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Abstract: Flood is one of the most commonly occurring forms of natural disaster which
damage to environment and society. Flood events have been increased both in their intensity
and frequency associating with increasing average global temperature due to climate
change. In order to contribute to the work of mitigating the effect of climate change as well
as floods' damage, this study introduces a method to simulate discharge with respect to
design storm through hydrological modeling system (HMS). This model is applied for three
case studies the Upper Sunter river basin in Indonesia, the Vu Gia—Thu Bon river basin and
the Nhat Le River basin in Vietnam in which there were several severe floods occurred,
causing severe impacts on social development. Hydrologic simulations were performed
using the software of Hydrologic Engineering Center's Hydrologic Modeling System
(HEC-HMS). With three different precipitation input data, daily data in the Upper Sunter
river basin, 6-hourly data in the Vu Gia—Thu Bon river basin and hourly data in the Nhat Le
river basin were used to simulate. The HEC-HMS calibration and validation were
conducted to assess the model performance, and the estimation of design floods with respect
to design storm was also presented. NSE coefficients are higher than 0.70 in both calibration
and validation process through the years which is acceptable for further simulation. With the
validated model, seven return periods (2, 5, 10, 25, 50, 100 and 200 years) were used to
design seven floods.
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1. Introduction

Lack of database in many areas of the world is a serious obstacle for the hydrologic
model. At the similar time, most of the generating databases on a local and global scale are
also making a problem of model that causes an uncertainty source [1-2]. The unsimilar
databases were applied for the one river basin making the unlike model results and,
consequently, different estimates of water resources ecosystem variables [3-5]. In order to
understand and support decisions regarding of water resources management, water pollution,
and flood control, the consequences of anthropogenic and natural changes forecasting in the
environment are crucial [6-8]. However, using a model to simulate the real river basin has
made evidence to be challenging, because of many impossible sources, such as parameter
estimation, model structure, forcing data, input data, and using goodness—of-fit criteria
[9-11]. The spatial information was used for input data of distributed or semi—distributed
hydrological models, such as topography (elevation), LULC (land use/land cover), soils, or
(hydro-) geology [12-14]. These categories of data are often possible in different or same
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resolutions and can be collected from different sources, with the latter providing some
different information [15-17].

Now a day, the technology of satellite and remote sensing is providing extraordinary data
on land surface processes, which allow land surface hydrology modeling at large spatial
scales, arranging from the river basin to regional, to continental [18-20]. Therefore, we can
simulate or forecast some kinds of natural disasters such as typhoons, floods, droughts
[21-22]. Due to climate change and the rising of global temperature, the flood tendency and
intensity has been increased as well [23-25]. Therefore, in order to minimize the bad effect
of climate change, it is needed to provide reliable models for simulating a flood.

Hydrological modeling system (HMS) was created in the nineteenth century when the
software systems and technologies have been generally. HMS model was developed by the
US Army Corps of Engineers [26]. A part of the major objectives of the model is to support
engineers and hydrologists in provided the most reliable evaluation of annual floods [27-28].
The HEC-HMS was applied to simulate flood events and continuous hydrologic modeling
[29-30]. This model was proved to perform flood events accurately through several studies.
The rainfall-runoff is simulated by separating the river basin into three sub—catchment, and
each sub—catchment is simulated with its parameters [31]. The hydrologic modeling article
was used new version of HEC-HMS released in April 2006 by the US Army Corps of
Engineers. This model contains of two parts: runoff scenarios using IDF curves and
event-based hourly simulations. Infiltration loss and baseflow parameters of each
sub—catchment is calibrated with hourly simulations [32-33]. Therefore, the simulated
run—off results can be applied for flood damage estimation and flood control in another
studies.

Simulating the rainfall-runoff by the HEC-HMS model from Probable Maximum Storm
(PMS) — a most severe event that can occur in a particular region [34-35]. This simulation
was to assess discharge hydrographs combined with the Probable Maximum Flood (PMF) at
extraordinary locations in each river basin. These hydrographs were consequently applied for
developing flood inundation maps of the study areas and characterizing phenomena of
sediment transport in the streams with severe flooding conditions [36]. Moreover, at Tapi
river India, HEC-HMS was used for simulation of rainfall-runoff [37]. The peak flow
discharges and maximizing the Nash—Sutcliffe is fitted to this study. For better runoff
estimation SCS unit hydrograph and Snyder Unit hydrograph methods are analyzed, and the
best adapted method for the study area is chosen for the final simulation.

