRG = coarse fragment factor  

                      (dimensionless). 

 

Finally, the model was calibrated and validated 

against observed streamflow and sediment data at the 

Gia Bay station before being applied to baseline and 

future scenario simulations (section 3.3.3) to assess 

the individual and combined impacts of climate 

change and land-use change. HRUs were defined 

using threshold values of 5% for land-use, 5% for soil 

type, and 5% for slope class, which allowed the 

exclusion of minor landscape units while preserving 

the dominant hydrological characteristics within 

each sub-basin. Daily meteorological inputs included 

rainfall and temperature (maximum and minimum) 

data. The model was initially developed for the 

period 1990-2020, with the first three years used as a 

warm-up period, following the standard SWAT 

modelling framework [38]. To enhance model 

reliability, a parameter sensitivity analysis was 

performed using SWAT-CUP (SWAT Calibration 

and Uncertainty Procedures) software (version 

5.1.6.2). This process was conducted on 10 key 

parameters influencing streamflow and 7 parameters 

affecting sediment yield (Table A1). Parameters 

were selected based on hydrological relevance in 

tropical monsoon basins and prior SWAT studies 

[4][39][40] and [41]. 

Given the availability of daily observed 

streamflow and sediment data from 1997 to 2020, the 

model was calibrated for 1997-2008 using the SUFI-

2 (Sequential Uncertainty Fitting Version 2) 

algorithm [41]. The optimised parameters from this 

calibration were subsequently applied to simulate 

streamflow and sediment yield for 2009-2020, during 

which model performance was validated using 

independent observations. This 12-year calibration 

period ensured representation of multiple wet and dry 

cycles. Model performance was assessed at the 

monthly time step using the Nash-Sutcliffe 

Efficiency (NSE), coefficient of determination (R²), 

Percent Bias (PBIAS), and Root Mean Square Error 

to Standard Deviation Ratio (RSR) [41] and [42]. 

These metrics were computed using Equations 2 to 

5: 

( )

( )

2

,
0

2

,
0

1

n

obs i sim
i

n

obs i obs
i

X X
NSE

X X

=

=

−
= −

−




 

Equation 2 

 

( )

( )

0

,
0

100

n

obs sim ii

n

obs i
i

X X
PBIAS

X

=

=

−
= 




 

Equation 3 

 

( )( )

( ) ( )

2

, ,
02

2 2

, ,
0 0

n

obs i obs sim i sim
i

n n

obs i obs sim i sim
i i

X X X X

R

X X X X

=

= =

− −

=

−  −

 
  

 
 

Equation 4 

 

( )

( )

2

0

2

,
0

n

obs sim ii

n

obs i obs
i

X X

RSR

X X

=

=

−

=

−




 

Equation 5 

 



 

International Journal of Geoinformatics, Vol. 22, No. 4, April, 2026 

ISSN: 1686-6576 (Printed)  |  ISSN  2673-0014 (Online) | © Geoinformatics International  

97 

Where, Xobs and Xsim are the observed and simulated 

values of the hydrological and sediment variables, 

respectively. Model performance was considered 

acceptable when the following criteria were satisfied: 

NSE > 0.5, R² > 0.7, PBIAS within ±15% for 

streamflow and ±50% for sediment, and RSR < 0.5 

[42]. 

 

3.3 Scenario Development and Simulation 

3.3.1 Climate change scenario 

The climate change scenario used in this study was 

developed based on the CMIP6-VN climate dataset. 

The dataset provides key climate variables, including 

precipitation and temperatures (maximum and 

minimum), for the period 1980–2099 in NetCDF 

format and supports multiple emission scenarios 

(SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5). In 

this study, the SSP2-4.5 scenario was selected to 

represent a moderate socioeconomic development 

pathway, and future climate projections were derived 

from the UKESM1-0-LL global climate model. This 

model was selected due to its documented ability to 

reproduce regional temperature and precipitation 

characteristics over Southeast Asia and Vietnam, 

including improved representation of seasonal 

rainfall variability and monsoon dynamics compared 

to many other CMIP6 models. Comparative 

evaluations within the CMIP6-VN framework 

indicate that UKESM1-0-LL performs favourably in 

capturing observed climatic patterns in the region, 

making it suitable for impact-assessment studies in 

northern Vietnam [22]. 

