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ABSTRACT
Changes in climate extremes are projected to intensify, leading to frequent occurrences of disasters,

such as flooding, droughts, and forest fires. Globally, flooding in low-to middle-income countries
has been a great concern affecting the development of communities in these countries. Flooding
situations in Africa can not only be attributed to extreme climate fluctuations but also to the rapid
urbanization of cities. Settlements in flood-prone areas by low-income dwellers inhibit the capacity
of the river network, causing floods during an event. This study evaluated the risk associated with
flooding in an ungauged urban basin by (i) evaluating the trend of extreme precipitation, (ii)
examining the inundation behaviour of the basin in response to extreme precipitation, and (iii)
analysing the impacts of different mitigation interventions on runoff peaks. The study employed
RClimDex to analyse the trends in precipitation extremes indices at Kumasi airport, Kwadaso, and
KNUST stations. The indices were evaluated for trends using the Mann—Kendall trend analysis
and the magnitude of the trend using Sen’s slope estimator. The results indicated a decreasing trend
in the total annual precipitation in the basin. In addition, there was a decrease in the trends of
Consecutive Wet Days at the two stations, while Consecutive Dry Days increased. However,
extreme indices such as the Simple Daily Intensity Index and 95th percentile precipitation on wet
days (R95p) indicated an increasing significant trend over the years depicting the occurrence of
extreme rainfall events in the basin. A hydraulic model was set up in the HEC RAS using the rain-
on-grid method of simulation. Simulations were performed using the case study of a flood event
that occurred in the basin. The results indicated a Pearson correlation of 0.62 between the simulated
depths and the depths collected during the post-flood field survey with flooded locations obtained
from the simulated scenario. Rainfall with return periods of 5, 50, and 100 years were simulated
to generate flood hazard maps. The simulations revealed maximum flood depths of 3.5meters, 3.9
meters and 5.3 meters for the 5, 50 and 100 years return period precipitation respectively.
Furthermore, different mitigation solutions were simulated in the HEC HMS to analyse the
changes in the peak flow in the basin during and after implementation. Nature-based solutions
such as urban forests, bioswales, and residential parks were used; however, the level of attenuation
of the runoff in the basin was below 10%; therefore, grey solutions were also simulated. The
implementation of detention basins revealed a significant reduction in peak discharge by an
average of 35%. These findings are aimed at informing basin managers and policymakers about

the strategies that could be implemented in the basin for flood management.
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CHAPTER 1: GENERAL INTRODUCTION
1.1 Background of the study

The intensity and frequency of heavy precipitation events have become more frequent with global
warming and thereby have the chance to increase in the future (IPCC, 2013). These changes in
extremes have the potential to impact the social, environmental, and economic situation of a
country compared to the changes in mean values (Wang et al., 2012). Under warmer atmospheric
conditions, it is projected that there would be an increase in precipitation extremes that would be
larger than the average precipitation and have a greater impact on society (Drobinski et al., 2016).
Countries worldwide have experienced extreme rainfall incidents that have catastrophic
consequences, mostly in developing countries owing to insufficient infrastructure (Chi et al.,

2016).

Amongst hazards occurring naturally around the world, flooding remains the most frequent and
destructive event type due to its disruptive behaviour, leading to serious damage to human
livelithoods and the environment (Wright, 2016). In 2021, the Center for Research in the
Epidemiology of Disasters (CRED) reported 432 devastating disasters occurring between 2001
and 2021, which was significantly higher than the average of 357 annual disasters between 2001
and 2020. Floods were ranked number one in natural hazards 223 events higher than 163 recorded

earlier (CRED, 2021).

Africa and Asia have been identified as continents most affected by floods (UNISDR-CRED,
2015). Extreme rainfall events are known to be the number one cause of flooding in Africa and
result in negative consequences for residents due to their short warning period (Engel et al., 2017).

The challenges associated with floods threaten economic development, especially in developing



and underdeveloped countries (Amoateng et al., 2018). In addition, between 2000 and 2018, a
total of 698 flood disasters that occurred in Africa killed more than 14,250 people affecting 45
million people and incurring an economic loss of 6.8 million dollars (Sy et al., 2020). Diverse
factors affect floods, leading to four main grouping types; riverine flooding, urban flooding, coastal

floods, and flash floods (Amoateng et al., 2018).

Flooding identified in the urban areas of developing countries with high intensity and frequency
was described by Amoateng et al., (2018) as riverine floods. This is due to the overflow of the
banks of rivers and the land cover of the urban settlement during a flooding event. These events
can be linked to the rapid urbanization of cities in the country. The risk associated with flooding
can be explained as the probability of the occurrence of a flooding event and its impact (Xia et al.,
2011). According to Abass et al. (2020), urban sprawl results in, among other things, inefficient
resource utilization and depletion. In response to this situation, it is crucial to accommodate rising
numbers, which have resulted in the induction of rapid land use and land cover transformation at
spatial and temporal scales. The impact of flooding on urban areas can be very high because the
area is densely populated and contains important infrastructure (Xia et al., 2011).

Flood hazards have been linked with various variables such as vehicles and buildings in flood-
prone areas, stability of people, evacuation difficulty, and flood awareness creation in the local
population (Xia et al., 2011). Flood risk and hazard maps are created using a complex process that
combines several methodologies, such as hydrological and hydraulic modeling, based on a set of
data that accurately describes the terrain of the main channel and overbank areas (Arseni et al.,
2020). Identifying locations where a flood could have negative consequences is a crucial step in

flood risk assessment and management.



Ghana ranks high among African countries that experience flood disasters; that threaten economic
growth and development (Amoateng et al., 2018). Floods of different types and degrees of intensity
occur, but widespread flooding in large cities has been increasing in frequency and scale recently
(Campion & Venzke, 2013). Accra, Kumasi, Sekondi-Takoradi, and Tamale are important cities
that have become focal places for the country's increasing urban population. In 2010, the country's
urbanization rate surpassed 50% for the first time (GSS, 2010; Amoateng et al., 2018).

Kumasi, the second most populous city in Ghana, has been battling a growing incidence and scale
of floods (Campion, 2012). Recently, seven lives were lost due to a flooding event that occurred
in September 2021 in Kumasi. According to experts, flooding is likely to become more common
because of urbanization, unplanned development, increased precipitation, and deforestation. Flood
inundation mapping provides important tools needed to identify flood risk zones and to plan
different flood management solutions in urban areas (Sahoo & Sreeja, 2017). In addition to
potentially saving millions of dollars from damages incurred annually, mapping the extent of flood
has the capacity to save the lives of humans and livestock. As a result, flood hazard mapping
studies have become increasingly practical and expedient.

This research is part of ways of fulfilling the Sustainable Development Goals and will also
contribute to the attainment of Sustainable Development Goals 6 and 13, ensuring sustainable

management of water and taking action against the impact of climate change.

1.2 Problem Statement
An increase in climate change will directly lead to an increase in flood risk in various parts of the

world (Hajani et al., 2017). In addition, tropical precipitation extremes are expected to increase



with global warming (Abbott et al., 2020), leading to intense rainfall events and flooding. Flooding

is a destructive natural disaster experienced globally that has dire consequences for humans.

In Africa, flood plains are being developed for industrial and urban purposes and have major
effects on the aftermath of extreme floods, especially given the ongoing pressures of population
growth and economic expansion (Padi et al., 2011). According to Essel, (2017) the causes of
flooding can be attributed to urbanization, climate change, land-use change, deforestation, and the
building of structures in waterways. In the developing world, urbanization has been found to be

the major cause of flooding (Tehrany et al., 2015).

Kumasi's previous and recent development paths have been hampered by the city's rapid
population increase, which has resulted from the unrestricted migration of people seeking better
living opportunities (Cobbinah et al., 2019). The high level of urbanisation in the city has led to
an increase in impervious surfaces, resulting in perennial flooding events (Essel, 2017). According
to Amoateng et al. (2018), floods in Kumasi can be described as riverine floods due to the loss of
floodplains and river channels caused by development from increased human occupation in the
city. This continual development in flood-prone areas increases the risk of urban flooding, which

IS expected to occur more often due to climate change.

Again, the river bodies responsible for draining excess surface runoff have been undermined by
the increasing encroachment of urban dwellers into waterways beyond acceptable bounds. This
results in a reduction in the capacity of river channels and floodplains, making them incapable of
properly transporting and absorbing the large volumes of runoff created by storm events
(Amoateng et al., 2018). Excess discharge or runoff that exceeds the riverbanks and floodplains
causes inundation of dwellings and other physical developments within these zones, which

naturally have a high-water table and low infiltration capacity and, as a result, reach saturation
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points quickly (Amoateng et al., 2018). Campion and Venzke (2013) hinted that the hazards to
inhabitants of Kumasi exposed to flooding are projected to increase both severely and frequently,

leading to increased risk.

The Aboabo Basin, similar to other urban basins, is not gauged, indicating a lack of hydrological
data. The annual occurrence of floods in the basin has been a major setback for development. Due
to the lack of hydrological data, there is limited understanding and knowledge about the rivers’
flow dynamics and risk associated with flooding in the basin. This poses significant challenges in
water resources management and flood risk assessment in the basin. Therefore, to bridge this gap,
this study seeks to employ the use of available data, field observations and surveys as a tool to
bridge this gap and provide flood hazard maps for the basin which can be adopted in the

management plan of the city.

1.3 Research Justification

To prepare for possible future changes, it is important to understand how precipitation totals and
extremes change in different regions (Donat et al., 2016). In addition, the continuous development
of human settlements in floodplains and the increasing occurrence of catastrophic flooding
underscore the urgent need for extended identification of flood-prone areas to minimize
environmental damage and societal consequences. Therefore, defining and estimating the degree
of hazard for people and property in urban areas is an important component of good flood risk

management.

Studies on flooding in Kumasi have been conducted over the years; however, these studies have
mainly investigated the social impacts of the events on the inhabitants in the basin (Ahadzie et al.,
2022; Mensah & Ahadzie, 2020), meteorological impacts (Ansah et al., 2020), wet ecology

(Campion, 2012), driving mechanisms and adaptation strategies (Ahadzie et al., 2022; Campion
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& Venzke, 2013). Korah and Cobbinah, (2017) and Essel, (2017) developed flood hazard maps for
Kumasi however, a one-dimensional approach using remotely sensed data and GIS was employed
thereby limiting the information regarding the events. Hydrodynamic modelling was employed in
this study to fill the gap by producing hazard maps with essential details such as depths of flood
water. Flood inundation maps can help to mitigate flood damage and establish early flood warning
systems. Furthermore, mitigation and adaptation strategies laid as part of flood management must
be assessed with the potential impacts of climate change as a way of reducing the risk associated
with climate change and therefore, have a good prediction of events. Finally, flood hazard maps
derived from this research can be used as vital evidence for an efficient disaster risk management
plan that will aid social relief groups, NGOs and key stakeholders to be well-informed about the

spatial distribution of flood events in the study basin for a quick and cost-effective approach.

1.4 Research Objectives
The main objective of this study was to evaluate the flood inundation risk in an ungauged urban

basin.

The Specific Objectives are to

1. Evaluate the trend of extreme precipitation in the basin.
2. Examine the inundation behaviour of an urban basin to extreme precipitation.

3. Analyze the impacts of different mitigation interventions on peak runoff in the basin.

1.5 Research Questions

1. How has extreme precipitation in the basin evolved over time?

2. How can inundation in an urban basin occur during extreme rainfall?

3. What are the potential mitigation strategies for reducing the impact of flooding?
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1.6 Thesis Organization

This study is grouped into eight (8) chapters.

Chapter 1 introduces the research topic by highlighting the background of the study, the problem

under review, research gaps, objectives, justification, and questions.

Chapter 2 deals with a relevant review of the literature concerning flooding topics, both locally
and globally, flood management practices, different types of floods, flood simulations and similar

relevant literature.

Chapter 3 presents the study area involving the information on the elevation, geology, climate and
demography. Also, the methods used in the analysis of the specific objectives are presented in this

chapter.

Chapter 4 addresses the first specific objective which evaluates the trends in extreme precipitation

in the basin. The results and discussions of the trends are presented in this chapter.

Chapter 5 reports on the results of specific objective two which examines the inundation behavior
of the basin to extreme precipitation events. The discussions of the results are presented also in

this chapter

Chapter 6 presents the findings and discussions of specific objective three which is the analysis of
different mitigation solutions on the peak discharge in the basin. Nature based and gray solutions

are simulated to observe the impact of implementation in the basin.

Chapter 7 provides the general discussion of all the specific objectives in the previous chapters.

Chapter 8 reports on the conclusions drawn from the findings of this study and recommendations

for future research and basin managers for proper flood management strategies.



CHAPTER 2: LITERATURE REVIEW
2.1 Introduction

This section summarizes relevant literature on flooding, urbanization, and extreme precipitation.
The causes of flooding in Kumasi, along with innovations and existing research gaps, were
thoroughly reviewed. Additionally, proper research techniques were established to ensure
adherence to accepted scientific practices, comparable to those utilized in similar studies. A review

of hydrodynamic/hydraulic modeling and flood inundation mapping was also conducted.

2.2 Extreme Precipitation

Events are classified as extreme when the value lies above or below a set threshold. Variations
experienced in extremes can be grouped into two categories namely changes in the frequency of
occurrence of the event and the magnitude observed during a particular return period (IPCC, 2023).
Anthropogenic activities are one of the major factors that impact the changes occurring in the
climate and weather systems, especially in urban areas (Marengo et al., 2020). Although, globally,
it has been observed that there are decreases in the total amount of precipitation, there is evidence
of an increase in precipitation extremes and a projected increase in the future (Donat 2016).
Extreme precipitation is observed to result in flooding, landslides amongst other disasters leading
to destruction of properties, fatalities, damage to infrastructure and agricultural lands(WMO,

2023).

Extreme precipitation can be defined as an unusual, marked precipitation event that occurs during
hours up to days in which the total precipitation recorded exceeds the local average conditions
over that period (WMO, 2023). Also, extremes in precipitation are observed to be phenomena in
which the rainfall received during a particular event is greater than the normal amount recorded

(Yin et al., 2022). The occurrence of these events doubles per degree in the increase in global



warming (Myhre et al., 2019). As changes in climate is on the rise, it is expected that changes in

extremes in precipitation become frequent.

Changes occurring in the climate leading to the propagation of extreme events and heavy and
intense rainfall are paramount matters in assessing flood risk, including the proper management of
water resources. According to Tabari (2020), global warming is expected to be a catalyst for the

increase in extreme precipitation due to the increase in the concentration of atmospheric vapour.

Therefore, analysis of the trends of extreme becomes crucial in the assessment of flood risk as it

plays an essential role in the amount of precipitation received during an event.

2.3 Analysis of extreme precipitation
Trends in extreme precipitation are observed to be non-stationary as the distribution within the

variables is bound to change with time (Fauer & Rust, 2023).

There are several statistical methods available in the definition of extreme precipitation; however,
the non-parametric approaches, which rely on the use of fixed values or percentiles to choose a

threshold for the extreme event, are the easiest and often mostly adapted.

2.3.1 Extreme Climate Indices

The ETCCDI provides scientists with indices used in analyzing extremes in climatic variables. A
total of 21 climate indices (Table 2.1) by the team are employed to locate extremes in precipitation

and temperature of variables; however, in this study, the precipitation indices are analyzed.