The flood frequency analysis (FFA) and hydrological modeling system (HMS) is used to
estimate the peak discharges [38-39]. FFA method was carried out using two distribution
functions, i.e., Gumbel’s extreme value distribution (Gumbel’s) and lognormal (LN)
distribution, while HMS was performed using the Hydrologic Engineering Center’s
Hydrologic Modeling System (HEC-HMS) model [40]. Calibrating and validating processes
were using to analyze the applicability of HEC-HMS model to simulate the discharge of
Sungai Rinching [38]. These results showed that the model performance is exceptional.
Using FFA and HMS to estimate peak discharges for several average recurrence intervals
(ARIs), i.e., 2, 5, 10, 20, 50, and 100 years estimated, were also compared.

This study mainly used ArcGIS 10.4 with Geospatial Hydrologic Modeling
(HEC-GeoHMS) and HEC-HMS 4.2.1. The ArcGIS used to prepare the spatial datasets for
the hydrological and hydraulic model, in HEC-HMS and HEC-RAS respectively. The
HEC-GeoHMS extension component delineates and maps river networks for HEC-HMS
manipulation [41]. In HEC-HMS, each component in the model performs different purpose
of the precipitation—runoff process within a part of the catchment or basin known as a
sub—catchment [42]. The result of the modeling process is the figuring of streamflow
hydrographs at the catchment outlet or inlet to the reservoir. Finally, the discharge
hydrographs with respect to the seven design storms are estimated and presented in the study.
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2. Methodology

2.1. Study site

In this research, three different study areas will be selected to simulate the rainfall-runoff
and design storm. In order to make the result comparisons, each study area will use different
precipitation time steps: daily, 6-hour and hourly for simulation.

The Upper Sunter river basin will be select for daily data time step, as shown in Figure 1.
The watershed includes two upstream rivers: Sunter River and Cipinang River that combine
into a major river in the downstream area. The maximum watershed length is approximately
37 km; the river basin is calculated 330 km? with the annual average temperature is 26°C.
Moreover, the average annual rainfall is estimated 1883 mm according to the Cipinang gauge
station data from 2001 to 2007 [43]. The Cipinang Gauge roles the streamflow observation.
Furthermore, the purpose of water is identifying for agricultural, urban business and
hydroelectric power industry sectors [44]. Nevertheless, the stream role is only for domestic
purposes nowadays.
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Figure 1. The three river basins in this study.

The Vu Gia—Thu Bon river basin will be used with 6hours data time step, which is the
largest river basin in the Vietnam central region. The river basin area is approximately 10,350
kmz, the basin consists of a part of Kon Tum, Quang Ngai, Quang Nam province, and Da
Nang city [45]. Over the past century, floods have appeared more frequently in the Vu
Gia—Thu Bon river basin. The historic floods were in 1964, 1996, 1998, 1999, 2007, 2009,
2011 and 2013 [46]. During the period from 1997 to 2009, the floods in Quang Nam province
leaded to 589 dead, 33 missing, 1,550 injured, the financial loss of 9,436.5 billion (109) VND
[47].

The Nhat Le River basin will be used with hourly data time step, is located in the south
Quang Binh Province, Vietnam, with its area of about 2,647 km?. This basin is the second
largest river system in Quang Binh, after the Gianh River system in the north area.
Downstream of the river, there are densely populated areas, especially the coastal areas
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including Dong Hoi city, in which the population density is six times higher than that of the
whole province. Along the banks of the river, the population is also more concentrated;
therefore, people living here are strongly affected by severe floods. The topography of the
area is mainly mountainous, narrow with short streams and steep slopes from West to East.
This characteristic leads to water is rapidly gathered, and the floods quickly rise and flow
down to the sea when heavy rains appear. However, unlike other river systems, the amount of
water usually drains into the sea through several streams, the Nhat Le river system only has
one outlet (Nhat Le estuary). Therefore, floods cannot be released directly to the sea.
Moreover, there is a relatively high sand dune (30—40 m) making a natural dike running
parallel to the shoreline that also contributes to preventing the floods flush out. Besides, in
some areas, the terrain is lower than the sea level (0.8—-1 m), so heavy rains combined with
high tides cause these areas to flood in a long time and water escape to the sea in days [48].

