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Research on integrated catchment hydrology is crucial. This study
Keywords: examines the relationship between land use, runoff, and sediment in the
Land use; runoff; sediment dynamic; Bogowonto Upper Watershed using SWAT hydrological modeling. The
SWAT; Hydrological Model, SWAT model helps understand hydrological processes at the watershed
Bogowonto scale and the impact of land use changes on runoff and sediment dynamics.

The sensitivity of SWAT model parameters varies in the Bogowonto Upper
Watershed. Runoff sensitivity analysis indicates a +62% increase with a
50% change in CN value, showing high sensitivity. A 50% change in
vegetation cover results in a +50% model output, indicating moderate
sensitivity. Slope, Ksat (saturated hydraulic conductivity), and bulk density
are fairly sensitive, while AWC is slightly sensitive. For sediment, a 50%
increase in CN value results in a +47% change, and a 50% increase in
vegetation cover leads to a +58% model output, showing moderate
sensitivity. The model, run from 2014-2019, shows excellent accuracy with
NSE of 0.82, RRMSE of 0.43, R? of 0.83, and PBIAS of 9.8%.
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1. INTRODUCTION

Tropical watersheds have a crucial role in the regulation of water supplies (Abbaszadeh et al.,
2023), the preservation of biodiversity (D. M. Amatya & M. K. Jha, 2011; Zhao et al., 2024), and
the maintenance of livelihoods for millions of people around the world. Nevertheless, these
watersheds are encountering escalating stresses due to human activities, such as deforestation,
agricultural growth, urbanization, and infrastructural development. The alterations in land use
have a dramatic effect on hydrological processes, including the flow of water and the dynamics of
erosion, which have substantial consequences for the health of ecosystems, the purity of water, and
the socio-economic well-being of communities (Christanto et al., 2018, 2019; Sun et al., 2015;
sunandar et al., 2014; Yustika et al., 2012; Zhao et al., 2024). This study aims to thoroughly
investigate the effects of land use on the flow of water and the wearing away of soil in tropical
watersheds. It will utilize the Bogowonto Upper Watershed case studies to support its findings.
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Land use change is mainly caused by agricultural expansion, logging, and infrastructure
development, significantly contributing to runoff and erosion in tropical watersheds (Abbaszadeh
et al., 2023; Pereira et al., n.d., 2022; Rubio et al., 2022). Land use change causes soil instability
(Christanto, 2008), intensifies water flow, and accelerates erosion (Asselman et al., 2003; Pandey
et al., 2016; Setiawan et al., 2009; Zhang et al., 2017), resulting in soil degradation, reduced fertility
(Harashina et al.,, 2003; Vadas & Powell, 2013), and silt buildup in water bodies. Rapid
urbanization and infrastructure development in tropical watersheds lead to substantial alterations
in the natural drainage patterns. It will lead to a rise in impermeable surfaces and a disturbance of
the interconnectedness of ecosystems. Consequently, there is a substantial rise in runoff and
erosion. Urban environments are susceptible to many issues, such as flash floods, stream channel
erosion, and water quality degradation. These problems can endanger Purworejo City areas'
infrastructure, property, and public health. Some reports show that several villages are threatened
by floods, such as 10 villages in Purwodadi Sub-District (Bencana Kesehatan.net, 2020). The flood
not only threatened the villages but also Yogyakarta International Airport (YIA). The Indonesian
government is now speeding up the project to mitigate the Bogowonoto flood to protect YIA
(Metronews.com, 2023). Significantly, the relationship between land use, runoff, and sediment
dynamics in Tropical Environments remains poorly comprehended. Thus, hydrological modeling
assumes significance. This study aims to examine the impact of land use towards runoff and
sediment in a tropical climate with Bogowonto Upper Watershed as a case study by means of
hydrological modeling.

2. METHOD

2.1. Study Area

The Bogowonto Upper Watershed is situated in Central Java, Indonesia (Figure 1) (BBWS SO,
2019). The overall drainage basin covers an estimated size of 333,995 square kilometers. The yearly
precipitation in the catchment typically fluctuates between 2500-3500 mm. The topography
exhibits a combination of different types. However, due to its location in a hilly area, most of the
watershed area is characterized by steep slopes. Figure 1 displays the geographical map of the
research region. Most of the watershed area is situated in regions with high elevations. Overall, the
human-caused impacts on the Bogowonto Upper Watersheds are moderate. However, the
National Strategic planning for developing one of the tallest reservoirs in Indonesia and the
development of Badan Otorita Borobudur may accelerate the development of this area. Thus, the
Bogowonto Upper Watershed in the tropical area of Indonesia is optimal for hydrological modeling
research.

