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RESEARCH ARTICLE

Application of Physically Based Semi-Distributed
HEC-HMS Model for Flow Simulation in Tributary
Catchments of Kaohsiung Area Taiwan

Fiaz Hussain »°, Ray-Shyan Wu **, Kai-Chun Yu *

@ Department of Civil Engineering, National Central University, Chung-Li, Taiwan
® Department of Agricultural Engineering, PMAS-Arid Agriculture University, Rawalpindi, Pakistan

Abstract

Hydrologic modeling is a commonly used tool to understand the rainfall—runoff processes of gauged and ungauged
catchments for proper quantitative estimation of water resources availability. In the present study, an attempt is made to
simulate surface runoff using a physically based semi-distributed hydrological (HEC-HMS) model for four local-scale
tributary catchments of Kaohsiung area Taiwan. The input physical parameters of the model were calculated and pre-
processed in HEC-GeoHMS based on digital elevation model (DEM), land use, soil and hydro-meteorological data. The
model performance was satisfactory with Nash Sutcliffe Efficiency (NSE) = 0.51 to 0.86 and the coefficient of deter-
mination (R® = 0.63 to 0.86 during calibration (2016—2017) and validation (2018) period based on the selected loss,
transform and flow routing, Soil Conservation Service Curve Number (SCS—CN), Soil Conservation Service Unit
Hydrograph (SCS-UH) and Muskingum methods, respectively. The comparison of the observed and simulated hydro-
graphs showed that the model is appropriate for hydrological simulations in Kaohsiung area. Therefore, the model was
applied using calibrated parameters (CN and Ia) in ungauged Meinong creek catchment. The comparative results be-
tween the maximum design flow and the average simulated monsoonal flows verified that HEC-HMS model can syn-
thesize hydrologic processes and phenomena for both wet and dry seasons. It is concluded that the developed
methodology can be applied in ungauged catchments for water resources management and planning purposes under
future climate scenarios that will help hydrologists to understand the efficiency and application of HEC-HMS model in
rainfall-runoff modeling.

Keywords: HEC-HMS, Event and continuous modeling, Rainfall-runoff, Simulation

1. Introduction events with high rainfall intensity [1]. As a result,
regional and catchment scale hydrological un-

B usiness-as-usual water management is no certainties has increased which led to an

match for the emerging global water crisis
driven by climate change and population growth.
According to Water Resources Agency (WRA),
climate change has adversely affected Taiwan
during recent years, with the presenting effects as
increased temperatures, a decreased number of
rainy days, the frequent variations of dry and wet
seasons, and an increased number of extreme

increasingly severe water supply crisis. During
the wet season, the high-intensity rainfall mani-
fests in typhoon and flood periods. The uneven
spatiotemporal rainfall distribution and high
runoff power due to steep slopes scour large
amounts of sediment and reduce reservoirs stor-
age. During the dry season, a significant reduc-
tion in streamflow is always challenging for
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regulating water use and supply. In order to
alleviate water shortages, this leads to increased
dependence on existing water resources for agri-
culture and river ecosystems that may affect
ecological habitats in the upstream area. These
factors also have relative effects on groundwater
resources and may increase difficulties in the
utilization and management of groundwater re-
sources [2].

Globally, the simulation and prediction of rainfall-
runoff flows in gauged and ungauged catchments is
considered vital for understanding the hydrological
problems and practical applications. Watershed
hydrologic modeling for rainfall-runoff complex
relationship is essential to quantify water resources
for effective system management, analysis and
design. The rainfall-runoff modeling is a helpful tool
for water resources managers and engineers to
manage water resources projects (design, construc-
tion and operation) and to mitigate floods and
drought consequences. However, watershed
modeling not only needs adequate and large set of
spatiotemporal data (e.g., topography, land use/
covers, soils, rainfall, and flow monitoring data), it
also needs a sound understanding of rainfall—runoff
processes of a particular watershed for accurate
estimation of runoff quantity, flood and drought
management and overall assessment of the water-
shed response as a part of strategic and master
planning [3].

The selection of modeling approach normally
depends on purpose, data availability and ease of
use [4] but the challenge is the choice of rainfall-
runoff model that can accurately simulate hydro-
logic process under various climate conditions and
available data. Generally, stochastic and determin-
istic hydrological models are available based on
output partial randomness and no randomness,
respectively. The deterministic models further
categorized into lumped and distributed models
while the distributed models further classified into
physically based semi-distributed and fully distrib-
uted models depends on distribution description.
Distributed hydrological models have been found to
be suitable for simulating a rainfall-runoff process
in gauged watersheds successfully for the last four
decades, but the representation of flow in ungauged
watershed remains a challenge among the hydrol-
ogist [5]. In the ungauged case, it is generally
accepted that physically based hydrological models
are a better choice [6]. physically based models are
distributed and truly representative of the real hy-
drological processes with confident parameter
quantification in catchment. In ungauged

catchment, the model parameters are calculated
from the existing climatic and physiographic char-
acteristics of the catchment. The parameters of
physically based models are quantified using
measurable physical properties, avoiding the ne-
cessity of calibration against observed data. HEC-
HMS model is a process based physical model with
parameters to be estimated directly from field data
and remote sensing data. The continuous and event
based hydrological modeling of gauged and unga-
uged dendritic watershed systems has been per-
formed using HEC-HMS model in different regions.
[7] confidently validated the HEC-HMS model in
Hoovinahole gauged watershed, India, and applied
reliable calibrated parameters to neighbor unga-
uged Doddahalla agriculture watershed for rainfall-
runoff modeling and estimation of stream flow and
peak flow. [8] simulated the flow regimes at unga-
uged sites in the southern California using HEC-
HMS rainfall-runoff modeling where the HEC-HMS
model was first calibrated and validated at different
gauge locations and then HEC-HMS model associ-
ated with the most proximal gauge was assigned to
each ungauged site. Hydrological models mainly
depends on the input data, hydrological parameter
and structure of the model, particularly modeling in
ungauged catchment using the climate and phys-
iographic characteristics such as topography, land
use, soil, vegetation, and climate data [9,10]. Simi-
larly, for ungauged catchment-flow simulations, the
HEC-HMS underestimates high flows during the
early wet season, and overestimates low flows in the
late dry season [11]. Ungauged river understanding
and modelling for water resource management and
planning such as the Keseke River catchment in
South Ome River basin by using hydrological model
(HEC-HMS) with GIS and remote sensing tech-
niques can provide important information and
analytical capability to hydrology and water
resource assessment of the given river catchment
[12].