2.2. Data collection

A proper understanding of the hydrological, topographical and climatic conditions of
this study areas and considerable set of data defining them are most essential for analyzing
and simulating the realistic hydrologic and hydraulic event. In addition, the exactly of input
data for modeling has direct impact to the model results, so the data collection should be
analyzed and processed before using them.

Watershed/ Sub—basin Characteristics

Topography in the form of a Digital Elevation Model (DEM) was extracted from an
open-source, 1 arc-second (approximately 30 m) resolution, U.S. Geological Survey
(USGS).

Land Cover data was downloaded from High—Resolution Land Use and Land Cover
(LULC) Map of the Central Region of Vietnam — 1/3 arcsecond (approximately 10 m)
resolution and Water Base of United Nations University global repository of data with 400 m
resolution for Australia/ Pacific data.

Digital Soil Survey Data was collected from Global Hydrologic Soil Groups — 1/480
decimal degrees (approximately 250 m) resolution— Distributed Active Archive Center for
Biogeochemical Dynamics (DAAC).

Climate data

Precipitation data: hourly—series data for five flood events in Nhat Le and Upper Sunter
river basin and a six—hours period data for Vu Gia—Thu Bon river basin.

Design storm data: hourly—series data for 2, 5, 10, 25, 50, 100, and 200 years.

Flow data

Daily discharge data (Station No: Meteorology 745) are used for the calibration of the
hydrological model in the Upper Sunter river basin, hourly discharge data of Kien Giang
station for Nhat Le river basin and a six—hour period of Nong Son stations for Vu Gia-Thu
Bon river basin.

2.3. Model development

The watershed and streams in the study area were first delineated from a 30-meter
spatial resolution DEM using the HEC—-GeoHMS tool. The HEC-GeoHMS permits users to
visualize spatial data, perform spatial analysis, document watershed properties, delineate
stream and sub—basins, and building inputs data for hydrologic models [49].

The next step in the model development is deriving input parameters for each sub—basin
(Loss, transform and routing parameters). For those parameters, the dataset of LULC and soil
map was used to calculate the CN grid. With the calculated CN grid, the losses and
transformations in sub—basins can be estimated [49]. Precipitation that does not create to
surface runoff is identified as losses. The total runoff volume of watershed was controlled by
losses mainly, which influence to the magnitude of peak streamflow [50]. Soil infiltration and
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initial abstraction are the major losses components. Initial abstraction mentions to the total
depression storage and vegetation interception that do not donate to runoff. The infiltration
losses were measured by using the Natural Resources Conservation Service (NRCS, formerly
Soil Conservation Service) curve number method (SCS-CN). The SCS-CN method
calculates precipitation excess as a functioning of cumulative precipitation, soil group, and
land use.

A hydrograph is showing the discharge against time. The unit hydrograph is the
hydrodynamic flow that flows directly as a result of a unit of precipitation per unit time and is
used to determine the theoretical shape of the hydrograph during precipitation period. Using
the parameterization of this method, it is possible to estimate the time and intensity of peak
flows generated in the catchment. The SCS Unit Hydrograph method was applied to the
simulated watersheds [50]. For this method, the input to the HEC-HMS model is the river
basin time lag. This parameter is a factor-adjusted estimate of the condensation time, which is
the time required for direct runoff to travel from the furthest point in the river basin to the
outlet. This time depends on the hydraulic length of the watershed, watershed slope and
maximum retention in the watershed. For sub-basins receiving flows from the upstream
catchment, channel routing is used to transmit discharge through the primary channel to the
catchment outlet. Sub-basins that do not accept flows from the upstream sub-basin will not
include routing elements. The routing component of the HEC-HMS controls the attenuation
of the flow due to energy resistance and can therefore control the magnitude and duration of
the peak flow. It does not influence the total amount of runoff volume developed in a river
basin.

