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Abstract 

Floods are the most frequent natural disasters, and they have negative impacts on social-

economic livelihoods of countries, not forgetting their environment. To effectively manage 

flood risks and make informed decisions, it is crucial to identify and categorise flood-prone 

zones. This study predicts flood frequency and suggests a multi-criteria technique for mapping 

flood risk in Botswana's Nata River Basin. Floods are common in the Nata River Basin and can 

result in substantial infrastructure damage, fatalities, and financial losses. The suggested method 

involves integrating multiple criteria, like the soil type, slope, elevation, land use, and 

hydrographic conditions, to identify areas at high risk of flooding. Satellite images, weather 

information, and field observations were only a few of the sources used to compile the data for 

the different criteria. Gumbel distribution was utilised to analyse rainfall data in this study 

through a period of 31 years. The results of the distribution showed that annual precipitation of 

63.28 mm was most likely to occur annually, while 300.59 mm precipitation has 100% 

probability of occurring every 32 years. Distribution graphs indicated that there is 3% chance of 

301 mm rainfall occurring for every year. They also show that there are greater odds of having 

63mm, as indicated by exceedance likelihood of 97%. As for objective number two which used 

Geographic Information System (GIS), ArcGIS Pro, to create a map that shows risk of flooding, 

the results indicated that an area covering 41.3% of the basin mostly in the southern parts of the 

study area have high flood risk, while moderate risk was the highest area covering with 54.7% 

and the low-risk areas covers 8%. Accuracy of the flood risk map was validated through 

comparison with different AHP scenarios. It was also validated by overlaying it to a flood extent 

map derived from flooding season satellite images. Most flooded areas from the 2020 floods, 

according to the flood extent map, fell into the high and moderate risk categories. This indicates 
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that the GIS-MCA technique serves as a reference for future, more effective flood management 

and risk decision-making in the basin. The findings demonstrate the effectiveness of the 

suggested multi-criteria method in identifying locations at high risk of flooding. The strategy is 

adaptable and can be tailored to the requirements of various river basins in Botswana and other 

nations facing comparable difficulties. Decision-makers can use the flood risk map produced 

using the suggested methodology to create efficient flood risk management and mitigation plans. 

For instance, maps can be used to pinpoint the locations where dredging, building embankments, 

and other flood control techniques would be most beneficial. The map can also be used to guide 

decisions on how to use land, such as whether to zone it for residential, commercial, or 

agricultural purposes. 

Keywords: Multi criteria analysis, Flood risk mapping, Flood extent, Nata river basin, 

Geographic information system. 
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CHAPTER 1 

INTRODUCTION 

1.1. Background of the study 

Floods have been said to be the most frequent natural disaster globally (UNISDR, 2015). 

Figure 1 shows that compared to other disasters, floods occur far more frequently. They have been 

estimated to account for 43 percentage of all natural disasters specifically weather related between 

1995 and 2015, totaling more than 3,000 occurrences that were recorded (UNISDR, 2015). They 

are abundant, and their destruction compels researchers to thoroughly examine this occurrence 

(Aroca-Jimenez et al., 2020; Chan, 2022). 

 

  

 

 

 

 

 

Figure 1: Natural disaster types of occurrences in percentage for years 1995-2015 

(UNISDR, 2015)  
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Throughout the world, floods are happening more frequently, becoming more extensive, 

and costing more resources to repair (Schumann, 2015). Flooding is defined as a temporary 

situation of partial if not whole inundation of typically dried out areas due to an overflow of inland 

or tidal waters or from extraordinary and quick backlog or runoff (Natarajan & Radhakrishnan, 

2021). Flooding is also described as an overspill of a significant measure of water afar from its 

normal limits, mainly across an ordinarily dried up terrain (Oxford Dictionary, 2024). Due to a 

variety of causes, like many other natural disasters, the idea of categorising flooding is preferred.    

 

"1-in-100 year" floods occur every year, primarily affecting developing countries 

(Renard et al., 2023; Bertola et al., 2020). While floods are predominantly triggered by natural 

phenomena such as heavy rainfall and storm surges (European Commission, 2007), their impacts 

are often exacerbated by inadequate housing and infrastructure, ineffective warning systems, low 

socio-economic status, and a general lack of preparedness within affected communities (Bertola 

et al., 2020). Additionally, the rapid rise in the effects of floods is attributed to some human 

activities, such as increasing residential land use, and by lessening the natural retention of water 

due to land use put together with climate change (Sugianto et al., 2022). The consequences of 

flooding in areas where no proper and adequate disaster management plan exits get an intense hit 

to the economy (Tasri, 2021).  