Hydrological Engineering Center-Hydrological
Modeling System (HEC-HMS) is a semi-distributed
physically based hydrological modeling software
developed by the US Army Corps of HEC [13].
HEC-HMS is an integrated physically based simu-
lation tool for all hydrologic processes of dendritic
watershed systems and parameters can be directly
measured from watershed. Importantly it provides
reasonable results, beyond the measurement of the
parameters, since the model maintains the physical
laws of the process.

It has been adopted in many hydrological studies
with a wide variety of watershed types to simulate
the rainfall-runoff processes (rainfall loss, direct
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Fig. 1. Study area location map.

runoff, and routing) both in short and longtime
events due to simple operation, and the choice of
various models for each segment of the hydrologic
cycle [14]. The HEC-HMS model has been used in
many studies to analyze urban flooding, flood
damage reduction, flood warning system planning,
floodplain regulation, flood frequency, reservoir and
system operation, environmental flows and river
restoration, water supply planning, etc [15]. The
HEC-HMS is a powerful commonly used physical
tool to simulate hydrologic processes. Generally, in
ungauged catchments, the choice of physically
based hydrologic models is considered better and
acceptable [6]. The application of continuous hy-
drologic model is considered reasonable because
continuous modeling synthesizes hydrologic pro-
cesses and phenomena (i.e., synthetic responses of
the basin to a number of rain events and their cu-
mulative effects) over a longer time period that in-
cludes both wet and dry conditions [3]. The runoff
simulation by continuous rainfall—runoff models in
ungauged catchments can also be used to estimate
low flow [16]. The continuous and event based hy-
drological modeling of gauged and ungauged den-
dritic watershed systems has been performed using
HEC-HMS model in different regions. To name a
few, Mona Lake watershed Michigan [3]; Tonle Sap
Lake Basin in Cambodia [11]; Lake Tana Basin,
Ethiopia [17]; Simly dam watershed, Pakistan [18];
Abnama Watershed, Iran [19]; Qinhuai River basin,

China [20]; Al-Zarqa Basin in Jordan [21]; Oil Palm
Catchment, Malaysia [22]; various catchments in
Taiwan [23—25]. Most of these studies clearly indi-
cated that the results of the model simulation were
location specific, in that different combinations of a
model set containing the loss methods, runoff
transform methods, routing and baseflow separa-
tion techniques were found to respond variably.

In this study, we applied physically based semi-
distributed continuous hydrological model, HEC-
HMS for the calibration and validation of direct
runoff at a gauged location (Li-Ling Bridge) Kaoping
River and then the calibrated model was applied to
estimate the runoff potential in ungauged Meinong
creek catchment. Although the HEC-HMS model
has been tested and calibrated at a global scale, little
effort has been made in ungauged creek catchments
of southern Taiwan [26]. The Water Resources
Agency has also reported the significant decreasing
trend of streamflow in southern Taiwan under most
adverse future rainfall scenario [2]. This will further
stress the future water resources and may create
several water related issues in southern Taiwan.
Therefore, there is a need to enhance water resource
regulation in the region under current climate
change conditions. The objectives of the current
study are (1) to develop the physically based semi-
distributed rainfall-runoff model (2) to calibrate and
validate the model and fix the corresponding cali-
brated values for future hydrological investigations
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Fig. 2. (a) The average monthly rainfall and flow data (1991—2018); (b) the geological information of study area.

and (3) to apply the calibrated model to assess the
runoff potential of ungauged creek catchment. This
paper enhance the capacity and capability of phys-
ically based HEC-HMS model for synthesizing the
hydrological processes at ungauged catchment
during dry and wet seasons.

2. Study area description

This study is performed in four tributary catch-
ments as local-scale sites of the Meinong river, the
Qishan river and the Kaoping river flowing east of
district Dashu and Daliao. The four districts
(Qishan, Meniong, Dashu and Daliao) are located in
Kaoping river delta. The demarcation of study re-
gion for hydrological modeling is done in such a
way that it includes four districts along with main
river and its tributaries as shown in Fig. 1. These
cities are highly urbanized and are under serious
threats of water management. The extreme rainfall
conditions (500 mm d ') often create pluvial flood-
ing. The average annual rainfall of Kaoping river
basin is approximately 2502 mm, while average
annual flow at Liling Bridge is 210 cms. The summer
rainfall is the main source of water that comes from
the torrential rains or tropical low pressures hitting.
Around 69% of the rainfall occurred in May to
October months while due to uneven spatiotem-
poral rainfall distributions the intensity varies
greatly. There is a marked difference in the river
flow between the summer season (peak flow) and
the winter season (low flow) [27] as presented in Fig.
2a. The average monthly rainfall and flow of 26-year
(1991—-2018) data indicated that main rainy season
lasting from June to September, and the main dry

season extending from October to March. The
fluctuation of average monthly rainfall during
19912018 has become much more extreme be-
tween June and August while, during dry season the
rainfall has been far below the average [28].

