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Abstract: The uncertainty in climate can result in droughts, extreme floods and an imbalance
in agriculture, natural resources and ecosystem. Special attention should be given to
operations management, reservoirs and water catchment to address water-related issues
arising from climate change. The purpose of this study is to evaluate a rainfall-runoff model
and to assess the runoff potential for the catchment, to calibrate and validate the model, and
to use the calibrated values for future hydrological research. The Hydrological Modelling
System (HEC-HMS) is used to simulate rainfall-runoff processed in the watershed. The
rainfall data for this study were obtained from the Department of Irrigation and Drainage
(DID) Malaysia, covering from the year 2007 to 2018. There are three rainfall gauging
stations and one stream-flow data stations in the study area. The rainfall-runoff simulation
has been conducted using different data set for calibration and validation. Preliminary data
shows that there is a clear difference between the observed and simulated peak flows. Model
calibrations with the optimization process and sensitivity analysis were performed to obtain
the optimal parameters for this watershed. The values of the parameters obtained and model
validation using optimized parameter values from the calibration curve show a reasonable
difference in peak flow. Generally the results of the study showed a good simulation between
observed and estimated value with NSE = 0.85, R? = 0.86, relative error peak = -4.14% and
relative error volume = -22.5%. This study intended to help managers of the river basin and
related agencies to forecast and analyze management options for conducting planning and
potential measures of the river basin.
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1. Introduction

In the 21% century and the coming years, climate change contributes to global
warming and affects life on earth (Jaybhaye, 2014). The consequences of climate change and
global warming are now in the form of high temperatures and weather patterns that are
unpredictable. Droughts and extreme flooding can be triggered by weather instability.
Agriculture, natural capital and habitats can be extremely affected (Yener, 2008). In most
cases, however, land use planning and inadequate soil management practices can adversely
affect the amount and quality of surface runoff by decreasing the covering of the soil,
resulting in water absorption and consequently increasing the amount of surface runoff.

There are various methods available for estimating river flows from catchments,
using as much data as possible, or using empirical and statistical techniques to estimate river
discharge. The Hydrology Modeling System HEC-HMS, developed by the US Army Corps
of Engineers Hydrologic Engineering Center (HEC) as an integrated modeling tool for water
flow hydrological processes. The system includes losses, runoff transform, open-channel
routing, meteorological data analysis, rainfall-runoff simulation and parameter estimation.
HEC-HMS has become very popular and adopted in many hydrological studies because of its
ability to simulate and run both in short and long time events, its simplicity to operate and use
the usual method (Halwatura, 2013). Hydrographs developed by HEC-HMS either directly
or together with other software is used for urban drainage studies, water availability, future
urbanization effects, flow forecasts, flood mitigation, flood regulation, and system operation
(US Army Corps, 2015).

Previous studies on HEC-HMS have proven its ability to simulate and predict flows
based on different datasets and capture types (Chu & Steinman, 2009). Almost all of these
studies explicitly demonstrate that the outcomes of the model simulation are in specific
locations and various combinations of a set of models that were comprising of loss methods,
runoff method and basic flow separation techniques (Zelelew & Melesse, 2018). Nuramidah
et al. (2011) using the HEC-HMS model to simulate river flow in the Kurau River sub-basin,
Perak. Nadiatul & Nuramirah (2014) using HEC-HMS for Estimating discharge in gauged
and ungauged stations in Kuantan river basin using Clark method. Majidi and Shahedi
(2012), using HEC-HMS and Green-Ampt Method to Simulate of Rainfall-Runoff process in
Abnama Watershed, Iran. Many fields of study have used the HEC-HMS model and the
results obtained were satisfactory. The HEC-HMS software was used in this study, since it
has been used extensively for rainfall-runoff modeling. Without denying other applications,
HEC-HMS is easier available for free and easily accessible from the internet.
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The HEC-HMS model has been tested and calibrated worldwide, but each catchment
area requires its calibration to determine the exact parameters for a catchment. Each
catchment area has different conditions such as land cover, different soil types and so on.
These differences will cause the value of the parameter to be different for each place. The
agricultural area of the Dungun River Basin is not spared from undetermined flood disasters,
especially in the lowlands. Therefore, the precise estimation of the peak flow and the volume
of the discharge from storm events are very important to control soil erosion, water
conservation and provide appropriate measures for future flood protection. This study aims
to develop a rainfall-runoff model, to evaluate the catchment runoff potential and to calibrate
and validate the model than to use the calibrated parameter values for future hydrological
research.

