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Abstract: This study aims to improve the accuracy of the GR4J model in simulating the transformation 
of rainfall into discharge in ten watersheds on Java Island, which are representative of tropical climate 
conditions in developing countries. This study involves collecting daily rainfall and evapotranspiration 
data as model inputs, as well as observed discharge data for calibration and validation. The calibration 
process focuses on minimizing the error between predicted and observed discharge using the Nash-
Sutcliffe Efficiency (NSE) and Relative Volume Error (RVE) metrics. The main focus of this study is to 
adjust the peak time parameter (X4) to match the observed peak discharge time (Tp). The results of the 
analysis show a significant correlation between the X4 values obtained by the model and the observed 
Tp, which allows the development of an adjustment formula in the GR4J model equation. This 
adjustment improves the accuracy of the unit hydrograph simulation both in shape and magnitude, 
allowing the model to better reflect realistic flow conditions. This study concludes that by adjusting the 
peak time parameter, the GR4J model can be optimized to provide more accurate discharge predictions 
in watersheds on Java Island. This increase in accuracy is expected to support more effective water 
resource planning and management in other regions of Indonesia. 

Keywords: Calibration model, GR4J model, Upper citarum watershed, Validation model, Water resources management. 

 
1. Introduction  

River discharge data plays a very important role in designing flood control infrastructure. Accurate 
river discharge is needed to design an effective system to prevent flooding, considering that climate 
change that causes extreme rainfall is increasingly difficult to predict. However, the main problem that 
is often faced is the limited field river discharge data, which makes direct measurement difficult. In this 
context, one alternative that is often used is the use of rainfall data to estimate flood discharge, which of 
course requires conversion from rainfall to discharge. 

Conversion of rainfall to discharge is done using a general flood equation that takes into account 
several factors, such as rainfall intensity, watershed area (DAS), and land cover characteristics in the 
area. These factors play an important role in determining how much water flow occurs after rain falls. 
In addition, the geographical and morphological conditions of an area also affect how water flows 
towards the river. Therefore, collecting accurate data on watershed conditions is very important in the 
conversion process so that the calculation of flood discharge becomes more realistic. 

If rainfall data is not available, one solution is to use synthetic hydrograph analysis to estimate 
discharge. This method allows discharge estimation based on the physical and geographical 
characteristics of the watershed, such as area, river length, and slope gradient. Some synthetic 
hydrograph methods that are widely used in Indonesia for discharge estimation are the Snyder-
Alexejev, SCS, Nakayasu, and HSS ITB methods. Each of these methods has a different approach and 
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calculation, but all have the same goal, which is to provide an accurate picture of the potential flood 
discharge based on the characteristics of the existing watershed [1]. 

Unit hydrograph analysis produced by the GR4J model, developed by  Perrin [2]. The GR4J model 
is one of the popular hydrological models used because of its effectiveness in producing discharge 
estimates with relatively few parameters. This model is a development of the previous model, namely 
GR3J [3]. The advantage of the GR4J model lies in its simplicity in calculation, but is still able to 
provide accurate results, so it is widely used in hydrological analysis to predict river flow in river basins 
(DAS) [4]. 

In this study, the analysis was conducted on ten watersheds in Java. The data used for model 
calibration consisted of daily rainfall data, potential evapotranspiration, and measured river discharge 
data at these locations. Daily rainfall and potential evapotranspiration were taken as the main inputs in 
the model, because these two factors directly affect water flow in the watershed. In addition, measured 
discharge data is also needed to calibrate the model, so that the discharge prediction results produced by 
the GR4J model are closer to the actual conditions in the field. 

The GR4J model has been proven effective in providing accurate estimates, even with limited 
parameters, allowing the application of this model to various types of watersheds (DAS) with different 
characteristics. Therefore, this model is a very useful tool in designing flood control systems, especially 
in areas with limited field data. By using the GR4J model, hydrology practitioners can produce more 
accurate flood discharge predictions, which can then support better decision-making in water resource 
management and flood disaster mitigation [5]. 

One of the important areas to apply hydrological analysis is Java Island, which has unique 
geographical characteristics. The island stretches about 1,000 km from west to east with a maximum 
width of about 210 km, covering an area of 128,297 km². The presence of several active volcanoes that 
contribute to its landscape also plays a role in providing fertile soil, supporting agriculture in various 
regions, especially in the highlands. With such geographical conditions, the topography of Java Island is 
very diverse, ranging from lowlands to mountains, which affect the pattern of water flow in the area. 

The geographical and demographic characteristics of densely populated Java, with more than 156 
million people living on the island, add complexity to natural resource management, including flood 
control. Large cities such as Jakarta, Surabaya, Bandung, and Yogyakarta, which are economic and 
cultural centers, are often exposed to flood risks that can harm the economy [6]. The fertile volcanic 
soils of the Java highlands support productive agriculture, while the more tropical lowland areas 
influence the distribution of rainfall and river discharge. Therefore, it is important to apply accurate 
hydrological models, such as GR4J, to better predict and manage river discharge in these areas. 