The Kaoping river begins in mountainous areas in
the upper reaches, flows into a flood plain in the
midstream, and ends in an alluvial estuary in the
lower reaches. The surface and groundwater re-
sources of that area have significant importance for
the domestic, commercial and agricultural water
system. More importantly, the topography and ge-
ology of the area is relatively different from the al-
luvial formation of Pingtung County. The
outcropped formations are shown in Fig. 2b.
Generally, the formations are sedimentary rocks
and the ages vary from Holocene and Pleistocene
(Quaternary) to Pliocene and Miocene (Neogene).
The youngest lithology is the Holocene (less than
11,700 years) which consist of deposits from the
Western Foothills and Central Range brought by the
modern channel to the lower elevation. The Holo-
cene alluvium and terrace deposits consist of gravel,
sand and mud. The Pleistocene formations (between
11,700 and 2.58 million years) include Linkou and
Liugui conglomerates and Tashe formation. The
Linkou conglomerate is mainly clastic support while
Liugui conglomerate is matrix support. Tashe for-
mation comprised with thick mudstones with
interbedded sandstone and conglomerates. The
Pleistocene formations are weakly cemented and
usually are not heavily jointed. The hydraulic con-
ductivity is slightly lower than the Holocene sedi-
ments but generally higher than the Neogene
(Miocene to Pliocene) bedrocks. These geological
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Table 1. Data type, source and description used in this study.

Data Type Source

Resolution

Digital Elevation
Model (DEM)
Landuse map

Ministry of Interior, Taiwan (Open Data)

Ministry of Interior, Taiwan (NLSC)
Soil map [32]
Rainfall gauge data
Streamflow data
Geology data

National Land Surveying and Mapping Center,

Water Resource Agency (WRA), Ministry of Economic Affairs, (MOEA)
Water Resource Agency (WRA), Ministry of Economic Affairs, (MOEA)
Central Geological Survey (CGS), Ministry of Economic Affairs (MOEA)

20 m x 20 m (raster data)
Polygon shapefile (vector data)

Polygon shapefile (vector data)
Hourly rainfall data (2016—2018)
Hourly stream flow data (2016—2018)
Polygon shapefile (vector data)

features provide helpful information related to
groundwater flow movement and contribution.
According to [27]; the upstream Meinong and
Qishan districts soil texture is very poor keel, full of
gravel and small stones that create easy infiltration
of surface water into the ground. The groundwater
flows slowly between the interstices of soil layers
and create the abundant ground water system [27].
The Meinong creek catchment (MCC) has an area of
114 km? with river length of 28.5 km located on the
upper reaches of Kaoping river. The MCC sur-
rounded with hills in the west, north, and east sides.
The rainfall-runoff is the main source of water in
this creek. According to [29]; the maximum design
discharge of MCC at the outlets of Shuang, Shuidi,
Qiangzilido, and Meinong creeks is 445 cms, 720
cms, 770 cms and 860 cms, respectively while 980
cms at the confluence with the Qishan creek.
Qishan river is the largest tributary (L = 117 km, A
= 842 km?) of Kaoping river. It originated at the
elevation of about 2,700 m on the southwest slope of
the main peak of Yuishan mountain. After passing
through Namaxia, Jiaxian and Shanlin districts, it
flows through Qishan district and at the mouth of
Lingkou, it is renamed as Kaoping river. The annual
average daily flow is 30 cms and the annual runoff is
about 885 MCM at Nanfeng bridge. Qishan creek
catchment (QCC) area is 94.61 km? with creek
length of 31.2 km. Most area is hilly and due to
climate and the quality of soil, the bananas pro-
duction is high and has a fame of “Banana
Kingdom”. The flow coming from upstream is
measured at the Shanlin bridge. Dashu creek
catchment (66.98 km?) is in the southwest of Kaoh-
siung, adjacent to the Lingkou of Qishan district in
the north, facing Kaoping river across Pingtung
County. The area is mainly mountainous comprised
of continuation of Central Mountain Range and the
Neimen Hills. The main flowing river beside Dashu
district is Kaoping river having creek length of 19.74

km. Daliao creek catchment comprised of 71.04 km?
suburban area and 19.17 km long creek.

3. Materials and methods

In this study, the physically based semi-distrib-
uted continuous hydrological model HEC-HMS was
calibrated and validated on an hourly basis at Li-
Ling bridge stream flow gauge. While the inflows
are also considered as boundary inflow sources at
Shan-Lin bridge, Liu-Gui, Da-Jin bridge and San-
Timen locations. The flow at Li-Ling bridge is
contributed from all the upstream sub-basins. After
calibration of hydrological parameters, we applied
the model for the same period in each creek catch-
ments to determine flow hydrographs. Keeping in
view the main objectives of the study, the following
methodology was adopted to simulate the flows.

3.1. Flow simulation using physically based semi-
distributed hydrological model

3.1.1. Data acquisition

The datasets required for rainfall-runoff hydro-
logical modeling include hydro-meteorological
(rainfall and stream flow) and physiographic (digital
elevation model, land use/cover and soil type) da-
tabases. The necessary input data was acquired
from government agencies. 20 m x 20 m digital
elevation model (DEM) was collected from an open
data source of Ministry of Interior, Taiwan. The
DEM data was used to extract the physiographic
characteristics of study area such as slope, catch-
ment analysis, HEC-HMS initial parameters (basin
area, river slope and length), terrain processing etc.
The shapefile of land use and land cover data were
collected from [30,31]; Taiwan. That data was further
processed and used for the generation of CN raster
file to use in HEC-HMS model. The shapefile of soil
data was collected from [32] Taiwan and further
processed to acquire information about hydrologic
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Fig. 3. Physiographic data set of the study area (a) land use-land cover classification (b) soil types.

soil group classification. The hourly data of precip-
itation and streamflow at the gauged location for the
years 2016—2018 was obtained from [33] while the
geology data were obtained from [34] Ministry of
Economic Affairs Taiwan as illustrated in Table .1.

The maps of physiographic data are shown in Fig.
3. The elevation of the study area varies from 0 to
951 m with steep slope in the northern mountains.
The maximum slope range up to 65%. The soil type
is a mixed form. It consists of sandstone-shale
calcareous and non-calcareous alluvium soils with
some imperfect drained condition as represented by
“As” soils in Map. Similarly, “At” soil comprised of
slate calcareous alluvial nature. While “Ax” type
soils are sandstone-shale-slate non-calcareous and
calcareous alluvial soils. “Cs and Ds” soils are
sandstone-shale colluvium pale and darkish soils,
respectively. “Lv” soil is known as precipitous area.
ML is the miscellaneous land including riverbeds
and sand dunes while Rc and Rp are limestone and
diluvium red soils, respectively. The “T” soils are
Taiwan clay soils and “Y” soils are yellow soils
having limestone, diluvium and sandstone-shale
material. The land use and land cover consist of
42.5% agricultural land and 24.3% is mountainous
forest. The river/water area is 12.6% and housing
area with commercial lands, temples, open spaces,
government land, schools etc. comprises of 10.5% of
total study area. Mixed-use land takes 6.7% and
roads cover 3.4% of the study area.