2. Materials and Methods

2.1 Study Site

Dungun River Basin is in the district of Dungun at Terengganu State in Peninsular
Malaysia. The basin covers an area of 1463.34 km? of catchment areas with a river length of
about 75 km, starting from a reserved forest area in Kuala Berang via agricultural land in
Jerangau, Dungun town, towards the South China Sea. The Dungun River Basin is divided
into three sub-basins, which are around 405.54 km? in sub-basin 1, 444.53 km? in sub-basin 2
and 613.27 km? in sub-basin 3. Each sub-basin has a one rainfall gauge. These rivers flow
through major rural, agricultural, urban and industrial areas in the Dungun District and
flowing into the South China Sea. Figure 1(a) below shows the Dungun River basin.

(a) (b)

Figure 1. Location of (a) Dungun river basin and (b) Basin Model of Dungun catchment with hydro
meteorological stations. (R1 = rain gauge id no. 4529001), (R2 = rain gauge id no. 4730002), (R3= rain gauge
id no. 4832011 and (SF1 = stream flow gauge id no. 4832441)
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2.2 Data Pre-processing

Version 2.18 of the combined QGIS with the GRASS program was used to
pre-process the data collected for the study area. From the raw data for digital elevation
models, several processes were carried out in software to extract information to obtain the
path of river basins. Several hydrological parameters were calculated such as river length,
longest flow path, curve number slope and sub-basin area based on the geometric algorithm's
elevation. Once information on the river basin has been obtained, it was imported into the
HEC-HMS software as this file serves as the background map to facilitate the process of
component construction, such as the sub-basins, reaches and even junctions. The
configuration of HEC-HMS for the Dungun River Basin is shown in Figure 1(b).

2.3 Rainfall Runoff Model: HEC-HMS

The Hydrological Modeling System (HEC-HMS) was designed to simulate surface
runoff processes as a result of rainwater in a watershed. It was designed to be used in various
geographical areas to solve a wide range of potential problems. These included the river
water supply, flood hydrology, urbanization and natural water runoff. Hydrographs
generated by the program were used directly or together with other software for study on
water availability, urbanization drainage, water flow forecasts, latest urban impacts, design
of water reservoir overflow, damage reduction of flood, flood policies and system operators.
Most of the watersheds can be represented using this program. The watersheds model was
built by dividing the hydrological cycle into controlled parts and creating boundaries within
the attractive watersheds (Scharffenberg & Fleming, 2006). For each portion of the runoff
process, the initial and constant loss method, the Clark unit hydrograph transform method,
and the lag routing method selected for this study were selected as runoff depth, direct runoff,
channel routing and canal routing, respectively. These methods have been chosen based on
applicability, limitations of each system, data availability and suitability for the same
hydrological situation.

2.4 Loss Method (Initial And Constant)

The loss method in HEC-HMS models typically calculated the amount of surface
runoff by calculating the volume of water lost during the infiltration, evaporation,
transpiration and subtracting it from the rainfall event. The initial and constant loss methods
have been selected for this study to estimate the direct runoff from the rainfall events. For
some catchment areas that do not have detailed soil information, the initial constant loss
method can be used. It is possible to specify the proportion of the sub-basin that was directly
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connected to the impermeable area. No loss calculations were carried out on the impervious
area; all precipitation on that portion of the sub-basin became excess precipitation and
subject to direct runoff. In this studies the initial loss and constant rate were set to be zero
refer to hydraulic procedure no. 27 (DID HP 27, 2010) issued by the Department of Irrigation
and Drainage (DID) for Sungai Dungun catchment.