The main objective of this study is to optimize the GR4J model parameters by minimizing the 
deviation between the modeled and observed discharge. The modeling process is carried out in two 
stages: calibration and validation. The calibration stage uses daily data for eight years, while the 
validation stage uses data for the following eight years. The GR4J model is implemented using Matlab, 
with algorithms designed to optimize model parameters, compare modeled and observed discharge, and 
minimize deviations using the Nash-Sutcliffe Efficiency coefficient. This study aims to improve the 
accuracy of the GR4J model, so that it is more in accordance with the hydrograph observed in the Java 
watershed, especially in terms of peak discharge time and hydrograph shape. 

 

2. Literature Review 
In this study, several theories related to rainfall-runoff modeling and the use of the GR4J 

hydrological model will be used to explore the application and effectiveness of the model in predicting 
river flow, as well as its impact on water resources management and flood control [7]. The theories 
used will guide the analysis in this study to better understand how the GR4J model functions under 
varying conditions and faces challenges such as uncertainty in rainfall data, climate change, and model 
calibration [8]. By optimizing the application of the GR4J model in hydrological simulation and water 
resources management, especially in flood mitigation and more effective flood control planning. 
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2.1. Rainfall Data Uncertainty and Its Impact on Hydrological Models 
One of the main theories underlying this research is the uncertainty of rainfall data that can affect 

the accuracy of the hydrological model. The quality of rainfall data in improving the efficiency of the 
hydrological model. Inaccuracies in rainfall data can cause significant variations in model parameters, 
which in turn affect the results of river flow simulations [9]. Therefore, this study will use this theory 
to understand how inaccurate rainfall data can affect the performance of the GR4J model in hydrological 
simulations. 

 
2.2. The Impact of Climate Change on Flood Prediction  

Another relevant theory is the impact of climate change on river flood prediction. Climate change 
has the potential to increase the frequency and intensity of floods in the future, making hydrological 
modeling increasingly important [10]. These changes affect the hydrological parameters used in 
models such as GR4J. This study will explore this theory by testing the extent to which the GR4J 
model is able to cope with the challenges posed by climate change, especially in predicting peak 
discharge and flood frequency. 

 
2.3. Comparison of GR4J Model Performance with Other Models 

In the existing literature, Comparison between GR4J and GR2M models, shows that GR4J has a 
slightly better performance in representing rainfall-runoff dynamics. This study will adopt this model 
comparison theory to assess the effectiveness of GR4J in a local context, as well as to understand how 
GR4J can be optimized through proper calibration to improve the accuracy of river flow prediction 
[11]. 

 
2.4. Model Calibration to Improve Simulation Accuracy 

Integration of GR4J with wavelet-based artificial neural networks improves the accuracy of river 
flow prediction. This study will test the theory by calibrating GR4J using more accurate rainfall and 
river discharge data, and comparing its performance with field observations. The right calibration 
technique will be key to ensuring more accurate predictions, especially under variable hydrological 
conditions [12]. 

 
2.5. Use of the GR4J Model in Regions with Extreme Hydrological Characteristics 

Various studies have shown that the GR4J model is very effective in various regions with different 
hydrological characteristics. The model works well in many regions, further calibration is needed, 
especially in regions with extreme hydrological conditions. Therefore, this study will test the 
application of GR4J in regions with diverse hydrological characteristics and provide recommendations 
for model calibration in areas with more extreme conditions [13]. 

 
2.6. Hybrid Approach in Rainfall-Runoff Modeling 

A hybrid approach combining components from the IHACRES and GR4J models to improve the 
accuracy of rainfall-runoff predictions [14]. This theory shows that a combination of several models can 
overcome the limitations of each model and provide better simulation results. This study will test the 
potential of a hybrid approach in the context of the GR4J model to improve river flow prediction and 
flood control. 

 
2.7. Advantages of the GR4J Model Compared to other Models 

The GR4J model has been shown to be superior in representing hydrological processes compared to 
other models such as AWBM and Sacramento, as described in previous studies. Overall, this model has 
excellent performance in predicting river flow in various catchment areas. This study will adopt this 
theory to explore the advantages of GR4J in water resource management applications in areas with 
complex river flow characteristics [15]. 



2648 

 

 

Edelweiss Applied Science and Technology 
ISSN: 2576-8484 

Vol. 9, No. 4: 2645-2666, 2025 
DOI: 10.55214/25768484.v9i4.6635 
© 2025 by the authors; licensee Learning Gate 

 

3. Material and Methods 
This study uses daily rainfall and river discharge data between 2008 and 2023. Rainfall data were 

collected from rainfall stations around the watershed, and discharge data were obtained from several 
measurement points. The GR4J model was used for modeling, calibrated with data from 2008 to 2015, 
and validated with data from 2016 to 2023. Calibration focused on adjusting four main parameters: X1 
(groundwater reservoir capacity), X2 (exchange coefficient between groundwater and rivers), X3 
(subsurface reservoir capacity), and X4 (transfer value), with the aim of minimizing prediction errors. 
 