Physical parameters based hydrologic modeling
of catchment is suitable technique for simulating a
rainfall-runoff process and flow conditions in wet
and dry seasons. The physiographic features and
parameters of catchments were delineated from
spatial database and used for the flow simulation.
The incorporation of spatially distributed physical

parameters to simulate surface flow through
watershed system in HEC-HMS model is the key
attempt of this study. The systematic procedure
adopted for this purpose is explained below.

3.1.2. Hydrological models setup

3.1.2.1. HEC-GeoHMS. The direct flow at the gauged
location (Li-Ling bridge) is simulated using HEC-
HMS [35] and the model setup is done in geospatial
hydrological modeling (HEC-GeoHMS) extension
of ArcGIS 10.1 [36]. HEC-GeoHMS efficiently and
easily created the input files with hydrologic pa-
rameters for HEC-HMS model. HEC-GeoHMS
geospatially analyze the DEM data and delineate
subbasins and stream network. The terrain pre-
processing module was completed using DEM data
to get the hydrologically semi-distributed HEC-
HMS model. The selected study area was delineated
into multiple smaller subbasins with drainage
network using the step-by-step procedure of pre-
processing used in HEC-GeoHMS software (Fig. 4).
The smaller threshold area (0.50 km?) is selected to
define the stream and to get reasonable number of
subbasins. In this way, the area is converted into
semi-distribution condition for setting up the input
parameters. After terrain preprocessing, the basin
processing step was used to combine and/or divide
subbasins with merge and split options. The sub-
basin and stream physical characteristics (such as
basin slope and centroid, river length and slope,
longest flow path etc.) were calculated using topo-
graphic features to estimate the subbasins hydro-
logical parameters. This step is completed in stream
and subbasin characteristics menu. For parameter-
izing the HEC-HMS model, the HEC-GeoHMS
initially estimate the hydrological parameters such
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Fig. 4. Methodology used for hydrological modeling for the research.

as curve number (CN), percent impervious area,
time of concentration (Tc), lag-time (Tj,,) etc. based
on soil and landuse database and terrain analysis. In
this study following HEC-HMS modeling methods
were selected using HMS processes tool: subbasin-
loss method (SCS—CN); subbasin-transform
method (SCS Unit Hydrograph) and river-route
method (Muskingum). The initial parameters of
SCS-CN loss method such as basin CN is computed
using Generate CN Grid tool, the percent

impervious area is calculated using land use data
while initial abstraction is considered 20% of the
potential maximum storage. The SCS Unit hydro-
graph transform method that needs only basin lag
and its initial value was estimated using CN Lag
method. The hydrologic project input files (basin/
meteorological files and background shapefile) of
HEC-HMS model were created in Hydrological
Modeling System menu. The meteorological model
was created using Thiessen Polygon method. The
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Fig. 5a. Range of basin scale initial parameters used in hydrological modeling.

precipitation weights were worked out in ArcGIS
10.1. After completing the basin and meteorological
model setup with initial values, the HEC-GeoHMS
complete project was imported to HEC-HMS 4.3
[37].

3.1.2.2. HEC-HMS model. 1t is a physically based
semi-distributed hydrological model used to simu-
late rainfall-runoff processes. After setting up the
model and parameters in HEC-GeoHMS, the basin
model and features were taken as the background
map file and imported to HEC-HMS 4.3. Flow chart
methodology explain the steps used in HEC-HMS
(Fig. 4). The direct flows were simulated on daily
and hourly basis at the gauged location to calibrate
and validate the model without considering the base
flow. The daily flow simulation from 2016 to 2018
using initial setup and physical parameters before
calibration is performed to check the parameters
acceptability. After calibration of the model using
(CN, Ia), it was applied to simulate the flows of each
creek catchment. HEC-HMS model has four units.
Basin model deals with subbasin and reach process.
Total of 563 sub-basin were delineated to make the
model semi-distributed and properly simulate the

flows. Basin model comprised of physical attributes
such as basin areas, river reach connectivity. Mete-
orological model has rainfall data which was
worked out using Thiessen Polygon method and
precipitation weights in HEC-GeoHMS. Control
specifications deal with time to simulate and time
interval. In this study, the model was used on hourly
time step for calibration during 2016—2017 while the
model validation was done for the year 2018 on
hourly basis. The time series data is the fourth unit
that deals with input data. In this study four up-
stream boundary inflows were forced in the model
along with precipitation data inputs.

There are three HEC-HMS modeling processes
such as loss, transform and routing method to
simulate stream flows. The Soil Conservation Ser-
vice Curve Number (SCS—CN), SCS Unit hydro-
graph, and Muskingum routing methods were
selected as loss, transform and routing method,
respectively.

SCS-CN loss method was used to estimate direct
runoff based on CN and initial abstraction values
(Ia) in mm for each sub-basin. Ia = aS, o = 0.2 as a
standard assumption, and S = soil retention in mm
estimated using CN. CN represents the combined
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Fig. 5b. Range of river initial parameters used in hydrological modeling.

effects of the primary characteristics of the catch-
ment area, including soil type, land use, and the
previous moisture condition. The CN for water
bodies is 100 while permeable soils with high infil-
tration rates have approximately 30. In the curve
number method, the runoff is directly proportional
to the precipitation with an assumption that the
runoff is produced after the initial abstraction of
20% of the potential maximum storage.

SCS unit hydrograph transform method deals
with how to transform the excess precipitation to
direct runoff. The basin lag time (the only input) for
this method was calculated using CN lag equations
(1) and (2).