Projected climate variables for 2021-2050 were 

extracted for meteorological stations within the study 

area from the CMIP6-VN gridded dataset. Climate 

variables at station locations were derived using the 

nearest-neighbour interpolation method, ensuring 

consistency between gridded climate projections and 

point-based meteorological inputs required by the 

SWAT model. These data were then used to simulate 

future streamflow and sediment dynamics and to 

assess the potential impacts of climate change on 

hydrological processes within the basin. 

 

3.3.2 Land-Use change scenario 

The land-use change scenario was developed based 

on the Land Use Planning map, after extracting the 

area corresponding to the Upper Cau River Basin. 

The scenario was designed to maintain the total basin 

area (330,041.77 ha) while adjusting the proportions 

of land-use categories according to the planning 

orientation. The use of legally adopted land-use 

planning maps differentiates this study from analyses 

based on hypothetical or assumed land-use scenarios, 

providing policy-relevant and spatially explicit 

representations of future land-use change that are 

consistent with official development strategies. 

As presented in Table 2, this scenario reflects the 

ongoing trend of converting agricultural and forest 

land to urban and non-agricultural uses, consistent 

with the region’s socio-economic development 

strategy. Compared with the 2020 baseline, the area 

of paddy rice is projected to decrease from 31,588.90 

ha to 25,236.69 ha (-6,352.21 ha; -1.92%), and forest 

land from 246,974.64 ha to 236,086.89 ha (-

10,887.75 ha; -3.30%). Other agricultural land is 

expected to decline slightly from 16,985.43 ha to 

15,803.93 ha (-1,181.50 ha; -0.36%), while unused 

land will reduce by 698.70 ha (-0.21%). In contrast, 

residential land will expand from 23,130.56 ha to 

29,353.95 ha (+6,223.39 ha; +1.89%), and non-

agricultural land will increase substantially from 

8,760.28 ha to 21,657.05 ha (+12,896.78 ha; 

+3.91%). Although the overall reduction in forest 

cover under the planning scenario is moderate at the 

basin scale, the changes are spatially concentrated 

and, when combined with future climate variability, 

may exert disproportionate effects on runoff 

generation and soil erosion.  

Even modest shifts in land-use composition, 

particularly reductions in forest cover and expansion 

of impervious or non-agricultural land, can produce 

non-linear increases in runoff and erosion, especially 

where these transitions occur on steep slopes or in 

erosion-prone sub-basins. These land-use projections 

were incorporated into the SWAT model to evaluate 

their future impacts on streamflow and sediment 

dynamics across the basin. 

 

Table 2: Land-use change scenario for the Upper Cau River Basin by 2050, summarised from [34] 
 

Land use type 
Current 2020 

(ha) 

Planning by 2050 

(ha) 

Change 

(ha) 

Change 

(%) 

Rice 31,588.90 25,236.69 -6,352.21 -1.92 

Forest 246,974.64 236,086.89 -10,887.75 -3.30 

Other agricultural land 16,985.43 15,803.93 -1,181.50 -0.36 

Residential 23,130.56 29,353.95 6,223.39 1.89 

Non-agricultural land 8,760.28 21,657.05 12,896.78 3.91 

Un-used lands 2,601.96 1,903.26 -698.70 -0.21 

Total 330,041.77 330,041.77   
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Table 3: Four simulation scenarios combining climate and land-use datasets for different time periods 
 

Scenarios Climate data Land-use data 

Baseline (S1) 1990 - 2020 2020 

Land use change (S2) 1990 - 2020 2050 

Climate change (S3) 2021 - 2050 2020 

Combined (S4) 2021 - 2050 2050 

 

3.3.3 Simulation scenarios 

In this study, four scenarios were simulated using the 

SWAT model to assess the impacts of land-use and 

climate changes on streamflow and sediment yield 

(Table 3). 

- Baseline scenario (S1): Using observed 

meteorological data (rainfall and temperature) 

for 1990-2020 and the current 2020 land-use 

data. This scenario served as the reference 

period and was used for model calibration and 

validation. 