 

To mitigate the impact of these consequences on communities, various institutions have 

been established, such as the Organisation for the Management of Disasters (OCHA) and the 

African Region Disaster Management Team (UNISDR, 2016). These entities implement disaster 
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preparedness measures to address the numerous hydro-meteorological risks faced by many 

countries. The United Nations Organisation for the Management of Disasters (OCHA) outlines a 

disaster management structure consisting of five steps, divided into two phases. The first phase 

covers actions taken before a catastrophic event, while the second phase involves activities 

following the occurrence of a flood. The pre-catastrophe phase includes preparedness and 

mitigation/prevention efforts. The post-catastrophe phase encompasses reconstruction, 

rehabilitation, and disaster relief. These five steps collectively form the disaster management cycle 

(UNISDR, 2015). 

 

These entities implement disaster preparedness measures to address the numerous hydro-

meteorological risks faced by many countries. The United Nations Organisation for the 

Management of Disasters (OCHA) outlines a disaster management structure consisting of five 

steps, divided into two phases. The first phase covers actions taken before a catastrophic event, 

while the second phase involves activities following the occurrence of a flood. The pre-catastrophe 

phase includes preparedness and mitigation/prevention efforts. The post-catastrophe phase 

encompasses reconstruction, rehabilitation, and disaster relief. These five steps collectively form 

the disaster management cycle (UNISDR, 2015). 

 

  Other institutions for risk management and monitoring such as, the southern African 

development community regional platform for the reduction of natural disaster risks, have been 

established with the acknowledgement of disasters like floods, that have transboundary effects 

(African Region Disaster Management team, 2010). For the purposes of being prepared, 

mitigation, response, and rehabilitation, Botswana has a National Policy on Disaster Management 
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that was endorsed in 1996 (Samuel, 2021). This organisation is also responsible for launching 

more smaller-scale institutions to carry out the mission at the local level like Botswana Red Cross 

Society, Botswana Community-Based Disaster Risk Management (CBDRM). 

 

A total of 466mm of rain fell on Botswana in 2000, and five people perished because of 

floods and strong rains, according to the Pan African News Agency (2000). In January 2013, 

substantial floods brought about by heavy across Botswana affected approximately 842 households 

(4,210 individuals), 300 households, and almost 125 households from the Dukwi refugee camp 

(IFRC, 2013). When 355mm of rain fell in 2013, the intense downpours wrecked houses, 

buildings, inundated farms, drowned domestic animals and source of living for residents (IFRC, 

2013). Additionally, the Cyclone Dineo and subsequent precipitations that impacted southern 

African region the first few months of the 2016/2017 rainy season left their mark on Nata-Gweta 

and neighbouring areas (IFRC, 2017). There has been little attempt to identify places at danger of 

flooding or to define the boundaries of flood severity, despite the enormous impact that floods 

have on people's lives. 

 

Due to these unattended above-mentioned issues in Botswana’s floods, almost all the 

villages along the Okavango delta catchment were damaged, including the villages in the 

Makgadikgadi pans region in the 2010 floods (Mosate, 2010). This continued vulnerability 

suggests that flood risk information distribution by the appropriate organisation in northern 

Botswana is of non assistance. Increased urbanisation in flood-prone areas, changes in climate, 

and population growth are among the key factors contributing to rising flood damage. For example, 

rapid urban expansion in cities like Jakarta, Indonesia, has led to significant encroachment into 
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floodplains, exacerbating flood risks (Bertola et al., 2020). Similarly, climate change has 

intensified extreme weather events, such as hurricanes and typhoons, which cause severe flooding, 

as seen during Hurricane Harvey in the United States in 2017 (US National Oceanic and 

Atmospheric Administration, 2018). Population growth in flood-prone areas, such as the Ganges-

Brahmaputra-Meghna Delta in South Asia, has increased exposure to flood hazards, amplifying 

the impact on lives and livelihoods (McGrath, 2017). Botswana has not been an exemption of these 

causes (Samuel, 2021).  

 

Due to the early reliance on ground surveys for mapping and monitoring floods, these tasks 

were often constrained by time limitations, accessibility challenges, and adverse weather 

conditions, which hindered their accuracy and efficiency (McGrath, 2017). For instance, ground 

surveys during monsoon seasons in South Asia were frequently delayed or rendered inaccurate 

due to flooding, limiting their utility in real-time flood mitigation efforts. Modern innovations such 

as Remote Sensing (RS) and Geographic Information Systems (GIS) have significantly mitigated 

these challenges by providing efficient, large-scale data collection and analysis capabilities. 

Moreover, computer models that predict and compute exposure offer a cost-effective approach to 

evaluate mitigation methods, optimise resource allocation, and empower municipalities to 

collaborate with residents in disaster preparedness (Krichen, 2023). 