Study Area
Bogowonto Upper Watershed
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Figure 1. Bogowonto Upper Watershed
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2.2. Equation

SWAT utilizes physiographic and hydro-meteorological data to perform rainfall-runoff
modeling (Arnold, Moriasi, et al., 2012). The digital elevation model (DEM) is essential for
delineating watersheds and sub-watersheds (dos R. Pereira et al., 2016). To create hydrologic
response units (HRUs), three specific types of maps are required: land use/land cover (LULC),
slope (derived from digital elevation model), and soil data (Arnold, Kiniry, et al., 2012b, 2012a;
Arnold, Moriasi, et al., 2012; Gassman et al., 2007; Neitsch et al., 2011). The DEMNAS was
acquired for the present investigation. The accuracy of this Digital Elevation Model (DEM) has
been evaluated by comparing it with other globally available DEMs. The DEMNAS dataset can
be accessed with a resolution of 8.1 meters and covers the entire Indonesian region. This study
employs satellite imagery from Landsat 8 2019, which has a spatial resolution of 15 meters, to
examine land use and land cover (LULC). The DEMNAS data is obtained from the Indonesian
Geospatial Agency (BIG). The soil data is obtained through soil collection and laboratory analysis,
utilizing a pedogeomorphological approach. The SWAT approach incorporates physiographic and
hydro-meteorological data to simulate the rainfall-runoff process. The digital elevation model
(DEM) is essential for delineating watersheds and sub-watersheds. To create hydrologic response
units (HRUs), three specific types of maps are required: land use/land cover (LULC), slope
(derived from digital elevation model), and soil data.

The SWAT model is a process-based semi-distributed model capable of simulating the water
dynamics within a watershed. When the watershed is divided into hydrologic response units
(HRUs), the SWAT model is semi-distributed. On the other hand, SWAT is also a persistent model
capable of simulating long-term processes. The research methods comprised three primary phases:
pre-fieldwork, fieldwork, and post-fieldwork (including model simulation and analysis). Figure 2
shows the research flowchart. The pre-fieldwork and fieldwork stages are crucial as they
significantly impact the success rate of the model simulation process. Thoroughly preparing for
fieldwork will enhance the efficiency of data collection techniques and sampling procedures in the
field.
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Figure 2. Research flowchart
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2.3. Sensitivity Analysis

Sensitivity analysis is a tool used to evaluate the influence of input parameters on the output of
a model. It is useful not only for developing and validating models but also for reducing uncertainty
(Hamby, 1994). Consequently, conducting a sensitivity analysis allows for a more comprehensive
understanding of the input parameters that have a greater impact on the model's output. This
research assessed 3 main input parameters to analyze the sensitive parameters. They are slope, soil,
and land use. These 3 main input parameters will be independent variables. Assessment will be
done by manual sensitivity analysis. Each value of the parameter will be changed by
increasing/decreasing value by 25%, 50%, 75%, and 100%. The result of the model performance
will be compared based on the parameters decreasing/increasing to see which parameters yield the
highest changes. The higher the changes the more sensitive the parameters.

2.4. Model Performance

Model performance is evaluated using quantitative measurements such as graphic comparisons
and statistical testing. An accuracy criterion can assess the agreement between predicted and
observed outputs during calibration. Therefore, it is possible to determine the goodness of fit and
the ideal parameter values for each set of parameters. The statistical measures used to compare the
simulated and actual results were the coefficient of determination (R2), Nash—Sutcliffe efficiency
(NSE) (equation 1) (Nash & Sutcliffe, 1970), and percent bias (PBIAS) (Motovilov et al., 1999;
Schiliro et al., 2016) (equation 2). Sensitivity analysis can determine the various elements that
influence model outputs and reactions. Statistical analysis (SA) also examines the correlations
between parameters, the range of values that are preferred, and the variability across different
regions, all of which impact the output of the model. Model performance is evaluated using
quantitative measurements such as graphic comparisons and statistical testing. A criterion for
accuracy can be used to compare the predicted and observed results during the calibration process.
Therefore, it is possible to determine the goodness of fit and the ideal parameter values for each set
of parameters. The model's performance was assessed by comparing the simulated and actual
results using the coefficient of determination (R2), Nash-Sutcliffe efficiency (NSE) (equation 1),
and percent bias (PBIAS) (equation 2). Sensitivity analysis is a method used to identify and quantify
the different factors that have an impact on the results and responses of a model. Statistical analysis
also investigates the relationships between parameters, their ideal range, and the variation across
various locations, all of which influence the output of the model.

z"r (},r_abs _1:.11"4}3
NSE =1~ [
2 ;e -y
i=1 (1)

PBIAS is a statistic that calculates the difference between observed and simulated data, as
defined by Equation 1. The model demonstrates an overestimation, as indicated by a negative
PBIAS value, which suggests that the simulated values are higher than the measured ones. In
contrast, a positive PBIAS indicates that the simulation is lower than the observed value (Boyle et
al., 2000; Gupta et al., 1999).