- Land-use change scenario (S2): Using land-use 

planning data by 2050 while maintaining 

historical climate conditions. This scenario 

evaluated the effects of agricultural and forest 

land conversion to urban and non-agricultural 

uses on streamflow and sediment yield. 

- Climate change scenario (S3): Using projected 

climate data for 2021-2050 under the SSP2-4.5 

scenario, combined with the current 2020 land-

use data. This scenario isolates the influence of 

changes in rainfall and temperature on 

hydrological and sediment processes. 

- Combined scenario (S4): Integrating both the 

land-use change and climate projections by 

2050 to assess the combined impacts on future 

streamflow and sediment transport. Scenario S3 

represents the isolated effects of future climate 

change with land use held constant at baseline 

conditions, whereas Scenario S4 captures the 

combined effects of future climate change and 

planned land-use change, allowing attribution 

of additional impacts to their interaction. 

 

3.4 Soil Erosion Projection and Hotspot  

Identification 

In SWAT, rainfall- and runoff-induced soil erosion is 

estimated using the MUSLE approach, which derives 

daily sediment yield based on runoff characteristics 

[35] and [43]. It should be noted that MUSLE 

estimates sediment yield associated with surface 

runoff and does not explicitly account for mass-

movement processes such as landslides, which may 

be important in steep mountainous terrain. In this 

study, SWAT was applied to simulate sediment yield 

at the HRU scale under various land-use and climate 

scenarios to evaluate current and future erosion risk 

in the Upper Cau River Basin. The model outputs 

were imported into a GIS environment, where 

erosion intensity (t/ha/year) was classified into four 

levels: low (<5 t/ha), moderate (5–10 t/ha), high (10–

30 t/ha), and very high (>30 t/ha) [21]. The erosion 

severity thresholds were adopted from commonly 

used classifications in soil erosion assessment studies 

and national erosion risk guidelines, which have been 

widely applied in SWAT-based analyses in 

mountainous and tropical regions [4][44] and [45]. 

Spatial analyses were then conducted to determine 

the extent and distribution of each erosion category 

across the basin. 

By comparing the baseline (S1) and future 

combined (S4) scenarios, spatial patterns of erosion 

change were identified at both the HRU and sub-

basin scales, allowing the delineation of areas with a 

high risk of soil loss. These areas were defined as 

erosion hotspots and represent spatially explicit 

priority zones for soil conservation and sustainable 

land management planning. 

 

4. Results and Discussions 

4.1 SWAT Model Performance 

Detailed results on model performance for the Upper 

Cau River Basin have been previously reported in 

[20] and [21]. Here, a concise summary is provided 

to confirm model reliability for the present scenario-

based analysis. As shown in Table 4, the SWAT 

model demonstrated strong predictive capability for 

streamflow, with high NSE and R² values during both 

calibration (0.95) and validation (0.90–0.91), and 

low bias indicators. Sediment simulations showed 

satisfactory performance, with calibration NSE of 

0.76 and validation NSE of 0.62, remaining within 

commonly accepted thresholds for sediment 

modelling in steep tropical basins. These results are 

comparable to previous SWAT applications in 

similar hydro-climatic settings [4] and [8]. The 

model adequately reproduced seasonal patterns of 

streamflow and sediment yield, capturing wet-season 

peaks and dry-season low flows (Figure 4). Some 

underestimation occurred during major flood years 

(e.g., 2001, 2013, 2017), a known limitation in 

sediment modelling in steep tropical watersheds 

where episodic mass movements and channel-bank 

failures are not fully represented by HRU-scale 

MUSLE formulations [11] and [12].
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Figure 4: Comparison between observed and simulated monthly: (a) streamflow and (b) sediment yield 

during the calibration and validation periods at the Gia Bay station (adopted from [20] and [21]) 

 

Table 4: SWAT model performance during the calibration (1997-2008) and validation (2009-2020) periods 
 

Variable Period R2 NSE PBIAS (%) RSR 

Streamflow Calibration  0.95 0.95 2.60 0.23 

Validation 0.91 0.90 9.70 0.35 

Sediment yield Calibration  0.77 0.76 12.0 0.49 

Validation 0.63 0.62 -15.10 0.62 

 

Nevertheless, the model reliably represents seasonal 

and interannual variability, providing a sound basis 

for evaluating future climate and land-use scenarios. 