 

Recently, the integration of machine learning (ML) and artificial intelligence (AI) has 

further enhanced these capabilities. For example, AI-based flood forecasting models, such as the 

one implemented in the Brahmaputra River Basin, utilise real-time hydrological data to predict 

flood events with greater accuracy, enabling timely evacuation and response (Wagenaar, 2020). 
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Additionally, ML algorithms have been employed to analyse satellite imagery and identify flood-

prone areas more efficiently, as demonstrated in studies conducted in the Netherlands (Wagenaar, 

2020). These technological advancements have made it significantly easier to reduce vulnerability 

to flood disasters compared to earlier approaches." 

 

According to Samuel (2021), spatial technologies can be used to visualise, measure, and 

analyse floods for a much suitable comprehension of the natural disasters globally. This study will 

use digital elevation models (DEMs), which offer 3D views to make it easier to perceive flood-

prone and at-risk locations, to help overcome or lessen the effects of the observed problem (floods). 

Building a geographical considerate plan that incorporates locations with high flood risk, how 

often floods may occur, and their return periods was the outcomes of this research. This would 

support the nation's disaster management strategy in facilitating the cooperative efforts required 

during emergencies. Some of the factors that contribute to flooding like elevation or land use in 

the study area will be taken into consideration when producing the flood risk map (Atanga et al., 

2023).  

 

1 .2 Problem Statement 

Floods are widely accepted as one of the most controllable natural disasters, yet they 

remain a significant challenge due to inadequate preparedness and response systems (UNISDR, 

2015). While extensive research has been conducted on flood dynamics in Botswana's Okavango 

Delta basins, including studies on flood risks and mitigation strategies (Wolski et al., 2014; Moses 

et al., 2023; Gumbricht, 2004), such efforts are scarce for the Nata River basin. Existing studies 
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predominantly rely on secondary data sources and social or descriptive analysis, with minimal 

focus on hydrological modelling and GIS-based flood risk mapping. 

 

Despite the availability of advanced tools such as Geographic Information Systems (GIS) and 

remote sensing for decision-making in flood management, there is no publicly accessible flood 

risk data specific to the Nata River basin. This gap in data exacerbates the vulnerability of 

communities near the basin, where at least one settlement faces inundation annually due to 

environmental changes (IFRC, 2017). The lack of precise flood risk maps limits the ability of 

decision-makers to mitigate these recurring risks effectively. 

 

Zhai and Lee (2023) emphasise the critical role of Geographical Information and 

Communication Technology (ICT) in disaster management, including risk reduction, crisis 

management, and emergency coordination. Yet, Botswana's use of such tools for flood prediction 

and response remains limited. Consequently, floods continue to surprise communities and 

overwhelm disaster management systems, often resulting in reactive rather than proactive 

responses, such as the provision of food baskets and temporary shelters. 

 

This study seeks to address these challenges by focusing on flood frequencies and GIS-based 

flood risk mapping for the Nata River basin. By applying existing GIS analytical methods, this 

research aims to provide baseline data on the frequency and magnitude of flooding, enabling better 

disaster preparedness and decision-making for the region. 

 

1.3 Research aim  
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 The main aim of this research was to examine the frequency of floods and produce a flood 

risk map that using geospatial techniques in the Nata River basin, Botswana. 

 

1.4. Objectives 

a) To ascertain the frequency and occurrence patterns of floods in the Nata River basin. 

b) To apply Multi-Criteria Analysis (MCA) in conjunction with geospatial techniques to 

generate flood risk maps and flood inundation maps for the Nata River basin, with particular 

focus on the 2020 flood event. 

c) To investigate mitigation measures and propose sustainable strategies for managing floods 

in the Nata River basin, aligning these with the context of a developing country scenario.  

 

1.5 Research questions 

a) What is the frequency and pattern of flood occurrences in the Nata River basin? 

b) How can Multi-Criteria Analysis (MCA) and geospatial techniques be utilized to develop 

accurate flood risk and inundation maps for the Nata River basin? 

c) What sustainable flood mitigation measures can be proposed for the Nata River basin to 

inform policy and enhance decision-making at various governance levels? 

1.6 Significance of the study 

This study produced a flood risk and extent map for Nata River basin with the use of 

ArcGIS Pro. The creation of these maps can assist the government and public of the Nata - Gweta 

region villages to come up with effective flood damage reduction that can be used long term in the 

region. 
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The identified departments, such as the Department of Environmental Affairs, Department 

of Water Affairs, and Department of Lands, may view this approach as a valuable tool for 

managing and enforcing their solutions to minimising flood risks, safeguarding the environment, 

offering insurance solutions, and organising sustainable development initiatives. Construction 

rules, zoning laws, and subdivision bylaws are a few examples of the tools that can be used to 

regulate land use within flood risk zones. With all of them in place, the extent of flood damage 

would be reduced if flood plains were set aside for purposes like parking lots, recreational spaces, 

and agricultural pursuits that are less vulnerable to flooding damage. All in all, this inundation 

maps and tool to predict where to attend a flood crisis first will not only benefit the Village 

Development Committee, which is the first response and planning authority in most villages, but 

also the Land Boards and Department of Town and Country planning.  