> (™ —%™)* (100)
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3. RESULTS AND DISCUSSION

3.1. Sensitivity Analysis

This paper aims to assess the effectiveness of a semi-distributed hydrological model (SWAT)
in Bogowonto Upper Watershed in Central Java. This paper was conducted to evaluate the
capability of SWAT hydrological modeling on a tropical watershed and determine the model's
sensitivity to essential parameters. The model was performed during the period of 2010-2013 for
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calibration and 2014-2019 to assess the model performance. The result of runoff and sediment in
2019 was then analyzed to learn the impact of land use on hydrological conditions. The curve
number (CN) of the cultivated land in the research area significantly affected the river discharge
and sediment outputs predicted by the SWAT model. Figure 50 demonstrates the significant impact
of adjusting CN (crop) on discharge for all the watersheds, regardless of whether CN increases or
decreases. Increasing CN value also substantially increases runoff, while decreases in CN will
dramatically reduce the runoff. Runoff'is inversely correlated with available water capacity (AWC),
saturated hydraulic conductivity (KSAT), bulk density, and soil depth. The study revealed that soil
physical characteristics are crucial in determining runoff.

Runoff Sensitivity Analysis SWAT Model Input
Bogowonto Watershed
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Figure 3. Parameter sensitivity analysis prior to runoff in Bogowonto Upper Watershed

Sediment Yield Sensitivity Analysis
Bogowonto Upper Watershed
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Figure 4. Parameter sensitivity analysis prior to sediment yield in Bogowonto Upper Watershed

Figure 3 demonstrates that the sensitivity of parameters in the SWAT model differs in the
Bogowonto Upper Watershed. By applying a 50% increase to each CN input, the model's outcome
experiences a 62% increase. Due to changes exceeding 100% of the input, CN is regarded as highly
sensitive. The vegetation cover (land-use) increases by 50% when the input of changes is increased
by 50%. Therefore, vegetation is regarded as moderately sensitive. Meanwhile, slope variables,
KSat (saturated hydraulic conductivity), and bulk density exhibit a moderate level of sensitivity.
At the same time, AWC (available water capacity) shows a modest level of sensitivity since the
observed variations are approximately 50 percent.
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The sediment yield sensitivity analysis shows a relatively similar pattern where CN, vegetation
cover, and slope are more sensitive than soil depth, K Factor, bulk density, AWC, and KSAT, as
shown in Figure 4. Increases in CN also significantly increase sediment yield, while decreasing CN
will decrease the sediment yield significantly. Sediment yield is inversely proportional to available
water capacity AWC, KSAT, bulk density, soil depth, and K Factor. Although the soil's physical
parameters were found to be critical for sediment yield, the sensitivity was + 17% to 33%, with
59% percent input changes for all watersheds. This condition means that soil properties are
generally slightly sensitive to moderate sensitive in sediment yield simulation. With an input of
50% on CN, the model shows an increase of 47 %. CN is considered moderately sensitive since the
changes are less than 100% of the input. For the vegetation cover (land-use), the result of 50%
changes in the result of changes shows the sediment increase by 58%. Thus, Vegetation is
considered highly sensitive in all watersheds since the changes are more than 100%. At the same
time, slope, KSat, and bulk density are moderately sensitive, and AWC is slightly sensitive since
the changes are approximately 50%.

3.2. Validation

The evaluation of the model's performance indicates that the simulated discharge flows are
being underestimated. This situation is indicated by the positive PBIAS values of 9.7, as reported
by Gupta et al. (1999) and Moriasi et al. (2007). Figure 4 presents a comparison between the
discharge flows derived from the Punggangan gauging station, both from simulations and
observations. The model's performance indicates that it achieves outstanding outcomes. The
analysis reveals the following values: NSE (Nash-Sutcliffe Efficiency) of 0.80, RRMSE (Root
Relative Mean Square Error) of 0.42, R2 (Coefficient of Determination) of 0.82, and PBIAS
(Percent Bias) of 9.7.
3.3. Impact of Landuse on Runoff and Erosion

The effect of land use on the hydrological response at the Upper Bogowonto Watershed was

analyzed individually based on land use. The analysis results showed that land use controls runoff.
The impact of land use on runoff'is shown in Figure 5. The model shows that settlement contributes
38% to runoff, followed by dryland agriculture with 23 % contribution to runoff and rice field by
18%. Figure 5 shows that mixed gardens, shrubland, and forests contribute less to runoff than other
land uses by 8%, 7.7%, and 3.8%, respectively.