Table 2.1. Extreme Climate indices

Extreme Indices Description Units

Consecutive Dry Days (CDD) Maximum number of consecutive days with | Days
precipitation < 1mm




minimum  daily
(TNn)

temperature

Consecutive Wet Days (CWD) | Maximum number of consecutive days with | Days
precipitation > Imm

Max 1-day precipitation depth | Maximum 1-day precipitation Mm

(Rx1day)

Max 5-day precipitation depth | Maximum 5 — day precipitation Mm

(Rx5day)

Simple daily intensity index | Annual total precipitation divided by the number of wet | mm/day

(SDII) days

Total wet day precipitation | Total precipitation in wet days pcp > Ilmm Mm

(PRCPTOT)

Days with heavy precipitation | Numbers of days when precipitation > 10mm Mm

(R10mm)

Days with  very heavy | Number of days when precipitation > 20mm Mm

precipitation (R20mm)

Very Wet Days(R95p) Count the largest number of consecutive wet days when | Mm
the amount of rainfall falling above the 95" percentile.

Extremely Wet days (R99p) Extremely wet days Mm
Count the largest number of consecutive wet days when
the amount of rainfall falling above the 99" percentile.

Monthly maximum value of | Maximum daily maximum temperature each month °C

maximum daily temperature

(TXx)

Monthly minimum value of | Maximum daily minimum temperature each month °C

daily maximum temperature

(TNX)

Monthly maximum value of | Minimum daily maximum temperature each month °C

minimum daily temperature

(TXn)

Monthly minimum value of | Minimum daily maximum temperature each month °C

2.4 Analysis and detection of the non-stationarity of climatic data

Time series data employed in the planning of water resources are most of the times supposed to

meet the stationary hypothesis. Under the condition of steadiness of natural situations, time series
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data show frequent fluctuations around the mean value, but when the conditions experience a lot

of changes, they create trends or exhibit jumps.

The nonstationary character that is showed by the time series are usually below or above the mean

long-term average.

2.4.1 Detection of Trends

There are various parametric and non-parametric methods employed in the trend analysis of

climatic variables

2.4.1.1 Simple regression line

The simple regression line determines the linear line between the variables (x) and time (t).

Xe =a+ bt [1]

where a and b are parameters of the model. There exists a linear trend when the condition null

hypothesis b = 0 is rejected. The null hypothesis is rejected when the test statistics T satisfies the

equation
_ | yn=2
Te= ==l > Ti-2v [2]

Where r is the cross-correlation coefficient between the variable x (X1, X2, X3, ...., xn) and time t =

1,2,...,n,and T,_«_ isthe 1 — a/2 quantile of Student t distribution with v = n -2 degrees of
>

freedom.
2.4.1.2 Mann Kendall Test

The Mann Kendall test is a non-parametric test which involves the null and alternative hypothesis

in the analysis of trends in the time series. The null hypothesis states that there is no trend observed
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in the data but the alternative hypothesis states that there is a trend in the data being analysed. The

Mann Kendall statistic S is calculated by the following

S = i Z sgn (xj — xi) [3]

sgn (xj — xi) = [+1if (x]- — xi) >0,0if (xj - xl-) =0,—-1if (xj - xl-) < 0] [4]
where n is the total elements in the data, x;, x; are two values of data in a sequential order.
2.4.1.3 Sen’s slope estimator

It is a non-parametric test that indicates the gradient of a linear trend in a given time series (Sen,

1968). It is an indication of the change in the series per unit time. For a data series of N pairs,
Q= (2=%) fori=1,23....N 5]

where x;, x; represents data values at different times i and k (i > k)

2.5 Flooding

2.5.1 Definitions of Flooding

The concept of flooding has been with men for centuries, with the first recorded flood found in the
bible. It can be defined based on various scenarios which are taken into consideration during its
analysis. According to Muhamad Taki et al., (2022), flooding occurs when a discharge termed as
relatively high overflows its natural pathway and flows into the plains. It is a natural phenomenon
which involves the temporal covering of a land which is usually dry with water and put to risk
humans and properties (Asumadu-Sarkodie et al., 2015) . IPCC, (2012) describes flooding as the

overflowing of the normal confinements of a stream or river body or the accumulation of water in
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areas that are normally not submerged. Floods indicates excess flow when a medium conveying
runoff inundates because it reaches its maximum limit (Mudashiru et al., 2021). In simple terms
floods occur when the runoff water volume from an event exceeds the discharge carrying capacity

of a channel (Darabi et al., 2020).
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Figure 2.1: Distribution of global river floods in 1985 - 2019
Source: (Merz et al., 2021)

2.5.2 Types of floods

Different types of flooding pose different threats to people, property, and the environment,
depending on factors such as depth, velocity, length, rate of onset, and other associated dangers.
Several researchers have classified different kinds of floods according to the reasons behind the

flooding. The types of floods are as follows;

2.5.2.1 Flash Floods

These types of floods occur when a local rainfall event with high intensity leads to the quick rise

of water levels that puts inhabitants at risk and acts as a threat to the environment (Jonkman, 2005).
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The time allocated for the prediction of this flood is limited, thereby causing a lot of damage when
it occurs. Extreme rainfall is an indicator of this flooding in a specified location. Also owing to the

quick nature of this type of flood, it makes it hazardous and short lived.

2.5.2.2 Fluvial Flood

This flooding occurs when the capacity of a river channel is exceeded and excess water is forced
out to the lands close by or flood plains. Extreme rainfall causes the rivers to overflow their banks
and put at risk inhabitants living in the flood plains. Fluvial flooding is influenced mainly by the
climatic conditions and the basin characteristics. It can be accompanied by the collapse of dams

and breaches close to it.

2.5.2.3 Pluvial Flood

Pluvial flood, also known as inland flooding, occurs when there is prolonged rainfall activity in a
location. It can occur when the groundwater table is risen as a result of extended periods of rainfall
thereby generating high volumes of surface runoff. As such, such flooding may often cause

significant property damage rather than posing a risk to life.

2.5.2.4 Coastal Flood

These occur close to the coasts of the sea or big lakes (Jonkman, 2005). It typically occurs when
sea levels rise above the normal, and in return, the sea flows into the land area. High tides, wind
storms and low atmospheric barometric pressure can cause a surge in the tides. These events can

cause damage and pose risks to the inhabitants in coastal areas.

2.5.2.5 Estuarial Flood
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Estuarial flooding can occur as a result of a combination of tidal and fluvial flows, or the interplay
of rivers and the sea, with tidal levels being dominant in most situations. A combination of high
river flow and a high tide will keep water from moving out to sea, tending to raise water levels

inland, which may overflow over riverbanks.

2.5.2.6 Urban Floods

This type of flood occurs when there is an extreme rainfall event, a dam break, inadequate drainage
channels found in urban centres. This results in flood waters moving to the abode of inhabitants,
mostly in the flood plains of the river channel, leading to a higher risk of flooding. Urban flooding

is caused by natural and anthropogenic factors (Qi et al., 2021)

2.6 Causes of floods

According to Mensah & Ahadzie (2020), the causes of floods in Ghana can be grouped into two
categories, namely, anthropogenic and natural causes. Anthropogenic causes are poor urban
planning and development, poor environmental attitude and inadequate drainage facilities. The
natural causes are mainly due to extreme rainfall. (Merz et al., 2021) observed that atmosphere
and climate mechanisms and catchment and river network processes are the main causes of floods.
(Yves et al., 2021) stated that not only does the annual maximum rainfall have impact on flooding
but annual maximum soil moisture is also a key driver for flooding in Africa and it is strongly
correlated. Again, (Echendu, 2022) cited that the causes of flooding were high rainfall, poor
physical planning, inadequate drainage systems and waste management and rapid urbanisation in

Ghana.
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Figure 2.2: Causes of urban floods
Source: (Qi et al., 2021)

2.7 Impacts of flooding

The consequences faced after a flooding event can be grouped into the following (Figure 2.3)

e Physical Cost

e Economic Cost

e Health Implications

e Psychological implications

e Human Cost

e Displacement of victims

e Decrease in Economic activities

e [Ecological Cost
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Figure 2.3: Impacts of flooding
Source: Ahadzie and Mensah, (2022)

2.8 Coping Mechanisms

In event of flooding in the communities especially in Ghana, there are mechanisms that are
employed in order to curtail the impacts of the events on the victims. According to Mensah and
Ahadzie (2020), strategies used as a means of coping in the communities can be grouped into three,

these are as follows

2.8.1 Reactive Strategies
This involves the conscious effort by the victims in the relocation and protection of life and

properties before, during and after a flood event. Some activities involved are

e Relocating to a friend’s house.

e Sandbags for blocking the flood water

e Raising of short walls at points of entry of the building
e Building of foot steps

e Transfer of valuable assets to neighbors

e Filling of compound with materials such as gravels

2.8.2 Preventive strategies
In the prevention of flooding in the communities, construction of drains is a major strategy being

implemented to reduce the impact of the event. The construction of drains is to aid in the quick
removal of runoff water and to prevent the accumulation of the flood water in the plains.
Government agencies such as the Department of urban roads are in charge of rehabilitation of the

construction of storm water drainages in the community.
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2.8.3 Recovery strategies
After a flooding event in the communities the following are strategies which are employed as a

means of recovery for the victims.

e Community clean up

The community leaders including house owners put up efforts to clean up the debris from solid
waste disposed of in various houses and also throw out properties which has been damaged beyond

control. This is a means of recovering back items that can be reused and start life after the event.

e Government, family and friends’ support

Government agencies such as the National Disaster Management Organization (NADMO) and the
Municipal Assemblies are in charge of providing support to flood victims. Also, these entities play
a crucial role in providing essential support to flood victims, including food assistance and
temporary shelter. Friends and family of the victims also support them in monetary aspects and in

accommodating them for some days before they can return back to their various homes.

2.9 Flood Risk Assessment
A flood risk assessment is an assessment of all the factors involved in increasing the risk of a group
of people to flooding and the identification of flood mitigation measures and the provision of

recommendations to reduce the impact from the event.

In the assessment of flooding, there are three components which encompasses flood risk. These

are as follows

e Hazard: It is the probability that a potentially damaging event of a given intensity i.e.

water/flood depth, velocity will happen in a given period.

19



e Exposure: It is the measure of the importance of the elements that are exposed to the
damaging event.

e Vulnerability: It is the measure of the extent of to which a community or town, structure,
service is likely to be damaged or disrupted on account of its location, nature by the impact

of a particular damaging event.

Flood risk assessment in Ghana, particularly in Kumasi, is a complex challenge that involves a
thorough understanding of both natural and human-induced factors. Kumasi, the second-largest
city in Ghana, has experienced rapid urban growth over the past few decades, leading to increased
impervious surfaces such as roads and buildings, which reduce the city’s natural ability to infiltrate
runoff. This situation is increased by poor urban planning and inadequate drainage systems,

making the city highly susceptible to flooding.

The study by Amoako and Frimpong Boamah (2015) points out that the city's expansion has led
to the encroachment into wetlands and floodplains, areas naturally designed to manage excess
rainfall. This encroachment disrupts the natural hydrological balance and leads to increased flood
risks. Furthermore, the authors emphasize that informal settlements, which often lack proper
infrastructure and are typically located in high-risk flood zones, are particularly vulnerable. The
socio-economic impacts of flooding in these areas are profound, affecting livelihoods, health, and

access to essential services.

In addition to urbanization, climate change is another critical factor influencing flood risks in
Kumasi. Research by Kabo-bah et al. (2019) demonstrates that changes in precipitation patterns,
with more intense and frequent rainfall events, are exacerbating the flood situation. Their study
calls for the implementation of advanced flood risk mapping and early warning systems to better

anticipate and manage flood events. By using Geographic Information Systems (GIS) and remote
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sensing technologies, more accurate and timely flood risk assessments can be conducted, which is

essential for effective disaster preparedness and response.

Furthermore, public awareness and community engagement are crucial components of flood risk
management. Educating residents about flood risks and involving them in planning and decision-
making processes can enhance the effectiveness of flood mitigation strategies. For instance,
community-based initiatives for maintaining drainage systems and preventing waste disposal in

waterways can significantly reduce flood risks.

Addressing flood risks in Kumasi requires a holistic approach that combines improved urban
planning, infrastructure development, climate adaptation strategies, and community involvement.
By integrating these elements, Kumasi can enhance its resilience to flooding and protect its

residents from the adverse impacts of this natural hazard.

2.10 Flood Risk Management

Disaster Risk Management deals with the organization of resources and responsibilities for dealing
with aspects of emergencies including the prevention of hazards, disasters, and their mitigation.
Risk is the probability of a loss depending on three elements; hazard, vulnerability, and exposure
(Crichton, 1999). Flood Risk Management involves preparedness before the disaster, response
during the floods, and means of recovery after the occurrence (Hobeika et al, 1985). Studies of
risk include issues about the identification and estimation of risk, and risk assessment and

evaluation include monitoring and management of the said risk (Gerrard, 1995).

Flood risk management is considered one of the most effective means to address flood control

issues. It comprises floodplain management, flood control maintenance activities, protection of
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flood-prone areas, other flood hazard mitigation activities, and preparation for flood disasters

where mitigation activities cannot curb flooding from its occurrence.

Flood Risk management includes flood prevention/ mitigation, its control, and floodplain

management.

Traditionally, flood control measures have been aimed at controlling flood waters. This has been
achieved partially through the setting up of some sort of levies by the streams to curb the floods.
Traditional means of floodplain management have also been primarily aimed at controlling the

construction of buildings and setting up structures in the floodplain (FEMA, 2009).

Flood Risk Management guidelines when implemented reduce future flood damages drastically in

the events of its occurrence.

2.11 Flood Mapping

The risk and damages caused by floods cannot be underestimated so for proper management of
floods-pre and post there is the need for flood mapping. Flood mapping can be observed to be
technical and administrative (WMO, 2013). In explicit terms flood mapping is perceived as the
development of flood maps whilst implicitly it encompasses all the processes involved in flood
assessment which are the analysis of different variables and data that represent the conditions of
the flood (pre or post) in a flood plain, basin or along a river route (WMO, 2013) . The results from

such flood assessments are visualized through flood maps.

2.11.1 Types of flood maps

Floods of different magnitude and intensity occur in different locations around the world. Different

flood maps illustrate the hazards and risks posed by flooding on the surrounding communities.
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Flood event map

These maps show observed flood events and the extents as recorded by various means (WMO,
2013). These maps are based on near or far past flood events which occurred in specific locations.

They act as validation models for flood hazard maps.

Flood extent maps

These types of maps are used to illustrate areas that are submerged during a specified flood event.
It can be a past event or calculated event from hydrodynamic modelling of the watershed. When
knowledge of the extents of flood is obtained, parameters such as the depth and velocity of the

flood can be assessed. Also, important buildings, areas and assets can be identified.

Flood depth maps

In the process of obtaining information about the extent of a flood event, depths of the flood can
also be developed. A map illustrating the depth of flood in a water shed is referred to as a flood

depth map (De Moel et al., 2009).

Flood danger maps

This type of maps identifies one out of various flood parameters. However, an overall general

perception shows a combination of the other parameters into a standalone (De Moel et al., 2009).

Flood vulnerability map

These maps are indicators of how directly or indirectly a flood event would cause potential harm

to assets, people and infrastructure (WMO, 2013).

Flood Risk Maps
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A risk map is generally a unique type of topographical map that displays graphically potential
areas of flooding in a confined boundary such as a catchment (Marco, 1994). A flood risk map
represents a cartographic map that features potential areas of flooding in the near future (Marco,

1994). There is various importance of a flood risk map, these include

e Provision of information on urban growth in an area, thereby informing proper decisions

on urban development.

e Land use and land cover types in the area is acquired.

e Knowledge about the type of mitigation plans to apply in specific locations such as non-

structural and structural methods of managing floods.

e A source of information to the inhabitants of communities about areas with high potential

dangers due to floods.

A map illustrating various flood parameters

Flood parameters such as velocity, duration amongst others is also critical in decision making in a

concerning the flooding issues in a watershed (de Moel et al., 2009).