 

1.7 Operational terms 

a) Flood “to let water fill or cover a space, especially when it does so in a way that causes 

issues, according to the oxford dictionary.” 

b) Risk the likelihood of losing anything, which is determined by three factors: the degree of 

danger, the ease with which something can be damaged, and the amount of exposed area. 

c) Vulnerability The capacity to suffer harm or impairment. It speaks to the likelihood that 

floods will have an impact on lives, infrastructure, and the economy. The amount and kind 

of buildings, demographic characteristics (such as age and health), land use, and the 

capacity to anticipate and prepare for floods are some of the factors that affect susceptibility. 



Introduction  

10 
 

d) Hazard the likelihood that a region would be impacted by a potentially catastrophic natural 

catastrophe, such as a storm or earthquake. 

e) Inundation A flood or the condition of being flooded with water. 

 

1.8 Project structure 

The dissertation is organised into five chapters. Chapter 1 introduces the study, which 

focuses on analysing the frequency of floods and utilising modern geospatial tools to create a flood 

risk map for the Nata River basin in Botswana. This chapter also includes the problem statement, 

aim and objectives, background information, and the significance of the study.Chapter 2 provides 

a comprehensive literature review, discussing types of floods, methodologies for mapping flood 

risks, and empirical studies on GIS-based flood risk mapping. 

 

Chapter 3 outlines the methods of data collection and analysis employed in the study. This 

includes land use and land cover classification, techniques for flood extent mapping, and validation 

processes for the geospatial methods used. Chapter 4 presents the results, which are organised 

under the subheadings: flood frequencies and occurrences, geospatial flood risk assessment, and 

flood extent mapping. Finally, Chapter  concludes the dissertation by summarising the findings 

and providing recommendations for managing flood risks in the Nata River basin.
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Floods 

2.1.1 Definition 

Floods are the most well-known of all natural disasters of the world, it frequently claims 

over 20,000 lives year in year out and has an impact on nearly seventy-five million people 

around the world (Samuel, 2021). 

 

The definitions associated with flooding are vast and do have different meanings to each 

researcher with respect to the context and location of their study (Andráško, 2024). Gogoi & 

Patnaik, 2022, defined flooding as the occurrence of more water entering a drainage channel 

than it can move. The surrounding areas become inhabitable because of the access water 

spreading out and flowing over the banks. 

 

Water that collects above ground because to high tides, strong rainstorms, or quick runoff 

from concrete surfaces (Gogoi & Patnaik, 2022). Natural floodplains are part of most of the 

rivers. Most of the extreme floods occur along the coastal regions. Such regions have a 

combination of substantial precipitation and poor soil which make them more prone to flooding. 

 

McCormack et al, 2022 established that there are several components used in depicting the 

extent of flood and its nature. They are determined by several variables, including duration of 
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flow, the amount of space it covers, the speed of that flow, and the amount of water discharged 

over time. Season of the year (rainy season or dry season), Rainfall, topography, together with 

soil type and geomorphic features all have an impact on these variables. Most of the increasing 

flood events are due to increased human population, the changes in land-use pattern and climate 

change (McCormack et al, 2022). 

 

2.1.2 Types of floods  

 

2.1.2.1 Coastal (Surge) flooding 

This type of flood is attributed to extreme storm occurrences, this is because they bring 

large waves and strong onshore coastal winds together with high tides that fill bays and coastal 

zones with ocean water (Renard et al., 2023; Bentivoglio, 2022). This type of flooding is 

characterised by the upsurge in sea level beyond conventional tidal altitudes caused mostly by low 

air pressure and storm feat over a large area of open water which is known as a storm surge. A 

dome of water is produced during a storm or hurricane due to suction, which is caused by low 

tension inside the storm's eye (Bentivoglio, 2022). 

 

2.1.2.2 Fluvial (Riverine) flooding 

 

These are brought about by long time of rainfall in a catchment area that leads to a steadily 

rising water level that eventually overwhelms the river's banks (Bentivoglio, 2022). They are 

mostly known to be slow speed moving floods so they do affect largely inundated zones that can 

damages but not many fatalities (Renard et al., 2023). 
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Flash floods like other rapid flooding events are more common on smaller rivers, rivers 

with steep valleys, rivers that flow over impermeable land cover for a significant portion of their 

course, and generally dry channels (Bentivoglio, 2022). The reason could be because of an abrupt 

or sudden discharge from an upstream impoundment formed behind a dam, a glacier, or a landslide, 

or it just be a localised continuous rainfall (strong thunderstorms) (Bentivoglio, 2022). Riverine 

flooding can be classified into two categories: over-bank flooding and flash flooding.   

