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ABSTRACT

The study assessed the flood vulnerability of the Asafo Sewerage treatment site within the Kumasi Metropolitan Assembly in Ghana using the
HEC-RAS model 1- and 100-year floods. Three distinct scenarios (S1, S2 and S3) relating to the point where the Gee River join the Subin
River and another that combined scenario 1 with a built levee (S1+Levee), were tested to ascertain the most effective way of preventing
floodwaters from entering the treatment site. The result depicts a direct relationship between flood inundation areas and designed streamflow
for the different return periods within the treatment site, with the natural regime already experiencing inundation at least once a year. The
observed flood inundation could be due to the low ground elevations and the natural depression created by the diversions of the Gee and Subin
Rivers from their natural state within the treatment site. Adopting S2 would increase the extent of inundation from the natural regime by 12.28-
19.38% for 1-100-year floods within the treatment site. The results revealed a significant decrease in the 1-year flood extent under S3 (71.58%)
and S1+Levee (94.94%), despite a slight rise under S1 (3.24%). The extent of inundations during the 100-year flood was estimated to drop by
38.99%, 40.40%, and 97.01%, S1, S3 and S1+Levee, respectively. The treatment site recorded low flood depths (0.00-0.60 m) and velocities
(0.00-1.00 m/s), whilst high flood depths (> 1.0 m) and velocities (> 4.0 m/s) were within the main Subin River channel. It is worth noting that
not all the inundated areas within the treatment site are susceptible to high-risk levels, with most of the designated high and very high flood-
risk zones located within the main river channels of the Subin and Gee Rivers. The aged, Children, buildings and small vehicles are generally
safe within the treatment site due to its low level of susceptibility. Based on the study, S1+Levee is considered the best option to adopt for
reducing the amount of flooding within the treatment site, followed by S3 and S1 in that order.
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1 INTRODUCTION

looding is a natural phenomenon that constitutes the temporary
inundation of territories where people, properties and environ-
mental assets are at risk [1]. Flooding is a major natural disaster
that frequently impacts the livelihood and economy worldwide [2],
[3], [4]. Flooding is a threat to many parts of the world, with research
indicating a rise in the intensity, frequency, and risk of flooding in the
coming years with the onset of climate change [5]. Globally, more than
430 catastrophic events were recorded by the Centre for Research on
the Epidemiology of Disasters (CRED) in 2021. For the period 2001-
2020 (20 years), flooding was the most common natural catastrophe
event globally, accounting for over 1.5 billion United States dollars in
costs, and it topped all other climate-related disaster events [6], [7],
[8].
One of the areas that could pose a high environmental threat if
flooded is the waste disposal sites, especially in urban areas where the
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population is increasing at a higher rate compared to the rate at which
flood risk management strategies and infrastructure are being created
[8]. As indicated by [9], most waste disposal sites are sited within low-
lying areas, flood plains and near coastal areas, which are at risk of
being flooded by heavy rain, storm surges and coastal erosion. [10],
investigated that about 3,000 landfills in the United Kingdom are lo-
cated in flood plains and a further 1,264 in low-lying coastal areas [11]
stipulated that the exponential increase in the generation and disposal
of hazardous waste into landfills may pose dangers to the environment
and public health if not properly managed. Siting of hazardous waste
facilities is vital in the decision-making process to reduce damage
caused by flooding. Sarah in her study [12], proposed a 100-year
floodplain as an exclusion zone for the disposal of solid waste.

The poorest and developing countries with low resistance and ad-
aptation capabilities are the most vulnerable to flood. The frequency
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of flood occurrences is predicted to increase in Africa due to socioec-
onomic and climate change issues [13], [14]. Ghana has received lots
of international attention through the print and electronic media due
to the regular floods that occur every year, usually caused by riverine
and flash floods, which affect communities built in the waterways and
along the low-lying flat fertile flood plain, which are convenient for
farming and other livelihood supports. This information points to the
fact that lives are lost and affected, businesses are interrupted, farm-
lands and critical infrastructures (roads, building footprints, educa-
tional and health facilities) are often affected during flooding.