 
Figure 1. 
Methodology in conducting this research. 

 
Data processing and modeling were performed using MATLAB R2024a, where algorithms were 

applied to optimize the four parameters by minimizing the deviation between predicted and observed 
discharge [16]. This process aims to provide accurate discharge estimates for the Upper Citarum 
Watershed. 
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Figure 2. 
GR4J Programming Interface in MATLAB R2024a. 

 
The results showed that the optimum value obtained did not reach the Nash-Sutcliffe (NS) value of 

one or the Relative Volume Error (RVE) of zero, thus encouraging the use of sensitivity analysis. This 
analysis involves varying each parameter across its range to better understand its impact on model 
performance, with the resulting graph depicting the contribution of each parameter to the GR4J model. 

 
3.1. GR4J Modeling Results 

The GR4J model is a rainfall runoff model designed to optimize four main parameters: maximum 
production storage capacity (X1), groundwater exchange coefficient (X2), maximum runoff storage 
capacity (X3), and peak runoff time of the unit hydrograph (X4). According to Perrin [2] the GR4J 
model has better performance compared to other rainfall runoff models, such as the Tank, 
TOPMODEL, HBV, IHACRES, and SMAR models. This study covers 429 Watersheds (DAS) located 
in tropical and subtropical regions, which shows that the GR4J model is very suitable for application in 
Indonesia which has a tropical climate. 

The GR4J model processes daily rainfall data into runoff through several stages. First, the 
maximum production storage capacity (X1) acts as a surface reservoir that captures rainfall. Soil type 
and porosity determine the capacity of this reservoir, with less permeable soils converting more rainfall 
into runoff. The second parameter, the soil water exchange coefficient (X2), indicates the exchange of 
groundwater within the runoff reservoir, where positive values indicate water inflow and negative 
values indicate water outflow. The third parameter, the maximum runoff storage capacity (X3), serves 
as a subsurface reservoir that stores water produced by percolation. Finally, the fourth parameter, peak 
runoff time (X4), measures the time it takes for runoff to reach its peak after rainfall begins. 

Figure 3 shows the operational diagram of the GR4J model, with water volume expressed in 
millimeters (mm). The model uses daily rainfall (P) and evapotranspiration (E) data to calculate net 
rainfall (Pn) and net evapotranspiration (En). If P is greater than or equal to E, then Pn is equal to P 
minus E, and En is equal to zero. Conversely, if P is less than or equal to E, then En is equal to E minus 
P, and Pn is equal to zero. 
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Figure 3. 
GR4J rainfall-runoff model diagram [2]. 

 
The next step involves updating the production storage based on net rainfall. Percolation (Perc) is 

then calculated, which contributes to the route storage. The water entering the route storage is divided 
into fast flow (UH1) and slow flow (UH2), with 90% managed by UH1 and the remaining 10% by UH2. 
This arrangement allows the GR4J model to effectively represent both fast and slow hydrological 
processes. 

GR4J model calibration and validation assist in the refinement of parameter values, ensuring the 
model provides a realistic representation of river flow under varying hydrological conditions. Accurate 
parameter tuning is critical to optimize the model's ability to predict discharge and capture runoff 
dynamics effectively [17]. 

To obtain the modeled discharge, this study uses Matlab R2024a software, where the program code 
is written using an algorithm as shown in Figure 4. The algorithm works by finding the optimal 
parameter value through an iterative process (looping) for each parameter, with an increase in a certain 
range. 
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MULAI

INPUT DATA

(Curah hujan harian (P), 

Evapotranspirasi potensial (E))

For x1=100 to 1200

For x2=-5 to 3

For x3=20 to 300

For x4=1.1 to 2.9

S=0.4*x1;

p>=e

pn=p-e;             

en=0;

ps=(x1*(1-(S/x1)^2)*tanh(pn/   

    x1))/(1+(S/x1)*tanh(pn/x1));

es=0;

en=e-p;            

pn=0;           

es=S*(2-S/x1)*tanh(en/x1)/

   (1+(1-S/x1)*tanh(en/x1));            

ps=0;

S=S-es+ps;

perc=S*(1-(1+((4/9)*(S/x1))^4)^(-0.25));

S=S-perc;

pr=perc+pn-ps;

pr9=0.9*pr;

pr1=0.1*pr;

A B C D

No

Yes

E

t<=x4+1 sh2(t)=0.5*((t-1)/x4)^2.5;

t<2*x4+1
sh2(t)=1-0.5*((2-(t-1)/

x4)^(2.5));

sh2(t)=1;

t<=x4+1 sh1(t)=((t-1)/x4)^(2.5);

sh1(t)=1;

Yes

Yes

No

Yes

No

No

uh1(t)=sh1(t)-sh1(t-1);

uh2(t)=sh2(t)-sh2(t-1);

qu9=qu9+pr9(i-j+2)*uh1(j);

qu1=qu1+pr1(i-j+2)*uh2(j);

Q9=qu9

Q1=qu1

R=0.4*x3;

F=x2*(R/x3)^3.5;

R=max(0,R+Q9+F);

Qr=R*(1-(1+(R/x3)^4)^(-0.25));

R=R-Qr;

Qd=max(0,Q1+F);

Q=(A/(24*3.6))*(Qr+Qd);

CEK SIMPANGAN

SELESAI

A B C D E

SIMPANGAN MINIMUM

X1,X2,X3,X4 OPTIMUM

 
Figure 4. 
GR4J rainfall-runoff model algorithm in MATHLAB R2024a. 