 

2.1.2.3 Pluvial (Surface Water) flooding: 

 

This type of flooding occurs when rainfall water starts to collect in a low elevated location 

which has clayey soil types (Renard et al., 2023). It can be easily predicted. Surface runoff happens 

when the amount of rainfall exceeds the soil's capacity to permeate and evaporate, or when the 

ground cover is impermeable (WMO, 2013). The utilisation of a closed passage system to collect 

and use of extra surface runoff water following rainfall is the concept behind avoiding this type of 

flooding. According to this theory, the system should be able to retain and remove runoff 

regardless of how much rain falls or how long it lasts (WMO, 2013).  

 

2.1.2.4 Urban flood 

These types of floods can be caused by all of the above-mentioned type of floods if they 

occur in a urban area. Urban flooding is frequently caused by excessive precipitation combined 

with impermeable surfaces that happen to have poor drainage. Because most metropolitan areas in 

developing countries have concrete surfaces with little soil and inadequate drainage systems, the 
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rain that falls cannot properly run away. (Eldho, 2018). This ailment is recognised for its recurring 

and comprehensive impact on the region, irrespective of proximity to or placement within a 

floodplain or aquatic body (Renard et al., 2023). 

 

2.2 Flood risk  
 

It is common for people to use risk and hazard interchangeably. However, risk is defined 

as the likelihood of a harmful outcome such as personal injuries, deaths, means of livelihood and 

economic loss because of the interaction between hazards and vulnerability (UNISDR, 2008). 

Studies undertaken by Antzoulatos et al., (2022) and Ganjirad et al, (2023) characterised flood risk 

because of flood hazard and susceptibility. They then describe Risk as ‘the uncertain product of a 

hazard and its potential loss’.  

 

2.2.1 Flood risk mapping 

The mapping of floods has been done using several varying methods or techniques 

(Antzoulatos et al., 2022). These include the utilisation of airborne remote sensing (RS), traditional 

ground survey, and models of hydrodynamics. Hydrodynamics refers to the study of the motion 

of fluids, particularly water, and the forces acting upon them. In the context of flood mapping, 

hydrodynamic models simulate water flow and its interactions with terrain and infrastructure. 

These models are significant because they allow for the accurate prediction of flood extents, flow 

patterns, and the impact of various flood scenarios, providing critical insights for risk assessment 

and mitigation planning.  

Accessing and getting spatial data from widely dispersed floodplain areas for flood risk 

mapping is time consuming and expensive. Then the introduction of remote sensing has made this 
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challenge less of a worry. Satellites equipped with sensors of optical and/or microwave have 

provided a synoptic view over large areas which has been helpful for flood mapping (Bentivoglio, 

2022). There is a work by Rachael et al. (2015) that used Landsat TM imagery to track flooding 

in the varied floodplain wetlands of the Macquarie Marshes, Australia, which is an excellent 

example of where this remote sensing technique was helpful. One of the biggest semi-permanent 

freshwater wetlands in the region, the marshes span 19,850 hectares in South-east Australia, which 

means mapping floods in such an area was a very beneficial undertaking for the community. 

 

2.3 GIS and remote sensing 

 

2.3.1 Definition 

In recent years, it has been demonstrated that geographic information systems (GIS) and 

remote sensing (RS) technologies are valuable tools for mapping and monitoring floods (Jonah, 

2024). These decision support tools are primarily concerned with creating flood maps (risk/hazard) 

for places that are at risk and with defining flood zones.  

 

An information system that is intended to gather, store, process, and present spatial data is 

known as a geographic information system (GIS) (Lillesand and Kiefer, 2014). Flood mapping 

and disaster management scenarios have been said to be well carried out through GIS because of 

their spatial component (Saikh et al., 2023). On top of having visualisation capacity GIS in flood 

mapping does also provide spatial analysis tools to assist in estimating how much damage and risk 

an area is vulnerable to. For RS, images acquired before, during and after a flood from satellites 
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are beneficial in deriving the extent and intensity of the flood event. Appropriate mitigation and 

flood relief plans can also be deduced from these images. 

 

2.3.2 Earth observing methods.  

Samarasinghe et al.'s (2010) work in the Kalu-Ganga River, Sri Lanka, demonstrates how 

earth observation techniques, including hydrological and hydraulic models, have been successfully 

applied to mapping and flood risk analysis. In order to ascertain the flood range, two satellite 

images taken during the dry season and during flooding were analysed. The findings demonstrate 

that the flood extent they calculated from the data was similar to the data gathered when one of the 

flood models was used, and they were able to validate their model as a result. The study also made 

use of GIS data and tools for risk mapping and flood simulation. Samarasinghe et al. (2010) were 

able to map out high, medium, and low flood risk zones by overlaying vulnerability and flood 

hazard values with the region's polygon map in a GIS context. 