A list of selected parameters and the results of the 

sensitivity analysis are presented in Table A2 and 

Figure A1. 

 

4.2 Impacts of Climate and Land-Use Scenarios on  

Hydrology and Sediment Processes 

4.2.1 Streamflow and surface runoff 

Simulation results revealed substantial variations in 

streamflow and surface runoff across the four 

scenarios (Table 5 and Figure 5). Under the baseline 

scenario (S1), the mean streamflow discharge was 

64.05 m³/s, with the wet season (111.4 m³/s) 

dominating over the dry season (16.7 m³/s). The 

highest flow (379.6 m³/s) occurred in July 2001, 

while the minimum (0.49 m³/s) was recorded in 

February 1996. Surface runoff was near-zero during 

the dry season but spiked for several years such as 

1995, 2001 and 2013 (Figure 5(a)). When 

considering land-use change (S2), the mean 

streamflow discharge increased slightly by 0.82% 

(64.58 m³/s), primarily during the dry season 

(increased by 1.75%) and the seasonal transition 

months (February-April, increased by 4-6%), while 
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wet-season flow remained largely unchanged. 

Surface runoff rose by 10-20% in most months, 

though peak flood discharges slightly increased by 

0.4%. This increase in surface runoff mainly reflects 

enhanced quick-flow generation, whereas baseflow 

contributions remained relatively stable, thereby 

offsetting the effect on total streamflow and resulting 

in only minor changes in monthly discharge. 

Under the climate change scenario (S3), 

assuming land use remained at 2020 conditions, 

mean streamflow discharge increased markedly to 

92.77 m³/s, representing a 44.83% increase relative 

to the baseline scenario (S1), with a maximum of 

577.7 m³/s and a minimum of 0.70 m³/s. Mean 

surface runoff reached 34.39 mm/month (+6.14%), 

with peak monthly values up to 394.5 mm. When 

both climate change and land-use change were 

considered under the combined scenario (S4), mean 

streamflow increased slightly further to 92.84 m³/s, 

corresponding to a 44.95% increase compared to S1 

and marginally exceeding S3. Peak discharge rose to 

581.4 m³/s, exceeding both S3 and S1, while 

minimum discharge declined slightly to 0.68 m³/s, 

remaining 38.44% higher than S1. Mean surface 

runoff increased more substantially to 38.83 

mm/month (+19.85% vs. S1; +6.5% vs. S2; +12.9% 

vs. S3), with a wet-season maximum of 419.24 mm, 

considerably higher than the corresponding value 

under S1 (282.15 mm). These results indicate that 

climate change is the dominant driver of changes in 

basin-scale streamflow, while the combined scenario 

(S4) leads to a nonlinear amplification of runoff and 

peak flow responses, particularly during wet-season 

conditions, reflecting enhanced quick-flow 

generation under concurrent climatic and land-

surface changes. 
 

 
 

Figure 5: Monthly variations in streamflow under scenarios: (a) S1, (b) S2, (c) S3, and (d) S4 

 

Table 5: Summary statistics of streamflow and surface runoff under different simulation scenarios.  

Δ% values indicate percentage changes relative to the baseline scenario (S1) 
 

Variable Metric 

Scenario 

Baseline 

(S1) 

Land-use change 

(S2) 

Climate change 

(S3) 

Combined 

(S4) 

Streamflow 

discharge (Q) 
Q (m³/s) 64.05 64.58 92.77 92.84 

Q  (%) - 0.82 44.83 44.95 

Qmax (m³/s) 379.60 381.10 577.70 581.40 

Qmin (m³/s) 0.49 0.49 0.70 0.68 

Surface runoff 

(Qsurf) 
surfQ  (mm) 32.40 36.47 34.39 38.83 

surfQ  (%) - 12.56 6.14 19.85 

Qsurf_max (mm) 282.15 300.65 394.50 419.24 

Qsurf_min (mm) 0.00 0.00 0.00 0.00 
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Figure 6: Monthly variations in sediment yield under scenarios (a) S1, (b) S2, (c) S3, and (d) S4 

 

Table 6: Summary statistics of sediment discharge and yield under different simulation scenarios.  