The schematic diagram shows steps that required for running the model, calibrating,
validating and simulating the design floods.
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Figure 2. Flow chart of the study.
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2.4. Model calibration and validation

The model was manually calibrated for daily and six—hours and hourly time—step for
simulation with three different case study areas. The simulated runoff was compared with the
measured runoff for the river basin. In order to get good calibration, this study will determine
the key parameters and parameter accuracy required for calibration. Therefore, the
calibration of the model is mainly carried out by changing model parameters including loss
parameters (fo — Initial intensity and fc — Stable permeability intensity); Parameters of the unit
line (tiag — transmission time and Cp — flood peak coefficient); Flood parameters (K —
coefficient specific to infusion time and X — coefficient for river length). Statistical indicators
were used to assess the model performance. Statistical indices were applied to evaluate the
performance of the model, containing the coefficient determination (R?), the
root—mean—square error (RMSE), Nash—Sutcliffe model efficiency coefficient (NSE), the
relative errors of peak discharge and runoff volume.

1 Zn:(ol - F|)2
RMSE = /—Z(oi— F)? ) Nash=1-2— (2)
" >(0,-Oy

n

> (0-0)*(P-P)
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Rew=MWe =) 19 (5)
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where O; is observed discharge, O is average observed discharge, Fi is calculated
discharge; Fmax and Omax are maximum observed and calculated discharge; W, and WFe are
total observed and calculated volume.

After calibration, the models were validated using the same input parameters as
determined by the calibration process but with different simulation time. Models for three
study areas were calibrated for three years and validated for two years.

2.5. Model Application

In order to develop the implementation of the results, this study will design a storm for
discharge calculation at the outlet with seven return periods (2, 5, 10, 25, 50, 100, 200 years).
For the Vu Gia—Thu Bon river basin, in order to simulate the design storm, the study was
used the design frequencies of 0.5%, 1%, 2%, 5% 10%, 20%, and 50%, and used flow data
series largest from 1977 to 2005 to calculate the frequency of the largest flow rate at Nong
Son hydrological station according to P11 distribution.

For the Upper Sunter river basin, seven flood scenarios were performed to gain the peak
values of designed storm events. Fisher—Tippet Type | method can be used to calculates the
extreme value distribution based on time series data. The extraction of the highest daily
rainfall of each year was ranked from the maximum values. Then, the extreme rainfall value
Ros is calculated for the specified return period Tr after the plotting position Fm. Two
reduction factors also calculated for the data reduction factor ym and the reduction factor
from return period yr, respectively. The rainfall depth proceeds in order to get the Depth
Duration Curve as input for Frequency Storm Modelling in the HEC-HMS.
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Fm = 1 — [(M-0.44)/(N1+0.12)] (6)
ym == In [~ In (Fm)] ()
yr==In[-In(1-1/T/] (8)

R = Ayr + B ©

where NT is total data and m is data rank, Rsm is the maximum rainfall data for each year,
and several parameter formula are ¢1 = Y ym2; C2 = >.ym; d1 =Y ym; d2 = NT; F1 = Y Rsmym; F2
=Y Rsm; Det = c1d> — c2ds1; A = (d2F1 — d1F2)/Det; and B = (c1F2 — c2F1)/Det.

For the Nhat Le river basin, these design storms were gathered from the hydrological
report of Quang Binh Irrigation and Drainage Management Company.

3. Result and Discussion

3.1. HEC-HMS

In this study, the Upper Sunter river basin with a total area is 330 km?, dived into 18
sub—basins; the Vu Gia—Thu Bon river basin was contained 57 sub—basins with a total area is
10,350 km?; and the Nhat Le river basin was separated to 20 sub—basins, with a total area is
2,647 km?. For each basin the SCS—CN, initial abstraction, and percentage of the impervious
area are differences.

3.2. Calibration and Calibration

Results of the HMS model for the selected rainfall duration have been calibrated using
discharge observation data. To perform the calibration process, four parameters, such as
Muskingum-K, Muskingum-X, lag time, and impervious, has been adjustment. This
research operates 3 periods of precipitation events for each river basin calibration to gain the
optimal value for the precipitation model. In order to get the optimal value for each
simulation, the model efficiency was tested for each simulation using some objective value
such as root means square error (RMSE), R?, Nash-Sutcliffe (NS), and PBIAS. The
following table was presented the optimal parameters for each calibration simulation.

