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ABSTRACT 

 

Land use and climatic changes potentially affect the surface runoff and inundation in watershed zones. Every year, the 

outflow of the Cimanuk River causes floods across the majority of the upper area as well as the lower area of the Cimanuk 

Watershed. This study aimed to assess the impact of climatic and land use changes on future flood inundation in the Lower 

Cimanuk Watershed using a Rainfall-Runoff Inundation model. Land-use change has been prepared for modeling using a multi-

layer perceptron neural network and Markov Chain approach, while climate change was modelized by using HadGEM2-ES 

global climate model data under scenarios RCP4.5. Result of the research indicate that the forest area was projected to decline 

in this watershed zone, from 19.54% of the total area in 2019 to 17.73% in 2050. Similarly, the area of paddy fields was predicted 

to decline from approximately 34.36% in 2019 to 29.65% in 2050. In contrast, other types of land use such as dryland agriculture, 

mixed dryland agriculture, and settlements were projected to increase in the future. The coverage of the simulated flood 

inundation area using the Rainfall-Runoff Inundation model was estimated to reach 179.4 km2 in 2019. The simulation results 

showed an increase in flood inundation areas in 2030 and 2050, alongside changes in land use and climate. The areas affected 

by flood inundation were estimated to reach 253.3 km2 in 2030. This coverage was expected to increase by 311.9 km2 in 2050, 

with severely affected land uses including settlements, dry land agriculture, mixed dry land agriculture, paddy fields, and ponds. 
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INTRODUCTION 

 

Climate-related disasters such as floods, 

hurricanes, droughts, and heat waves have increased 

worldwide (Thomas and López, 2015), including in 

Indonesia. In particular, flooding is a hydrometeorological 

disaster that often occurs in Indonesia (Asdak et al., 2018; 

Narulita and Ningrum, 2018). Data from the National 

Disaster Management Agency (BNPB) has shown that 784 

floods occurred in 2019. That number increased to 1,080 in 

2020, making floods the most frequent natural disaster 

nationally, resulting in serious social, economic, and 

environmental impacts (BNPB, 2019; BNPB, 2020). The 

dynamics of the earth’s surface water in recent periods, 

marked by the onset of extreme situations, have become one 

of the main causes of flooding disasters. As a result of these 

water patterns, extreme wet rains occur more frequently, 

which then lead to the flooding of lowland areas due to 

surface runoff and the spilling of water from riverbeds 

(Húska et al., 2017). In the case of a watershed, flooding 

occurs when the watershed system receives an unusually 

high rainfall intensity or experiences a prolonged rainfall 

event that leads to an excess streamflow rate beyond the 

channel capacity (Dingman, 1994). 

Land use/cover change and climate 

variability/change are two major factors controlling 

streamflow fluctuation and increased rainfall (Boer and 

Faqih, 2004; Naylor et al., 2007; Berihun et al., 2019; 

Tarigan and Faqih, 2019). Land cover and use changes have 

been widely recognized to pose a threat to water reservoirs 

and watershed management by increasing the intensity of 

surface runoff (Chow et al., 1988; Woldemichael et al., 

2012; Yigzaw and Hossain, 2016). Global warming, 

resulting from an increased concentration of greenhouse 

gases in the atmosphere, will also cause a rise in 

temperatures. Moreover, rainfall is expected to vary 

considerably by region and may become more extreme 

(IPCC, 2017; Thomas and López, 2015). In addition, 

climate change can significantly impact water resources by 

affecting the hydrological process. The changes in 

temperature and rainfall can directly affect the quantities of 

evapotranspiration and runoff components (Alerts and 

Droogers, 2004). In the district of Indramayu, climate 

change was projected to cause an increase in temperature by 

up to 4 ºC, a decline in rainfall during the dry season, and 

an increased intensity of rainfall during the rainy season 

(Faqih et al., 2016). The increased rainfall in the rainy 

season may impact the flooding in watersheds. Thus land 

cover or use changes, when combined with climate change, 

may increase the risk of flooding in watersheds, potentially 

resulting in increased flood events in the future.  