 
3.2. Model Calibration 

To calibrate the model and obtain optimal parameter values, daily discharge data at the watershed 
outlet were used. The error between the modeled and observed discharge was calculated using the 
Nash-Sutcliffe Efficiency (NSE) and Relative Volume Error (RVE) coefficients. The NSE method 
assesses the similarity between observed and modeled discharge, where a value of 1 indicates a perfect 
match. 

𝑁𝑆𝐸 = 1 −
∑ (𝑋𝑖−𝑌𝑖)

2𝑛
𝑖−1

(𝑋𝑖−�̅�𝑖)
2     (1) 

The NSE method assesses the similarity between observed and modeled discharge, with a maximum 
value of 1 indicating a perfect match. 

 
Table 1. 
Nash-Sutcliffe efficiency (NSE) value criteria. 

NSEMark Interpretation 

NSE> 0.75 Good 
0.36 < NSE < 0.75 Quality 

NSE< 0.36 Not eligible 
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The general equation for relative volume error is stated as follows. 

𝑅𝑉𝐸 =
∑(𝑄𝑠𝑖𝑚−𝑄𝑜𝑏𝑠)

∑(𝑄𝑜𝑏𝑠)
    (2) 

 
The median and 80% confidence intervals of the GR4J parameters are stated in Table 2 below. 

 
Table 2. 
Median model parameter values and 80% confidence intervals of estimates. 

 Median value 80% confidence interval 

X1(unit of measurement) 350 100 – 1200 

X2(unit of measurement) number 0 – 5 to 3 

X3(unit of measurement) 90 20 – 300 

X4(day) 1.7 1.1 – 2.9 

 

4. Result and Discussion 
4.1. Overview of the Research Site 

The general equation for relative volume error was also used to evaluate model performance. 
Medians and approximately 80% confidence intervals for the GR4J model parameters are summarized in 
Table 2, which shows values for parameters X1, X2, X3, and X4, along with their respective ranges. 

The calibration process is repeated to ensure optimal results. At each iteration, parameter values are 
adjusted to minimize prediction errors. If an iteration results in a smaller deviation than the previous 
value, the parameters are updated accordingly. If the deviation increases, the previous value is retained. 
This approach helps to fine-tune the model parameters to achieve better prediction accuracy in terms of 
discharge. 

 
Table 3. 
Optimum values of GR4J parameters and their deviations for Nanjung Station. 

Coefficient 
(2008 – 2015) (Year 2016 – 2023) 

NSE RVE(%) NSE RVE(%) 

X1 462.76 

0.82 0.07 0.65 32.38 
X2 3.34 

X3 19.55 

X4 1.23 

 
Table 3 shows the optimum values of GR4J parameters and their deviations for Nanjung Station in 

two different periods, namely 2008 to 2015 for calibration and 2016 to 2023 for validation. In the 
calibration period, the Nash-Sutcliffe efficiency coefficient (NSE) reached 0.82, while in the validation 
period it decreased to 0.65. This shows that the GR4J model provides quite good results in predicting 
river discharge in the calibration period, although there is a decrease in performance during validation. 
In addition, the RVE (Relative Volume Error) value in the calibration period is 0.07%, which indicates a 
very small deviation between the observed and modeled discharge. However, in the validation period, 
the RVE increases to 32.38%, indicating a greater discrepancy in predicting discharge in those years. 
Nevertheless, the results of this analysis still show that the GR4J model is effective for use in 
hydrological analysis in the studied area, especially in Java Island, with the potential for improvement 
through further calibration to increase prediction accuracy in newer periods [18]. Figure 5, which 
compares observed and modeled discharge, illustrates how optimized parameters can minimize the 
deviation between the two. 
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Figure 5. 
Observed discharge vs modeled discharge (2008–2015). 

 
The figure shows a comparison graph between the observed data and the modelled data for the 

period 2008-2015. The horizontal axis represents time in days, while the vertical axis shows discharge 
(in m³/s). The graph depicts the pattern of daily discharge variation with significant fluctuations 
reflecting changes in water flow during the period. The modelled data is shown by the red line, while 
the observed data is shown by the blue line. Both datasets show similar general patterns, although there 
are minor differences at some points, which may indicate a discrepancy between the model results and 
the actual data. This plot helps analyze the accuracy of the model in replicating the observed data [19]. 
 