The model performance output for each calibration case can be viewed in Table 1. It can
be seen that the average acceptable value is shown from the result of second simulation.
Hence, the parameter used in second simulation can used for validation simulation in the
Upper Sunter river basin.

Table 1. The criteria for calibrating parameters in the HEC-HMS model.

River basin Simulation RMSE R? NSE
11/03-19/33/2007 9.64 0.41 0.31

Upper Sunter 12/08-18/08/2004 5.94 0.54 0.43
08/02—-16/02/2005 8.03 0.27 0.16

20/10-22/10/2001 109.1 0.81 0.83

Vu Gia-Thu Bon 24/10-26/10/2002 215.4 0.86 0.83
20/10-22/10/2003 245.8 0.75 0.76

07/10-09/10/2005 201.81 0.86 0.83

Nhat Le 30/09-03/10/2006 131.14 0.78 0.72

03/10-05/10/2007 92.96 0.92 0.90
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Figure 3. The model results of calibration simulation for the Upper Sunter river basin.
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Figure 4. The model results of calibration simulation for the Vu Gia—Thu Bon river basin.

Calculation results of the hydrological simulation for the Vu Gia—Thu Bon river in
typical floods of 2001, 2002, 2003 showed that the relative between calculation lines and
actual measurement lines stick to each other in terms of oscillation phase and peak flood
value. The difference in maximum flow between calculation and the actual measured value is
negligible. Peak deviation errors at inspection stations are within the acceptable range. The
results of the calculation of the NASH coefficient are relatively good, ranging from 0.75 to
0.83. It can be seen that the calculated discharge was consistent with the observed discharge.
NSE coefficients are higher than 0.70 in both calculation and validation scenarios. Also, a
high value of R? (above 0.78) presented the close correlation between simulated and
observed curves. In terms of shape and peak time, the results of this model seem close to the
real data presented in Figure 5.

Using the calibration parameters of the model HEC-HMS as described above, the
project will be validated for 2 flood seasons in each river basin. The results of validation for
the years are presented in table 2 and in Figures 6.
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Figure 5. The calibration model result for the Nhat Le river basin.
Table 2. The statistical performance measures for validation.
River basin Simulation RMSE R? NSE
Upper Sunter 23/2-04/03/2003 4.23 0.38 0.21
PP 02/02-13/02/2006 9.20 0.58 0.55
\Vu Gia — Thu 25/10-7/10/2004 145.1 0.82 0.83
Bon 22/10-24/10/2005 230.7 0.86 0.80
Nhat Le 02/10-05/10/2010 130.98 0.89 0.84
15/10-17/10/2011 263.47 0.89 0.70
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Figure 6. The validation model result for the Upper Sunter river basin.

Each model results of the optimum value were validated with 2 durations of precipitation
for the daily hydrograph. Although the value of R? for simulation 1 is not too high, the
effective output of the model for each validation case can be classified as acceptable. This
shows that in the Upper Sunter river basin, the optimized parameters from calibration 2 can
be used for flood modeling. The assumption of lower values of model efficiency comes from
the limitation of hourly discharge data. In addition, the chosen optimized parameter with
Muskingum K = 30; Muskingum x = 0.01; and Percent Impervious = 0; Initial Abstraction=0
and the number of routing = 1 can be performed to simulate the design storm.
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Figure 7. The validation model result for the Vu Gia—Thu Bon river basin.

The validation results with the floods in 2004 and 2005 assessed the accuracy of the
hydraulic simulation. The calculation results and the real data measured at the Nong Son
stations have shown relatively appropriate results. The calculation results are similar to the
observed data. Evaluate results with the NASH coefficient for very good results in the range
above 0.8. Thus, the selected optimized parameter with Muskingum K = 1.1, 3, 5, and 10;
Muskingum x = 0.01 and 0.1; and Percent Impervious = 25; Initial Abstraction= 470 and the
number of routing = 1 can be performed to simulate the design storm.

With the results as shown in figure 7 and the suitability of flood line at the Vu Gia-Thu
Bon river basin, it shows that the set of parameters can be applied to the next steps of flood
simulation with the design flood frequency and for future studies in the Vu Gia-Thu Bon

river system.
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Figure 8. The validation model result for the Nhat Le river basin.