Like many developing countries in sub-Saharan Africa, Ghana
faces several challenges regarding the effective way of managing
waste produced in its many urban centers because of the country's fast
population increase and scarcity of suitable treatment space [15].
Nearly all of Ghana's wastewater treatment plants built in the 1960s
and early 1990s, including the one at Kwame Nkrumah University of
Science and Technology (KNUST), are broken down as a result of in-
adequate management [16], [17]. The Asafo wastewater treatment
plant, located in Kumasi, the second most populated city in Ghana, is
no exception. It was constructed as a pilot project in 1994, broke down
in 1997, and was repaired in 2001 [18].

As these facilities break down, untreated sewages from residential
areas are released into the surrounding environment. These wastes
might affect the yearly reported disease incidence in the city. Studies
have indicated that around 55% of the ailments reported in the city of
Kumasi are related to water and water-related issues. According to
[19], digestive disorders and diarrhoea are among these illnesses.

The Government of Ghana has initiated the construction of new
and the rehabilitation of existing wastewater treatment plants in recent
years to improve human health and the conditions of the environment.
Thus, more households and institutions are expected to benefit from
the ongoing expansion and rehabilitation of the Asafo Sewerage Treat-
ment facility within the KMA. Aside from the rehabilitation and con-
struction of the wastewater treatment plants in KMA, flooding within
the site can affect human health and pose a danger to environmental
health. The Asafo wastewater treatment site is subject to annual flood-
ing, resulting from surface runoffs and bank overflows from the Gee
and the Subin Rivers, especially during the wet season. As a result,
garbage and eroded materials could be transported to and from the
treatment pond. An improper control and management of the treatment
site could lead to environmental pollution.

Since 1995, Ghana has seen a rise in the frequency of flooding [20],
with global models predicting more land areas to be affected by in-
creased flooding [21]. For early warning, planning and decision-mak-
ing, a deeper comprehension of the factors contributing to floods is
essential. In developing nations like Ghana, rapid and unplanned ur-
banization, inadequate urban management, inadequate infrastructure,
and climate change are some of the causes of floods [6]. Despite the
known link of these drivers to flooding, there are inadequate studies
that apply hydrology and hydraulic models to assess flood vulnerabil-
ity and propose measures that could mitigate flood risk at waste dis-
posal sites. In light of the above limitations, this study is being carried
out to address some of the measures that can improve human health
and environmental conditions through flood mitigation at waste dis-
posal sites using hydrological and hydraulic models. Thus, the objec-
tives of this are to:
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i. assess flood vulnerability at the Asafo Wastewater Treat-
ment site that may result from high flood water and

ii. assess flood mitigation scenarios and discuss the best op-
tion with low vulnerability and risk within the study site

2 STUDY AREA

The Asafo Sewerage Treatment site, located within the Kumasi Met-
ropolitan Assembly (KMA) in the Ashanti Region of Ghana (Fig. 1),
is the chosen area for the study. It lies between latitudes 6°40.002” N
to 6°40.010” N and longitudes 1°36.012” W to 1°36.015” W, covering
an approximate area of 73,560 m?. The treatment site, with an approx-
imate drainage area of 6.08 km?, is drained mainly by the Gee and
Subin Rivers. The climate in the region is categorized as a wet sube-
quatorial with a bi-modal rainfall pattern, peaking in March-July and
September-October. With a total of about 216 raining days in a year,
the average annual rainfall amount in Kumasi is about 1244.68 mm,
with an average monthly value of 95.74 mm. The mean temperature
of the region is approximately 28 °C [22]. Asafo is a residential area
within the KMA, covering an approximate area of 2 km? with a resi-
dent population of about 20,000 [18, 23]. According to the Minister of
Water and Sanitation, the Asafo Sewerage Treatment facility is cur-
rently receiving sewerages from 323 households, 13 institutions, and
some 14 public latrines within Kumasi [24]. Upon the completion of
an ongoing expansion and connecting waste from other facilities, in-
cluding the Kumasi Central Prisons and the Komfo Anokye Teaching
Hospital (KATH), these numbers are expected to double.
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Fig. 1. Study area showing the location of the Asafo treatment site
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3 MATERIALS AND METHODS