Δ% values indicate percentage changes relative to the baseline scenario (S1)  
 

Variable Metric 

Scenario 

Baseline 

(S1) 

Land-use change 

(S2) 

Climate 

change 

(S3) 

Combined 

(S4) 

Sediment 

discharge (Sed) 

Sed (t/month) 16,251.94 16,514.13 24,196.54 24,917.42 

ΔSed(%) - 1.61 48.88 53.32 

Sedmax (t/month) 135,000 137,400 209,100 211,600 

Sedmin (t/month) 30.57 9.11 6.86 14.32 

Sediment yield 

(SE) 

SE (t/ha/year) 2.62 9.56 4.55 12.57 

ΔSE (%) - 264.89 73.66 379.77 

SEmax (t/ha/year) 10.15 132.74 16.04 132.51 

SEmin (t/ha/year) 0.01 0.58 0.01 1.48 
 
 

4.2.2 Sediment discharge and yield 

The impacts of climate and land-use scenarios on 

sediment dynamics are presented in Table 6 and 

Figure 6. The baseline scenario (S1) showed a mean 

sediment discharge of 16.25×10³ t/month, with 

91.7% transported during the wet season (29.8×10³ 

t/month) and only 2.7×10³ t/month in the dry season. 

The peak sediment discharge coincided with the July 

2001 flood (135×10³ t/month). At the basin level, 

average sediment yield reached 2.62 t/ha/year, with 

several sub-basins (e.g., 50, 57, 59, 61, 66, 67) 

exceeding 5-10 t/ha/year.  Under the land-use change 

scenario (S2), mean sediment discharge increased 

slightly to 16.5×10³ t/month (+1.61% compared to 

S1), while sediment yield rose sharply to 9.56 

t/ha/year (+265% vs S1). About 78% of sub-basins 

showed increased sediment yield, notably sub-basins 

38 (+126 t/ha/year), 30 (+77), 5 (+31), 46 (+26), and 

47 (+17). In the climate scenario (S3), the mean 

sediment discharge reached 24.20×10³ t/month 

(+48.88% vs S1), with a maximum of 209.1×10³ 

t/month and a minimum of 6.86 t/month. Average 

sediment yield increased to 4.55 t/ha/year (+73.7% 

vs S1), particularly in sub-basins 50, 59, and 63. 

The combined scenario (S4) produced the most 

pronounced effects. Mean sediment discharge 

reached 24.92×10³ t/month (+53.32% vs S1; +3% vs 

S3), with a peak of 211.6×10³ t/month. Average 

sediment yield surged to 12.57 t/ha/year (+380% vs 

S1; +31.5% vs S2; +176% vs S3). Several sub-basins 

experienced dramatic increases; for instance, sub-

basin 30 (increased from 2.49 to 80.84 t/ha/year), 38 

(increased from 6.45 to 132.51 t/ha/year), and 46 

(increased from 1.43 to 31.75 t/ha/year). The land-

use change scenario (S2) revealed a minimal impact 

on overall streamflow, reinforcing findings from 

previous studies that moderate forest reduction or 

urban expansion when climate inputs remain 

unchanged typically alters intra-annual flow 

distribution rather than annual water yield  and [19] 
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and [46]. In contrast, sediment yield responded 

strongly, demonstrating the sensitivity of erosion 

processes to land-use transitions. This strong 

sediment response aligns with global tropical studies 

showing that even partial forest removal markedly 

increases soil detachment and sediment delivery on 

steep, weathered terrains [5] and [7]. Similar patterns 

have been reported in northern Vietnam, where soil 

structure is fragile and intensively weathered, 

causing rapid erosion following forest degradation 

[21] and [29]. Sub-basins with expanded bare, 

agricultural, or built-up areas experienced the highest 

increases some exceeding 130 t/ha/year comparable 

to erosion rates observed in degraded tropical 

highlands in Brazil, China, and the Himalayan 

foothills [6] and [13]. These results therefore 

highlight the disproportionate influence of land-use 

alteration on sediment responses relative to 

hydrological responses. 