2.5 Transform method (Clark Unit Hydrograph)

Translation and attenuation processes dominate the water movement through the
catchment area. The movement of water in the catchment area is due to gravity force and the
process called translation. Attenuation is the result of the ability of channel storage to receive
the amount of rainfall excess and it also depends on the friction force in the catchment area.
As defined by Clark (1945), the translation of water movement can be interpreted using the
time area curve. Actual rainfall or effective rainfall is the amount of rainfall not lost due to
infiltration or stagnation in small ponds. The Clark’s Unit Hydrograph parameter is time
concentration, Tc that is derived from the time area curve. For ungauged catchment areas,
equations relating and catchment characteristic were required to estimate time of
concentration (Tc) and storage coefficient (R) values.

In general, Tc and R correlated with catchment size, slope and stream length, slope,
and stream length only. The overall Tc and R correlated significantly with stream length
catchment size and stream slope. In this study, the estimated Tc and R values were depending
on Hydraulic Procedure No. 27 (DID HP 27) published by DID. The Tc and R values for this
study were 31.10 and 30.0.

2.6 Routing Method (Lag)

As the flow of water flows through the channel, the water flow decreases as a result of
the storage effect. In this study, the lag routing method was used and the value was in
minutes. The lag parameters value can be obtained from the equation (1).

Tlag =0.6Tc (@8]

Inflow to the reach was delayed in time by an amount equal to the specified lag and then
became outflow.
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2.7 Model Calibration

The calibration process was achieved by varying each input parameter and running
the model within a specified range. The model was calibrated to improve the agreement
between the simulated and observed data (Majidi & Shahedi 2012) for the specified sensitive
parameters. The calibration method is an important method for matching the simulated and
observed peak, length, and timing of the hydrograph.

2.8 Model Validation

The generate hydrograph from the simulation was compared to the observed
discharge graph for validation. The calibrated model parameters were validated using
different rainfall and streamflow data. The Nash-Sutcliffe index (NSE) and the determination
coefficient (R?) were used in this study to compare the result between the observed and
simulated. The Nash Sutcliffe model efficiency coefficient was between 0 and 1. The closer
the Nash Sutcliffe model efficiency coefficient to one was, the better the performance of the
model. The data sets used for the calibration and validation process are shown in Table 1.

Table 1. Data for calibration and validation

Data set Date start Time start Date end Time end Process
1 02 Jan 2007 00:00 31 Dec 2011 00:00 Calibration
2 01 Jan2012 00:00 31 Dec 2017 00:00 Validation
3. Results

3.1 Sensitivity Analysis

In general, sensitivity analysis was performed to understand how the results of the
model respond to changes in model parameters. Some parameters are more sensitive than
others on the results of the model, so the task here is to find sensitive parameters. In model
calibration, knowledge of sensitive parameters is useful in trying to align model performance
with observed results.

In this study, there were five main parameters that were applicable for sensitivity
analysis. In the loss method, two parameters (initial and constant rate) were involved in the
sensitivity analysis. The time concentration and storage coefficient involves in the transform
method, while the lag parameter was involved in the routing method in the sensitivity
analysis. Each parameter was altered in ranges of £10, £20, and £50% and then simulated
and allowed the other parameters to be constant since the effect of each parameter on the
outputs (runoff peak discharge) was predicted.
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It appears from the results of the sensitivity analysis that the hydrological modeling
outputs were not sensitive to the initial loss parameter. Initial loss was indirectly related to
runoff volume and runoff peak discharge, as the runoff peak discharge remained constant
with a rise in the initial loss to 50%. When the constant rate parameter rises by 50%, the
outcome of the sensitivity analysis indicated a 7.72% reduction in runoff peak discharge. The
runoff peak discharges were elevated to 8.96%, when the constant rate parameter was
reduced to 50%.