Therefore, to prevent and mitigate flood damage, 

it is important to understand the characteristics of floods and 

their changing patterns as a consequence of changes in land 

use and climatic events. Many studies have been conducted 

to distinguish the roles of land use and climate change in 

water resources (He, 2013). In Indonesia, however, several 

studies have focused on the impact of land use and climate 

change on hydrological processes. For example, Kudo et al. 

(2015) and Nastiti et al. (2016) quantitatively measured the 

impacts of land use and climate change on flood risk 

changes in the Citarum Watershed and Solo Watershed 
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respectively. They found that the inundation areas under 

future climates are expected to be larger than those 

produced by the present climate events. In other studies, the 

impacts of both climate and land use changes were shown 

to cause an increase in the maximum peak discharge in the 

Merangin Tembesi Watershed (Tarigan and Faqih, 2019) as 

well as an increase in runoff and a decline in base flow 

contribution to annual streamflow in the Cimanuk 

Watershed (Ridwansyah et al., 2020).  

The hydrological models used to analyze the 

impact of land use change and climate change on the water 

balance in the above studies were process-based approaches 

using the Soil and Water Assessment Tool (SWAT) and 

Rainfall-Runoff Inundation (RRI) models. Such a process-

based approach requires more data as input and has a high 

level of uncertainty in the context of parameter estimation 

(Xu et al., 2014; Zhang et al., 2016). The SWAT 

hydrological model can validate and correlate the 

relationship between surface water and groundwater using 

the principle of water equilibrium, along with estimating the 

consequences of possible changes (Ridwansyah et al., 

2020). The RRI model can simultaneously simulate the 

runoff within reach of the river and the inundation over the 

floodplain, in order to analyze discharge and inundation in 

the watershed (Sayama et al., 2012). This model also works 

well in areas that often experience a shortage of 

hydrological data, including mountainous regions. In this 

context, this approach uses satellite-based rainfall data to 

estimate the flood runoff and inundation at the watershed 

scale (Sayama et al., 2015; Nastiti et al., 2016). The 

objective of this study is to analyze the impact of changes 

in climate and land use on the future flood inundation areas 

in the Lower Cimanuk Watershed. 

 

MATERIALS AND METHODS 

 

Study Site 

 

The study site was located in the Lower Cimanuk 

Watershed, West Java Province, Indonesia. It is a part of the 

Cimanuk Watershed with an area of 4,011 km2, located in 

the northern part of Java Island. Most of the downstream 

sections of the watershed system are located within the 

administrative districts of Indramayu and Cirebon, as shown 

in Figure 1. The watershed is experiencing rapid land use 

change that has led to an increase in surface runoff 

(Ridwansyah, 2012). 

 

Data Collection 

 

We used the RRI hydrological model to calculate 

the flood inundation area and procedures to estimate the 

flood inundation area can be found in Sayama et al. (2017). 

The input data for the RRI model included the Digital 

Elevation Model HydroSHEDS based on the Shuttle Radar 

Topography Mission data with a grid size of 30 arc seconds 

or approximately 919 x 919 m2; flow accumulation and flow 

direction derived from HydroSHEDS; soil data from global 

data sets available in the model; land use of 2000 and 2015 

from the Ministry of Environment and Forestry; land use of 

2019 from Landsat 8-OLI; and streamflow discharge data 

from Monjot Station belonging to Balai Besar Wilayah 

Sungai of Cimanuk-Cisanggarung (Ministry of Public 

Works and Housing). In addition, we used the daily global 

climate data set from the Climate Hazards Group Infrared 

Precipitation with Station (CHIRPS) data (Funk et al., 

2014). CHIRPS provides a global rainfall data set that has 

been corrected with the observational rainfall data. The 

correction method uses a quantile mapping approach (Piani 

et al., 2010), following the procedures of Jadmiko et al. 