2.12 Flood Hazard Modelling

In contrast to flood risk maps, which show the expected damage losses in the area, flood hazard
maps show the inundation area with the maximum depths and velocities at every location of this
area (Bellos & Bellos, 2012). Flood hazard maps are essential in identifying locations that are at
a risk of flooding during a rainfall event (Mudashiru et al. 2021). Information such as velocity,

flood depth, flood extent amongst others is provided graphically on the flood hazard maps. There
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are basically three methods of flood hazard mapping which are Physical — based /Numerical,

Physical and Empirical Modelling (Figure)

Flood Hazard Mapping/

Methods Methods
\ v
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Figure 2.4: Methodology of three flood hazard modelling
Source: Mudashiru et al., 2021

2.12.1 Physical Based Modelling
It is also known as the numerical modelling method. This method is based on the numerical form

of the Partial Differential Equations of the Navier Stokes equations in three dimensional forms. 2-
dimensional and 1-dimensional water equations are attained through the application of numerical
methos such as the Finite VVolume, Finite Difference and Finite Element Method (Bellos and
Bellos, 2012). Examples of models that are based on these methods are Mike 2D, Hec Ras 2D,
Telemac 2D, SOBEK, LisFlood 2D amongst others. These models have the capability of

simulating both past and future events of flood and generate flood hazard maps as end products.

In the simulation of urban flood scenarios, buildings are considered high priority parameters and
its representation in the model is key (Beretta et al., 2018). Blocking method and the local elevation

rise are methods used by researchers to determine the impact of buildings on the simulation of
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flood. However, this method does not simulate the impact of possible storage of flood water which

can bring about discrepancies in the generated results (Bellos & Bellos, 2012).

Beretta et al., (2018) conducted research on the usage of different methods to identify the influence
of buildings on urban flooding. It was observed that the use of 2D diffusive model and using
roughness parameter to represent buildings showed good results compared to the observed in the
representation of the depths of water in the event of rapid changes in time and the unsteadiness of

the discharge was also taken into consideration.

2.12.2 Physical Model
Physical models are developed to mimic real life situations or events. Real water is used for

simulation in a scaled structure. They are purposely employed in analysis when the understanding
of an event using numerical method is not clear such as debris behavior, sediment transportation.
The disadvantages of these models are that they are capital intensive and involves a lot of time the
construction and operation (Bellos & Bellos, 2012). The concept behind physical models are the
similarities between the model and the prototype. This theory creates a pathway in the preparation
of experiments, model parametrization, limitations and scale effects (Herrera-Granados &
Kostecki, 2016). Li et al., (2021) studied the experimental and numerical effects of geometric
distribution on laboratory modeling of urban flooding events. (Siviglia et al., 2009) designed a
flood control system with a scale of 1: 62.5 on the Vara River using a numerical and physical

model.
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Figure 2.5: Physical model of dam break mechanism
Source: Pratiwi et al., (2021)

2.12.3 Empirical Model
These types of models are established on statistical relationship between rainfall inputs and runoff

generated. They do not represent the underlying physical conditions as a direct consequence but
however due to their minimal input requirements, adaptation in analysis is simple (Kumar et al.,
2023). Data driven methods such as Artificial Neural Networks (ANN), Regression models,
Machine Learning Algorithms (MLA) are empirical models. Dazzi et al., (2021) studied flood
stage forecasting on the Parma River in Italy using machine learning methods in the analysis.
Machine Learning Algorithm namely; Support Vector Regression, Long Short-Term Memory and

Multilayer Perceptron was applied.
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Figure 2.6: Machine Learning methods for assessing flood risk
Source: Kumar et al., (2023)

2.13 Hydrological Modelling

Hydrologic Engineering Center — Hydrologic Modelling System (Hec-HMS)

The hydrologic modelling system is created to aid in the simulation of rainfall-runoff process of
dendritic watershed systems. Hydrographs from results after simulations are employed directly to
other software for the studies of urban drainage, flood forecasting, future impact of urbanization,

flood damage reduction, flood plain regulation amongst others.

Basin Model

Basin models are one of the essential parts in the creation of a project. It is aimed at the conversion
of atmospheric conditions into streamflow at specified locations in the watershed. Hydrologic

elements are used to break the watershed in smaller units for simulation.

Meteorologic model
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The meteorologic model is responsible for the preparation of the boundary conditions that act on
the watershed during a simulation. In case the basin model contains subbasin elements, then the

meteorologic model must indicate how precipitation for each sub basin will be generated.

Control Specifications

The main objective of the control specifications is to control when simulations being done has to

start and stop and what time period is used in the simulations.

2.14 Hydrodynamic/ Hydraulic Modelling
Hydrologic Engineering Center (HEC-RAS version 6.4) developed by the United States Army
Corps of Engineers was used. The HEC RAS 2D model has the capacity to simulate 1-Dimensional

and 2-Dimensional scenarios

HEC RAS creates mesh cells and for each of the cells an in-depth hydraulic property table is with
information such as the relationship between the elevation and volume/area (Ongdas et al., 2020).
In the computation of flow over the mesh cells, two hydraulic equations are applied namely the
Shallow Water or Full Equation and the Diffusion Wave Equations which are all derived from the
Saint Venant Equations (Sarchani et al., 2020). The Shallow Water Equation for unsteady flow is

given as (Brunner, 2016)

ou u ou OH

E+ua+v@= —95. v V2u — cpu + fv [6]
ov ov ov oH 5
E+ua+v£=—gg+ VU — v + fu [7]
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where H is the surface elevation of the water, u and v are the velocities in the x and y directions, f
is the Coriolis parameter, g is the gravitational acceleration, v; is the horizontal eddy viscosity
coefficient and ¢y is the bottom friction coefficient. The 2D Shallow Equation used in this study

disregards the eddy viscosity and Coriolis effect. The Diffusion Wave Equation is given as

0H
95, = [8]
0H
95, = GV [9]

where H is the surface elevation of the water, g is the gravitational acceleration, and cris the bottom

friction coefficient.

2.15 Flood inundation mapping

Flood inundation mapping is used to describe the zones which are more vulnerable to flood along
a river in case there is a situation where river body surpasses the bank full stage along the river
(Desalegn & Mulu, 2021). In the management of flood risk, flood inundation maps provide a vital
means of understanding past flood depths which has occurred in specific communities. This
information provides decision makers with the first-hand data of areas affected by flooding and

aids in the provision of mitigation measures.

Manyangadze et al., (2022) studied flood inundation mapping in scarce areas with a case study of
Mbire District located in Zimbabwe. Field surveys were conducted on households in the basin to
acquire information about past flood events including the depth of flood. The modelled flood

extent correlated positively with the information derived from the field survey conducted. A large
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number of areas were noted to experience flood depths of above 2 meters mainly along the primary

rivers in located in the basin.

Tamiru & Dinka, (2021) studied the application of ANN and HEC-RAS in lower Baro Akobo
Catchment for flood inundation mapping. Rainfall data from different meteorological stations
obtained on a daily basis were coupled with Tropical Wetness Index to train and test the model.
The results indicated that the ANN approach combined with HEC RAS model improved the

prediction accuracy for the model.

Sarchani et al., (2020) studied flood inundation mapping in an ungauged basin in Greece. Field
surveys were conducted for past flood events to produce validated flow hydrograph. Hydraulic
modelling was done using HEC RAS for extent of floods. A detailed flood plain extent including
maximum flood depths and velocities were generated. A 2-meter spatial resolution DEM employed

revealed a clear water depth output and floodplains in the basin.

Bhattacharya et al., (2019) researched the use of remote sensing products in flood inundation
mapping in a sparsely gauged catchment in Brahmaputra. HEC-HMS was used in the hydrologic
simulation in the basin with rainfall data derived from TRMM. HEC RAS was used for the
hydraulic simulation with results indicating that the lower sections of the study area having a good

match in probability of detection, critical success index and success ratio.

Desalegn and Mulu, (2021) reported that high precipitation in the Fetam Catchment in Ethopia
was responsible for flooding and the deposition of fertile sediment in the floodplains. A flood
inundation map was generated using GIS and HEC RAS. The study showed that the flooded areas
in the upstream and middle sections of the river basins were high as compared with the areas

located downstream.
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Fohringer et al., (2015) reported that information provided by eye witness proves to be a valuable
asset for flood inundation mapping. Photos derived from eyewitnesses on social media were
employed to detect areas that were affected by a flood. Challenges faced was the filtration of the
large number of posts on flood to achieve an amount acceptable for the research. However, the
research developed a post distiller tool to be used to filter geolocated posts on social media

including photos associated with it.

Darabi et al., (2019) studied urban flood risk mapping using the GARP and WUEST models. The
ensemble method was applied in the prediction of probabilities of flood hazards using machine
learning approaches such as generalized linear model, boosted regenerative model, multivariate
adaptive regression spline amongst others. The results indicated that changes in land use, channel

of river body

Rangari et al., (2019) researched the inundation risk in urban floods in the Hyderbad city in India
using HEC RAS 2D. A simple approach was developed to analyse extreme rainfall events based
on recorded important events and the production of synthetic curves from IDF curves already

developed for the Hyderbad City.

Komi et al., (2017)modelled the flood extent in data sparse areas using the Oti River basin as a
case study. The LISFLOOD software was used in the simulation of flood scenarios in the basin.
The sensitivity testing indicated that the simulated was in corelation with the observed at 64% and

was recommended for regions with difficulty in acquiring finer resolution digital elevation models.

2.16 Flood Management in Ghana
Ghana has been faced with the challenge of impacts of urban flooding over the years. Critical

infrastructures and human lives in urban centres have been affected by this disastrous hazard. A
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plan was developed by the nation in relation to the proper management of flood events and other

disasters inclusive.

According to Ahadzie & Proverbs, (2010), the responsibility of collection of rainfall data in Ghana
is the sole responsibility of Ghana Meteorological Agency. However, these data sometimes have
gaps which is as a result of problems such as inconsistency in collection data, damage of
instruments, failure to replace destroyed instruments amongst others. This set back has therefore
retarded the proper investigation and analysis of flood situations in Ghana. The National Disaster
Management Organisation is also responsible for the general management of disasters in Ghana
including the impacts from flood. Some functions of this institution are (i) the coordination of
activities of the different agencies related to the management of disasters in Ghana (ii) the
preparation of the country in the avoidance of disasters and its management (iii) to help in the
mobilization of affected communities to support government programmes and rehabilitation of

persons affected by disasters (Ahadzie & Proverbs, 2010).

In Accra, the “My flood Risk Accra App” was launched in May, 2022 by the Ministry of
Communications and Digitilisation in collaboration with HKV, GIZ and Allianz. The app which
can be found on the Google App Store can be obtained freely by inabitants to (i) inform them about
the local impact of flood (ii) provide information about measures that can be taken during or before
a flood event (iii) acquire information from GMET about the forecast of different rain events

occurring close to them.

Again, various researchers (Acheampong et al., 2023; Ahadzie & Proverbs, 2010; Ewusi et al.,
2015; Logah et al., 2017; Tjia, 2020) in Ghana are utilising GIS, remote sensing approaches and
different hydrological and hydraulic models to provide forecast flood events as the means of

providing information about the disaster.
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Figure 2.7: Images of the My Flood Risk Accra App
2.17 Flood Mitigation Strategies

Urban stormwater management has seen a significant shift from single-objective to integrated,
sustainable methods (Borst, 2023).Various structures are utilized in the management of urban
drainage. These are group under Green Infrastructure, Nature Based Solutions (NBS), Low Impact
Development (LID), Best Management Practices (BMP), Water Sensitive urban Drainage,
Ecosystem Based Adaptation (Majidi et al., 2019). In this study, nature based solutions are

explored as means of mitigating the impacts of flooding in the basin
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Figure 2.8: Progressing of different methods for hydrometeorology risks over time
Source: Ruangpan et al., (2020)

2.17.1 Nature Based Solutions

According to EC, (2015) features and complex system forces used by nature-based solutions aid
in the achievement of desired results and also improve the health of humans and green growth of
the environment. It is collectively the innovative solutions that aids in solving different types of
environmental and societal problem which is based on natural occurring process and the ecosystem
(Ruangpan et al., 2020). The goals to be reached in the implementation of nature-based solution
are to enhance sustainable urbanization, develop climate change adaptation and mitigation, restore

degraded ecosystems and improve risk management and resilience (EC, 2015).
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Figure 2.9: Research and innovation strategies for NBS
Source: EC, (2015)

2.17.2 Types of urban management solutions

The types of nature-based solutions implemented in urban areas (Figure 2.10) are as follows;

1.

Grey solution: This type of solution focuses on the hard or engineering approach to solving/
managing drainage problems in urban centers. The inclusion of ecosystem-based activities
in solution type is minimal. Thereby limitation on the role or function of ecosystem.
Examples are stormwater drainage, levees, canals, water treatment plants.

Green-Blue solution: This solution involves approaches that are channeled towards the
restoration of the ecosystem, water bodies, promotion of good human and environmental
health. Examples are urban forest, bioretention, stream restoration, riparian buffer

Hybrid solution: This involves a mix of the grey and green solution in managing storm

water. Examples are porous pavements, bioswales, rain garden, sustainable urban drainage
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Figure 2.10: Types of urban water management
Source: Kabisch et al., (2017)

2.17.3 Features of Nature Based Solutions

According to (Pauleit et al., 2017) , the definition and scope for operation of NBS can be broad as
it involves the conservation of biodiversity and enhancement of ecosystems service and regarded
to be the idea behind finding solutions to major setbacks from changes in climate and disaster risk
reduction and also addressing the needs of the poor in the society and promoting the growth of

green economy.
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Secondly, NBS is broad in the nature aspect as it involves the protection and expansion of forest
areas in order to capture gaseous pollutants, planting of green roofs as a means of conserving
biodiversity, storm water retention and carbon storage. Thirdly, it is more of a conservative top-
down approach compared to the traditional approach. Lastly, NBS is action oriented and require

regulatory frameworks, planning systems and economic instruments.

2.17.4 Nature Based Solutions for the management of urban rain water

In the management of urban rainwater, various NBS are employed, however the characteristics of
the area such as the land use, topography, nature of soils is critical to be taken into consideration
when any of the systems are to be implemented. Urban centers located in most developing
countries, although are facing the challenge of annual flooding disasters, the implementation of
some types of NBS are not feasible such as on a large scale NBS due to the unavailability of land

resource. Some applicable NBS in the study area are as follows;

e Bioretention Systems: These systems are mostly set close to the source such as impervious
surfaces to attenuate peak flows thereby reducing the volume and treatment of runoff
(Biswal et al., 2022). According to (Johnson & Hunt, 2020), the hydrological performance
of bioretention system depend on the size of construction and the internal configuration.
Again, the hydrologic performance of young BRs (< 3 years old) and the old BRs (> 3
years old) indicated that the old performed better in relation to the mitigation of peak flow
in a storm event due to bioturbation. One key point regarding the implementation of BRs
was to recognize that as the frequency and magnitude of larger events rises, there would
be a need and guidance into the recommendation of additional surface storage to be take

into consideration.
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Figure 2.11: Bioretention system
Source: Biswal et al.,(2022)
e Renaturation of streams and rivers

It involves two methods which are i) making of the drains greener by the intentional creation of
rough bed characteristics by the addition of vegetation or plants and ii) creating flood plains which
are located next to each drain with vegetation (Borst, 2023). Renaturation measures carried out
include planting the embarkment areas with site greenery, planting riparian wood fringes and
development of flood plains or wet areas. In modelling software, these areas are incorporated by

changing of the roughness coefficients to predict the surface intended to be adapted.

2.18 Summary

The literature review presents the critical need for integrated approaches to manage the increasing
flood risks posed by urbanization and climate change. The reviewed studies indicate the
importance of combining hydrological and hydraulic modeling with Geographic Information

39



Systems (GIS) and remote sensing technologies to promote the accuracy and reliability of flood
predictions. These tools enable the identification of flood-prone areas and the simulation of various

flood scenarios generating flood hazard maps.