 
Figure 6. 
XY streamflow plot comparing observed and modeled discharge (2008–2015). 
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This figure is a scatter plot comparing the observed streamflow on the horizontal axis with the 
calculated or modeled streamflow on the vertical axis, both in mm/day. The graph shows the 
distribution of the data with most of the points concentrated near the origin (0,0), indicating that most 
of the flows are in the low range. This pattern of distribution of the points indicates a positive 
relationship between the observed and calculated data, where an increase in observed streamflow is 
generally followed by an increase in calculated flow [20]. However, there are deviations at some points, 
especially at high flow values, which may reflect the limitations of the model in predicting peak flows. 
This scatter plot is important to evaluate the performance of the model in replicating actual data. 

To validate the model, the optimal parameters obtained from the previous modeling were applied to 
model data for the next eight years, from 2016 to 2023. Figure 7 compares the observed discharge with 
the modeled discharge using data from 2016 to 2023. These validation results further confirm the 
effectiveness of the GR4J model in capturing the hydrological dynamics that occur, as well as its ability 
to produce accurate predictions in the context of river basins in Indonesia. 
 

 
Figure 7. 
Observed discharge vs modeled discharge (2016–2023). 

 
This figure shows a comparison between the observed and modelled discharge data for the period 

2016-2023. The horizontal axis represents time in days, while the vertical axis shows water discharge in 
m³/s. The blue line represents the observed data, while the red line represents the modelled data. This 
graph shows the pattern agreement between the observed and modelled data, although there are small 
differences in some points. The similarity of this pattern indicates that the model used has the ability to 
replicate the actual data, although the model accuracy in this period seems to be slightly lower 
compared to the previous period (2008-2015), as can be seen from some more obvious deviations. This 
evaluation is important to assess the performance of the model in predicting streamflow under various 
hydrological conditions [21]. 
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Figure 8. 
XY streamflow plot comparing observed and modeled discharge (2016–2023). 

 
A scatter plot graph with blue dots spread across a certain area. The horizontal (x) and vertical (y) 

axes have ranges that indicate the correlation or relationship between the two variables being measured. 
The density of dots in the lower left part of the graph indicates that much of the data is concentrated in 
areas with small x and y values, while the scattered dots in the upper right part indicate that there are 
some data with higher x and y values. This graph is used to identify patterns or trends in data, 
including linear, non-linear, or outlier relationships [21]. 

 
4.2. Peak Time Parameter Adjustment 

To evaluate the agreement of the GR4J model with actual field conditions, the X4 parameter, which 
represents the peak time, was compared with the average value obtained from the actual hydrographs 
recorded by each Automatic Water Level Recorder (AWLR). More than 100 hydrographs were 
analyzed, ensuring that they met the criteria for a complete cycle. The average peak time (Tp) of these 
hydrographs was 6.85 hours. Normal distribution analysis showed that the Tp values ranged from 5.85 
to 7.85 hours, with a probability of 68.26%, indicating that most values were within this range. The 
average Tp was consistent for the Upper Citarum Watershed, with similar calculations applied to other 
watersheds in Java Island. 
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Table 4. 
Optimum values of GR4J parameters and their deviations. 

No. Watershed 
Area 
(km²) 

NS RVE 
X1 
(unit of 
measurement) 

X2(unit of 
measurement) 

X3(unit of 
measurement) 

X4(day) But(O'clock) 

1 Cibeka 434.06 0.63 2.88E-06 2797.63 1.90 76.87 1.01 6.47 

2 Cukangleus 552.85 0.64 -4.60E-08 515.55 13.99 71.91 1.12 7.05 
3 Cimuntur 621.00 0.71 -9.14E-08 913.98 2.89 20.37 1.14 6.72 

4 Guy 241.96 0.47 -1.44E-06 1652.43 2.04 10.35 1.09 3.54 

5 Girimargo 104.61 0.39 1.19E-07 466.38 3.19 38.81 1.93 3.28 

6 
The 
Longhorn 

70.45 0.36 -4.06E-08 1409.51 1.75 6.81 0.50 3.12 

7 
Majalaya 
language 

204.62 0.53 -3.85E-07 1352.89 4.12 at 33.30 1.07 4.74 

8 R Complex 111.19 0.50 2.30E-08 35.63 33.69 86.14 0.99 4.86 

9 
Old 
Fashioned 

1350.14 0.73 5.99E-08 1339.43 3.78 14.46 1.27 4.98 

10 South 1756.42 0.82 -6.99E-02 462.76 3.34 19.55 1.23 6.73 

 
This table shows the optimum values of GR4J parameters and their deviations for different 