3.1 DEM and drainage area

A variety of flood modelling, topographic and natural hazard assess-
ments rely heavily on Digital Elevation Models (DEM) [25], [26].
The resolution of the DEM used for the study is approximately 0.1 x
0.1 m, with elevation values ranging from 225.02-285.86 m above
mean sea level (Fig. 2).

3.2 The hydrologic (HEC-HMS) model

Since there were no available gauged streamflow data at or near the
study site, a hydrological model was developed for the Pra River Basin
at Twifo Praso using the HEC-HMS model. This modelling approach
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enabled the consultant to make provisions for extracting streamflow
data at the required locations on the Subin River and its tributaries.
These values are vital in defining the boundary conditions in the hy-
draulic model (HEC-RAS). Utilizing the user gauge weighting ap-
proach in the HEC-HMS model, the meteorologic model was created
using the observed rainfall and streamflow data [27]. The hydrology
of the Pra Basin at Twifu Praso was calibrated and validated for the
periods 2000-2004 and 2005-2009, respectively, using observed pre-
cipitation data for the period 1984-2021. In a later simulation, the
model was used to determine stream flows in the river at Subin, Gee,
and the tributary close to the treatment site. Fig. 3 shows a schematic
illustration of the Pra Basin at Twifu Praso (left) and Subin at the treat-
ment site (right) in the HEC-HMS model. The model's initial parame-
ters were selected using data collected from the literature on the use
of HEC-HMS and catchments with similar characteristics [28, 29, 30,
31]. The HEC-HMS model was calibrated and validated at a daily time
step using the period and time interval of the observed hydrological
data. Three statistical indicators, as summarized in equations 1-3, were
used to assess the performance of the HEC-HMS model.
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Fig. 2. Drainage of the treatment site

Fig. 3. Schematic representation of the Pra Basin at Twifu Praso (left)
and Subin (right)
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where R is the Pearson correlation coefficient, NSE is the Nash-Sut-
cliffe efficiency, O and P are the means of the observed streamflow
(0) and the estimated stream flow (P;) respectively, and n is the num-
ber of compared values.

3.3 Flow duration curve and high flows

The flow duration curve (FDC) was developed for the Subin, Gee and
tributary Rivers with daily streamflow data using equation 4 [32],
[33]. The section of the FDC which is of most interest to this study is
the high streamflow sections of the curve. These were arbitrarily cho-
sen as a part of the curve where flows were exceeded 10 % of the time.

P =100 x — 4
n+1

where P is the percentage of time a given flow is equaled or exceeded,
n is the total number of records and r is the rank number for each
streamflow with the largest ranked 1 and the smallest n.

3.4 Estimation of return periods for high stream flows

The return period is an important parameter in streamflow research
because it describes the likelihood of streamflow events occurring.
The extracted high stream flows from the FDC were sorted in descend-
ing order of magnitude and assigned rank numbers with the largest
ranked 1 and the lowest n. The empirical return period ( T,) for each
high streamflow were estimated using equation 5 [32].

T, =~ 5

where 7 is the rank number for each high streamflow and n is the total
duration of the complete streamflow series (in years).

A more simplified extreme value analysis was performed on the
extracted high stream flows using the exponential extreme value dis-
tribution (EVD). The return periods for the high stream flows were
estimated using equation 6 [32]. By rearranging the equation 6 to 7,
the designed high stream flow for a specified return period (T-years)
was estimated based on linear regressions in the exponential quantile
plots.