The integration of different return periods of precipitation into flood prediction models is also a
key factor in developing adaptive and sustainable flood management strategies. By considering
future scenarios, urban planners and policymakers can design more robust and flexible mitigation

plans that account for the potential increase in extreme precipitation events and sea-level rise.

In conclusion, the literature review shows that effective flood prediction and mitigation in urban
areas require a multidisciplinary approach that leverages on different technologies in addition to
changes in climate variables and involves community participation. Continued research and
collaboration among researchers, policymakers, and local communities are vital to developing

innovative solutions that protect the urban communities against the growing threat of floods.
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CHAPTER 3: STUDY AREA, DATA AND METHODS
3.1 Study Area

3.1.1 Location
The Aboabo basin is located in the Ashanti region, lying between Longitudes 1° 34’ W - 1° 30' W

and Latitudes 6° 36’ N - 6° 50’ N in Ghana. The basin is bounded administratively by one
metropolitan and four municipal assemblies namely; Kumasi Metropolitan Assembly, Oforikrom
Municipal Assembly, Kwabre East Municipal Assembly and Asokore Mampong Municipal
Assembly. The study area encompasses approximately 154 kmz. The average monthly temperature
fluctuates between 24.6°C and 27.8°C, while the mean annual rainfall measures 1450 mm (Osei
et al., 2019). The climate in this region experiences two distinct rainy seasons: a primary rainy
season spanning from March to July and a secondary rainy season occurring from early September

to early November (Domfeh et al., 2016).

3.1.2 Topography and Drainage
The elevation of the basin varies between 245m and 392 m above mean sea level. The highest

elevation is found in the north of the basin whilst the lowest is at the southern part. The Aboabo
River originates from Tafo Pankrono in the northern part of the basin. It flows through Buokrom,
Anloga Junction, Moshie Zongo and is joined by Sisa River at a confluence at Asokwa (Danguah
et al., 2011). The basin is also drained by several tributaries namely Subin, Daban and Wiwi and

discharges into the Oda River at Sokoban.

3.1.3 Geology and Soil
The Aboabo basin, as part of the West African Craton, is mainly underlain by Birimian Supergroup

metasedimentary and metavolcanic rocks. The basin lies between the Ashanti Belt to the southeast
and Sefwi — Bibiani Belt to the northwest (Miller et al., 2014). The soil type most dominant in the

basin are sandy clay loam type.

41



3.1.4 Demography
Kumasi, located in the southern part of the basin, is the second largest city in Ghana, with a

population of 3,353,850 (GSS, 2021). Over time, Kumasi's population has grown significantly
(Figure 3.1), as more individuals relocate to the city in search of better living conditions. The
number of people living in slums, which are primarily found in the flood-prone parts of the basin,

has also increased, thereby increasing the risk of flooding.

4,000,000
3,500,000
3,000,000
2,500,000
.2 2,000,000
32 1,500,000
~ 1,000,000
500,000

0
1944 1964 1984 2004 2024

Year

lation

Figure 3.1: Population of Kumasi (Ghana Statistical Service)
3.2 Data Sources

3.2.1 Historical Precipitation Data
Observed daily precipitation data from three weather stations distributed in the basin (Table 3.1)

were used for analysis in this study.

Table 3.1 Rainfall Station Details

No. Station Name  Latitude Longitude Elevation DataPeriod Missing data (%0)

1 Kumasi Airport 6.71667 -1.60000  286.3 1960-2021 -
2 KNUST 6.68333 -1.55000 261.4 1960-2021 2.96
3 Kwadaso 6.66667 -1.66667  263.1 1960-2021 13.97
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Data from these stations were obtained through the Ghana Meteorological Agency. These stations
were selected based on the availability and closeness to the basin. However, it was noted that the
precipitation information in the northern part of the basin was less represented because of the
absence of rainfall gauges in that part of the basin, as all the gauges were located in the southern
part of the basin (Figure 3.2). This was a limitation to this study as it is well known that changes
in rainfall occur spatially therefore, less data from the northern part of the basin could affect the

accuracy of the output of this research.
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Figure 3.2: Locations of rainfall stations

3.2.2 Furiflood Precipitation Data
The Department of Meteorology and Climate Science in KNUST in collaboration with Karlshue

Institute of Technology in Germany has set up rainfall collection stations over Ashanti region. This
data was used to complement the data received from GMET. Intensity Duration Frequency (IDF)

Curves for different return periods were generated for analysis in this study (Figure 3.3).
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Figure 3.3: Intensity Duration Frequency Curves (Furiflood and Dacciwa Stations)

3.2.3 Satellite Imagery Data
Satellite images of the study area were obtained from Landsat to 3-4 MSS, Landsat 7 ETM, and

Landsat 9 OLI/TIRS (Table 3.2). The years under study were 1984, 1991, 2001, 2011 and 2021.
The data were downloaded from the United States Geological Survey (USGS) Earth Explorer
website with a 30 m spatial resolution. The supervised classification of the images was performed
using QGIS. Atmospheric and radiometric corrections were applied to all images in preparation
for the analysis. Training samples were manually selected for analysis using the SCP plugin of

QGIS. An accuracy assessment was performed on the images using randomly generated points,
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and the ground truthing points were chosen from Google Earth. The kappa coefficient and overall

accuracy for land-cover classification were determined.

Table 3.2. Details of satellite imageries

Satellite Sensor ID Path/Row Ground Resolution  Acquisition Date
Landsat 9 OLI/TIRS 194/055 30m 21 -12 —-2021
Landsat 7 ETM+ 194/055 30m 26 —12-2011
Landsat 7 ETM+ 194/055 30m 02 - 04 — 2001
Landsat 4 MSS 194/055 30m 01-01-1991
Landsat 5 MSS 194/055 30m 23 —12-1984

3.2.4 Digital Elevation Data
In order to have a proper representation of the hydrological features of the basin, a high-resolution

Digital Elevation Model is essential. The 2D hydraulic model is observed to be at its best
depending on the resolution of the DEM used in its analysis. The access to the high-resolution
DEM remains a challenge to researchers in developing countries because these data are not open
sourced therefore being a basic determinant of the accuracy of the flood simulation model. The
DEM for this study is a 12.5m resolution data from the Alaska Satellite Facility (ASF) website
(https://vertex.daac.asf.alaska.edu). The DEM was processed in the GIS environment to identify

the features of the basin.

3.2.5 Soil Data

Data on soil properties from the Harmonized Soil World Database and the Food and Agriculture

Organization (FAO) (https://www.fao.org/soils-portal). The infiltration rate and water transmission

determine the hydrologic soil group, which is classified as A, B, C, and D. Group A soils are

45


https://www.fao.org/soils-portal

identified as having a high infiltration rate and lowest runoff potential. Sands and gravels found in
the group have a high-water transmissivity rate. Group B and C soils drain water moderately
coupled with a slower water transmissivity rate. Soils in this group are mainly made up of loam.
Group D soils have the lowest infiltration rate and the highest runoff potential. They are comprised
of clayey loam soils with slow water transmission. The soil types identified in the study area were

grouped into the Hydrologic Soil Group Type C.

3.2.6 Data on past flood events
Past flood events that occurred in the basin under study were reviewed from different sources such

as the media, newspapers and literature work. Flood prone areas were identified and focused on
during the analysis process. Field surveys were also conducted in areas prone to flooding to collect

data on flood markings and damages.

3.3 Methodology

3.3.1 Specific Objective 1: Analysis of spatiotemporal trend in precipitation extremes in the
Aboabo Basin
3.3.1.1 Data Quality Control

Station data can be influenced as a result of various factors, such as adjustments of measuring
instruments and changes in the instrument location, amongst others. Consequently, it is essential
to meticulously evaluate recorded rainfall values to assess the data quality for subsequent analysis.
RClimdex software includes features for detecting outliers within a dataset, ensuring the
robustness of the quality of data. Additionally, visual quality checks were performed to remove

duplicates and missing values.

3.3.1.2 Data Analysis

3.3.1.2.1 Analysis of precipitation trends
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Analyzing trends in time series data is a fundamental procedure for identifying significant trends
and assessing their magnitude (Felix et al., 2021). The study examined annual and seasonal
precipitation data using both the Mann Kendall and Sen’s slope estimator. Trends in the annual
and seasonal precipitation data were determined using the Mann Kendall test and the Sen’s slope
estimator. Mann Kendall tests are widely used (Fofana et al., 2022; Larbi et al., 2018) where a null
hypothesis is an indication of no trend in the series whilst the alternative hypothesis detects trends
in the series. The magnitude of the monotonic trends was measured with the Sen’s slope estimator
test for the stations. Also, the Mann Kendall test involves the null and alternative hypothesis in
the analysis of trends in the time series. The null hypothesis states that there is no trend observed
in the data but the alternative hypothesis states that there is a trend in the data being analyzed. The

Mann Kendall statistic S is calculated by the following

Zn: Zn: sgn (x] — i) [10]

sgn (xj — xl-) = [+1if (xj — xi) >0,0if (xj - xi) =0,-1if (x]- - xi) < 0] [11]
where n is the total elements in the data, x;, x; are two values of data in a sequential order.

Sen’s slope estimator is a non-parametric test that indicates the gradient of a linear trend in a given
time series (Sen, 1968). It is an indication of the change in the series per unit time. For a data series

of N pairs,

Q= (xil-_:zk) fori=1,23.....N )
where x;, x; represents data values at different times i and k (i > k)

3.3.1.2.2 Extreme rainfall analysis
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The ETCCDI provides scientist with indices used in analyzing extremes in climatic variables. In

the study, a total of 10 precipitations extreme indices were analyzed (Table 3). The indices were

examined based on the annual time scale. The RClimDex, a package in R software was used in the

analysis of extreme climate indices using the daily precipitation.

Table 3.3: Description of Precipitation Extreme Climate Indices

Extreme Indices Description Units

Consecutive Dry Days (CDD) Maximum number of consecutive days with days
precipitation < 1mm

Consecutive Wet Days (CWD) Maximum number of consecutive days with days
precipitation > Imm

Max 1-day precipitation depth (Rxlday) = Maximum 1-day precipitation mm

Max 5-day precipitation depth (Rx5day) = Maximum 5 — day precipitation mm

Simple daily intensity index (SDII) Annual total precipitation divided by the mm/day
number of wet days

Total wet day precipitation (PRCPTOT)  Total precipitation in wet days pcp > lmm  mm

Days with heavy precipitation (R1I0Omm)  Numbers of days when precipitation > mm
10mm

Days with extremely heavy precipitation Number of days when precipitation > 20mm mm

(R25mm)

Very wet days (R95p) Count the largest number of consecutive wet mm

days when the amount of rainfall falling

above the 95" percentile.
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Extremely wet days (R99p) Count the largest number of consecutive wet mm
days when the amount of rainfall falling

above the 99™ percentile.

I Consecutive Dry Days (CDD)
Let RRj; be the daily precipitation amount on day i in period j. Count the largest number of

consecutive days where:
RRjj < 1mm [12]

ii. Consecutive Wet Days (CWD)
Let RRj; be the daily precipitation amount on day i in period j. Count the largest number of

consecutive days where:
RRjj > Imm [13]

iii. Rx1lday
Let RR;jj be the daily precipitation amount on day i in period j. The maximum value for 1-day for
the period j are

Rx1lday = max RRjj [14]

iv. Rxbday

Let RR;jj be the precipitation amount for 5-day interval i in period j. The maximum value for 5-day

for the period j are
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Rx5day = max RRjj [15]

V. Simple Daily Intensity Index (SDII)
Let RRwj be the daily precipitation amount on wet days, w (RR> 1mm) in period j. If W represents

the number of wet days in j, then:
SDIl; = ==Lt [16]

Vi. Total precipitation (PRCPTOT)
Let RRij be the daily precipitation amount on day I in the period j. If | represents the number of

days in j then

PRCPTOT; = Y., RR;; [15]

Vil. R10mm

Let RRij be the daily precipitation amount on day i in period j. The number of days where

viii.  R20mm

Let RRij be the daily precipitation amount on day i in period j. The number of days where

IX. R95p
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Let RRwj be the daily precipitation amount on the wet day w where RR > Imm in period j and let
RRwn 95 be the 95" percentile of precipitation on wet days. If w represents the number of wet

days in the period
Where RRwj > RRwn 95

X. R99p
Let RRwj be the daily precipitation amount on the wet day w where RR > 1mm in period j and let
RRwn 99 be the 99" percentile of precipitation on wet days. If w represents the number of wet

days in the period

where RRwj > RRwn 99

3.3.2: Specific Objective 2: Evaluation of inundation behavior of an urban basin to extreme
precipitation
3.3.2.1 Land use Land cover and Mannings Data

Satellite images from Landsat 9 were classified in QGIS software to generate the land use land
cover map of the basin. Four classes of land use/ cover; forest, built-up, low vegetation, and bare
land were identified. The representation of the roughness of the various land use types in the basin
was performed using the manning’s coefficients from the HEC RAS reference manual. Training
samples were manually selected for analysis in the SCP plugin of QGIS. Accuracy assessment was
performed on the images using randomly generated points and ground truthing points were chosen

from Google Earth.

3.3.2.2 Terrain modification
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One of the main issues with hydraulic modeling is that the actual topography beneath the water
surface and in the channel, region is frequently absent from the topographical data (Brunner, 2016).
In the preparation of the terrain data, it was observed that the river channels were not represented
in the model. This could be due to the width of the river being smaller in size than the resolution
of the DEM (Fatdillah et al., 2022). A terrain modification of the river channel was done with the
surveyed cross-section to establish the flow routes for the simulation. The modified DEM was then

used in the simulation.

3.3.2.3 Post Flood survey

Information on flood events that occur in developing countries are challenging to gather especially
in ungauged urban centres (Martins et al., 2023). There were no measurements for the study area,

necessitating the need to find other sources of information.

Through a post-flood survey, comprehensive information was obtained on a flood event which
occurred on September 28, 2022. Utilising on-site data such as watermarks and damage to
structures, the depth and scope of the flood was assessed. Additional information was obtained

from residents of the affected communities through a semi-structured interview.

3.3.2.4 Hydraulic simulation model

In this study, an open-sourced software, River Analysis System from the Hydrologic Engineering
Center (HEC-RAS version 6.4) developed by the United States Army Corps of Engineers was
used. The HEC RAS 2D model has the capacity to simulate 1-Dimensional and 2-dimensional

scenarios; however, for the current study, the 2D model was applied (Figure 3.4).

HEC RAS creates mesh cells and for each of the cells an in-depth hydraulic property table with
information such as the relationship between the elevation and volume/area (Ongdas et al., 2020).
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In the computation of flow over the mesh cells, two hydraulic equations are applied namely the
Shallow Water or Full Equation and the Diffusion Wave Equations which are all derived from the
the Saint Venant Equations (Sarchani et al., 2020). However, the Shallow Water Equation was
employed finally for the generation of the flood hazard maps. The Shallow Water Equation for

unsteady flow is given as (Brunner, 2016)

Ju Ju Jdu oH

—_— — — = —g— 2u — 1

at+”ax+”ay gax+vtVu cru+ fo [13]
6v+ 6v+ v 6H+ v 4 14
PR uax vay— gay v Vv — v + fu [14]

where H is the surface elevation of the water, u and v are the velocities in the x and y directions,
is the Coriolis parameter, g is the gravitational acceleration, vt is the horizontal eddy viscosity
coefficient and cf is the bottom friction coefficient. The 2D Shallow Equation used in this study

disregards the eddy viscosity and Coriolis effect. The Diffusion Wave Equation is given as

oH
—ga= Cru [15]
oH
—gw= CrvU [16]

where H is the surface elevation of the water, g is the gravitational acceleration, and cf'is the bottom

friction coefficient.