watersheds. Each watershed has a different size, ranging from 70.45 km² to 1756.42 km². The Nash-
Sutcliffe (NS) value and relative volume error (RVE) provide an idea of how well the model fits the 
observed data in each watershed. The GR4J model parameters including X1, X2, X3, X4, and Tp each 
show different values in each watershed, which are related to the various physical and climatic 
characteristics of the area [20]. In the Cibeka watershed with an area of 434.06 km², the NS value is 
0.63 and the RVE is 2.88E-06, indicating relatively good accuracy in river discharge modeling. On the 
other hand, in the smaller Guwo watershed with an area of 241.96 km², the NS value is lower at 0.47 
and the RVE is -1.44E-06, indicating a larger deviation between the model and observation data. This 
indicates that the GR4J model results are more accurate in watersheds with certain conditions, while in 
other areas there may be higher prediction errors [22]. Deviation of GR4J parameter values (such as 
X1, X2, X3, X4, and Tp) shows significant variation between regions. For example, X1 in Cibeka 
Watershed has a value of 2797.63, while in Dayeuh Kolot Watershed it reaches 1339.43, reflecting 
differences in river flow characteristics and responses to model parameters. The Tp parameter, which 
describes the peak time, also varies between 3.12 hours in Jenglong Watershed to 7.05 hours in 
Cukangleus Watershed, indicating differences in river flow response time to rainfall in each region. The 
differences in these values reflect the importance of adjusting the GR4J parameters appropriately for 
each watershed. The optimum values obtained from model calibration and validation can help improve 
future hydrological predictions, which are very important for water resource management planning and 
natural disaster mitigation such as floods [23]. However, the variation in these values also confirms 
that model accuracy can be influenced by local factors specific to each watershed. 

The modeling results show a difference between the modeled Tp value and the actual Tp value 
obtained from the observed hydrograph. Figure 9 illustrates the relationship between the X4 parameter 
and the observed Tp value. 
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Figure 9. 
Relationship between x4 and actual peak time average. 

 
There is a significant relationship between the difference in Tp from the modeling results and the 

observed Tp, which is expressed as y = –0.02x + 0.31. This relationship facilitates the adjustment of the 
general GR4J modeling equation for the unit hydrograph. 

 
4.3. Unit Hydrograph Adjustment 

After determining the peak time adjustment equation, the next step is to adjust the hydrograph 
shape so that it can accurately describe the watershed unit hydrograph. According to Soemarto [24] the 
S curve is a direct runoff hydrograph resulting from continuous rainfall with constant intensity and 
unlimited duration. 

The S-curve for a watershed can be obtained from its unit hydrograph over a given period. 
Continuous rainfall consists of an infinite series of rainfall events, each of constant intensity for a given 
duration. Thus, the effect of continuous rainfall can be represented by summing the ordinates of an 
infinite series of hydrographs, each shifted by one period. 

To convert a unit hydrograph of duration t1 to a unit hydrograph of a different duration t2, the S-
Curve method is used. The conversion is achieved by plotting an S-Curve based on the original unit 
hydrograph (referred to as S-Curve) and then plotting another S-Curve (S-Curve) shifted t2 hours to the 
right. The difference in ordinates between S-Curve and S-Curve at any point corresponds to the 
ordinate of the unit hydrograph for duration t2, where its height is expressed as (t1/t2)d, where d 
represents the height of the unit hydrograph for duration t1. 
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Figure 10. 
Rainfall and Water Discharge in the Upper Citarum River Basin (DAS). 

 
From the rainfall events that occurred between April 3 and April 7, 2019, five different hydrographs 

were generated. Baseflow was subtracted from each hydrograph to isolate the contribution of each 
rainfall event. The following figure illustrates the five rainfall events after baseflow adjustment. 
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Figure 11. 
Rainfall Event 1 – Rainfall Event 5. 

 
Of the five separate rainfall events, the fifth event was selected for unit hydrograph analysis because 

of its characteristics that are representative of the hydrological response of the watershed in general. 
The effective rainfall recorded during this event occurred over three-time intervals of three hours each, 
with effective rainfall intensities of 0.17 mm, 1.01 mm, and 0.39 mm. These data were used to analyze 
the relationship between effective rainfall and the resulting surface runoff. The hydrograph generated 
from this event was then developed into a unit hydrograph, which is a representation of the runoff due 
to a 1 mm rainfall evenly distributed across the watershed. This unit hydrograph provides an overview 
of the hydrological behavior of the watershed to rainfall and is very useful for predicting runoff from 
other rainfall events. To refine and improve the unit hydrograph, the S-Curve method was used. This 
method allows for a more detailed analysis by integrating the runoff discharge values so that it can 
describe the cumulative runoff over a longer period of time. The resulting S-Curve hydrograph reflects 
the capacity of the watershed to respond to overall rainfall and provides an effective tool for applications 
in water resources planning, flood mitigation, and watershed management. This method also helps in 
ensuring that the resulting watershed hydrological response is accurate and consistent with field 
conditions. 
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Figure 12. 
Unit hydrograph observed in the Upper Citarum Watershed. 

 
Figure 12 presents the observed unit hydrograph for the Upper Citarum River Basin, with a volume 

under the curve of 1,756,421 m³ and a rainfall depth of 1 mm. This unit hydrograph reflects the 
characteristics of the watershed and can be used as a reference to adjust the unit hydrograph generated 
by the GR4J model. In particular, the shape of the observed unit hydrograph differs significantly from 
that generated by the GR4J model, which is generally triangular. This difference indicates the need to 
adjust the unit hydrograph equation of the GR4J model to better align with the observed data. Such 
adjustment is essential to improve the accuracy of the model in representing river flow dynamics, so 
that the GR4J model is more effective for water resources analysis, including flood planning and flood 
risk management. 