=2 [ty ;

Xy = Xt% [Exp[yln (%)] - 1] 7

where T, is the calibrated return period, y and £ are calibrating param-
eters based on extreme value distribution, t is the number of high
streamflows above the threshold value (x;), n is the total duration of
the complete streamflow series (in years) and x; is the estimated de-
signed high stream flow at T-years.
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3.5 The hydraulic (HEC-RAS) model

Due to its popularity and ease of use across the globe for hydraulic
assessment of floods and floodplains [27], [34], [35], the Hydrological
Engineering Centre River Analysis System (HEC-RAS) tool was se-
lected for this study. The primary input data of the HEC-RAS model
are (i) river geometry, (ii) river floodplain, (iii) the separation between
subsequent river cross-sections, (iv) Manning's 'n' value, and (v)
boundary conditions. The flood depth, flood velocity, flood extent, and
risk level within the treatment site were estimated using the HEC-RAS
(version 6.4.1) model. The basic principles in setting up the HEC-RAS
model were followed. The normal depth option, which requires so lit-
tle data was defined for the downstream boundary condition of the
river reach with a channel slope of 0.0002 m/m. The unsteady steady
state analysis was performed in this study because it corresponds bet-
ter with evaluating design floods. With the aid of the RAS-MAPPER
tool in the HEC-RAS model, the extent of inundation, flood depth, and
flood velocity corresponding to 1- and 100-year floods.

3.6 Flood Risk Levels Classification

The frequency, depth, and velocity of floods within a floodplain are
all related to the dangers they pose to human life. Therefore, by inte-
grating flood depth and flood velocity, flood risk assessment can be
better understood. Flood risk within the study site was assessed at four
levels (low, medium, high, and very high) following a modified clas-
sification of the Australian Emergency Management Institute (AEMI)
guideline 7-3 [36] as outlined in Table 1.

Table 1. Classification and definition of flood risk level (Modified from
the AEMI guideline 7-3)

Classification

Risk level Description
values (m#/s)
Generally safe for children, the aged,
Low =030 buildings and small vehicles
Medium >0.30<0.60 Unsafe for children and the aged
. Unsafe for children, the aged and small
High >0.60<1.00 vehicles. Can destroy farmland
Unsafe for vehicles and human. All
Very high >1.00 structures are vulnerable to failure.

Farmlands can be destroyed

3.7 Scenarios analyzed

The study tested three scenarios to identify the best option with low-
risk flood vulnerability within the treatment site. In the natural regime,
the Gee River flows along the boundary and cuts through the middle
of the treatment site before joining the Subin River just below the trib-
utary (Fig. 4). As illustrated in Fig. 4, all the scenarios are related to
the point where the Gee River joins the Subin River.

Scenario-1 (S1): Changing the direction of the Gee River to join the
Subin River from the upper section of the treatment site.

Scenario-2 (S2): Changing the angle at which the Gee River flows into
the Subin downstream.

Scenario-3 (S3): Combining scenario-1 and the natural regime such
that 50% of the flow in the Gee River joins the Subin River upstream
of the treatment site and the remaining 50% flow through the natural
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regime
In each case, an approximate excavated depth of 1.25 m was con-
sidered from the point of diversion of the Gee River to the Subin River

Natural Regime Scenario-1 Scenario-2 Scenario-3
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Fig. 4. Natural River network and scenarios considered in the study

3.8 Special case scenario

A hypothetical situation in which a levee is built to prevent high flood-
waters from entering the treatment site was modelled and simulated
with the HEC-RAS model. Depending on where the Gee River joins
the Subin River, S1 was considered the appropriate option to adopt
with the built levee (S1+levee). As illustrated in Fig. 5, the levee was
modelled along the boundary of the treatment site to keep high flood-
waters from the Gee and Subin Rivers from entering the treatment site.
The height or elevation of the levee along the treatment site was esti-
mated to be about 0.2 m more than the water surface elevation data
gathered in the study. The impacts of floods caused by the constructed
levee within the treatment site and the nearby environs were assessed.