3.3.2.4.1 2D computational mesh development and boundary conditions

A 2D flow area polygon was created to represent the computational mesh which fell within the

boundary of the underlying elevation model. HEC RAS has a maximum of 8 sides for each
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computational cell which are uniformly developed over the terrain. The size of the mesh cells
influences the time step to be applied in the simulation. The run time of the simulation increases
with the increase in computational cells. Therefore, to avoid runtime errors, the HEC RAS 2D
manual advises modelers to utilize fewer than a million cells in the simulation analysis. A 2D
computational mesh with 12.5m wide cells were generated for the study with a total of 754000
cells for analysis. The choice of the cell size was based on its capacity to accurately capture all of
the features of the 12.5m resolution DEM (Rangari et al., 2019). Break lines are added to model
in order to enhance the output from the model as it is observed to play a key role in the flood
propagation (Ongdas et al., 2020). Two boundary conditions were selected for the model; the input
precipitation (P) simulated over the entire 2D flow area (David and Schmalz, 2020) and the normal

depth.
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Figure 3.4: Hydraulic Simulation Flow chart
3.3.2.4.2 Selection time step

The simulation time step must be adequate to produce stable results in order for the model to be
stable and accurate. Up until an acceptable tolerance is reached HEC RAS will iterate on each
solution. The Courant number governs the selection of time for simulation in HEC RAS. The
Shallow Water Equation requires a small computational time step therefore must be selected to
ensure the courant number is less than 1.0 whilst the Diffusion Wave Equation requires larger time

step.
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Shallow Water Equation

VAT
C= e < 1.0 (withamaxC = 1.0) [17]

Diffusion Wave Equation

=27 <20 (withamaxC = 5.0) [18]

where C is Courant Number, V is the Flood Wave Velocity (wave celerity) (m/s), AX is the average
cell size (m), AT is the computational time step (s) (Brunner, 2016). An initial time step of 1 min
was applied and finally a time step of 10seconds was selected for the study for a more accurate
and stable model (Rangari et al., 2019). A maximum courant number of 1 and minimum of 0.45

was used in the analysis.

3.3.2.5 Calibration and Validation of Model

Calibration of a model involves the definition of optimal standard parameters which will lead to
the smallest change in among the observed and simulated values (Desalegn & Mulu, 2021). A
crucial step in ensuring the validity and applicability of our research findings is the validation
process of the generated flood inundation areas. The study area is an ungauged basin therefore

implying the conventional means of validation of model will not be applicable.

Comparing the results of the flood plain from the simulation to the observed flood plain from the
survey allows for the validation of the model (Martins et al., 2023). In this research, calibration
was performed by the variation of manning’s coefficients of roughness of the various inputs of the

model (Brunner, 2016) whilst validation is done using gps coordinates that are indication of flood
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prone areas and information from elderly inhabitants during a field interview. This investigation
of the ground truthing survey provided a reliable way to determine how accurately the model could
forecast the dynamics of floods. Again, any discrepancies found throughout the validation process
were carefully evaluated in order to fine-tune the model's parameters and lower the likelihood of

prediction errors.

3.3.3 Specific Objective 3: Evaluation of different mitigation interventions on runoff in the basin
3.3.3.1 Hydrologic/Hydraulic Modelling

The Hydrologic Engineering Centre — Hydrological Modeling System (HMS) developed by the
US Army Corps of Engineers is responsible for the simulation of precipitation runoff and routing
of channel processes in natural and controlled systems. The model is generally made up of three
components namely; basin model, meteorological model and control specifications. The basin
model consists of the hydrological parameters of the subbasins (Table 3.5), the meteorological
basin consist the input of meteorological variables such as precipitation, stream flow and
evaporation and the control specifications defines the simulation window for the model. The most
recent versions of HEC HMS have the GIS capabilities of delineating watersheds from a DEM
input to generate the hydrologic parameters. Peak flows from simulations in HECHMS were

imported into HEC RAS for simulation of flood depth changes.

3.3.3.2 Model Set Up (HEC HMS)

HecGeoHMS is an extension of HecHMS used in the GIS environment to perform terrain
preprocessing and the construction of the basin model (Ferreira et al., 2022). Some functions
included in terrain preprocessing are sinks filling, determination of the flow direction based on the

idea that water moves from the highest elevation to the lowest elevation in the steepest direction
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(Ferreira et al., 2022), creation of the outlet. Sub catchments, reaches, junctions and streams are

generated using the corrected DEM and exported to the HEC HMS software for analysis.

The meteorological model is setup with daily precipitation values obtained from Kumasi Airport
Station. Muskingum method was selected for the routing of flow through the channels. A 15min
time simulation window was used as the time step in the control specifications model including

the start and end date of simulation (Figure 3.5).

Table 3.4: Parameters for HEC HMS model setup

Parameter Method

Loss SCS CN

Transform SCS Unit Hydrograph
Routing Muskingum

3.3.3.3 Curve Number Generation

A Curve Number value look-up table was provided by the United States Department of Agriculture
(USDA) for hydrologic simulations. The hydrologic soil group C was selected for analysis in
relation to the type of soil found in the study area. The different land-use types were assigned curve
numbers: forest (73), built-up (83), low vegetation (79), and bare land (91). The CN values for the

different land-use types were combined using the area weight method for the composite CN value.

_ E(CNiXAi)

CN,, !

[19]
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where CNw is the weighted curve number, CN (i) is the curve number for each land use type, Ai
is the area of the land use with the corresponding curve number and A is the total area of each land

use type.

The SCS-CN model, introduced by the National Resources Conservation Service (NRCS), is an
empirical model used for hydrological analysis. This model was initiated in a GIS environment
with a hecgeohms extension for the analysis. Although it is an old method for determining the
relationship between land use and runoff, it is widely used because of its lower calculation
requirements and few observed data usages. The SCS method has been applied to estimate the
volume of runoff and peak discharge, especially in ungauged basins (Ibrahim et al., 2022). The
SCS — CN model supposes that the actual retention to potential maximum retention is the same as

the ratio of actual runoff to potential runoft

The model is founded on the water balance equation

P=la+F+Q [20]

Q _F
P-Ia S [21]
la=AS [22]

where Ia is the initial abstraction of the rainfall (mm), Q is surface runoff depth (mm), P is rainfall
depth (mm), F is cumulative infiltration excluding Ia, S is potential maximum soil retention, A is
the coefficient of abstraction ranging between 0.0 to 0.2 and even 0.5 for urban basins. A used in

this study is 0.2.

Surface runoff depth Q can be expressed as
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Q= {(P —0.25)?/(P + 0.8S)P > 0.2S [23]

0P < 0.2S

The variable S is normally expressed in runoff curve number (CN) which represents generally the
runoff potential of the land cover — soil complex characteristics such as soil antecedent moisture,

land use and soil type. S is a dimensionless parameter and CN values range between 0 to 100.

25400
S == —254 [24]

The SCS unit hydrograph was selected for the transform method in the model using lag time

generation. The lag times for the different sub catchments were calculated using

tiag = 0.6t, [25]

107

7
te = 0.0078 (5352) [26]

Tlag is Lag time, Tc is time of concentration
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Figure 3.5: Flowchart for HECHMS model
3.3.3.4 Implementation of mitigation solutions — Scenarios Development

In the simulation of peak flow discharges from the sub basins, one critical parameter is the Curve
Number value. The Curve Number value is directly linked with the percentage of area that is
impervious. The higher the CN value, the more impervious surfaces whilst lower CN values are
indications that a substantial amount of area in the sub basins is pervious. With the implementation
of Nature Based Solutions, the objective of this study is to obtain a possible reduction in the
composite curve number values for the sub basins in order to observe the impacts it has on the
peak runoft. The possible set of urban NBS applied in the study area are; 1) Upland urban forests

i1) Residential parks ii1) Bioswales.

A critical analysis of the various land cover in the sub catchments aided in the selection of places

for the NBS implementation. Challenge faced in the selection was that the catchment is over 80%

61



urbanized therefore availability of space for the implementation was very limited and rendering

other solutions impossible to implement.

)

iii)

Upland urban forest: The increasing of roughness of the surface thereby increasing the
infiltration capacity. The addition of forest area is aimed at increasing the roughness by
improving the retention capacity of the soil thereby reducing the depth of water and
flood extent during an event (Borst, 2023). This solution was implemented in subbasin
1,29,3.

Bioswales: Bioswales a component of bioretention areas is implemented close to the
river network where lots of runoff passes. It can be situated on grassland, parks, open
spaces close to the network. It is implemented in the central subbasins to attenuate the
peaks of the runoff to impact on the volumes of water downstream. Subbasins 6, 14
and 5 were chosen for the implementation of the solution.

Residential Parks/Forest: Incorporating trees into urban areas have the benefit of aiding
in the infiltration of runoff generated in the catchment thereby reducing the discharge.
For urban sustainability, urban area forests are important in the alleviating of issues
concerning urban storm water (Amini Parsa et al., 2024). Subbasin 14 was used for the

implementation of the solution in the basin.

Detention basins were represented in the model by the addition of reservoir element in HEC

HMS. Physical characteristics such as the storage discharge curves. The level Pool Routing

method was applied for the channel routing process which involves the continuity equation

used to determine the outflow based on the inflow and the storage time.

Iung — Oavg = ASAt [27]
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Where layg is the average inflow within a time interval t, Oayg is the average outflow within the

time interval t, S is the changes occurring in the storage
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CHAPTER 4: ANALYSIS OF SPATIOTEMPORAL TREND IN PRECIPITATION
EXTREMES IN THE ABOABO BASIN

4.1 Introduction

Investigating past climatic extremes plays a crucial role in tackling the growing concerns of
changing climate. The Intergovernmental Panel on Climate Change (IPCC) projects an increase in
the frequency of heavy precipitation across most of Africa, while West Africa anticipates a rise in
both heavy rainfall events and drought occurrences. Managing risks and impacts related to extreme
climate events becomes crucial for sustaining economies and livelihoods within communities that

would be affected by these changes (WMO, 2013).

The analysis of trends in climatic variables provides valuable knowledge-based information for
water resources management. By assessing historical and future events such as flooding and
drought, insights are gained into the precipitation patterns. Various methods including the
examination of the wet days, heavy precipitation days and total precipitation contribute to the
better understanding of the trends (Marengo et al., 2020). The Expert Team on Climate Change
Detection and Indices (ETCCDI) are responsible for the provision of a batch of standardized
measurements of extremes in climate which is derived from indices for daily temperature and

precipitation (Wang et al., 2016).

Previous studies have explored extreme rainfall trends in different regions. Hajani et al. (2017)
examined trends in extreme rainfall in New South Wales, Australia, in 60 stations. Findings
indicated that a number of stations observed statistically significant decreasing trends by adopting
the Mann Kendall tests for the impact of climate variability scales. Regueira and Wanderly, (2022)
studied the rainfall rates and increased number of extreme rainfall events using daily rainfall data
retrieved from 15 weather stations. The RClimdex software coupled with Mann Kendall used in

the analysis showed that there were positive trends in the daily rainfall (Rx1day) and the
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consecutive five-day rainfall (Rx5day) in the study area. Sharma and Kotal, (2022) found that the
changes in rainfall amount over Jharkhand was directly linked to the number of rainy days, heavy
rainy days and extreme rainfall events using the non-parametric Mann Kendall test. Several
researchers(Atiah et al., 2020; Chaubey et al., 2022; Harrison et al., 2019; Larbi et al., 2018;
Mohammed et al., 2019; Mondal et al., 2015; Nkrumah et al., 2019; Worku et al., 2019) have

assessed the trends in extreme rainfall over Africa.

The Aboabo Basin, situated in the city of Kumasi within the Ashanti Region, holds significant
importance. Over the recent years, it has been associated with over 90% of the flooding events
reported by the media in the city. Despite this, research on precipitation trends in the basin remains
scarce. While studies have been conducted in Ghana on the temporal and spatial scales (Larbi et
al, 2018; Atiah et al., 2020), there is still a gap in understanding the spatiotemporal variation
specifically within the Aboabo Basin. Extreme events, such as local floods, droughts, heatwaves,
and cold spells, frequently manifest at the local scale. However, they also contribute significantly
to larger climate patterns (Bartholy and Pongracz, 2007). Analyzing these events in the regional
context might not be able to represent the situation found in the local context due to spatial

interpolation. It is therefore crucial to study the trends locally to analyze the impact on the basin.

4.2 Results and Discussions

4.2.1 Annual Precipitation trends
The annual precipitation represents the total precipitation in wet days pcp > 1mm. All the stations

underwent a statistical analysis at a significance level of 5% with a confidence interval of 95%. A
negative non-significant trend of -3.14mm/year was observed in the annual precipitation of
Kumasi Airport whilst KNUST station exhibited a significant negative trend of -5.6mm/year

(Figure 4.1). However, a non-significant positive trend of 1.29mm/year was observed at the
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Kwadaso station. From these findings, it becomes clear that the basin is experiencing a decline in
annual precipitation over time. Consequently, the previously held assumption that increased total
annual precipitation causes flooding in the basin is no longer valid. However, the reduction in total
annual precipitation has substantial implications for the environment, economy, agriculture, and
other sectors. Therefore, prioritizing sustainable water management and adaptive strategies is

essential.

Kumasi Airport
2400 1— s KNUST

2000

2000 i
1 \

@
o
=]

1600

Annual Rainfall [mm)]
Annual Rainfall [mm]

n
o
=]

b oy
1200 1 A | . v \[ 1 |

800
1960 1970 1980 1990 2000 2010 2020 1960 1970 1980 1990 2000 2010 2020
Year Year

Kwadaso

1800

1500

Annual Rainfall [mm]

1200

900

1960 1970 1980 1990 2000 2010
Year

nN
o
~
o

Figure 4.1: Annual precipitation trends

4.2.2 Seasonal Precipitation Trends
DJF Trends
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The seasonal trends in precipitation in the months of December, January and February were
analyzed. Figure 4.2 illustrates the trends in the seasons found at the three stations. All the stations
observed a non-significant negative trend in the data. KNUST observed a decreasing trend (-
0.68mm/year) followed by Kumasi Airport (-0.40mm/year) and Kwadaso station (-0.40mm/year)
all at 5% significant level. This occurrence illustrates decrease in the amount of rainfall recorded
in the dry season indicating a rise in the dry days. As the dry days increase, the total rainfall

received in the basin will decrease proportionally.
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Figure 4.2: Seasonal trends (December-January-February)
MAM Trends

Decreasing insignificant trends in March April May were observed in the Kumasi Airport (-
0.58mm/year) and KNUST (-1.53mm/year) stations (Figure 4.3). However, the Kwadaso station

observed an increasing insignificant trend (0.93mm/year).
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Figure 4.3: Seasonal trends (March-April-May)
JJA Trend

From Figure 4.4, Kumasi Airport shows a weak decreasing trend of -0.06 mm/year whilst the
KNUST station shows a steady decreasing trend of -1.53 mm/year. However, Kwadaso station
observed the highest decreasing trend of -2.03 mm/year. This indicates that the major rainy season
in the region has witnessed reduced rainfall. Given that local farmers rely on rainwater for their
crops, it is crucial to take measures to educate them about this shifting trend in order to put in

adaptation plans.
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Increasing trends were detected in precipitation data across all stations. Specifically, Kwadaso
station exhibited an increase of 0.41 mm/year, followed by Kwadaso (0.48 mm/year), and finally
Kumasi Airport (0.67 mm/year). This observation holds significance because recent flooding

events being reported occurring between September and October. As precipitation increases,
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Figure 4.5: Seasonal trends (September-October-November)

4.2.3 Trends in extreme precipitation indices
a) Consecutive Wet Days

Consecutive wet days represent the maximum number of consecutive days with precipitation
greater than 1 mm. The trends were observed to be decreasing with Kumasi Airport Station
showing a significant decrease in the trend (-0.02 mm/year) and KNUST showing an insignificant
decrease (Figure 4.6). Kwadaso station observed an insignificant decreasing trend (-0.06
mm/year). This information reveals the need to conduct research on the future assessment of
impact of the reduction in wet days (drought) on the basin especially as given the prevailing focus

on the wet conditions.
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Figure 4.6: Consecutive Wet Days
b) Simple Daily Intensity Index (SDII)