The time concentration and storage coefficient parameters were involved in
sensitivity analysis for the transformation process. When the time concentration rised to 50
%, the outcome of the sensitivity analysis indicated a 4.33 % decrease in runoff peak
discharge and a 6.12 % rise in runoff peak discharge, when the parameter decreased to 50%.
When the value increased by 50%, the sensitivity analysis result indicated a 16.96% decrease
in the runoff peak discharge for the storage coefficient parameter. The runoff peak discharges
were elevated to 25.92%, when the value of the storage coefficient was reduced to 50%.

The lag parameter was also involved in sensitivity analysis for the routing method.
The sensitivity analysis result exhibited that the runoff peak discharge decreased by 0.034%,
when the lag time increased to 50%, while the runoff peak discharge increased by 0.04, when
the parameter decreased to 50%. Figure 2 shows the result of the sensitivity analysis for this
study.

Based on the results of the HEC-HMS sensitivity analysis in the Dungun River Basin,
the most sensitive parameters (more than 5% change) were the constant rate, time
concentration and storage coefficient. During the calibration process, these parameters could
be considered and focalized.
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Figure 2. Sensitivity Analysis of HEC-HMS for Runoff Peak Discharge with selected value percent change
parameter.

3.2 Model Calibration

Some parameters, such as initial abstraction and imperviousness, should be assumed
during this calibration process. The assumed parameter varies within a given range while
retaining other constants and running the model. The simulated and observed hydrographs
were compared and where a high similarity between the two has been obtained, then only the
assumed values of the parameters were considered good and further work can be carried out.
In this study, the loss method assumed to be zero and for the transform method were referring
to Hydraulic procedure no. 27 (DID HP 27, 2010) issued by Department of Irrigation and
Drainage (DID) for Sungai Dungun catchment. The value for time concentration was set to
31.1 hr and 30 hr for storage coefficient. The lag value for routing method was calculated
using 0.6Tc and the value was set to 18.66 min for the initial value.

The trial and error method is used in the calibration and validation process (Dinor,
2009). The method used is to define the optimized parameter and obtain a strong correlation
between the simulated and observed value. Observed daily rainfall and streamflow data from
2 January 2007 (00:00) to 31 December 2011 (00:00) were used in this calibration process.
The data set chosen to carry out the calibration and validation process depends on the
availability of the data and also for the same time range to ensure its effectiveness. Modelling
performance and model accuracy were measured using the Coefficient of Determination (R?)
and Nash-Sutcliffe Coefficient (NSE). The accuracy of the model can be measured by
considering the R? values as well as the NSE values. R? and NSE values approaching 1
indicate a better model and values closer to 0 consider a worse model.
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The results obtained during the calibration process for peak flow at the Jambatan
Jerangau discharge station exhibited R? values of 0.693 and NSE of 0.691. This result
indicates a good correlation between simulations and observations. Table 2 shows the model
results include NSE and R? efficiency, peak flow, and total volume value before and after
optimization and relative error during the calibration process. The runoff hydrograph results
from the calibration process shown in Figure 3. The correlation between simulation and
observed flow during the calibration process at Jambatan Jerangau station shown in Figure 4.

The value of R? obtained at 0.693 after optimization exhibited a good agreement
between observed and simulated peak flow. As shown in Table 3, the NSE value obtained
was 0.691. This obtained value can be considered a strong correlation (> 0.6) between
simulation and observation (Sugiyono, 2013). According to Moriasi et al. (2015), the model
simulation could be considered acceptable, if the NSE value obtained is above 0.5, good if it
exceeds 0.65, and very good if it exceeds 0.75. Therefore the model performs in this study
can be considered as good with an NSE value of 0.69. Relative error peak and relative error
volume were recorded at 5.66% and 21.7%.The calibration process is using the initial
parameter values given in Table 3. Then the optimization process took place to get the
optimized parameter that can fit the model. The optimization parameter value showed in
Table 4. These optimized parameter values were used when conducting the validation
process.