In order to produce a hydrograph that closely matches the desired curve, a fitting method is applied. 
This approach modifies the model output to better match the observed data, resulting in more 
representative results. As a result, new equations (7) and (8) are derived, which provide a more precise 
relationship between the variables involved. This fitting serves as a basis for further hydrological 
analysis and evaluation. Figure 13 illustrates the fitted unit hydrograph obtained from the GR4J model, 
which has been modified to approximate the observed hydrograph shape. 

 

 
Figure 13. 
Modified GR4J UH vs UH modeling in the Upper Citarum Watershed. 
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4.4. Unit Hydrograph Adjustment Procedure 
This procedure outlines the steps required to modify the unit hydrograph obtained from GR4J 

modeling to better align with the observed unit hydrograph. 
(1) X4obtained from the GR4J modeling results. 
(2) The relationship between X4 and the observed peak time is y = –0.02x + 0.31. 
(3) To obtain unit hydrographs (UH) from GR4J modelling [2] 

𝐹𝑜𝑟 0 < 𝑡 < 𝑋4, 𝑆𝐻𝐺𝑅4𝐽 =
1

2
(
𝑡

𝑋4
)

5

2
  (4) 

𝐹𝑜𝑟 0 < 𝑡 < 2𝑋4, 𝑆𝐻𝐺𝑅4𝐽 = 1 −
1

2
(2 −

𝑡

𝑋4
)

5

2
 (5) 

𝑈𝐻𝐺𝑅4𝐽(𝑡) = 𝑆𝐻𝐺𝑅4𝐽(𝑡) − 𝑆𝐻𝐺𝑅4𝐽(𝑡 − 1) (6) 

(4) To get a new UH that is in Indonesian. 

𝐹𝑜𝑟 𝑡 ≤ 𝑇𝑝 → 𝑦(𝑡) = 10(

 
 −1

(
𝑡
𝑇𝑝
)

(1−(
𝑡

𝑇𝑝
))

)

 
 

2

 (7) 

𝐹𝑜𝑟 𝑡 > 𝑇𝑝 → 𝑦(𝑡) = 10
((−0.0431)[1−(

𝑡

𝑇𝑝
)])

2

 (8) 

To get discharge during floods, 

𝑄𝑝 =

𝐴𝐷𝐴𝑆
35.9𝑇𝑝

3600
     (9) 

 
To develop new UH, 

( ) ( ) pQtytQ •=
     (10) 

𝐴𝐻𝑆𝑆 = ∑ 𝑄(𝑡)𝑛
𝑡−1     (11) 

𝑈𝐻𝑛𝑒𝑤(𝑡) =
𝑄(𝑡)

𝐴𝐻𝑆𝑆
    (12) 

 
From this adjusted unit hydrograph, a design flood hydrograph can be generated for a given 

recurrence interval. This section presents examples of designed flood hydrographs for the Upper 
Citarum watershed, corresponding to 5-year, 20-year, and 25-year recurrence intervals. The recurrence 
interval discharge is calculated based on sorted statistical data to obtain the probability of peak 
discharge occurring for the specified interval. 

This flood hydrograph is created using the following equation after the planned discharge value for 
a particular year is determined: 

𝑄5𝑦𝑟 = 520𝑚/𝑠 

𝑈𝐻5𝑦𝑟(𝑡) = 𝑈𝐻𝑛𝑒𝑤(𝑡)
𝑄5𝑦𝑟(𝑡)𝐴𝐻𝑆𝑆

𝑄𝑝
   (13) 
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Figure 14. 
Hydrographs with flow recurrence intervals of 5, 20, and 25 years. 

 
Figure 14 shows the hydrographs generated with recurrence intervals of 5, 20, and 25 years, which 

show very similar results to the observed hydrographs obtained from the previous unit hydrograph 
analysis. The high agreement between the hydrographs generated by the GR4J model and the 
observational data strengthens the evidence that this model is reliable for predicting river flows under 
flood scenarios with a reasonable degree of accuracy [23]. This reflects the model's ability to represent 
river flow characteristics realistically despite variations in flow scenarios based on different time 
intervals. In addition, the results of this study indicate that adjustments to the unit hydrograph can 
improve the model's ability to describe river flow behavior more accurately [25]. This adjustment 
allows the model to reflect changes in flood flow intensity and duration that are more in line with field 
conditions. This aspect is critical for effective water resources management, where a proper 
understanding of river flows can assist in flood risk mitigation planning [23]. 

By using design hydrographs based on analyzed data, hydrologists can make more informed, 
evidence-based decisions in planning flood prevention and mitigation measures [22]. With more 
accurate information about possible peak discharges and flow durations, infrastructure planning, such as 
flood control, dam construction, and drainage system design, can be done more efficiently [26]. 
Therefore, the application of the GR4J model in this hydrograph design scenario not only contributes to 
improving the accuracy of hydrological forecasting, but also supports better flood risk management and 
data-based decision making for environmental sustainability and public safety [27]. 
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Figure 15. 
Peak Time Relationship Model of GR4J Model. 