Climate change alone (S3) produced significant 

increases in streamflow and sediment yield, 

confirming that climate dynamics will be the primary 

driver of hydrological alteration in the Upper Cau 

River Basin. This finding reflects the projected 

intensification of rainfall under the SSP2-4.5 

pathway, consistent with regional studies using 

CMIP6 datasets [17] and [22]. Similar hydrological 

amplification under climate change has been 

reported in major monsoon-dominated river systems 

such as the Jinsha, Mekong, and Upper Indus basins 

[9][11] and [13]. These studies likewise attribute 

increased flood peaks and sediment surges to more 

intense and frequent extreme rainfall events. The 

73.7% increase in sediment yield under S3 aligns 

with the mechanistic understanding that rainfall 

erosivity rather than land cover is the primary driver 

of erosional processes during extreme events [12]. 

Thus, even in the absence of land-use change, future 

climate regimes alone will substantially intensify 

hydrological extremes and sediment transport. 

The combined scenario (S4) exhibited the 

strongest and most nonlinear responses, 

demonstrating synergistic interactions between 

climate intensification and landscape modification. 

While streamflow changes in S4 remained similar to 

S3, indicating climate dominance, sediment yield 

increased nearly fourfold relative to S1, surpassing 

the increases observed in S2 (265%) and S3 (73.7%). 

This multiplicative response is consistent with 

studies from Kenya [8], the Brazilian Cerrado [6], 

and southwest China [47], all of which emphasized 

that simultaneous land-use degradation and rainfall 

intensification produce disproportionately high 

sediment outputs. The synergistic effect likely results 

from four reinforcing mechanisms: (i) higher rainfall 

intensity and runoff energy enhances detachment; (ii) 

reduced vegetation cover lowers soil resistance; (iii) 

expanded impervious or disturbed surfaces 

accelerate overland flow; and (iv) steep terrain 

increases sediment transport efficiency. These 

combined forces create feedback where climate-

driven peaks mobilise larger volumes of sediment 

from increasingly exposed surfaces. Such dynamics 

have been documented in tropical montane basins 

under concurrent anthropogenic and climatic change 

[7] and [12]. 

 

4.3 Soil Erosion Projection and Hotspot  

Identification 

As shown in Figure 7(a) and Table 7, under the 

baseline scenario (S1), areas with low erosion 

dominated the basin, covering 155,544 ha (47.13%), 

while moderate erosion accounted for 128,806 ha 

(39.03%). High erosion areas covered 31,505 ha 

(9.54%) and were mainly concentrated in sub-basins 

61 and 63, whereas very high erosion occupied 

14,187 ha (4.30%), notably in sub-basins 29 and 50, 

which were identified as current erosion hotspots. 

Under the combined scenario (S4), erosion intensity 

increased substantially across the basin (Figure 7(b) 

and Table 7). The extent of low-erosion areas 

declined sharply to 62,257 ha (18.86%), remaining 

primarily in sub-basins 40 and 41, where favourable 

topographic and vegetation conditions persist. In 

contrast, moderate erosion expanded considerably to 

186,302 ha (56.45%), covering more than half of the 

basin and extending into several sub-basins 

previously classified as low risk, such as sub-basins 

6 and 15. High-erosion areas also increased, reaching 

54,877 ha (16.63%), with pronounced expansion 

observed in sub-basins 18, 20, and 24. Notably, very 

high erosion nearly doubled to 26,606 ha (8.06%) 

and became concentrated mainly in sub-basins 29, 

38, 50, and 55. 
 