(L8 x (S+1)*)
1900 x Y05

(1)

tlug =

1000

S= N 100 (2)
where, t,, = basin lag time (h), L = hydraulic length
of the watershed (feet), Y = basin slope (%)

Muskingum routing method was selected to route
the runoff through reach. The travel time K was
assumed as Tc calculated by TR-55 method. The
degree of storage (x) was assumed 0.2 for all reaches.

3.1.3. Estimation of hydrological parameters

The initial values of hydrological parameters were
computed in HEC-GeoHMS model using DEM data
after basin pre-processing. The basin parameters for
hydrological processes include basin slope, basin
CN, basin impervious area, basin initial abstraction
loss, basin lag, and basin time of concentration. The
reach parameters involve channel length, width,
slope, and Manning's n values. Some initial pa-
rameters values were further optimized and cali-
brated to simulate the flow at Li-Ling gauged

station. The initial parameters values are shown in
Fig. 5a and 5b.

3.1.4. Model optimization, calibration and validation

After setting up the parameters, the model simu-
lation was calibrated at gauged location (Li-Ling
bridge). The auto-optimization package was used to
calibrate the parameters. In this study, initial
abstraction (Ia) and curve number (CN) were tuned
to best possible match for the observed streamflow
data. The model calibration was done with the
univariate gradient optimization package and Peak-
Weighted Root Mean Square Error (PWRMS)
objective function. The model was calibrated for
period (2016—2017) while validation was performed
for year 2018. The other watershed parameters were
kept the same as used in initial condition except for
Ia and CN.

3.1.5. Model performance evaluation

The model performance was evaluated using
three statistical evaluation techniques as given in
equations (3)—(5). The coefficient of determination
(R?) [38], which determines how well the modeled
data is fit to observation data between the range
0 < R? < 1. Nash-Sutcliffe Efficiency (NSE) [39] in-
dicates how well the observed versus simulated data
fits the 1:1 line. NSE ranges between —oo and 1. The
percentage bias (PBIAS) is the simplest goodness-fit

Table 2. Criteria for evaluating the performance of HEC-HMS model.

Performance Statistical Indicators

Classification R? NSE PBIAS

Very Good 0.85to 1.00  0.75 to 1.00  PBIAS < +10
Good 0.70 to 0.85 0.65 to 0.75  +10< to <+15
Satisfactory 0.60 to 0.70  0.50 to 0.65  +15< to <+20
Acceptable 0.40 to 0.60  0.40 to 0.50 +20< to <+25
Unsatisfactory R? <040  NSE <040  PBIAS > +25
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criterion, which measures the average tendency of
the simulated values to be larger or smaller than
their observed ones [40]. The optimal value of
PBIAS is 0.0, with low magnitude values indicating
an accurate model simulation. Positive values indi-
cate under-estimation bias, and negative values
indicate over-estimation bias [41].

RZ _ Ei\il(Qsi - @)(Qoi - @) (3)
VI Qi — Q2 Qe — Q)
NSE=1— M (4)
Zi:l (Qoi - Qo)
PBIAS— [(QN;Q)] » 100 5)
>i-1(Qoi)

where N is the total number of data points; Q; is the
simulated runoff; Q, is the observed runoff; Q, and
Q,are the average of simulated and observed runoff,
respectively. All runoff units are cms.

General criteria and corresponding classification
for evaluating the performance of the hydrological
model was developed based on R?, NSE and PBIAS
performance ratings as presented in Table 2.

Model application at creek catchment scale

The flow simulation of each creek catchment was
done using calibrated parameters on daily basis for
the same period. For this purpose, the delineation of
creek catchments was done in ArcGIS 10.1. Total 15
sub-catchments outlets (5—19) were delineated as
shown in Fig. 6. In Meinong creek catchment the
model is simulated at four locations as represented
by number 5 to 8 and model verification is per-
formed by comparing with the ratio of maximum
design discharge and simulated average runoff.

4. Results and discussion

4.1. Spatio-temporal rainfall distribution

Keeping in view the spatiotemporal rainfall vari-
abilities of Taiwan, the study area rainfall analysis
was performed. The three-year (2016—2018) hourly
rainfall distribution of fifteen rain gauge stations is
shown in Fig. 7. It was observed that the maximum
intensity rainfall spell is during the summer
monsoon season and distribution is under heavy to
extremely heavy rainfall. The mountainside rain
gauge stations in Meinong and Qishan districts
showed extremely heavy rainfall while the plane-
side stations have heavy rainfall characteristics.

+ Inflow Locations

Creek Outlets

} ~ A
A
: \\“5 ——— Creeks

J

4& ‘AJ ——— Main River
) 1 \' | District Boundary
/“}“'/
5\ N
5% {\ &
bl
(1] 5 10 20 Km
4 [T SR R S |

\5,1
440

9

Fig. 6. Creek catchments and number of outlets in the study area.

The hyetograph distributions indicated that 2017
rainfall spells are less and low in magnitude rather
than 2016 and 2018. The high intensity rainfall spell
from 23 to 26 August 2018 was observed due to low-
pressure system that brought torrential rain and
flooding in southern Taiwan. The distribution of
maximum hourly rainfall and maximum daily
rainfall occurred on 23 August 2018 is shown in Fig.
8. This selected rainfall spell is maximum during the
three years and all the stations have 60 mm h™'
rainfall indicating extreme conditions. This spell
created flash flooding in urban areas and CWB
announced a warning for extremely torrential rain
(500 mm or more in 24 h) as the storm loomed.