(2017). This rainfall data has a grid size of 0.5 degrees, so 

there were 224 grids in the study area. Flood assessment was 

conducted from April 1 to April 30 in 2019 as a baseline 

(BAU) scenarios, representing the recorded flood event in 

the Lower Cimanuk Watershed in 2019.  

 

 
Figure 1. Study site in West Java Province, Indonesia 

 

Climate Change Scenario 

 

The assessment of climate change was based on 

the emissions projection under the Representative 

Concentration Pathway (RCP) 4.5 scenario (Moss et al., 

2010). Although there are many alternative scenarios, the 

application of RCP4.5 provides a common platform for 

climate models to explore climate system responses to 

stabilize the anthropogenic component of radiation forcing 

(Thomson et al., 2011). Climate change projection was 

simulated using the nonhydrostatic regional climate model 

RegCM (RegCM4). The scheme and simulation process of 

RegCM4 are explained in Faqih et al. (2016). The model 

was run with a spatial resolution of 20 x 20 km2 using initial 

conditions and boundary conditions (ICBC) data, the output 

of the HadGEM2-ES global climate model (Collins et al., 

2011). The outputs of RegCM4 were corrected following 

the procedures from Jadmiko et al. (2017) using the quantile 

mapping approach (Piani et al., 2010).  
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Land Use Change 

 

Land use change was analyzed using 2000 and 

2015 land use maps whose accuracy was assessed using 

Landsat 7 ETM+ images, Landsat 8-OLI images and ground 

truth. Land use predictions for 2030 and 2050 were based 

on the historical trends of land use change for the period 

2000–2015, which were modeled in the Land Change 

Modeler on Idrisi software using the multi-layer perceptron 

(MLP) neural network and Markov Chain (MC) modeling. 

This approach involved change analysis, transition 

potential, and change prediction. The change analysis was 

used to assess changes (i.e., area gains and losses) between 

the land use in 2000 and that in 2015, applying transition 

potential modeling and change prediction to represent the 

time range between these two years. With the application of 

four variables, i.e., distance from roads, distance from 

rivers, population density, and slope, each transition created 

by the change analysis was then used as a sub-model. 

Transition potentials were modeled by a back propagation 

learning algorithm using the MLP. In order to conduct a 

land use change prediction, the MC modeling was applied 

with the predicted years of 2019 for validation, 2030, and 

2050 using all potential transition sub-models (Eastman, 

2012). The validation, based on the kappa value, was used 

to measure the suitability of the 2019 land use prediction, 

with the observed 2019 land use for comparison drawn from 

the visual interpretation of Landsat 8-OLI. The types of land 

use are the same as those in the 2000 and 2015 land use 

maps from the Ministry of Environment and Forestry based 

on SNI 2010:7645 (BSN, 2010). 

 

Model Calibration 

 

Model calibration was conducted to evaluate the 

effectiveness of the simulation in the model. To evaluate the 

performance of the RRI model with respect to the simulated 

and observed discharges, we used a simple Nash-Sutcliffe 

Efficiency (NSE) statistic. The NSE is a normalized statistic 

that determines the relative magnitude of the residual 

variance compared to the measured data variance (Nash and 

Sutcliffe, 1970). The parameters used for the calibration 

were the observed discharge (Q_obs) and simulated 

discharge (Q_sim), formulated as follows: 

𝑁𝑆𝐸 = 1 − ⌊
∑(𝑄𝑜𝑏𝑠 𝑖 − 𝑄𝑠𝑖𝑚 𝑖)

2

∑(𝑄𝑜𝑏𝑠 1 − 𝑄̅𝑜𝑏𝑠)2
⌋ 

where Q_obs is the observed discharge (m3/s), Q ̅_obs is the 

average observed discharge (m3 s-1), and Q_sim is the 

simulated discharge (m3 s-1). 