y & N e ? 4 W ot
Fig. 5. A representation of the scenario 1 with the built levee along the
boundary of the treatment site
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4.0 RESULTS AND DISCUSSIONS

4.1 Digital elevation model and drainage

The total drainage area contributing to the Subin River at the treatment
site is approximately 6.08 km?. Fig. 6 compares the river network gen-
erated from the DEM and the existing networks of the Gee and Subin
Rivers at the treatment site. It can be observed from Fig. 6 that there
is a mismatch between the two river networks at the treatment. From
the existing condition on the ground, the Subin River does not flow
through the treatment site, whereas the Gee River flows along the bank
of the treatment site before joining the Subin River. The DEM-gener-
ated river network indicates that the Gee River joins the Subin River
within the upper section of the treatment site, which then flows within
the treatment site near the boundary before exiting just around the
middle of the treatment site. The mismatch between the river networks
could be because both the channels of the Gee and the Subin Rivers
were recreated and diverted in the past from their natural (generated
river network) to the current path at the site.
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Fig. 6. Comparison between generated and exiting river network at the
study site

4.2 HEC-HMS model calibration and validation

The performance of the HEC-HMS model in simulating daily stream-
flow at Twifo Praso is graphically illustrated in Fig. 7 under calibra-
tion and validation periods. The simulated streamflow values (0.03-
920.00 m3/s) were well within the range of the observed streamflow
(0.30-1,040.10 m?/s), with the results showing a satisfactory fit be-
tween simulated and observed stream flows, resulting in a good NSE
(0.50-0.66), high coefficient of correlation (R > 0.78) and a satisfac-
tory model bias (< -0.13) values during the simulation period. The
model successfully captured the peak flows, which are essential for
flood analysis, over the simulation period. The performance of the
HEC-HMS model could be considered satisfactory in simulating
streamflow in the Pra Basin.

The daily streamflow values extracted from the model at the re-
quired locations on the Subin River and its tributaries are presented in
Fig. 8 for the period 1984-2021, with values ranging from 0.10-10.18
m?/s, 0.00-2.21 m?/s, and 0.00-0.50 m?/s in the Subin, Gee, and tribu-
tary Rivers, respectively. The mean stream flow values from these riv-
ers are approximately 0.25 m*/s, 0.05 m*/s, and 0.02 m*/s, respectively.
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Fig. 7. Simulated daily streamflow at Twifo Praso in the Pra River Basin
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Fig. 8. Daily streamflow in the Subin River and its tributaries for the pe-
riod 1984-2021

4.3 Designed flows for different return periods

Fig. 9 illustrates the flow duration curve developed for the Subin, Gee
and the Tributary Rivers in the study area with the threshold values
above which these flows are considered high flows are estimated at
10% probability of exceedance to be approximately 0.66 m*/s, 0.14
m?3/s and 0.04 m®/s, respectively.
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Fig. 9. Flow Duration curves developed for the Subin River and its tribu-
taries
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Fig. 10 illustrates the recurrent intervals of high streamflow at
Subin, Gee, and the tributary Rivers, with the estimated results indi-
cating that high stream flow values of 4.73 m®/s & 10.82 m?%/s, 1.03
m3/s & 2.5 m¥s, and 0.25 m*/s & 0.56 m*/s are expected to occur at
least once every 1- & 100-year, respectively.
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Fig. 10. Return period of stream flows developed for the Subin River and
its tributaries

4.4 Extent of inundation

Figs. 11 and 12 compares the extent of inundation between the natural
regime, scenario-1 (S1), scenario-2 (S2) and scenario-3 (S3) using an
average excavated depth of 1.25 m from the point of diversion to the
point where the Gee River joins the Subin River for 1- and 100-year
floods, respectively. Fig. 13 on the other hand compares the flood ex-
tents between the natural regime and the one with the combined sce-
nario-1 and the built levee (S1+Levee). The result depicts a direct re-
lationship between inundated areas and designed streamflow for the
different return periods (Table 2).