The spatial distribution of hourly rainfall observed
on 23 August 2018 during time 11:00 to 14:00 is
shown in Fig. 9. This selected time is the centre of
heavy rainfall spell and indicated the occurrence of
torrential rain due to low pressure development
near the coast and low areas. The spell moves to-
ward mountainsides and create extremely heavy
rainfall and flash flood due to terrain, local winds
and orographic effects. The spatial distribution of
rainfall with time is important for rainfall-runoff
process and environmental management system
such as agriculture, municipal as well as industrial
water requirements. The spatio-temporal analysis
provides information about local rainfall



Xinfeng-1

Liugui

+/9102-L0-T0
“9T0Z-40-T0
‘91021010

'8102-01-T0
'8102-£0-20
‘B102-40-20
10221 TE
'102-01-T0
“102-L0-20
"L102-40-T0
‘9102-21-TE
“st0z-01-10 |
'9102-L0-70 |
“9102-40-70 *
'9102-10-10
e \
8102
'810Z

i
g102-10-62

Yuemei

Qishan

s e g2es
g§888R

(4/ww) prejurey

L102-T1-50
LT02-80-€T
L102-50-12
1022052
91022160
9T02-60-0T
9702-90-LT
—9T0T- 50 ST
9102-10-10

JOURNAL OF MARINE SCIENCE AND TECHNOLOGY 2021;29:42—62
Yuanfu

52

o
E

H
(u/ww) rezurey

Qishan-4

2 28 o
8§ R

'9102-01-T0
'9102-L0-T0
'T0Z-40-T0
'9102-10-T0

s 22280
g888¢8R

(y/ww) ejurey

Ligang

o909
RBAFRRIR

Meinong

Jiuru

ge888°
(4/ui) jjejurey

BUCWroC

“£30Z-T1-50
“L102-80-€T
“L102-50-T2
‘LT02-205T
‘9102-21-€0

“9T0Z-60-0T
‘9T02°90-LT

2990
y/uww) yejurey

“'g10Z-01-60

‘9T0Z-€0-52
‘9T0Z-10-10

Meinong-2

28888
ge888R
(4/w) jieurey

cveue iy

"L102-£0-20

L102-50-T0
"‘910Z-ZI-TE
*/9102-0L-10
*'9102-£0-T0
"'9102-50-T0
*'9102-10-T0

ge888R8"°
(y/ww) jrejurey

“'$T0Z-0E-10
+'9T0Z-£0-20
910Z-00-20
~LT0Z-ZT-TE
+(10Z-0L-10
“(102-£0-20
LT0Z-50-T0
*'9T0Z-ZI-T€
+9T0Z-01-10
+'9T0Z-£0-10
9T0Z-40-10
'910Z-10-10

Pingdong-5

Xinyuan

'$10Z-01-60

L102-20-52

‘910Z-Z1°E0
“9102-60-0T
‘9102-90-LT
4 9t0z-£0°52
"'910Z-10-10

8RBRZRRE°
(u/ww) jejurey

mozorto Ny 588888 °
9102-£0-20 ==
181020020
- 10z-TrTE

1102-01-10

" (107-£0-270
" (102-00-T0

Fratoz-zrie

9102Z-0L-T0
“910Z-£0-10
9T0Z-60-T0
"'910Z-10-10

o

N

Daliao

(yfww) pejurey

'810Z-00-10
8102-£0-20
‘8102-60-20
L102-28-T€
"'£102-01-T0

L10Z-60-10
‘9102-2T-T€
“9102Z-01-10
'9102-£0-10
'9102-00-10
"'9102-10-10

‘810Z-00-10
'g102-20-20
‘S102-60-20
L1022 1E

'9102-01-T0
9102-£0-T0
91024010
*19102-10-10

$88888R°

388
(y/ww) jjejurey

Fig. 7. The comparison of temporal rainfall intensity from 2016 to 2018.

The model simulation on daily time scale was
performed using initial model setup and original

distribution characteristics to simulate the runoff in
ungauged catchments using physically based semi-
distributed continuous hydrological model.

parameters quantified from measurable physical

4.2. Hydrological model simulation and
performance based on physical parameters
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dation. Moreover, the selected loss (Soil Conserva-
tion Service Curve Number (SCS—CN)), transform

Fig. 8. Comparison of maximum hourly and daily rainfall of all rain

gauge stations.
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Fig. 10. HEC-HMS model simulation and performance on daily time
scale before calibration at Li-Ling Bridge (No. 12 in Fig. 6).

(Soil Conservation Service Unit Hydrograph (SCS-
UH)) and flow routing (Muskingum) methods in
HEC-HMS are suitable for rainfall-runoff process of
study area. [42]; study also support the rainfall-
runoff simulation results based on catchment
physical characteristics such as topographic, soil
and land use.

4.3. Calibration and validation of hydrological
model

The direct runoff at the gauged location was cali-
brated on hourly time scale from 2016 to 2017. Only
two parameters (CN and Ia) were used in optimi-
zation trials in HEC-HMS model, while other pa-
rameters were kept same and the most accurate

Calibration 2016-17
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7000 | Obs
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6000 1500 1500 1500
1000 1000 1000 1 100
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= 4000 - ) | 150 =
E 0 0 lLL 0 e £
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Fig. 11. Comparison of simulated and observed hydrographs during calibration.
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Fig. 12. Comparison of simulated and observed hydrographs during validation.

optimized values were eventually generated and
used. The simplex optimization method with peak-
weighted RMS objective function was used to eval-
uate the CN and Ia parameters, simultaneously. The
auto-calibration using optimization method helped
to calibrate the parameters. The optimization was
performed by selecting the maximum and mini-
mum value range for the parameter to be modified.
The CN value was modified using scale factor be-
tween the range (0.5—1.25) and 0.716 optimum value
was found. Similarly, the initial abstraction (Ia) was
optimized using scale factor between the range
0.5—1.05 with optimum value 0.986. The optimum or
calibrated CN and Ia values were achieved by
changing the default values between +0.75 and +
0.55, respectively. The comparison between
observed and calibrated hydrographs are shown in

(a) Calibration X Model - 1:1Slope

8,000
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Fig. 11 by changing CN and Ia. The comparison
indicated that the model did not predict the
streamflow well for high peaks (underestimated)
while the hydrograph shape and timing of peaks
matched well. However, concerning the low flows
during dry season, the results of the hydrological
model showed a reasonable fit between the model
and observations after optimization, although the
model tended to overestimate the runoff peak.
Similarly, the wvalidated hydrograph shape is
matching well with observed data but also under-
estimate the peak flow during the wet season of year
2018 as shown in Fig. 12.