 

RESULTS AND DISCUSSION 

 

Land Use Change Assessment 

 

The land use in the research location in 2000, 2015 

and 2019 resulting of visual interpretation of Landsat 8-OLI 

images consisted of 9 classes, namely water body, forest, 

settlement, plantation, dryland agriculture, mixed dryland 

agriculture, paddy field, ponds and bare land, with an 

accuracy of a kappa value of 0.95, 0.92 and 0.90 

respectively. The performance of LCM was excellent, with 

a kappa value of 0.94. This meant that land use projections 

could be made for 2030 and 2050. The land use maps for 

the years 2019, 2030, and 2050 are presented in Figure 2. 

Additionally, the changes for each land use category are 

summarized in Table 1. In 2019, the land use in the Lower 

Cimanuk Watershed was dominated by paddy fields, which 

covered approximately 34.36% (658.54 km2) of the total 

area. This was followed by the forest area, covering around 

20.78% (398.25 km2) of the total area. Following this were 

five types of land use, as follows: dryland agriculture 

19.55% (374.61 km2), mixed dryland agriculture 11.23% 

(215.21 km2), settlements 9.56% (183.22 km2), ponds 

2.25% (43.17 km2), and plantations 1.4% (26.89 km2). 

Meanwhile, water bodies and bare land were estimated to 

cover less than 1% of the total area. Paddy fields are found 

in the northern and central parts of the watershed, most of 

which belong to the Indramayu District. This is 

understandable due to the important role of the Indramayu 

District as a producer of rice in West Java. Between 2030 

and 2050, paddy fields and forests were predicted to remain 

the two most dominant land uses in the Lower Cimanuk 

Watershed, although they were projected to experience 

decreases of 7.11% and 5.97% respectively by 2030, and 

further decreases of 13.70% and 14.68% respectively by 

2050. 

In contrast, dryland agriculture, mixed dryland 

agriculture, settlements, bare land, and plantations were 

expected to increase in 2030 and 2050. The largest increase 

was predicted to occur in the case of dryland agriculture, 

from around 13.04% in 2030 to 25.91% in 2050. This 

increase was predicted to partly derive from forest 

conversion. Forests are generally located in the south-

central part of the watershed; between 2019 and 2050, this 

area will be deforested at a rate of approximately 1.99 km2 

per year. The forest area was projected to decline from 

19.54% of the total area in 2030 to only 17.73% in 2050. 

The expansion of settlements and agricultural lands in the 

northern and southern parts of the watershed, along with 

deforestation activities, are expected to be the driving 

factors that affect the hydrological processes and potentially 

increase the runoff (He et al., 2013). 

 

Performance of the RRI model 

 

Streamflow calibration based on the daily model 

shows reasonably good agreement between the simulated 

and observed discharge values (Figure 3). The blue line 

represents discharge (m3 s-1) recorded at the Monjot Station, 

while the red line represents discharge simulated by the RRI 

model. The green bar graph shows the daily rainfall (mm), 

which was derived from the CHIRPS data. The peak of the 

discharge was seen on 8–9 April 2019, which was the date 

of flooding in the Indramayu District. This result shows that 

the RRI model performed well, with an NSE value of 0.66 

(Moriasi et al., 2007). Thus, the model was suitable for 

simulating the relative impacts of land use change and 

climate change on the flood inundation areas in the Lower 

Cimanuk Watershed. We simulated four scenarios for future 

conditions: a) the impact of land use change in 2030 

(LU30), b) the impact of land use change in 2050 (LU50), 

c) the combined impact of land use and climate change in 

2030 (LU-CC30), and d) the combined impact of land use 

and climate change in 2050 (LU-CC50).  
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Impact of Changes in Land Use and Climate on 

Inundation Area 

 