Table 7: Summary of soil erosion levels under the baseline (S1) and combined (S4) scenarios 
 

Erosion level  

Scenario S1 Scenario S4 

Area 

(ha) 

Proportional 

area (%) 

Area 

(ha) 

Proportional 

area (%) 

Low erosion 155,544 47.13 62,257 18.86 

Moderate erosion 128,806 39.03 186,302 56.45 

High erosion 31,505 9.54 54,877 16.63 

Very high erosion 14,187 4.30 26,606 8.06 
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Figure 7: Spatial distribution of soil erosion under scenarios: (a) S1, and S4 (b) by HRU 

 

Overall, both quantitative indicators and spatial 

patterns indicate a basin-wide transition from 

predominantly low-erosion conditions under S1 to 

moderate-to-high erosion dominance under S4. This 

pattern is consistent with empirical evidence 

showing that climate intensification 

disproportionately affects landscapes already 

weakened by land-use pressure [11] and [13]. The 

identified hotspot sub-basins share characteristics 

typical of high-risk tropical mountain systems: steep 

slopes, fragile soils, extensive forest loss, and 

expanding built-up areas. Similar spatial transitions 

have been reported in deforested regions of northern 

Laos, southwest China, and southern India, where 

erosion hotspots tend to migrate upslope or expand 

outward under combined climatic and anthropogenic 

influences. These findings highlight the importance 

of geographically targeted conservation measures 

rather than uniform basin-wide interventions. 

The results provide robust evidence that 

combined climate and land-use pressures will 

substantially intensify soil erosion, sedimentation, 

and associated flood hazards. Effective mitigation 

therefore requires coordinated, forward-looking 

watershed governance. Key management 

implications include strengthening forest protection 

and restoration, particularly in steep upstream areas, 

to reduce runoff generation and stabilise soils. 

Conservation agriculture practices, such as contour 

farming and the use of cover crops, should be 

promoted to minimise erosion in areas undergoing 

agricultural expansion. Hotspot sub-basins identified 

in this study should be prioritised for targeted 

interventions within a sub-watershed planning 

framework. In addition, hydraulic infrastructure, 

including reservoirs and drainage systems, may need 

to be designed or upgraded to accommodate the 

higher sediment loads projected under the combined 

(S4) scenario. Finally, land-use management and 

climate adaptation policies should be integrated, 

recognising that future sediment risks arise from the 

combined influence of both drivers. 

 

5. Conclusion 

This study applied an integrated GIS–SWAT 

modelling framework to project and compare the 

individual and combined effects of climate change 

and land-use change on hydrological processes, 

sediment transport, and soil erosion in the upper area 

of the Upper Cau River Basin. The results 

demonstrate that while individual drivers alter basin 

dynamics, their combined effects produce 

substantially amplified hydrological and sediment 

responses. Under the combined scenario, mean 

streamflow increased by approximately 45%, 

sediment discharge at the basin outlet rose by over 

53%, and basin-wide soil erosion exceeded baseline 

conditions by more than 379%, indicating a 

(a) (b) 
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substantial amplification of hydrological extremes 

when climate variability and land-use transitions 

occur simultaneously. Spatial analysis at both the 

HRU and sub-basin scales indicated a basin-wide 

shift from predominantly low erosion under S1 

(47.13% of the basin area) to widespread moderate 

and high erosion under S4, with moderate erosion 

alone expanding to 56.45% of the basin area. These 

findings directly address the research gap regarding 

the compound influence of climate and land-use 

change in mountainous tropical watersheds. 

From a watershed management perspective, the 

projected intensification of runoff and sediment 

mobilisation suggests growing risks of flash 

flooding, channel instability, and reservoir 

sedimentation in the Cau River system. Spatial 

hotspot analysis further reveals that erosion risks are 

concentrated in specific steep sub-basins where 

forest loss and hydrological connectivity interact. 

These areas should be prioritised for targeted 

management interventions, including slope 

stabilisation, reforestation corridors, and soil 

conservation practices linked to local land-use 

zoning and watershed planning. Overall, this study 

highlights the importance of integrating climate and 

land-use scenarios when evaluating future 

hydrological risks. The combined modelling and 

spatial hotspot identification framework can provide 

a transferable approach for identifying priority 

intervention zones in mountainous watersheds of 

northern Vietnam and similar environments. Future 

research should incorporate multi-model climate 

ensembles and improved sediment process 

representation to better characterise uncertainty and 

support climate-resilient watershed management 

strategies. 

 

6. Limitations 

Despite the robust performance of the SWAT model 

in simulating streamflow and sediment dynamics in 

the Upper Cau River Basin, several limitations and 

sources of uncertainty should be acknowledged. 