The underestimation of high flows during wet
season may be due to unregulated observations data
or the flow increased moderately at the beginning of
the wet season due to early arrival of rain in May

X Model - 1:1 Slope

(b) Validation
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Fig. 13. Regression between simulated and observed flow during calibration and validation.
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Fig. 14. Event base HEC-HMS simulation for Typhoon Megi-2016 and Tropical Storm-2018

and June. While the overestimation during dry
season may be due to different diversions such as
water diversion toward irrigation channels for
downstream farming or storage maintenance in
reservoir for water supply, which may be not
accounted by model.

The model evaluation was performed for the
calibration and validation period using hourly time
simulation. The three statistical evaluation criteria
with values of NSE = 0.706, R> = 0.709 and, PBIAS =
11.6% showed good simulation between the esti-
mated and observed values for the calibration
period as shown in Fig. 13a. While the relative less
values of these criteria for the validation period
(2018) indicated that model is reasonably well
(acceptable) in terms of R? and NSE and can be
applied to simulate the flows for creek catchments.
The regression between simulated and observed
flows during calibration and validation time on
hourly basis is shown in Fig. 13. The plotted points
above the line 1:1 represent an overestimation,
while those below that indicate an underestimation.
The peak flow points of simulated are under the line
1:1 represent the underestimation of model while
low flow points are plotted above line indicating
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Fig. 15. Model performance and regression between simulated and
observed flows of both selected rainfall events.

overestimation. The model evaluation is unsatis-
factory for validation based on PBIAS. The model
was unable to compute high flow peaks, where the
flow may be increased moderately at the beginning
of the wet season due to early arrival of rain in May
and June. The statistical evaluation indicator
(PBIAS) is very sensitive to minor difference be-
tween peak values of flow. It looks that model
simulation on daily basis is better than hourly basis
with keeping same parameters.

4.4. Event base hydrological model simulation and
performance

The calibration and validation of model was per-
formed wusing continuous base modeling for
2016—2017 and 2018, respectively. It was obtained
that the model simulation for validation period was
unsatisfactory based on PBIAS. Hence keeping in
view, the model simulation is performed using
event base data for the evaluation. For this purpose,
two rainfall events were selected (Typhoon Megi-
2016 and low pressure Tropical Storm 2018). The
simulation is performed using same calibration pa-
rameters on hourly time step as shown in Fig. 14.
Typhoo Megi-2016 simulation is done for three days
(September 27 to 29) and it was analyzed that the
model simulated the flows well but there is a dif-
ference in the peak time by five hours between
observed and simulated hydrographs. Similarly, the
Tropical Storm-2018 simulation is done for three
days (August 24 to 26) and it was observed that the
hydrograph time to peak and flow peak matched
well.

The model performance evaluation was also car-
ried out using the criteria of Table 2 as shown in Fig.
15. The values of statistical indicators for both events
indicated that the performance of the model is very
good based on event base simulation rather than
continuous simulation. Very good performance of
the model also satisfied the selection of parameters
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Fig. 16 The simulated flow using the calibrated parameter (CN and Ia) in creek catchments from upstream to downstream according to catchment

outlets.
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Fig. 16. (continued).

for calibration that can be used to simulates the
runoff of creek catchments.

4.5. Simulating runoff of creek catchments using
calibrated parameters

The rainfall-runoff simulation of creek catchments
was done using estimated physical parameters. The
model simulates the flow on hourly basis and then
converted into daily flows. It was analyzed that the

continuous hydrological model simulate the wet
and dry season flow reasonably well and success-
fully synthesizes the hydrological processes during
wet and dry season. The simulated flow hydro-
graphs of each creek catchment according to the
numbering of catchments outlets in Fig. 6 are shown
in Fig. 16. The hydrographs shape and peak time
with respect to rainfall duration and amount indi-
cated that model reasonably simulates the flows in
ungauged catchments such as Meinong. In addition,
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the recession part in low flow hydrographs repre-
sents the catchment hydrology and its natural
response to rainfall. After simulation and analysis,
the wet season flows during monsoon period (June
to September) were separated as shown in Fig. 16.
The hydrographs features indicated that calibrated
model is reasonable to simulate the flows in unga-
uged catchments. The influence of inflow hydro-
graphs can be seen in the downstream catchments.
The runoff simulation during 2018 is relatively dry
than 2016 and 2017. Only a single storm occurred in
late August 2018 that created high runoff flow in all
catchments. Similarly, in analyzing a flood event,
the most important aspect of the hydrograph is the
peak flow, because the peak flow corresponds to the
maximum downstream flooding that can be visual-
ized clearly in Fig. 16. In contrast, peaks that are
significantly less than the maximum may corre-
spond to increased water levels, but not necessarily
a flood event. The model verification was performed
with the analysis of simulated runoff in MCC.

4.6. Analysis of Meinong creek catchment (MCC)
and model verification

The flow analysis of MCC has been performed to
verify the model parameters. The MCC is consid-
ered ungauged because of unavailability of any flow
measuring system. Therefore, the model verification
is performed on that catchment to analyze the
capability of physically based semi-distribution
continuous hydrological model. The MCC area is
located on the upper reaches of the Kaoping delta's
alluvial fan with hills surrounding the west, north,
and east sides. This is the region where the Kaoping
river flows directly through the Central Taiwan
Mountain Range, into plains, and starts its sedi-
mentation process. Because gravel and sand are
deposited first and comprise a porous soil structure,
it is an important recharge area for groundwater in
the delta. The urbanized area is at the central plains
area with an elevation of about 45 m through which
the Meinong creek flows from the northeast to the
southwest and into the Kaoping river. The total
irrigated area is 4858 ha, including Jhongtan, Jiyang
and Jhuzimen (Fig. 17). The maximum designed
discharge is 770 cms at the San-Chia-Shui area and
980 cms at the confluence with the Qishan creek
[29]. The current dike system ends at about Fuan
village, because the downtown of Meinong is too