 
The above pattern of development of findings and novelty resulting from this study, important 

findings resulting from this study, which not only improve the understanding of the GR4J model, but 
also contribute to the development of more accurate unit hydrograph adjustment methods and flood 
hydrograph design. 

1. GR4J Model Calibration and Validation Process. In this study, the GR4J model calibration and 
validation process was carried out in two different time periods, namely 2008-2015 for calibration 
and 2016-2023 for validation. During the calibration process, model parameters were adjusted by 
optimizing the relative volume error (RVE) and Nash-Sutcliffe efficiency (NSE) to improve the 
accuracy of model predictions. In the validation stage, the parameters obtained from the 
calibration were used to predict river discharge in a more recent period and compared with 
observational data. The novelty found was the application of an iterative calibration and validation 
process aimed at improving model accuracy, as well as evaluation using two different time periods. 

2. Comparison of Observed and Modeled Discharge (2008-2023). The comparison chart of observed 
and modeled discharge shows how the GR4J model results compare to the observed data in two 
time periods, 2008-2015 and 2016-2023. The graph shows the agreement between observed and 
modeled discharge, as well as the deviations that occurred during validation. The decrease in the 
efficiency of the GR4J model in the validation period indicates that the model is not always able to 
accurately predict river discharge under certain conditions. The novelty of this finding is the 
analysis of the differences between observed and modeled discharge in two different time periods, 
which provides deeper insight into the weaknesses of the model in certain periods. 

3. Relationship Between X4 Parameters and Peak Time (Tp). This study also identified a 
mathematical relationship between the modeled X4 parameters and the observed peak time (Tp). 
The resulting graphs show how these parameters can be used to adjust the peak time in the GR4J 
model to better reflect field data. The application of this mathematical relationship allows for 
better adjustment of the peak time, so that the GR4J model can produce more accurate 
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predictions. The novelty found is the use of mathematical relationships for peak time adjustment 
in the GR4J model, as well as the implementation of this adjustment in unit hydrograph modeling. 

4. Unit Hydrograph Adjustment Process. The adjustment of the GR4J unit hydrograph for a 
particular watershed is carried out through three main steps: first, determining the unit 
hydrograph from the GR4J modeling; second, using the adjustment equation to obtain a more 
accurate unit hydrograph; and third, generating a design flood hydrograph. This adjustment 
process is important to ensure that the GR4J model can better match the observed data. The 
novelty in this study is the application of the S-Curve method for unit hydrograph adjustment, as 
well as the development of a design flood hydrograph based on certain recurrence intervals (e.g., 
5, 20, and 25 years), which is useful for infrastructure planning and flood risk mitigation. 

5. Design Flood Hydrograph Results and Rainfall and Water Discharge Adjustment. In this study, 
the design flood hydrograph was calculated with different recurrent flow intervals (5, 20, and 25 
years), and the results were compared with the observed and modeled discharges. In addition, an 
analysis was also conducted on the relationship between rainfall and water discharge in the Upper 
Citarum Watershed, using five rainfall events to develop a unit hydrograph. The novelty found is 
the effective use of rainfall data in developing a more representative unit hydrograph, as well as 
the application of the S-Curve method for cumulative runoff analysis over a longer period. This 
provides more accurate insights in designing the design flood hydrograph for better infrastructure 
planning. 

 

5. Conclusion  
The results of this study lead to several key conclusions. The GR4J model has proven to be 

effective.as a rainfall-runoff modeling tool that can predict discharge by utilizing four independent 
variables. One of the key parameters produced by this model is X4, which is the peak flood time (Tp). 
The calibration results show that the Nash-Sutcliffe (NSE) value reaches 0.82 for the calibration data 
and 0.65 for the validation data, indicating that this model performs well in estimating discharge. 
However, in the case study in Java, there is a difference between the modeled and observed peak times. 
This indicates the need for adjustments to align the modeled Tp with the observed Tp more accurately. 
A relationship is found between the modeled Tp and the observed Tp, which is expressed in the 

equation𝑦= −0.02𝑥+ 0.31, with Tp measured in days. The GR4J model has been proven to be effective 
in hydrological analysis, especially in the studied areas, such as the Citarum region. Nevertheless, the 
comparison between observed and modeled discharge shows good agreement, although further 
adjustments are still needed to improve the prediction accuracy. 

Based on the results of this study, there are several suggestions for further research. First, the scope 
of the study can be expanded by involving more watersheds, especially outside Java, to obtain a more 
general picture and capture the diversity of characteristics in various watersheds. This study is limited 
by the availability of data that only covers 10 watersheds in Java. Furthermore, the focus of the study 
can be expanded to natural river systems to ensure that the observation data reflects the true 
characteristics of the watershed without being influenced by artificial modifications in water discharge. 
This will help produce more accurate and relevant models to real conditions. Finally, it is recommended 
to develop a more comprehensive methodology in data collection and analysis, including the use of 
modern monitoring technology that can provide more accurate data on rainfall and water discharge. 
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