 

2.3.3 Hydraulic/hydrological approach 

The hydrological approach's benefit is that it generates extremely exact and thorough 

results that are necessary for correct risk assessment and hazard mapping; however, its 

disadvantage is that it necessitates proper and adequate field surveys and gauging stations that can 

gather the data required for accurate risk calculation (Afzal et al., 2022).  

 

The contribution of conventional hydrological monitoring systems to emergency response, 

mapping, and flood forecasting is less. The expense of keeping up rain and stream gauge stations 

can be an issue in most nations. (Poudel, 2021). The difficulties of maintaining these stations are 
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increased in circumstances when there are gaps in the hydrographic time series caused by out-of-

service stations. Additionally, rivers are frequently shared by nations; as is well known, 

information on floods in upstream nations is not usually shared with downstream nations due to 

transboundary rivers. This is another challenge to using this method for downstream countries 

since some of these upstream floods affect flow downstream which is needed as an input in some 

models (Afzal et al., 2022; Poudel, 2021). 

 

Countries must be able to independently gather information across borders in order to 

provide sufficient flood warnings. Conventional hydrological monitoring systems, such as gauging 

stations, are critical for recording water levels. These stations, however, primarily measure the 

height of the water at specific locations rather than providing information on the overall extent or 

impact of a flood. This limitation underscores the need for complementary methods, such as 

remote sensing and GIS, to capture a more comprehensive understanding of flood dynamics. For 

regions the size of Botswana and most of the southern African nations, where hydrological data 

are either nonexistent or extremely erratic. These aspects cause problems for hydrologic models, 

which are the standard method used in flood predictions; this makes applying these techniques 

challenging.  

 

2.3.4 GIS and remote sensing methods 

In these methods there is need to look at more than one image or map of the area of interest 

to see the difference without the need to go to the area physically, even though it would be 

advisable to go and ground truth your product so as to validate it. The below mentioned are the 
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form of data needed in detecting the change in the images or maps. This method of mapping floods 

is mostly based on change detection (Akinyemi, 2021). 

 

Change detection uses multi-temporal satellite imagery to identify variations in geographic 

features or land characteristics caused by artificial or natural phenomena. According to Lillesand 

and Kiefer (2014), it is crucial for remote sensing, monitoring environmental changes, and 

analysing alterations in land use and land cover. For the purpose of detecting changes, remote 

sensing satellites capture images of the Earth at varying time intervals and spectral bands, which 

enable detailed analysis of environmental and land use changes. Due to its widespread application, 

change monitoring which entails identifying changes in photos of the same region taken at 

different times is extremely important (Alawadi et al., 2023).  

 

Using synthetic aperture radar (SAR) data and change detection and thresholding (CDAT) 

techniques, Long et al. (2014) mapped the flooding extent on the Chobe floodplain in Namibia's 

Caprivi area. They used adaptive filtering, segmentation, decision-based classification based on 

threshold values, and image differencing in their methodology. To determine the areas that were 

flooded during seasonal floods, these techniques were applied to data from the ENVISAT/ASAR 

and Radarsat-2 satellites. This method has benefits since satellite data, like Landsat, is readily 

available. It may be used for large-scale flood mapping without requiring extremely accurate 

inputs or computationally demanding procedures, which can help with flood risk management. 

 

2.3.4.1 Optical data 
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Optical sensors in Geographic Information Systems (GIS) play a crucial role in flood 

mapping by detecting natural energy reflected or emitted from the Earth's surface, particularly in 

visible and infrared spectral bands. In areas where water surfaces are unobscured by clouds, trees, 

or floating vegetation, high-resolution visible/infrared sensors offer precise delineation of 

inundated regions, as highlighted by Lillesand and Kiefer (2014). Notably, near-infrared imagers 

prove highly effective due to the strong absorption of near-infrared spectral bands by water and 

their reflection by land, as noted by Klemas (2015). 

 

Optical remote sensing finds innovative applications in flood mapping, as demonstrated by 

Ogashawara, Curtarelli, and Ferreira (2013). Their study utilised the Difference of Normalized 

Difference Water Indices (DNDWI) derived from medium-resolution Landsat 5 TM surface 

reflectance data captured before and after Hurricane Ike in 2008. By employing a threshold 

analysis approach and integrating data from the USGS mobile storm surge network, they 

accurately identified flooded areas, achieving an 85.68% accuracy for flooded areas and 92.13% 

for unflooded areas. However, further investigations are warranted to understand the spectral 

response of vegetation in flooded regions. 

The catastrophic floods of the Mississippi and Missouri rivers in 1993 underscored the 

utility of satellite sensors for surveying vast flooded areas. This historic event, which caused 

extensive damage and loss of life, was extensively studied using satellite data, including Landsat 

5 TM imagery. NASA utilised pre- and post-flood data to map the flooded regions, showcasing 

the effectiveness of satellite sensors during large-scale flood events. 