In addition to streamflow discharge, the RRI 

model simulates the water depth (m) on the slopes and 

inundation areas. Figure 4 shows the results obtained from 

the simulations of flood inundation using RRI, which were 

affected by land use changes. There are five scenarios in this 

simulation. In all scenarios, the climate input parameter 

used was based on the 2019 data. Similarly, the input 

parameters of land use categories used in the model were 

based on the 2019 data (BAU), as well as 2030 and 2050 

land use maps (Table 1). The results of the BAU simulation 

show a flow depth of 1 m (Table 2). This finding is in 

agreement with the flood event that occurred in April 2019 

with a flow depth of 1 m. The flood submerged 5 sub-

districts including 8,271 houses and affected more than 

20,000 people. The coverage of simulated flood inundation 

areas reached 179.4 km2, which was spread across several 

areas of the watersheds, predominantly those located in the 

Indramayu District. There was no information on the extent 

of the impact of flooding in that month, the simulated 

inundation area may be overestimated because the 

observation data used in the model is limited. In addition, 

the spatial resolution of DEM used in the model was also 

low (0.5 degree). However, several studies have 

demonstrated that the RRI model tends to underestimate the 

flood inundation area at the watershed scale (Sayama et al., 

2015; Nastiti et al., 2016). The simulation of the LU30 

scenario predicted an increase in the coverage of flood 

inundation areas to 249.8 km2 in 2030. Under this scenario, 

settlements, paddy fields and ponds were three of the most 

affected land use types. Meanwhile, in the simulated LU50 

scenario, whereby the forest area was lower than that in the 

LU30, and the areas affected by flood inundation extended 

to 262.9 km2, most affecting the land use types of 

settlements, agricultural land, paddy fields, and ponds. The 

increase in the coverage of flood inundation areas was 

mainly caused by factors related to land degradation, such 

as lower soil infiltration and increased runoff due to the 

decrease of forest area, both upstream and downstream of 

the watershed. A low infiltration rate will increase the 

surface runoff component and, in turn, will also increase the 

peak discharge (Tarigan and Faqih, 2019). The simulation 

results of this model show the strong impact of land use 

change on the hydrological process in the Lower Cimanuk 

Watershed. These results confirm the findings from several 

previous studies (Nugroho et al., 2013; Ridwansyah et al., 

2020). 

 

 
Figure 2. Land use maps for 2019, 2030, and 2050 in the Lower Cimanuk Watershed 

 

 
 

Figure 3. Comparison of observed and simulated discharge in the Lower Cimanuk Watershed 
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Figure 4. Simulated inundation area based on land use change scenarios 

 
Table 1. Changes in areas of land use in 2019 (baseline), 2030, and 2050 

Land use 
2019 2030 2050 % of change 

km2 % km2 % km2 % 2019 - 2030 2019 - 2050 

Water body 14.03 0.73 14.03 0.73 14.03 0.73 0.00 0.00 

Forest 398.25 20.78 374.46 19.54 339.77 17.73 -5.97 -14.68 
Settlement 183.22 9.56 199.74 10.42 226.27 11.81 9.02 23.50 

Plantation 26.89 1.40 27.14 1.42 27.14 1.42 0.93 0.93 

Dryland agriculture 374.61 19.55 423.45 22.09 471.68 24.61 13.04 25.91 
Mixed dryland agriculture 215.21 11.23 220.22 11.49 223.51 11.66 2.33 3.86 

Paddy field 658.54 34.36 611.71 31.92 568.35 29.65 -7.11 -13.70 

Ponds 43.17 2.25 43.17 2.25 43.17 2.25 0.00 0.00 
Bare land 2.64 0.14 2.64 0.14 2.64 0.14 0.00 0.00 

Total 1,916.56 100.00 1,916.56 100.00 1,916.56 100.00     

 
Table 2. Flow depth, potential flood inundation areas, and affected land uses due to land use change 

Flow Depth (m) 
Inundation Areas (km2) 

Affected Land Uses 
2019 (BAU) 2030 (LU30) 2050 (LU50) 

0.1 - 0.5 102.7 134.9 138.5 Settlements, dry land agriculture, mixed dry land agriculture, paddy fields, ponds 

0.5 - 1.0 76.7 114.9 124.4 Settlements, mixed dry land agriculture, paddy fields, ponds 

Total 179.4 249.8 262.9   

 