The results of this model seem to close to the real data which is shown in the results for
validation. This means that the HMS model simulated well for flood events in the Nhat Le
river basin. Therefore, the selected optimized parameter initial abstraction = 75 and 70,
percentage of the impervious area = 75, Muskingum K =1 and 2, and Muskingum X = 0.01.
Consequently, this model is possible of estimating the peak discharges corresponding to the
design storm for the Nhat Le river basin.
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3.3. Design storm

This research simulates seven return periods from 2 years to 200 years. In the Upper
Sunter river basin case study, design storm events were estimated by using Fisher Tippet |
Distribution method. The calculation results are value of 24-hour of precipitation for the
selected return period. Moreover, the analysis of storm events was performed using the
Depth-Duration-Frequency (DDF) curves representing precipitation depth to time
concentration. In the Vu Gia—Thu Bon case study, to calculate the 3—day rainfall designed for
7 future scenarios 2, 5, 10, 50, 100, 200 years, the project selected rainfall from October 20 to
October 22, 2003, to calculate (the rainfall in 2003 is the largest rainfall in the computation
period). Last but not least, design storms were obtained from the hydrological report of
Quang Binh Irrigation and Drainage Management Company for the Nhat Le river basin.

The discharges hydrographs result with seven design storms (2, 5, 10, 25, 50, 100 and
200 years return period) for three river basins are presented in figure 13. It can be seen that
the graph of each simulation shows a similar shape and grows higher as the return period is
higher.
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Figure 9. The hydrographs for design storm simulation.

Table 3. The peak discharges of design storm for three case study area.

River basin

Return period  Upper Sunter  Vu Gia-Thu Bon Nhat Le
2 years 2329.4 5383.2 3409.4

5 years 3257.0 6736.6 4805.1

10 years 3871.1 7789.2 5612.6

25 years 4647.1 9327.6 6657.1

50 years 5222.9 9887.3 7127.6
100 years 5794.3 10974.9 7700.9
200 years 6363.6 12072.3 8183.3

Summarize the peak discharge data of each graph is presented in Table 3. The peak
discharge simulated at the outlet is increasing with the increase of the return period. These
results of hydrograph can be used as the input of the HEC-RAS model for making an
inundation map or can be applied for practical tasks in projects related to design dams and
waterworks.
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4. Conclusions

This research shown that the HEC-HMS hydrological model is conformable to tropical
climate conditions. The model is on the basis of topographical, hydrological, soil type and
land use characteristics of the study area. The river basin features and initial values were
analyzed using HEC-GeoHMS in ArcGIS in order to calibrate model. The rainfall-runoff
models were performed using extreme precipitation events and initial results showed a
difference between observed and simulated discharge and peak discharge in the research
area. Therefore, model calibration was carried out to optimize the parameters. To know the
most influential parameter in the simulation, a sensitivity analysis was performed and the
results presented that the curves number is the most sensitive parameter come next the lag
time.

This research developed successful three hydrological models to assess flooding
behavior due to rainfall events in three study areas in Upper Sunter, Vu Gia—Thu Bon and
Nhat Le river basins, which the result could be the baseline for the early warning hazard of
flooding area. Based on the simulation result, we can see that the errors are the difference in
each case study. With the detail input data and shortly time step, we will get more accuracy
with observation data. The model calibration and validation result show an acceptable value
of model efficiency. The overall performance of the HEC-HMS model is great in terms of
relative error functions, Nash Sutcliffe efficiency and coefficient of determining consistent
with the selected loss, transform and flow routing methods. Therefore, it can be suggested
that the adjusted parameters can be further used for another river sub-basin within the river
basin and adjacent river basin. The design floods for seven different return periods for the
three study areas were determined. These results can be used in further studies in order to
simulate inundation maps and also for water management purposes.

Lastly, the methodologies established in this study can also be applied to other ungauged
river basins and regions with similar characteristics. We recommend further researches in
these river basins to produce more detailed information for modeling work by considering the
effectiveness of meteorological and hydrological measurements (poor in quantity and
quality) to establish the optimum number of stations and their adequate distribution in the
river basin.
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