Righini et al. (2024) proposed an efficient and cost-effective method for mapping flooding 

in coastal floodplains based on Landsat 7 TM imagery and Digital Elevation Model (DEM) data. 



Literature Review  

20 
 

Despite challenges in locating flooded areas beneath dense vegetation canopies, their method 

proved reliable, with validation through ground observations. However, the reliance on river gauge 

measurements poses limitations, making this method less suitable for flood mapping in regions 

like Botswana due to associated costs. 

 

2.3.4.2 Synthetic aperture radar (SAR) data 

Synthetic Aperture Radar (SAR) technology, distinguished by its independence from solar 

electromagnetic energy or terrestrial thermal properties (Anusha & Bharathi, 2020), stands out in 

flood mapping due to its versatility and reliability. Unlike optical sensors, SAR is not constrained 

by daylight or weather conditions, making it an invaluable tool for mapping floods across various 

environmental contexts. Its utilisation of the microwave band enables SAR to penetrate through 

obstacles such as clouds, vegetation, rain, fog, and snow, ensuring consistent data acquisition even 

in challenging conditions (Hernández-Hamón, 2023; Klemas, 2015; Anusha & Bharathi, 2020). 

 

Moreover, SAR's capability to differentiate between land and water surfaces adds another 

layer of effectiveness to its flood mapping prowess. This ability stems from SAR's detection of 

variations in surface roughness, which allows it to distinguish between flat water surfaces and 

other land features. As a result, water bodies appear as darker pixels in SAR imagery compared to 

non-water areas, providing clear contrasts essential for accurate flood mapping (Gan et al., 2012). 

 

Numerous studies underscore the utility of SAR data in flood monitoring and mapping 

applications. For instance, Honda, Francis, and Sah (1997) successfully utilised JERS-1 SAR data 

to extract flood-affected areas in Thailand, showcasing SAR's effectiveness in capturing flood 
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dynamics. The capacity of SAR to provide continuous and timely information, unaffected by 

atmospheric conditions, makes it a preferred choice for flood monitoring initiatives (Dewan et al., 

2014). However, challenges persist in accurately delineating flooded areas, particularly in the 

presence of rough water surfaces, emergent vegetation, or rapidly moving water, which can 

complicate interpretation (McCormack et al., 2022). 

 

De Groeve (2010) provides a comprehensive overview of the utilisation of passive 

microwave observations for the detection, mapping, and sizing of floods.. These observations 

enabled the detection of floods within as little as two hours after their occurrence. By observing 

upriver areas, early warning systems with start times of up to 30 days became feasible. Although 

the flood maps generated were of poor quality compared to now maps, they aligned closely with 

maps derived from higher resolution imagery. Daily data availability facilitated a deeper 

understanding of flood dynamics and enabled objective flood sizing through the integration of 

temporal and spatial information. These methods were applied to investigate southern Africa 

floods in 2009 and flood season for the year 2010 in Namibia specifically (De Groeve, 2010). 

Similarly, Townsend (2002) analysed Radarsat scenes from 1996 and 1998 to portray flood cover 

in Roanoke River floodplain forest which is in North Carolina, demonstrating SAR's capability to 

monitor and map flood events. 

 

In another study Townsend and Walsh in (1998) looked around the lower laying areas of  

Roanoke River floodplain, still in the North Carolina region, GIS models demonstrating likely 

flood inundation and moisture were generated using Digital Elevation Models (DEMs). 

Additionally, SAR images from satellites were employed to identify potential flood risk. While 
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both the SAR images and GIS model provided analogous results of the flood occurrence, the 

method's accuracy heavily relies on the precision of the DEM. In cases where highly accurate 

DEMs are unavailable, such as in comparatively flat areas, different dates SAR and optical remote 

sensing can serve as viable alternatives, provided they offer sufficient temporal resolution to 

capture the flood event (Alawadi et al., 2023). 

 

Stereo interferometry can be exploited to precisely generate Digital Terrain Models 

(DTMs) from stereo pairs of RADAR pictures. These DTMs are essential spatial datasets that are 

used for creating hydrological models for assessing the risk of flooding, together with Digital 

Elevation Models (DEMs). They make it easier to define water catchment areas, identify 

watercourses, identify accumulation points, and anticipate stream flow, which makes it possible to 

forecast the occurrence and spatial distribution of flood incidents (Leon et al., 2013). 

 

Additionally, the creation of high-density last return point surfaces is made possible by the 

growing usage of Light Detection and Ranging (LiDAR) photography, which helps to produce 

extremely precise DTMs. By providing comprehensive topographic information necessary for 

efficient flood modeling and prediction, this cutting-edge technology improves the accuracy and 

detail of terrain modeling, thereby making a substantial contribution to flood management and risk 

assessment techniques (Leon et al., 2013). 