The impact of both land use and climate change is 

shown in Figure 5 and Table 3. In all scenarios, both land 

use and climate input parameters for the RRI model were 

adjusted simultaneously. We used the maximum daily 

rainfall from climate change data for the years of 2030 to 

2050. The simulations of LU-CC30 and LU-CC50 scenarios 

showed an increase in the inundation areas in comparison 

with the previous scenarios. In particular, the inundation 

area in the LU-CC30 scenario was predicted to be larger 

than that in the LU30 scenario. The combined impact of 

land use and climate change was predicted to cause an 

expansion of flood inundation areas by 3.5 km2 in 2030 

relative to the LU30 scenario, in which climate change was 

not considered. The predicted increase in the inundation 

area was even greater when the combined impacts of land 

use change and climatic changes were simulated using the 

RRI model. The flood inundation area was predicted to 

increase by 49.0 km2 compared to the scenario of no climate 

change (LU50), while the most affected land uses were 

settlements, agricultural land, paddy fields, and ponds. This 

demonstrates that land use and climate change can affect the 

future extent of flood inundation. However, since the 

increase in the flood inundation areas due to the combined 

impact of both land use and climate changes did not exceed 

the single impact of land use change, it appears that land use 

change has a stronger impact on flood runoff and inundation 

than climate change. Other studies have also shown that 

land use change tends to exert stronger impacts than climate 

change (Xu et al., 2014; Mwangi et al., 2016). 

The findings of this study confirm that land use and 

climatic changes are the main drivers that can potentially 

alter the future streamflow discharge. This, in turn, will also 

affect the future flood runoff and inundation. Therefore, 

better and earlier identification of the impactful 

characteristics of land use and climate change on flood 

runoff and inundation will enable governments to select 

policies and prioritize actions for watershed management. 

As a long-term measure to reduce surface runoff and 

increased infiltration due to the reduction in forest coverage, 

critical lands in the upstream watershed need to be 

reforested and the remaining forest needs to be conserved in 

order to maintain water catchment areas. Reforestation 

programs and the preservation of forest areas are likely to 

reduce peak flood discharges to some extent and slightly 

reduce the peak discharge of a watershed (Szwagrzyk et al., 

2018). In addition, local communities must play a role in 

protecting forested areas. An introduction of good practices 

regarding the management of soil and water conservation 

measures in the agricultural sector for local communities is 

also necessary. These measures can help increase 

infiltration and reduce the rate of sedimentation in the 

watershed. 
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Figure 5. Simulated inundation area based on combined land use and climate change scenarios 

 

Table 3. Flow depth, potential flood inundation areas, and affected land uses due to climate and land use changes 

Flow depth (m) 
Potential inundation areas (km2) 

Affected land uses 
2019 (BAU) 2030 (LU-CC30) 2050 (LU-CC50) 

0.1 - 0.5 102.7 134.3 187.3 Settlements, dry land agriculture, mixed dry land agriculture, paddy fields, 

ponds 

0.5 - 1.0 76.7 119.0 124.6 Settlements, mixed dry land agriculture, paddy fields, ponds 

Total 179.4 253.3 311.9   

 

CONCLUSIONS 

 

The results of the RRI model show a reasonable 

performance with regard to the simulation of streamflow 

discharge in the downstream watershed, as indicated by the 

NSE value of 0.66 (classified as good). Despite using global 

climate data sets, the results of this study also confirm the 

capability of the RRI model to simulate the impacts of land 

use change and climate change on future flood inundation 

areas. Both changes have been shown to significantly 

impact future flood inundation areas. In this study, land use 

change was observed to have a greater impact on inundation 

areas than climate change. Nonetheless, with these two 

factors combined, the increase in flood area in the Lower 

Cimanuk Watershed will likely be higher in the future. As 

has been recommended by many previous studies, it is 

necessary to perform reforestation and protect against forest 

loss in the upstream watershed. It is also important to 

develop good practices with respect to soil and water 

conservation on the agricultural land in the downstream 

watershed. 
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