The natural regime already experiences inundation with the 1- and
100-year floods covering about 28.25% (20,778.06 m?) and 52.36%
(38,518.70 m?) of the treatment site, respectively; indicating that the
100-year flood in the natural regime will inundate about 46.06% more
area than the 1-year flood within the treatment site. The observed in-
undation could be due to the low ground elevations within the treat-
ment site and the natural depression created by the diversions of the
Gee and Subin Rivers from their natural state.

In all the scenarios, the extent of inundation was estimated to in-
crease from the natural regime by 19.38% and 12.28% under S2 for
the 1- and 100-year floods, respectively. Though, there is a marginal
increase under S1 (3.24%), the results on the other hand showed an
immense reduction in the 1-year flood extent under the scenario-3
(71.58%) and the S1+Levee (97.01%). For the 100-year flood, the ex-
tent of inundation was estimated to decrease under S1, S3 and
S1+Levee by 38.99%, 40.40% and 94.94%, respectively. These results
suggest that portions of the treatment site would still flood during
heavy flows even after the construction of the levee. These 1-100-year
flood covering about 2.99-5.06% of the treatment site, were observed
to be occurring at the (i) top upper right portion of the treatment site,
which is not protected by the levee to allow the Gee River to flow
freely into the Subin River and (ii) lower end of the treatment site
which is inundated due to backwater effect. Even though the overall
extent of inundation has improved within the treatment site under
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S1+levee, it has resulted in an increased inundation extending away
from the left bank of the Subin River (Fig. 13). The extended inun-
dated area extending from the built levee is estimated to cover an extra
area of 5.53 X 1072 — 11.88 X 10~3 km? approximately.
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Fig. 12. Inundation boundaries for 100-year floods

1-year Return Period 100-year Return Period

36%U0"W
0.15 0075 0
Flood extentNatural Regime [ ] Flood extent: S1+levee ~ E—1 Jkm

Fig. 13. Comparison of 1- (left) and 100-year (right) flood extents be-
tween the natural regime and S1+Levee
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Table 2. Inundated areas and percentage change under S1, S2, S3 and
S1+Levee within the treatment site

Return period Extent of inundation ~ Change in inundation extent (%)

(years) (m?) S1 S2 S3  Sl+Levee
1 20,778.06 324 1938 -7158 -97.01
100 38,518.70 -38.99 1228 -40.40 -94.94

4.5 Elevation, length and slope of levee

Fig. 14 (up) compares the elevations on the ground (236.6-245.9 m,
asl) and levee (239.0-244.9 m, asl), while Fig. 14 (down) shows the
height of the levee above the ground level, along the boundary of the
treatment site. The total length of the levee is approximately 956.0 m,
with an approximate slope of 0.0003 m/m. Depending on the eleva-
tions along the boundary of the treatment site, the height of the levee
above the ground ranges from 0.0-3.2 m with a mean value of 1.5 m.
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Fig. 14. Elevation of the ground and height of the levee along the bound-
ary of the treatment site

4.6 Inundation depth, velocity and WSE

Figs. 15-17 illustrate the variations in flood depths, flood velocities,
and water surface elevations (WSE), respectively for 1- and 100-year
floods. The simulated flood depths range from 0.00-4.09 m and 0.00-
4.32 m for 1- and 100-year floods, respectively (Fig. 15) while the
distribution of flood velocities ranged from 0.00 m/s to more than 4.00
m/s, respectively (Fig. 16). The vast majority of the flood depths and
velocities within the treatment site are minimal, with values ranging
from 0.00-0.60 m and 0.00-1.00 m/s, respectively. The deepest flood
depths (> 1.0 m) and high flood velocities (> 4.0 m/s) were observed
to be within the main Subin River channel. The WSE values were sim-
ulated to range from 235.00-244.10 m and 235.30-244.50 m for the 1-
and 100-year floods, respectively (Fig. 17).
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Fig. 16. Velocities for 1- (up) and 100-year (down) floods
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Fig. 17. WSE for 1- (up) and 100-year (down) floods