The Simple Daily Intensity Index (SDII) represents the annual total precipitation divided by the
number of wet days. Our observations reveal that the SDII is increasing at Kumasi Airport and
Kwadaso stations but decreasing at KNUST station. Notably, Kumasi Airport shows a significant
upward trend (0.05 mm/year), followed by Kwadaso (0.09 mm/year), while KNUST experiences
a decreasing trend (-0.015 mm/year) (Figure 4.7). This rising SDII suggests the occurrence of
extreme precipitation events in the basin and indicating intense rainfall during the wet days. These

findings align with existing studies indicating an expected increase in precipitation extremes across

Africa (IPCC, 2013).
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Figure 4.7: Simple Daily Intensity Index
¢) Maximum 1-day precipitation depth (Rx1day)

The maximum 1-day precipitation depth represents the highest amount of precipitation recorded

in a day. Increasing trends in the Kumasi airport station (0.12mm/year) followed by Kwadaso

station (0.046 mm/year) was observed whilst a decreasing trend in KNUST station (-0.11mm/year)

was obtained (Figure 4.8). An increase in the Rx1day may contribute to the increase in SDII values

if more extreme precipitation occurs during the wet days.
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Figure 4.8: Maximum 1- day precipitation depth
d) Maximum 5-day precipitation depth (Rx5day)

The Kumasi Airport station experienced a steady increase (0.42mm/day) with Kwadaso also
experiencing an increase in trend (0.49mm/year). KNUST station observed a decreasing trend (-
0.065) (Figure 4.9). This variable is of importance as the increase in the days of rain can be

associated with the flooding of locations to the saturation of the soil after the consecutive days of

rain.
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Figure 4.9: Maximum 5-day precipitation depth
e) Days with heavy precipitation (R10mm)

R10mm represents the number of days in a year in which the amount of rainfall per day exceeds

10mm. KNUST station observed a decrease in the trend (-0.22mm/year) next Kumasi Airport with

a decrease of -0.06mm/year and lastly Kwadaso station -0.029mm/year (Figure 4.10).
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Figure 4.10: Days with heavy precipitation (R10mm)
) Days with extremely heavy precipitation (R25mm)

R25mm represents the number of days in a year in which precipitation recorded for a particular

event is greater than 25mm. Kumasi Airport station recorded an increase in the trends

(0.06mm/year) followed by an increase also in Kwadaso station (0.15mm/year). KNUST station

recorded a decrease in the trend (-0.04mm/year) (Figure4.11).
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Figure 4.11: Days with extremely heavy precipitation (R25mm)
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Table 4.1. Statistics on trend analysis in the stations using the MK method (significant level < 5%)

No Station Annual DJF MAM JJA SON

S
4 P-value Sens Z P- Sens Z P- Sens Z P- Sens Z P-value Sens
value value value

1 Kumasi -047 0.64 -3.14 -0.84 0.40 -0.40 -0.68 0.50 -0.58 -0.04 0.97 -0.06 0.77 044 0.67
Airport

2 KNUS -235 0.02 -5.69 -1.67 0.07 -0.68 -1.95 0.05 -1.53 -144 0.15 -1.53 043 0.67 0.41
T

3  Kwadas 0.52 0.60 129 -0.77 0.44 -0.42 124 0.22 093 -136 0.17 -209 038 0.71 0.48

0]

Table 4.2. Extreme Indices Trend Analysis
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Extreme Indices

CwWD

CDD

PRCPTOT

SDII

R10MM

R25MM

R95P

R99P

RX1DAY

P-value

-0.03

0.03

0.64

0.001

0.29

0.07

0.02

0.175

0.31

Sen’s slope

-0.02

0.22

0.83

0.05

-0.06

0.06

2.90

0.14

0.12

77

P-value

0.13

0.36

0.02

0.57

0.00

0.30

0.94

0.66

0.59

Sen’s slope

0.09

-5.69

-0.02

-0.22

-0.04

0.12

-0.11

P-value

0.00

0.09

0.60

0.00

0.54

0.02

0.03

0.26

0.86

Sen’s slope

-0.05

0.25

1.29

0.09

-0.03

0.15

4.17

0.47

0.05



10 RX5DAY 0.21 0.42 0.76 -0.07 0.49 0.19

4.3 Summary

This chapter investigates the trends in extreme precipitation within the Aboabo basin by analysing ten precipitation related extreme
indices. The analysis revealed a significant decrease in the number of consecutive wet days indicating fewer rain days while the number
of consecutive dry days increased. The simple daily intensity index showed a significant upward trend suggesting an increase in the
rainfall intensity which could potentially lead to flooding events. Again, R95p index exhibited a significant rise with an indication that

there is an increase in the magnitude of precipitation events in the basin

The chapter discussed the potential impacts of these trends including increased flood risks, impact on agricultural productivity and water
availability. The findings emphasize on the importance of acquiring of knowledge and understanding into the effects of the precipitation

extremes in the face of a warming climate.
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CHAPTER 5: PREDICTIVE MODELLING OF FLOOD EXTENT IN AN UNGAUGED
URBAN BASIN - KUMASI, GHANA

5.1 Introduction

In recent years, human activities and the impact of climate change have triggered significant
environmental changes, resulting in a notable increase in both the frequency and severity of
flooding incidents (Sajjad et al., 2024). Global research endeavours focused on predicting climate
patterns highlight shifts in precipitation intensity and distribution expected by the end of the 21st
century (Lea et al., 2019). Furthermore, the expansion of urban areas into floodplains along rivers
has amplified flood risk. As urbanization continues, natural land cover—once capable of absorbing
rainfall and floodwaters—is gradually replaced by impermeable surfaces, leading to heightened
runoff and more intense flood peaks. This encroachment significantly exacerbates flood

occurrence and severity during rainfall events in these regions.

Urban flooding has been a persistent concern in Ghana, with historical records tracing back to
1930 (Ansah et al., 2020). Key institutions responsible for managing urban floods include the
National Disaster Management Organization (NADMO), Ghana Meteorological Agency (GMet),
Ghana Hydrological Authority (HYDRO), and local government. These entities play a crucial role
in providing essential support to flood victims, including food assistance and temporary shelter.
However, Ahadzie et al., (2022) has illustrated a critical issue: flood victims often lack adequate
support for recovery and repair, impeding their ability to restore their lives after flooding events.
Major cities such as Accra, Kumasi, Takoradi, and Tamale have grappled with severe flood impacts
over time. Notably, the tragic event of June 3rd, 2018, involved heavy rainfall and an explosion at
a fuel filling station in Kwame Nkrumah Circle, resulting in significant loss of life and property

damage (Ansah et al., 2020). Despite eviction notices issued by local authorities to residents in
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flood-prone areas, the effectiveness of these measures remains uncertain due to ongoing land
occupation. Beyond property destruction and economic losses, individuals residing in flood-prone
zones face additional health hazards, including diseases like malaria, cholera, hepatitis E and A,

and respiratory illnesses ((Alderman et al., 2012; Mensah & Ahadzie, 2020)

Kumasi, the second-largest city in Ghana and a pivotal business center in the country’s middle
belt, struggles with recurrent annual flooding events. While historical records indicate that Kumasi
has long experienced floods, recent occurrences have intensified in both frequency and severity,
resulting in significant devastation, (Campion & Venzke, 2013) have documented this trend,
highlighting the escalating impact of floods. Through interviews with key stakeholders involved
in flood management and focus group discussions within flood-prone communities, Amoateng et
al., (2018) characterized these disasters as predominantly riverine, exacerbated by population
growth and the encroachment of residents into floodplain areas. Abass et al., (2022) attributed the
surge in flood frequency to a combination of climatic extremes and anthropogenic factors. Their
study illustrated the importance of strengthening institutional frameworks, public education, and
rigorous enforcement of regulations to mitigate flood impacts in the city. While these studies
(Mensah & Ahadzie, 2022; Abass et al., 2022; Amoateng et al., 2018; Campion & Venzke 2013)
focus on the social impacts of flood events on the residents, they fail to examine the hydrological
characteristics of these events in the basin. This shortcoming of detailed analysis represents a
significant gap in effective management of flood within the basin. Hydrodynamic modelling can
offer crucial insights into the flood characteristics, inundation patterns and potential mitigation

strategies in case of scarcity in data.

The lack of monitoring hydrological variables in the basin is a challenge which can be overcome

by hydrological or hydraulic modelling (Martins et al., 2023) linked with field surveys as a
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compliment for missing data. Several researchers have adopted this approach for the simulation of
flood events in an ungauged basin. Sarchani et al., (2020) in northwest Crete set up a 1D /2D
hydrodynamic model to investigate the impact of extreme rainfall event on a small ungauged basin.
The Mannings roughness coefficient and weir coefficients confirmed through a post flood survey
were the most important parameter in the estimation of the extent of flood. In Western Slovakia,
EBA4SUB (Event Based Approach for Small Unguaged Basins) and HEC RAS models were used
to analysis the sensitivity of simulated flood areas output to different combinations of the input
variables (Vojtek et al., 2019). In Vietnam, (Trinh & Molkenthin, 2021) proposed an integrated
approach of using high advanced hydrodynamic models, satellite imageries and temporal spatial
resolution precipitation data to set up a complex rainfall runoff model. van Emmerik et al., (2015)
used different types of soft data such as field surveys to aid in the improvement, calibration and

validation of model and to assess the realism of the output generated from the model.

Flood inundation mapping plays a pivotal role in identifying flood risk zones and informing flood
management strategies within urban areas (Nogherotto et al., 2022; Sahoo & Sreeja, 2017). By
integrating historical data, these maps contribute significantly to recognizing areas with high flood
risk potential, assessing hazard intensity, estimating damage extent, and quantifying flood depths

(Mudashiru et al., 2021).

Hydraulic modeling is a fundamental tool for understanding flood dynamics. Researchers
categorize flood models into three dimensions: 1D, 2D, and 3D. The 1D models, such as HEC-
RAS 1D and MIKE 11, focus on river networks by simulating water level changes along cross
sections. However, their limitation lies in neglecting lateral flow—a critical factor in real-world

flood scenarios (Farooq et al., 2019).
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To address this limitation, 2D hydrodynamic models consider both longitudinal and transverse
flow variations within channels. These models enhance our understanding of flood behavior and
inundation patterns. While 3D hydrodynamic models offer higher accuracy and require fewer
assumptions than their 1D and 2D counterparts, they come with increased computational demands

and cost implications.

In this study, we employ the HEC-RAS 2D model due to its adaptability and system requirements,

aiming to enhance flood management strategies in the specific area under investigation.

In Ghana, various researchers have developed flood hazard maps for regions prone to flooding
(Acheampong et al., 2023; Danso et al., 2020; Ghansah et al., 2021; Kumi-Boateng et al., 2020; J.
D. Osei et al., 2023; Tjia, 2020). However, the Aboabo Basin remains devoid of such critical

mapping tools, which are essential for effective flood management.

This study aims to bridge this gap by creating flood hazard maps specifically for the ungauged
basin within Kumasi city. The approach involves integrating hydrological characteristics,
hydraulic modeling, and field surveys. These maps will serve as valuable resources, informing

flood management strategies, facilitating land use planning, and enhancing community resilience

5.2 Results and Discussions

5.2.1 Land Cover Classes
Four different land cover types were classified for the study area: tree cover, built-up, low

vegetation and bare land (Table 5.1). The classification results showed a good statistical accuracy

in relation to the overall accuracy and kappa coefticient (Table 5.2).

Table 5.1: Land cover class and descriptions
Land Cover Description

Forest Areas made up of trees, shrubs including trees with a
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canopy density of more than 50%

Built Up Composed of artificial areas such as settlements, roads,

airports, industries

Low vegetation All types of with less vegetation lands including

farmlands or agricultural areas, grasslands

Bareland Avreas that are bare, gravel, sand, rocks, vegetation cover

less than 5%

The generated land cover maps for the study area are presented in Figure 5.1. The spread of the
different land cover types reveals evidence of the explosion of urban areas in the basin over the
study period. The built-up areas representing impervious surfaces experienced an expansion from
16.89 km? in 1984 to 135.14 km? in 2021. However, the largest net loss in the land cover types
within the study period was observed in the forest cover area with a reduction from 119.21 km?
(1984) to 3.07km? (2021). For the initial period between 1984 — 1991 (Figure 5.2), the proportion
of forest cover for the basin observed a decrease of 2% whilst the built-up areas increased by 10%.
The second period (1991 —2001) saw a decrease in the forest cover by 6% and an increase in built-
up areas by 12%. A sharp decrease in the forest cover area by 84% was observed in the period
between 2001 to 2011, however the built up observed a significant increase of 44% and the low
vegetation increased by over 100%. A continual decrease in the forest cover areas in the basin
occurred between 2011 — 2021 with a decrease of 78% and an appreciated increase in the built-up

areas by 81% due to the high rate of urbanization.
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Figure 5.1. Land use maps of the study area in 1984, 1991, 2001, 2011 and 2021
Table 5.2: Land use land cover areas
1984 1991 2001 2011 2021
LULC Class | Area % Area % Area % Area % Area %
(km2) (km2) (km2) (km2) (km2)'
Forest 119.2 779 116.9 76.5 94.8 62 13.9 9.1 3.07 2.0
Low 16.92 11.1 3.26 22 6.5 42 64.8 424 14.02 9.2
vegetation
Built Up 16.89 11 32.4 21.3 509 333 74.5 48.7 135.1 88.4
Bareland - - - - 0.6 04
Overall 80.3 85.5 86.3 88.8 89.52
accuracy
Kappa 0.82 0.84 0.89 0.9
coeffiecient
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Figure 5.2: Areas of land cover
The land cover map for 2021 was used as the base land cover for the hydrodynamic model. The

study findings in the 2021 map that the built-up area constituted the largest landcover class,
accounting for 88% (Figure 5.3). It was followed by low vegetation (9%), forest (2%), and
bareland (1%). The builtup areas in the basin were mostly made up of residential facilities,
industries and corporate buildings. This therefore was an indication of how highly impervious the
basin is with a less percentage of pervious areas. This finding indicates a high degree of
imperviousness in the basin characterised by a low percentage of pervious areas. This leads to the

generation of high volumes of surface runoff leading to high flood risk.
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Figure 5.3: Land cover map (2021)

5.2.2 Model Setup (HEC RAS)
A total of over 760,000 computational cells for simulation were generated in HEC RAS (Figure

5.4). The shallow water equations were employed for the analysis of each cell. The land cover
influenced the selection of manning’s value for the model. It was observed that the highest
percentage of landcover, built up was the predominant manning’s value (Figure 5.3). Also,
manning’s values were assigned to the channels. There were two main channels identified in the
basin channel one and channel two. Channel one describes the natural river network with
obstructions such as weeds or solid waste materials deposited in it. Channel two is constructed as
a concrete channel; however, having some gravel at the bottom. The percentage of channel two in

the river network was about 10%, which indicates a high percentage of natural river channels.
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Figure 5.4: Computational Mesh for hydrodynamic simulations
Table 5.3: Mannings value for hydrodynamic simulations

Built up 0.12-0.20 0.15 0.20
Bareland 0.023 - 0.030 0.03 0.030
Forest 0.08 -0.16 0.10 0.15
Grassland 0.025-0.05 0.035 0.045
Channel 1 0.035 —0.050 0.035 0.045
Channel 2 0.015 -0.020 0.015 0.020
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5.2.3 Field Survey of Case Study
On September 28, 2022, a significant flood event occurred in certain areas of the basin due to

heavy rainfall during the late hours of the day. The following day, a field visit was conducted to
assess the impact of the rainfall on the affected regions, as reported by the media. The field survey
took place for 5 days. Different locations in the basin were observed to have been flooded during
the visit (Figure 5.5). During this visit, watermarks from the flood were identified, along with the

remnants of properties that had been destroyed (Figure 5.6 -5.7).