Table 2. Performance of the model after optimization during calibration (peak flow total volume and error

function).
Peak flow (m%/s) Total volume (mm)
Simulated : Simulated :

Station Relative Relative NSE R?
Before After Observed error Before After Observed error

peak volume

Optimize  Optimize Optimize ~ Optimize

4832441 2,43290 1,688.80 1,598.40 5.66 20,923.11 9,616.90 7,902.18 21.70 0.691 0.693
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Figure 3. Runoff hydrograph for Jambatan Jerangau discharge station (Calibration).

1800 -
1600 - L 4

1400

600

simulated flow, m

400

200

R?=0.6929
NSE = 0.691

800 1000 1200 1400 1600

-200

Observed flow, m3/s

1800

Figure 4. Correlation between simulated and observed flow during calibration at the Jambatan Jerangau station.
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Table 3. Estimated parameters for the watershed

Initial parameter After optimizing

Loss method Initial loss Constant Initial loss Constant rate
(Initial and (mm) rate (mm) (mm/hr)
constant) (mm/hr)

Sun-basin 1 0 0 0.96675 0.93278
Sub-basin 2 0 0 0.84186 0.93887
Sub-basin 3 0 0 0.48813 0.73219
Transform Time Storage Time Storage coef.
method (Clark concentration, coef. concentration, Tc (hr)
unit Tc (hr) (Hr)

hydrograph) (Hr)

Sun-basin 1 311 30 57.723 49.335
Sub-basin 2 311 30 62.612 58.909
Sub-basin 3 311 30 49.5 51.757
Reach 1 18.66 23.214

Routing

(method) (Lag)

(min)

Table 4. Calibrated parameter values used for validation.

Element Method Parameter Parameter Value
Sub-basin1  Loss Method Initial loss (mm) 0.96675
Constant rate (mm/hr) 0.93278
Transform method Time concentration (Tc) (hr) 57.723
Storage coefficient (R) (hr) 49.335
Sub-basin 2 Loss Method Initial loss (mm) 0.84186
Constant rate (mm/hr) 0.93887
Transform method Time concentration (Tc) (hr) 62.612
Storage coefficient (R) (hr) 58.909
Sub-basin 3  Loss Method Initial loss (mm) 0.48813
Constant rate (mm/hr) 0.73219
Transform method Time concentration (Tc) (hr) 49.5
Storage coefficient (R) (hr) 51.757
Reach 1 Routing method Lag (min) 23.214
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3.3 Model Validation

The parameters generated from the calibration process validated using rainfall
datasets from 01 January 2012 until 31 December 2018. The validation results showed in
Figure 5 for the discharge station at Jambatan Jerangau (4832441). Validation results
obtained were better than the calibration results.

The results obtained during the validation process for simulated peak flow at the
Jambatan Jerangau discharge station showed R? values of 0.86 and NSE of 0.85. The model
simulation from the validation process in this study can be judged as very good (NSE >0.75)
(Moriasi et al. 2015). These results indicated that simulations of peak flow at the Jambatan
Jerangau station were closely fit with the observed peak flow. Relative error peak and
relative error volume record at -4.14% and -22.5%, respectively.

Junction "Junction-1" Results for Run "validate barut1"”
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Figure 5. Runoff hydrograph for the Jambatan Jerangau discharge station (Validation).

The results obtained during the validation process for simulated peak flow at the
Jambatan Jerangau discharge station showed R? values of 0.86 and NSE of 0.85. The model
simulation from the validation process in this study can be judged as very good (NSE >0.75)
(Moriasi et al. 2015). These results indicated that simulations of peak flow at the Jambatan
Jerangau station were closely fit with the observed peak flow. Relative error peak and
relative error volume record at -4.14% and -22.5%, respectively.
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The performance of the model and comparison between peak flow and predicted peak
flow during the validation process showed in Table 5. The correlation between simulation
and observed flow during the validation process at the Jambatan Jerangau station showed in
Figure 6. Generally, during this validation process, a good simulation was made between the
estimated and observed values.