Monthly Direct Runoff on each Landuse
Serayu Bogowonto

Hundreds

monthly direct runoff (mm)

| O (] | = o

Figure 5. Runoff on each land use in Bogowonto Upper Watershed

The estimates of the amount of surface runoff generated in the 47 sub-basins were classified into
five surface runoff groups. Using the land-use maps 2019, the model was performed in 2014-2019,
assuming no significant changes. Figure 6 shows that sub-basin 39 falls at class V with very high
runoff. For class IV, the result is shown in the sub-basin numbers 2, 16, 18, 23, 30, 34, 36, 43, and
47. The rest belong to classes I, II, and III. This condition prior to land use was dominant in the
sub-basin area. Figure 6 shows the runoff distribution on each sub-basin.
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Figure 6. Runoff distribution on each sub-basin (A — left) and on each hydrological respond unit
— HRU (B - Right) Bogowonto Upper Watershed

Prior to sediment yield, the effect of land use on the sediment discharge response at the basin
scale was assessed based on model simulation. The results of the analysis showed that the sediment
is also controlled by land use. The impact of land use on the sediment is shown in Figure 7. The
model shows that dryland agriculture contributes to high sediment discharge by 70%, followed by
shrubland by 22%. From the simulation, we can understand that the rice field has a lesser impact
on sediment yield by 4%, while settlement, mixed gardens, and forests have a low contribution to
sediment yield compared to other land uses by less than 2.8%.

Sediment Yield on each Landuse
Bogowonto Upper Watershed
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Figure 7. sediment yield in Bogowonto Upper Watershed prior to Landuse
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The SWAT model was applied to estimate the amount of sediment generated from 47 sub-
basins. The sub-basin sediment was classified into five surface runoff groups. Figure 8-a shows that
sub-basin numbers 1,4,14, and 32 belong to class V with a very high sediment yield. For class IV,
the result shows in the sub-basin of 2,13, 24, 29, and 39. The rest belong to classes I, II, and III.
This condition prior to land use is dominant in the sub-basin area; they are dryland agriculture in
classes IV and V. Figure 8 shows the sediment yield distribution on each sub-basin.

In terms of watershed management, HRU assessments were applied. The results of this study
show that land use plays a dominant role in the sediment yield of the Bogowonto Upper
Watershed. Figure 8-b shows the spatial distribution of sediment contribution prior to land-use
distribution in the form of HRU. We learned that from the HRU, we can select priority areas to
improve watershed response. The best management practice for watershed management is not
solely applied based on sediment in the sub-basin but also considers HRU to perform a precise
action toward watershed management.
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Figure 8. A. Sediment yield on each sub-basin, Bogowonto Upper Watershed, B. Sediment yield
based on HRU

4. CONCLUSIONS

This study investigates the correlation between land use and the occurrence of runoff and
sediment in a tropical environment. The study's results demonstrate that land use significantly
impacts runoff and sediment dynamics in the studied area. The Curve Number (CN) and vegetation
cover are identified as highly sensitive parameters, while the soil physical parameter exhibits
moderate to slightly sensitive characteristics. The findings also indicate that various land use
practices influence the runoff and sediment. The analysis suggests that land use significantly
impacts the amount of runoff. The relationship between land use and runoff reveals that settlements
have the greatest impact on runoff by 38%, followed by dryland agriculture (23%) and rice fields
(18%). However, the model indicates that land uses such as mixed gardens, shrublands, and forests
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contribute less to runoff than other land types by 8%, 7.7%, and 3.8%, respectively. The research
shows that land use also influences sediment. According to the model, dryland agriculture
significantly contributes to sediment discharge by 70%, with shrubland having a medium impact
on sediment by 22% contribution. Based on the simulation, we can conclude that the rice field low
influences sediment yield with a 4% contribution. In contrast, housing, mixed gardens, and
woodlands have a minimal impact on sediment yield compared to other land uses by less than
2.8%. The model's result clearly shows that the SWAT hydrological model is appropriate for
hydrological simulation in tropical environments at a basin scale.
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