First, model calibration and validation relied on a 

single long-term hydrological station (Gia Bay), 

which constrained internal sub-basin validation and 

may limit representation of spatial variability in 

hydrological and sediment responses across the 

basin. Similarly, the density of meteorological 

stations, although representative of major elevation 

and climatic gradients, remains limited for a complex 

mountainous watershed. 

Second, future climate projections were derived 

from a single global climate model (UKESM1-0-LL) 

under the SSP2-4.5 scenario. While this model has 

demonstrated favourable performance over 

Southeast Asia, the use of a single GCM does not 

fully capture the range of uncertainty associated with 

multi-model climate ensembles. Consequently, the 

magnitude of projected hydrological and erosion 

responses should be interpreted as scenario-specific 

rather than probabilistic estimates. 

Third, sediment yield was simulated using the 

MUSLE method, which estimates erosion driven by 

surface runoff but does not explicitly represent mass-

movement processes such as landslides and debris 

flows. In steep mountainous sub-basins, particularly 

under extreme rainfall events, these processes may 

contribute additional sediment loads beyond those 

simulated by MUSLE, potentially leading to 

underestimation of extreme erosion values. 

Finally, land-use change scenarios were based on 

officially adopted planning maps, which provide 

policy-relevant and spatially explicit projections but 

inherently assume successful implementation of 

planned land-use transitions. Deviations from 

planned development pathways or unregulated land-

use changes could result in different hydrological and 

erosion outcomes. Despite these limitations, the 

integrated GIS–SWAT framework applied in this 

study provides valuable insights into the relative and 

combined impacts of climate change and land-use 

change, and offers a scientifically grounded basis for 

spatial prioritization and adaptive watershed 

management. 
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Appendix 
 

 

Table A1: Summary of the key parameters included in the sensitivity analysis in SWAT-CUP 
 

 

Table A2: Selected parameters along with their optimal calibrated values and the ranges  

obtained through calibration using SUFI-2. 
 

Parameter Fitted Value Minimum Maximum 

r_CN2.mgt -0.0628 -0.2 0.2 

r_SOL_K(1).sol -0.1010 -0.2 2.0 

V_ESCO.hru 0.9042 0.8 1.0 

r_SOL_AWC(1).sol 1.2058 -0.2 2.0 

r_USLE_K(1).sol -0.0870 -0.3 0.3 

v_USLE_P.mgt 0.6607 0.1 1.0 

r_SLSUBBSN.hru 0.4928 -0.3 0.5 

 

No. Parameter Description Unit 

Parameters for streamflow 

1 CN2.mgt Curve number - 

2 ALPHA_BF.gw Baseflow alpha factor l/days 

3 GW_DELAY.gw Groundwater delay time days 

4 GWQMN.gw 
Threshold depth of water in the shallow aquifer for return 

flow to occur 
mm 

5 SURLAG.bsn Surface runoff delay time days 

6 ESCO.hru Soil evaporation compensation factor - 

7 SOL_K(1).sol Saturated hydraulic conductivity (topsoil layer) mm/hr 

8 SOL_AWC(1).sol Available water capacity (topsoil layer) mm/mm 

9 REVAPMN.gw 
Threshold depth of water in the shallow aquifer for “revap” 

to occur 
mm 

10 RCHRG_DP.gw Deep aquifer percolation fraction - 

Parameters for sediment yield 

1 USLE_K(1).sol USLE Soil erodibility (K) factor t·ha·h/(MJ·mm) 

2 USLE_P.mgt USLE Support practice (P) factor - 

3 SLSUBBSN.hru Slope length (m) m 

4 LAT_SED.hru Concentration of sediment in lateral subsurface flow (mg/L) - 

5 CH_N2.rte Manning’s roughness coefficient for the main channel - 

6 CH_K2.rte Effective hydraulic conductivity of channel (mm/hr) mm/hr 

7 CH_COV1.rte Channel erodibility factor - 
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Figure A1: Sensitivity chart showing the t-stat and p-value for each parameter considered  

during the SWAT model calibration for (a) streamflow and (b) sediment 