The results of the validation process are much better than the calibration process. The
model performance also exhibited better NSE and R? values for the validation process. The
study conducted by Tassew et al. (2019) also gives similar results, which was the result from
validation was better than the calibration, when using HEC-HMS model in simulating
rainfall-runoff model in the Lake Thana basin.

Table 5. Performance of the model during validation (peak flow of total volume and error function).

Peak flow (m3/s) Total volume (mm)
Station Relative Relative NSE R?
Simulated Observed  Error Simulated  Observed Etrror
Peak Volume
Jambatan
2,185.60 2,280.10 -4.14 12,861.61 16,595.76 -22.50 0.85 0.86
Jerangau
3000 -~
) NSE=0.845
N
o 2500 - 2 _
£ R*=0.8618 * *
s 2000
o
[
s 1500
(]
® 1000
>
£ 500
(7, ]
0 T 1

0 500 1000 1500 2000 2500
observed flow, m3/s

Figure 6. Correlation between observed and simulated flow during validation at the Jambatan Jerangau station.
4. Discussion

Based on the results of the statistical evaluation, the HEC-HMS model performed
well in simulating peak flow and total volume. Initial and constant loss method, Clark unit
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hydrograph transform method, and lag routing method selected for this study yielded an
acceptable result. The model efficiency could be enhanced by using a suitable combination of
the parameter value, during the calibration process.

The performance and accuracy of the model depended on the coefficient of
determination (R?) value. The value of R? measures how well the correlation between
simulations compared to the observations with ranges from 0 to 1. A value of 0 indicated no
correlation, and a value of 1 implied that the prediction equals the measured. In this study, the
RZvalue is 0.693 for calibration and 0.86 for validation. These showed the performance and
accuracy of the model are good because it was close to 1. The peak flow prediction produced
in the model simulation was almost equal to the peak flow from observation.

The results of this study provided an estimate of the peak flow resulting from
precipitation that falls in a catchment area. This knowledge is useful for those responsible for
planning and handling various activities. The results of this study also can be used to examine
and conduct hydrological studies of neighboring areas using the optimized parameters
obtained during the calibration process (Jin et al., 2009).

5. Conclusions

The HEC-HMS model performs well in terms of Nash-Sutcliffe Efficiency (NSE)
and the coefficient of determination (R?) based on the loss, transform, and flow routing
system chosen. Comparison of the measured peak discharge using Clark's Unit Hydrograph
model, Initial and Constant model and Lag routing model exhibited that the HEC-HMS
model proves to be good for runoff estimation despite limited data availability. The
optimized parameters obtained from the calibration process could be used for other similarly
featured catchment areas or for neighboring areas. The results show that the use of GIS and
other modelling tools is an efficient way to evaluate river basins and hydraulic model
integration, and will play an important role in making the decision-making process more
realistic.

Geographic Information System (GIS) is usually used for generated maps for a large
and small-scale watershed. The map created by the GIS contains details about the catchment
area, the length of the river and the catchment perimeter. For knowing the position of the rain
gauge as well as the streamflow gauge, this mapping and information are essential. The
rainfall-runoff simulation was carried out using different data sets for calibration and
validation. Optimized parameter values showed substantial variations in peak discharge
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during validation. The outcomes of this study indicated that the results of the validation
process were better than calibration.

Therefore, we conclude that there are a relatively unique input-output relationship
and the formation of surface runoff. The findings obtained from this study could be used in
other ungauged catchment areas with similar characteristics for future hydrological
investigations. The results also help the hydrologic agencies in basin management make
predictions and evaluate management options in conducting planning for the catchment and
future river basin studies. We propose further research in this study to use and produce more
detailed information for modeling work and use calibrated parameter values for modeling
runoff in other catchment areas.
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