Asokore
"~ Mampong

.~ Sawaba

~___— Aboabo
—————— Anloga

South Suntreso “Jﬁ_wﬂr,,,.,ﬂﬂ—ﬂ
~—— Ahinsan

TUC
- Sokoban

Daban

Figure 5.5: Location of sampling points

Interviews were conducted with the affected inhabitants to gather firsthand information about the
flood event. One crucial aspect explored during these interviews was the level of the water that
had inundated their properties. To convey this information effectively, the interviewees used

relatable references—the human body. Specifically, they described the floodwater depth in terms
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of body parts: feet, ankles, knees, waist, and shoulders. This approach allowed for a qualitative
assessment of the flood depths observed during the event. The depths of flood for the event were

recorded (Table 5.4)

Understanding the impact of the flood through direct observation and community input is essential
for effective flood management and mitigation strategies. By combining scientific measurements

with local knowledge, an understanding of flood dynamics can be harnessed to improve resilience

in vulnerable areas.

b. Flood mark showing on the wall
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Figure 5.7: a. Flooding on Duncanson Road — KNUST b. Level of flood water marked on the

structure during the event

Table 5.4. Flood depths recorded at sample locations on fields

Asokore Mampong 0.11 1.9
Sawaba 0.45 1.7
Anloga 0.45 1.9
Aboabo 0.11 1.7

TUC 0.11 1.7
South Suntreso 0.45 1.0
Ahinsan 0.11 1.7
Daban 0.45 1.0

5.2.4 Hydrodynamic model simulation (Case study)
The HEC RAS 2D model was initially simulated with the diffusive wave equation for the stability

of the model and finally simulated with the shallow water equation maximum results. For the
start the model was simulated with past extreme event which occurred in the basin; 28th
September, 2022. As the time progresses in the simulation, it was observed that the flood waters
gently move through the channels and then to the flood plains and low-lying areas. The total
inundated areas in the 28th September, 2022 event was 34.47km? (Figure 5.7). The peak discharge
was 67.2m%/s with the maximum depth recorded being 5.5meters. Areas such as Aboabo, Asawasi,

Sawaba were flooded during the rainfall event.
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5.2.5 Calibration and validation of model
The observed water depths by the inhabitants were compared to the levels of the simulated events

in HEC RAS (Figure 5.8). The interviews conducted on the field proved to be an essential (Martins
et al., 2023) way of acquiring flood depth values from past events to aid in the validation process
of models, especially in ungauged basins. It was observed that the highest observed/field recorded
depth of flood was 1.9m at Asawasi followed by 1.7m at Asokore Mampong and Ahinsan
communities. However, the highest depth simulated was 1.68 meters also found in Asawasi
followed by 1.43 meters at Ahinsan. A Pearson correlation of 0.62 (Table 5.5) was observed
between the simulated and observed values, indicating a moderate model performance. This

depicts that citizen science can be relied on in places of data scarcity to have a first-hand analysis
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of a situation (Sy). Although measures need to be put in place by basin managers to aid in acquiring

instruments to measure discharge in the basin to calibrate and validate the model properly.
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Figure 5.8: Field survey check points against simulated event (28" September, 2022) in HEC

RAS

Table 5.5: Statistics of simulated and observed flood depths

No. Statistic Value
1. Pearson correlation 0.62
2. RMSE 0.44

5.2.6 Generation of synthetic hyetographs for various return periods
Synthetic rainfall hyetographs were generated for return periods of 5, 10, 50, and 100 years using

the Intensity-Duration-Frequency (IDF) curves specific to Kumasi (Figure 5.9). The alternate

block method was employed for this purpose. The simulation covered a duration of 3 hours,

aligning with the time frame typically associated with maximum storm events in Ghana. It was
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observed that the maximum depths recorded for the respective return periods were as follows:

19.61 mm (5-year), 22.16 mm (10-year), 27.51 mm (50-year), and 29.78 mm (100-year).
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Figure 5.9: Temporal distribution of rainfall using the alternating block method

5.2.7 Flood hazard mapping for different return periods
The model employed rainfall data extracted from the hyetograph, employing the rain-on-grid

approach within HEC RAS. By simulating various return periods, the study obtained results for
flood depths and extents (Figure 5.10). The 5- year return period produced a depth of 3.5 meters,
the 50-year period showed 3.9 meters, and the 100-year period exhibited the highest depth at 5.3
meters (Table 5.6). The depths recorded at the different locations were influenced mainly by the
closeness to the river network, landcover and the topography of the land. It was observed that areas
close to the river network were highly at risk and increased with the rise in the return periods.

Policy makers need to enforce strict regulations to protect the lives of the inhabitants and to prevent
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loss of property during a flood event. The flood hazard maps generated for the various return
periods present the visual representation of areas that will potentially be affected if there is a
rainfall event causing a flood. The differences in the return period present the basin managers and
policy makers with the knowledge about what to expect if a certain return period of rain is
projected to occur over the basin. This information plays a valuable asset in the management of
flood in the basin by planning of emergency or evacuation routes, educating the public about the

risk they face settling in the flood plains.
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Figure 5.10: Flood hazard maps for 5-, 50- and 100-year return period rainfall

Table 5.6: Details of flood hazard maps
Return Period | Flooded Area | Flooded area in | Peak Discharge

3
(years) percent (m /s)

5 19.7 12.7% 22.0
50 26.1 16.9% 43.9
100 35.5 23.1% 60.2

5.3 Summary of chapter

The chapter examined the inundation behaviour of the basin to extreme precipitation events. Past
flood events were analysed to predict future occurrences in the basin for various return periods
using the Rain-On-Grid method within HEC RAS 2D for hydraulic simulations. The model was
calibrated with post-flood surveys, and flood hazard maps were generated for 5, 50, and 100-year
return periods. The findings indicated that the maximum flood depths were 3.5 meters, 3.9 meters,
and 5.3 meters, respectively, with corresponding flood extents of 12.7%, 16.9%, and 23.1% of the
basin area. Areas such as Aboabo, Sawaba, Asokore Mampong were found to be susceptible to
flooding for the various return periods. To enhance flood management in the basin, it was

recommended that high flood-risk areas be designated as no-settlement zones
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CHAPTER 6: EVALUATION OF MITIGATION SCENARIOS FOR RUNOFF
ATTENUATION IN ABOABO BASIN

6.1 Introduction

The hydrological cycle comprises of various linked components such as precipitation, runoff,
streamflow amongst others (Jehanzaib et al., 2022). The majority of precipitation that reaches the
ground surface either evaporates and returns to the atmosphere through evapotranspiration or
infiltrates into the soil (Qin, 2020). However, due to urbanization (high impervious areas)the
rainfall is generated to surface runoffs which most of the time overwhelm the existing drainage
system. Excess stormwater runoff in large volumes is generated in a short amount of time and does
not only result in flash flood but also a source of pollution to water bodies in the urban areas (Dinic

Brankovic et al., 2019).

The increase in the levels of urbanization around the world has resulted in the rise of impervious
surfaces especially in urban areas. Additionally, urban settings are becoming less healthy, making
sustainable growth and regeneration necessary to maintain liveable circumstances for inhabitants
(EC, 2015). According to IPCC (2022) with a high confidence, extensive and pervasive influences
of ecosystems, infrastructure, people and settlements have been due to observed increases in the
intensity and frequency of climate and weather extremes on land and the sea. The hydrological
cycle, especially in urban areas, has been affected due to the widespread of impervious surfaces,

which leads to the increase in flood hazard (Ferreira et al., 2022).

Urban flooding has a wide range of direct and indirect effects and severely damages the more
vulnerable and unprepared cities globally in terms of social, environmental, and economical issues
(Majidi et al., 2019). Losses recorded from flooding are on the rise due to increase in urbanization
with inhabitants occupying flood plains of river channels, various construction works, changes in

land use and global warming (Samu & Kentel, 2018).
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The frequency of urban flooding is rising, which emphasizes the need for effective flood mitigation
techniques to reduce property and human casualties (Qi et al., 2021). This risk of flooding will be
further increased by the projected effects of climate change, which include increased rainfall
frequency and intensities (Borst, 2023). Therefore, to lessen the effects of heavy rainfall

occurrences, urban adaptation and mitigation methods are required.

Kumasi, the second largest city in Ghana over the recent years have been exposed to extreme
events caused by changes in climate and issues related to rapid urbanization. Development in the
city is faced with challenges due to impact of flooding. Economic and human losses cannot be
over emphasized. The traditional method of engineering solutions has over the years been
employed in the management of floods; however, these are not enough to curtail the problem
(Agarwal et al., 2024; Ferreira et al., 2020). This presents a challenge to provide solutions which
are sustainable and environmentally friendly, as the old methods are known to have negative

impacts on the environment (Agarwal et al., 2024).

Nature Based Solutions are recognized to be implementation strategies in management of water
such as storm water management that are inspired and supported by nature and mimic the natural
processes in the environment (Borst, 2023; WWAP/ UN-WATER, 2018) However, NBS have not
received a wide implementation globally, due to knowledge gaps in its maintenance,

implementation and designing (Borst, 2023).

In Ghana, the implementation of NBS in urban cities are not adequately explored. Cities such as
Accra, Tamale, Sekondi Takoradi including Kumasi have experienced recurring flooding events
over the years. Asare et al., (2023) explored the possibility to integrate NBS into the existing
planning schemes of Accra to aid in the mitigation of flood. Knowledge of the different NBS was

found to be an important source of flood management and could be implemented into the existing
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scheme. Borst (2023) studied the impact of nature-based solutions on urban runoff using a
hydraulic model in Sekondi-Takoradi. The findings revealed that it is critical to have a first scan
of the local context for implementation because it will inform the modeler about the NBS which
would be applicable. Also, the roughness coefficient was observed through a sensitivity analysis
that it was the most important factor in the simulation since it is linked directly to the land cover.
In Kumasi, studies conducted on the implementation of NBS has focused on the citizens’ ability
to accept the intervention. The residents although appreciating the importance of the NBS had
concerns about the technicalities, high-cost requirements for the installation of the NBS, different
interests from the various institutions and generally a lack of knowledge (Adu Boateng et al.,
2023). Additionally, Enu et al., (2024) studied indicated lack of knowledge on NBS a main

challenge faced in the regards to the acceptance of the it.

The application of NBS in the mitigation of flood in urban cities such as Kumasi has been less
explored therefore this study seeks to fill in the gap by investigating the impact of nature-based

solutions on the attenuation of urban runoff.

6.2 Results and Discussions

6.2.1 Model Setup (HEC HMS)
The study basin was delineated into sixteen (16) subbasins for hydrological simulations in HEC

HMS (Figure 6.1). The outlet of the basin is located at Sokoban. Subbasin 6 has the highest area
of coverage which is 12.69km? and located in the eastern part of the basin (Table 6.1). The slope
of the subbasins ranged between 6% - 8% indicating a moderately steep terrain. The flow length

of surface runoff from each subbasin to its outlet ranged between 3.6km to 7.8km.
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Figure 6.1: Subbasins for simulation in HECHMS

Table 6.1: Characteristics of Subbasins

Subbasin Area (km?) Flow length Basin Slope
(km)

Subbasin-1 12.79 5.57 0.06981

Subbasin-2 8.56 5.05 0.07629

Subbasin-9 7.02 4.71 0.06991

Subbasin-4 7.28 4.24 0.07137

Subbasin-10 11.96 5.07 0.07613
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Subbasin-8 4.16 3.81 0.0764

Subbasin-50 11.17 7.08 0.07237
Subbasin-3 10.57 6.75 0.0716

Subbasin-6 12.69 6.73 0.0704

Subbasin-11 11.65 6.94 0.07224
Subbasin-5 9.65 6.59 0.07601
Subbasin-12 7.16 491 0.08059
Subbasin-14 5.48 4.05 0.08335
Subbasin-13 12.38 6.38 0.07603
Subbasin-16 6.29 4.83 0.06937
Subbasin-17 11.32 7.64 0.07291

6.2.2 Curve Number Grid Generation Grid
The curve number represents the value which determines the proportion of rainfall that leads runoff

in a location. The higher the curve number, the higher the amount surface runoff and vice versa.
The spatial distribution of the curve number values in the basin ranged from 73 to 91 (Figure 6.2).
The highest value was the most dominant curve number due to the presence of high percentage on
impervious surfaces in the basin. The values obtained for the subbasins (Table 6.2) indicates a high
curve number which indicates the high conversion of rainfall on the land to surface runoff. Flood
risk therefore increase with the increase in CN value due to low infiltration rates of surface runoff
during a rain fall activity. Basin managers are therefore to advance the idea of creating more green

areas or maintaining the percentage of greenery available in order to reduce the surface runoff.
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Table 6.2: Curve Numbers of Subbasin

Subbasin

Subbasin-1

Subbasin-2

Subbasin-9

Subbasin-4

Subbasin-10

Subbasin-8

Subbasin-50

Subbasin-3

Subbasin-6

Subbasin-11

Subbasin-5

Subbasin-12

Subbasin-14

Subbasin-13

Subbasin-16

Subbasin-17

Curve Number

83

&3

83

&3

83

&3

82

82

82

&3

81

&3

82

&3

&3

82
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Figure 6.2 Curve Numbers for landcover

6.2.3 Performance of Nature Based Solutions
The simulation of the entire basin, excluding the implementation of nature-based solutions,

indicated a peak flow rate of 193.7 m?/s at the outlet. Figures 6.3 -6.5 illustrate the peak flows for
the sub-catchments before and after the implementation of these solutions. The peak discharge for
the sub-catchments ranged from 181.0 m?*/s to 190.79 m?/s (Table 6.3). The analysis of different
solutions showed a reduction in peak flow by 2.6%, 4.4%, and 6.4% (Table 6.3). These results
suggest a direct correlation between land roughness changes and peak discharge in specific sub-
basins. However, in the studied basin, the implementation of nature-based solutions resulted in a

low attenuation rate of peak discharge due to their application in selected sub-basins rather than
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the entire basin. This is attributed to the limited land availability in the highly impervious basin.
Nature-based solutions are most effective when ample land is available for their implementation,
which was not the case in this study. Consequently, relying solely on nature-based solutions would
not significantly attenuate peak runoff due to the unavailability of land space, indicating the need
for additional measures such as grey infrastructure to effectively reduce peak flows in the basin
(Agarwal et al., 2024; Borst, 2023). This solution can be implemented as both a preventive and

curative method for flooding issues in urbanized basins (Agarwal et al., 2024)
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Figure 6.5: Implementation of Residential Park

Table 6.3: Performance of nature based Solutions before and after implementation

Peak flow beforePeak flow after]
Scenario (m3/s)) (m3/s) %Peak flow reduction
Upland Forest 193.34 181.01 6.4
Bioswales 193.34 184.88 4.4
Residential Parks 193.34 188.38 2.6

6.2.4 Flood extent in basin without implementation of detention basin
The Aboabo River basin faces the challenge of high risk of flooding for the inhabitants. Due to the

continual urbanization leading to encroachment of the flood plains by squatters, destruction of
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properties and loss of lives during a flooding event is imminent. Peak discharge for different return

periods ranged between 193.5 m?/s to 288.4,m>/s (Table 6.4).