dense to build a dike. In addition, because the slope
of the terrain around the confluence of the Qishan
creek and Meinong creek is quite gradual, water
easily congests and flows back if the Qishan creek is
simultaneously in a high water level. The San-Chia-
Shui area is a flood-prone area when the congestion
of water elevates the water level. The main creek
consists of three major tributaries: the Shuang creek,
the Chiangziliou creek, and the Youzilin creek.
These tributaries gather the over-land flow from the
hills on the three sides and converge at San-Chia-
Shui. The creek makes a U-turn to bypass some
higher ground and then directly flows through Fuan
village, Jhongtan, Dexing and Chingshui villages
after flowing through the downtown area (Fig. 17).
After infiltration, the remaining water continuously
flows into the mainstream of the Kaoping river
through the bottom part of the triangle, where the
larger space functions as a floodplain. This catch-
ment triangle illustrates an original mechanism of
the water system: a huge amount of storm water is
collected in the upper area of the triangle and then
either flows together into the Kaoping river or
floods into the bottom of the triangle. This system
provides the midstream of the Meinong creek with a
livable and safer waterfront than the downstream
area.

The Meinong district flood condition in the
different year was analyzed using literature data
from Water Resources Agency. It was observed that
there is a flooding condition almost every year after
Typhoon Mindulle in 2004 due to the increased
frequency of extreme rainfall. The Typhoon Mind-
ulle flooded an area of 108 ha with the maximum
inundation depth of 1.5 m. Typhoon Wutip in 2007
had created serious flooding in downtown Meinong
and more than 4200 residents were in danger.
Typhoon Kalmaegi in 2008 flooded an area of 250
ha. Typhoon Morkot in 2009 inundated an area of
150 ha; Typhoon Fanapi in 2010 had flooded an area
of 120 ha. Typhoon Talim in 2012 created flooding in
whole Kaohsiung and Pingtung County while the
agricultural loss was more than 700 million NTD.
Typhoon Megi in 2016 with 83 mm h ™' rainfall in-
tensity inundated about 130 ha area while the
flooding depth was about 0.3—0.5 m. Tropical
Storm-2018 due to low-pressure monsoonal rainfall
created pluvial flooding with maximum flooding
depth more than 1 m ha ". The inundation area was
17.2 ha. The review of flooding and historical
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Fig. 17. The location of villages, the water texture and irrigation network of Meinong creek catchment area (Source: Based on [43] and [29]; Map by

author).

flooding area maps illustrated that the main loca-
tions of floods are concentrated on the plain at the
mountain (Fig. 18). The flow rate slows down in the
plains, which results in water congestion and
flooding. The San-Jia-Shui area is relatively low-
lying land where storm water easily accumulates.
Based on the flooding history and ungauged sit-
uation of Meinong creek catchment (MCC), the flow
simulation has been performed for better manage-
ment of water system and future application of the
model for flood prediction. The simulation results
indicated that most of the river water comes from
rainfall, and it was observed that there is a signifi-
cant difference in flow rate between summer (rainy)
and winter (dry) seasons. The model simulation
results were compared with maximum design flows
at upstream to downstream locations in MCC. The
ratio of maximum design flow between outlets 6 and
7 is 0.57 while the simulated average flow also pre-
sented the same ratio at same locations. This com-
parison indicated that HEC-HMS model has a
capability of runoff simulation in ungagged creek
catchments using physical parameters and can be

adopted for future flood and dry flows prediction in
creek catchments of Kaohsiung area Taiwan.

The simulated rainfall-runoff hydrographs at
three outlets in MCC indicated that the peak flows
correspond to the maximum rainfall occurrence,
also the hydrograph shape and timing of peaks
matched well. The application of calibrated param-
eters with estimated other physical parameters in
hydrological modeling reasonably produced the
runoff hydrographs. The monsoon four months (Jun
to Sep) rainfall-runoff hydrographs in Fig. 19 in-
dicates that the monsoon rainfall produce, 12 cms
average runoff at outlet 6 in San-Chia-Shui up-
stream area while at outlet 7 the average runoff
become 21 cms. At the outlet of MCC (the conflu-
ence with the Qishan creek) the monsoon rainfall
produced 30 cms average runoff. The estimated
runoff potential can be used to manage the water
system in Meinong area during monsoon season.
This shows that HEC-HMS is suitable for the stud-
ied catchments. From the results, we can conclude
that the complexity of the model structure does not
determine its suitability and efficiency. Though the
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structure of HEC-HMS is simple, it is a powerful
tool for flood forecasting. A further application of
HEC-HMS should be encouraged to confirm its
suitability for the Taiwan catchments.

5. Conclusion

This study demonstrated that the physically based
semi-distributed hydrological (HEC-HMS) model is
suitable and adaptable to simulate rainfall-runoff
flows on event as well as continuous time scale with
calibration and validation in Kaohsiung area Taiwan.
The model is fully based on the hydrological charac-
teristics, topography, soil type, and land use of the
study area. Overall, the HEC-HMS model perfor-
mance was satisfactory in terms of Nash Sutcliffe Ef-
ficiency (NSE) and coefficient of determination (R?)
based on the selected loss, transform and flow routing
methods. The modeling results indicated the signifi-
cant difference between dry and wet seasons and
water availability in the main river and creeks is
mainly due to monsoonal rainfall that brings peak
flows and pluvial flooding. The same model was
applied using calibrated parameters (CN and Ia) in
Meinong creek catchment where there is no hydro-
logical gauged station with sparse meteorological
stations. The comparative results between maximum
design flow and average simulated monsoonal flows
verified the application of physically based semi-
distributed HEC-HMS model. Understanding water
availability from Meinong creek catchment will be
useful to water resources managers, especially in
irrigation, domestic and industry water use sectors.
Therefore, it is concluded and suggested that the
methodologies developed in this research can also be
applied in other ungauged catchments and regions
with similar characteristics for hydrology and water
resources assessment. The developed model in the
study catchment can be applied to generate more
detailed information for modeling work, for water
resource management and planning purposes under
future climate scenarios. The outputs of this study will
help hydrologists to understand the efficiency and
application of physically based semi-distributed hy-

drologic model in river flow (rainfall-runoff)
modeling.
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