4.7 Vulnerability to flood

Fig. 18 shows the flood risk maps generated for the study site for 1-
and 100-year floods. It is important to note that not all the inundated
areas within the treatment site are susceptible to high-risk levels re-
sulting from the 1-100-year floods. Most of the areas designated as
high and very high-risk flood risk levels are located within the main
river channels of the Subin and Gee Rivers. Thus, the level of vulner-
ability within the treatment site falls within the low-risk flood zone
with values ranging between 0.00-0.30 m?/s, which is generally safe
for children, the elderly, buildings and small vehicles.
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Fig. 18. Flood Risk levels for 1- (up) and 100-year (down) floods

4.8 WSE, depth, velocity and flood risk level emanating from
the built levee
In the special case scenario, Fig. 19 illustrate the estimated SWE,
flood depth, flood velocities and flood risk level within the treatment
site which were simulated with a levee built along the boundary of the
treatment site under scenario-1 (S1+levee) for 1- (up) and 100-year
(down) floods. The simulated water surface elevation corresponding
to 1-00-year floods was estimated to range from 235.5-244.3 m. The
simulated flood depth and flood velocity under S1+Levee range from
0.00-5.14 m and 0.00 - > 4.00 m/s, respectively. The deepest flood
depths (> 1.0 m) and high flood velocities (> 4.0 m/s) are within the
main Subin River channel. Since the treatment site is saved from flood
water, almost all flood risk levels (low-very high flood risk level) are
located within the main Subin River channel and along the built levee
along the treatment site. Thus, there is no level of vulnerability within
the treatment site due to the built levee. From the analysis, S1+Levee
is considered the best option to adopt concerning the reduction in the
extent of flood inundation within the treatment site, followed by S3
and S1 in that order.
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Fig. 19. Comparison of 1- (up) and 100-year (down) WSE, flood depths,
flood velocities and flood risk levels under S1+Levee

5 CONCLUSIONS AND RECOMMENDATIONS

With designed stream flows of 1- and 100-year return periods, the
HEC-RAS model was used to evaluate the vulnerability of the Asafo
Sewerage treatment facility located in Ghana's second most populous
region. To determine the most efficient method of keeping floodwaters
from entering the treatment site, three (3) distinct scenarios (S1, S2,
and S3) related to the point of confluence between the Gee and Subin
Rivers and another, which merged scenario 1 with a built levee
(S1+Levee), were investigated.

Based on the low ground elevations and the natural depression
formed by the Gee and Subin Rivers' diversion from their natural state
within the treatment site, the results show that flood inundation hap-
pens at least once a year. The results revealed a significant decrease in
the 1-year flood extent under S3 (71.58%) and S1+Levee (94.94%),
despite a slight rise under S1 (3.24%). Under S1, S3, and S1+Levee,
the extent of flood inundation within the treatment site is predicted to
decrease by 38.99%, 40.40%, and 97.01%, respectively, during the
100-year flood.

It is worth noting that not all the inundated areas within the treat-
ment site are susceptible to high-risk flood levels, with most of the
designated high and very high flood-risk zones located within the
main channels of the Subin and Gee Rivers. Thus, the level of vulner-
ability within the treatment site is low, which is generally safe for chil-
dren, elderly, buildings and small vehicles. According to the analysis,
S1+Levee is considered the best option to adopt concerning reduction
in the extent of flood inundation within the treatment site, followed by
S3 and S1 in that order.
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