Table 6.4: HEC HMS coupled with HEC RAS model for a simulation without detention basin

Return period Rainfall (24hrs) (mm) Peak discharge (m3/s)
10 120.48 193.5
30 129.10 208.3
50 159.79 260.4
100 176.30 288.4

Different depths of flood were observed at different locations in the basin which were mainly

observed to be influenced by the proximity of the location away from the river network (Figure

6.7)

6.2.5 Impacts of detention basin on the reduction of the peak flow
A detention basin is a temporal place to store stormwater or runoff from a rainfall event. This is

done by the regulation of the amount of water flowing downstream. Flood risks are reduced in this
implementation by the reduction of flood depths (hazards), how the people are exposed and the
vulnerability. The control of flood water using detention basins has been proven to be direct and
has a rapid effect on the mitigation of the impacts of flood water (Agarwal et al., 2024) on the

communities in the basin.
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It can be observed that for the return periods 10, 30. 50 and 100 yr, there is a reduction in the peak
discharge by 48.1%, 44.3%, 33.9% and 30.2%, respectively (Table 6.5). There is reduction in the
peak flow hydrograph and the increase in the lag time(Figure 6.6). The presence of the detention
basin led to a reduction in the peak discharge which directly impacts the time of flood arrival in
the communities found in the basin. This is crucial as it would allow for some time for the
evacuation of inhabitants from high-risk areas to places of safety during a rainfall event leading to

flooding.

Also, it was observed that despite the inclusion of detention basins in the simulation, all the
selected flood-prone communities still experienced some level of flooding (Figure 6.8). This
clearly indicates that the communities, especially those close to the river network are at high risk
and would continue to experience inundation of their surroundings during a rainfall event. Even
with the smallest amount of rainfall, there is a high likelihood of flooding in these areas, with
increasing depth corresponding to longer return periods of rainfall. However, the reduction in the
depth of the flood after the implementation of the detention basin is essential as the flood hazard

is reduced and generally reducing the flood risk for the inhabitants in the area

Table 6.5: Peak Discharge before and after implementation of detention basin

Return Period | Peak flow (no detention | Peak flow (with detention | Difference in
(yr) basin) (m3/s) basin) (m3/s) Peak flow (%)
10 193.5 100.5 48.1

30 208.5 116.1 443

50 260.4 172.0 33.9
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Figure 6.6: Peak runofts before and after implementation of detention basin for 10, 30, 50 and
100yr return period rainfall
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Figure 6.7: Flood extent after implementation of detention basin (10yr and 30yr return period)
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Figure 6.8: Flood depths of different locations before and after implementation of detention
basins

Potential sites for detention basins were identified (Figures 6.9 — 6.10). These sites were chosen
based on the local terrain, which naturally facilitates water collection during rainfall events without
impacting adjacent areas. The average volume of the basins was determined by multiplying the

basin area by the average elevation differences (Table 6.6)
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Figure 6.9: Possible locations of detention basins
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Figure 6.10: Areas for proposed implementation of detention basin
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Table 6.6: Average volume of detention basins in different locations

No. Locations Volume (m3)
1 KNUST 216,962.88
2 Susanso 157,376.49
3 Behind Golden Tulip 316,052.44
4 South Suntreso 72,811.116

6.3 Summary of the chapter

This chapter evaluated various mitigation strategies and their effects on peak runoff in the basin.
Simulations in HEC HMS were conducted to assess changes in peak discharge before and after
implementing different solutions. Nature-based solutions, including urban forests and bioswales,
as well as grey solutions like detention basins, were incorporated into the model. The results
indicated that nature-based solutions reduced peak runoff by less than 10%, whereas detention
basins achieved an average reduction of 35%. These findings emphasize the importance of

integrating green and grey solutions for sustainable flood management in the basin.
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CHAPTER 7: GENERAL DISCUSSIONS
The occurrence of extreme weather events has become frequent and intensive in the current years

owing to global climate change. Understanding historical climate extremes is a critical route in

tackling the rising concerns regarding the world’s climate change.

In recent years, Kumasi has experienced climate extremes resulting in increased flooding
frequency. To understand extreme precipitation trends and magnitudes in the basin, we employed
the Mann-Kendall and Sen’s slope methods. The findings revealed a reduction in annual
precipitation, consistent with studies worldwide (eg: Jain et al., 2017 in India; Liang et al., 2015
in China; Muthoni et al., 2019 in East Africa and Onyutha, 2018 in West Africa). The total annual
precipitation in the basin ranged from 1995 mm to 2008 mm. Notably, consecutive wet days
exhibited significant negative trends, indicating fewer rainy days, a trend aligned with Atiah et al.'s

2020 findings.

Less Consecutive Wet Days means less consistent rainfall. This can lead to water stress, affecting
agriculture, ecosystems, and water availability for communities. The CWD ranged between 3 days
to 10 days. The reduction in consecutive wet days is similar to the findings of Larbi et al. 2021 in
the Vea catchment. Such results are also observed globally (Iacovone et al., 2020; Shahid Ishmam

etal., 2024; Singh et al., 2013; Zhang et al., 2011). This decrease in consecutive wet days, therefore
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suggests that flooding due to rainfall is not directly linked to CWD. Instead, heavy rainfall
intensities might be playing a role in basin inundation. The Consecutive Dry Days ranged between
15 days to 114 days. Longer CDD periods indicate extended dry spells which can lead to drought
conditions, affecting agriculture, water availability, and ecosystems. These observations correlate
with the findings of Atiah et al 2020 study indicating an increase in the consecutive dry days in the

southern parts of Ghana.

Again, positive increasing trends were observed in the Simple Daily Intensity Index (SDII) at the
Kumasi Airport and Kwadaso weather stations. The SDII ranged between 10.8mm/day —
18.5mm/day. This index reflects the intensity of daily precipitation events. As SDII rises, it
indicates a trend toward more intense daily precipitation events. This could lead to heavier rainfall
during specific time intervals, potentially causing localized flooding. Menegoz et al., (2020) study
in the European Alps indicated a rise in SDII however there was a reduction in consecutive wet
days. Rakib, (2019) observed an increase in SDII over the eastern region of Bangladesh indicating
the possibility of increase in flash flooding and long-term riverine flooding. Urban areas such as
the Aboabo Basin with inadequate drainage systems would struggle to handle the increased runoff
with infrastructure such as buildings and roads being destroyed. Basin managers therefore need to

act strategically to adapt to changing precipitation patterns.

The R95p index, which represents the contribution of moderately wet days (5% of daily
precipitation) to the annual total, also showed a positive significant trend in the Kumasi and
Kwadaso stations. The R95p index ranges typically between 105mm to 680mm. An increase in
this index indicates more intense rainfall during moderately wet days. An increase in R95p also

suggests the increase in heavy rainfall days which could be the source of flooding in the basin.
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In light of these findings, proactive measures and adaptive strategies are essential to mitigate the
impact of changing precipitation patterns on both urban infrastructure and natural systems. The
policymakers/basin managers should prioritize the education of residents about the climate risks
and adaptation strategies. Further studies are also needed to explore green infrastructure options
such as permeable pavements and green roofs as means of absorbing excess rainwater and thereby

reducing flooding.

The study’s findings reveal that more than 80% of the landcover within the basin is now built up,
indicating a significant proportion of impervious surfaces resulting from the ongoing urbanization
trend. With over 80% of the basin being builtup and impervious, infiltration of rainwater during
an event is minimal therefore contributing to the increase in surface runoff eventually leading to
higher risk of flooding. Also, the reduction in pervious areas will affect the recharging rate of
groundwater in the basin which is critical to be thoroughly investigated as groundwater is one of
the primary sources of water for inhabitants in the basin. These findings indicate the impact of
urbanization leading to uncontrolled development, which has led to sprawl and even settlement of

people in flood-prone river plains.

Again, data obtained from flood event simulations using various return periods highlights the
vulnerability of settlements around river bodies. These maps indicate areas that would be
submerged, flood depths and the potential impact on infrastructure in the community. As return
periods increase, the risk of flooding escalates. The maximum recorded depth during a rainfall
event with a 100-year return period was 5.3 meters. In particular, low-lying areas originally part
of the river network’s capacity but sold to individuals for settlement purposes now play a crucial
role in flood risk management within the basin. Urgent measures must be implemented to mitigate

the impact of floods on the inhabitants residing in these vulnerable zones.
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The study suggests that the observed trends in the increase of built-up areas led by urbanization
plays a vital role in the dynamics of flood management in the basin. The increase in impervious
areas has led a change in the hydrological dynamics in the basin, as a huge of volume of the runoff
generated is finds its way in the river channels and its surrounding areas. This leads to the
inundation of areas close to the river network which has been used as places of settlements. Due
to the escalating population, it is expected that the impacts of flood on the inhabitants would also

increase as more people move into these areas for settlement.

The hazard maps produced in this study are essential for comprehending the varying floodwater
depths that may occur at a specific location during an event, whether it has a low or high return
period. These maps serve as valuable information for decision-makers, enabling them to devise
strategies to mitigate the impacts of such events on residents. The flood maps also enable timely
warnings to residents and emergency responders. When a flood is imminent, authorities can issue
evacuation orders based on predicted inundation areas. Again, communities can develop non-
structural approaches such as community education, early warning systems (Hagen & Lu, 2011).
Additionally, they inform individuals residing in flood-prone areas about the risks they and their

families may face in the event of a flood.

This study employed the application of field survey to acquire information on past flood events
such as flood depth and extent due to the ungauged nature of the basin. This presents a practical
route in the calibration and validation of a model (Martins et al., 2023; van Emmerik et al., 2015)
. Also, according to Sy et al., (2020), citizen science proves reliable in the acquisition of data on
past flood events in areas where there are no or few records on occurrence of an event. Data
collected from local residents informed the validation of flood depths recorded during a previous

event, following a similar approach used by Martins Using the HEC RAS rain-on-grid method,
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flood hazard maps were created. These maps incorporated GPS flood depth measurements from
field surveys, allowing identification of simulated flood depths. This procedure is similar to works
done by Borst, (2023). The Pearson correlation coefficient of 0.62 indicates a moderate positive
relationship between observed and predicted values. This result indicates that information on flood
depths from ungauged basins can be obtained from residents and applied in a predictive model
providing an essential step in the development of flood maps in data scarce regions (Molinari et

al., 2017; Tayfur & Moramarco, 2022).

In this study, we encountered specific limitations that significantly impact the accuracy of our
model predictions. Notably, the Digital Elevation Model (DEM) input emerged as a critical factor
in determining model accuracy. Teng & Vaze, (2007) and Xu et al., (2021) emphasize that the
resolution of the DEM plays a pivotal role. By comparing simulations using DEMs of different
resolutions (Im and 10m), they found that higher-resolution DEMs yield more accurate results.
the study area. However, in regions like Ghana, where data scarcity poses challenges, obtaining
high-resolution DEMs becomes complex due to limited research instruments. Despite this
constraint, we recommend that future studies in the basin prioritize the use of DEMs with
resolutions higher than 12.5 meters such as LIDAR technology for simulating flood events. This
is will enhance the accuracy of the flood maps and contribute to better informed decisions (Liu et
al., 2019; Maranzoni & Tomirotti, 2023). Also, decision makers should put into consideration the
integration of monitoring stations along the river network to provide data on discharge which

would better the flood predictions.

As a means to attenuate the peak flows in the basin after generation of the flood hazard maps,
mitigation solutions were suggested to aid in the analysis. Nature based solutions were firstly

incorporated into the HECHMS model to simulate the impact on the peak flows. Urban forests,
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bioswales and residential parks were selected due to the possibility of been implemented in the
study area as compared to the nature-based solutions. The findings indicated that the representation
of the various solutions in the subbasins had a minimal impact on the generation of runoff in the
whole. This is due to the high impervious area in the catchment thereby solutions implemented in
the subbasins had low impact on the peak discharge. However, even in the subbasins of
implementation the reduction of peak flows were observed to be on the low having a maximum
reduction of 10%. These findings therefore will inform policy and decision makers on the need to
research into hybrid solutions in order to maximize the reduction of peak discharge thereby
preventing the investment into only nature-based solutions which would not be able to achieve the
expected results. In areas where nature-based solutions are not sufficient in the management of
peak runoff in the basin, detention basins can play an essential role. Detention basins were
implemented into the model to analyze the impact on peak flow. It was observed that the
implementation of the detention basin aided in the reduction of the peak flow in all the return
periods with an average of 30% reduction. Therefore, the implementation of suitable for the
management of storm water by minimizing the peak discharge (Abduljaleel et al., 2023). Although,
nature-based solutions are recommended and accepted globally as a means of protecting and
sustaining the environment, this study advises the research also into other solutions and combining
it with the NBS as also suggested by (Bost, 2023) for the Takoradi city. Again, further studies
should be conducted on the HEC HMS model with a detailed soil map to improve the accuracy of

the model for prediction.
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CHAPTER 8: CONCLUSION AND RECOMMENDATIONS

8.1 Conclusions

The primary aim of this research was to assess the flood inundation risk in an ungauged urban

basin. To achieve this, the study focused on: (i) analyzing trends in extreme precipitation within

the basin, (ii) investigating the inundation behavior of the urban basin under extreme precipitation

events, and (iii) evaluating the effects of various mitigation interventions on runoff in the Aboabo

basin in Kumasi. The conclusions drawn are directly aligned with these research objectives.

ii.

1il.

The extreme precipitation indices analysis revealed a declining trend in total
precipitation (PRCPTOT) and consecutive wet days (CWD) across the stations.
Conversely, the Simple Daily Intensity Index (SDII) and Very Wet Days (R95p)
exhibited a clear increase in the trend. These indices are pivotal in understanding the
occurrence of extreme rainfall events and are crucial for assessing flood risks in the
basin.

Significant variations in the depth and extent of flood for different return periods were
observed. High impervious areas showed high depths of flood compared to areas with
a vegetative cover. Low lying areas in the basin are highly vulnerable and therefore
flood mitigation strategies should target these areas.

Nature Based Solutions performed averagely in the reduction of peak runoff due to the
urbanized state of the basin. Incorporation of grey solutions such as detention basins
revealed a substantial reduction in the peak flow therefore presents a good strategy in

the management of flood in the basin.
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8.2 Recommendations

The following are recommendations drawn from the findings of this study:

Further studies should be performed on the development of evacuation routes for
inhabitants in high-risk flood areas to reduce damage to properties and loss of lives.

The government should invest in the procurement of instruments for the measurement of
meteorological and hydrological data in the basin to aid in the proper calibration and
validation of hydrological and hydrodynamic models generated for the basin.
Government should develop and properly enforce policy frameworks that encourage the
implementation of green spaces on residential and commercial properties to aid in the
reduction of impervious areas in the basin.

Local authorities should engage inhabitants through education and participatory planning
to empower them to make decisions concerning the management of flood in the
communities.

Other technologies and methods should be consistently studied to improve the adaptation

and resilience of the inhabitants in the basin to flooding.

8.3 Contribution to Knowledge

The study generated a hydrological and hydraulic model to enhance the understanding and
accuracy of flood predictions in the ungauged basin.

Precipitation extremes such as Consecutive Wet days are not the cause of flooding in the
basin but rather extremes such as increase in the Simple Daily Intensity Indice and R95p
are responsible for extreme occurrences in precipitation in the basin.

Flood hazards maps generated will aid basin managers in better emergency planning and

response to events.
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e Integration of green and gray solutions will encourage the resilience of the basin to flooding

by the reduction of peak discharge volumes.

8.4 Limitations of study
The major limitation to this study was the unavailability of hydrological / streamflow data for

modelling including the calibration and validation of the model. Having at least one gauging
station in the basin would have enabled the assessment of the performance of HEC RAS and HEC
HMS for the different events. Also, the terrain data used in analysis was coarse making it difficult
to identify the hydrological gestures in the basin properly. A high-resolution terrain is critical for
analysis of changes in the elevations of flood depths of a flood hazard map. Again, disaggregated
rainfall data such as sub daily data was not available as the daily scale was the only mode present.
The nature of floods experienced in the basin would be best assessed with sub daily rainfall data
as it happens quickly and within a short time duration, there by a 24hr may introduce uncertainties

when used for analysis.
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