 

Sanyal and Lu (2004) offer an example wherein they distinguished between inundated and 

non-inundated areas in India by combining SAR data with Landsat Enhanced Thematic Mapper 

Plus (ETM+) imagery. Limitations like data cost and long revisit times remain obstacles, especially 
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when it comes to delineating flood extent during peak events or tracking flood progression, even 

though the research emphasised common challenges in precisely obtaining information from SAR 

imagery in flood prone areas (Sanyal & Lu, 2004). 

 

2.4 Delineation of flood extent and water bodies 

Various techniques have been developed specifically for mapping standing water, such as 

single band density slicing (Keagakae, 2020), supervised and unsupervised classification (Lambin 

et al, 2003; Sebego et al., 2019), and spectral water indices and band ratios. Among these methods, 

spectral water index techniques stand out for their reliability, user-friendliness, efficiency, and 

cost-effectiveness in computation (Lambin et al, 2003). Numerous water indices have been created 

throughout the previous few decades. The most commonly used of these are the Modified 

Normalised Difference Water Index (MNDWI) by Xu in 2006 and the Normalised Difference 

Water Index (NDWI) by McFeeters in 1996. One of the earlier contributions in this field is the 

Normalised Difference Water Vegetation Index (NDVI), which was put forth in 1974 by Rouse 

and associates. 

 

2.4.1 The normalised difference water index 

 

An index that is produced from remote sensing and used to track changes in the water 

content of water bodies is called the Normalised Difference Water Index (NDWI). McFeeters 

defined it as follows in 1996: 

 

 𝑁𝐷𝑊𝐼 =  ( 𝑔𝑟𝑒𝑒𝑛 −  𝑁𝐼𝑅) / (𝑔𝑟𝑒𝑒𝑛 + NIR) 



Literature Review  

24 
 

 

The Normalised Difference Water Index (NDWI) plays a pivotal role in identifying and 

monitoring water bodies. Numerous studies have refined the NDWI framework to enhance the 

accuracy of water extraction. For example, by combining radar backscattering coefficients with 

NDWI, the SAR and Optical Imagery Water Index (SOWI) was developed, facilitating precise 

water boundary delineation across various scenarios (Keagakae, 2020). Furthermore, integrating 

NDWI with thermal infrared data and surface energy balance components has proven effective in 

assessing plant health, crop conditions, and water availability in agricultural contexts (Lambin et 

al, 2003).  

 

Additionally, NDWI has been utilised to estimate the construction timeframe of road 

bridges, contributing to bridge management systems and informed decision-making regarding 

maintenance and preservation strategies (Lillesand and Kiefer, 2014). These diverse applications 

underscore the versatility and importance of NDWI in fields ranging from water resource 

management and agriculture to infrastructure maintenance. 

 

2.4.2 The modified normalised difference water index 

 

The MNDWI adjusts McFeeters' NDWI by substituting the Near Infrared (NIR) band for 

the Shortwave Infrared (SWIR) band, which helps differentiate water characteristics more clearly. 

Lillesand 2014 says that the MNDWI is more appropriate and less prone to shadow noise.  for 

defining aquatic bodies in the presence of populated regions, when the addition of the SWIR band 

effectively lessens the noise from populated areas throughout the NDWI.  MNDWI's assortment 
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of wavelength bands uses the green wavelength to boost the coefficient of reflection of water 

characteristics and the soil's strong SWIR coefficient of reflection to offset the low SWIR 

reflectance of the water features (including vegetation) (Lillesand and Kiefer, 2014). 

 

However, it has been suggested that using the green wavelength may skew the results of 

the water index because flora has a higher green coefficient of reflection than nearby non-water 

characteristics such bare land and soils (Keagakae, 2020; Lillesand and Kiefer, 2014). In 

Keagakae's (2020) alternate version of the MNDWI, the Red wavelength band is replaced with the 

Green band when using the Moderate Resolution Imaging Spectro-radiometer (MODIS) optical 

sensor. When mixed cells (pixels) from wetland and dry land areas are present, this MNDWI has 

been shown to be surface water sensitive and reduces the impact of reflectance from green 

vegetation. 

 

2.5 Botswana and floods 

Botswana has a medium level of disaster risk, according to the Inform Global Risk Index. 

The primary causes of flooding there are storm surge from tropical cyclones, unexpected and heavy 

rainfall, strong precipitation, and dam overflow leading to spillage (European Commission, 2018). 

In order to provide knowledge about flood disasters and provide legal backing for related actions, 

Botswana lacks a dedicated statute (NDMO, 2009).  Figure 2 indicates that most people in 

Botswana are affected by floods than any other disasters hence the need for proper disaster risk 

management set ups.  
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Figure 2: Botswana Hazard Impact (2000-2016) Source: (Samuel, 2021).  

 

2.6 Analysis of flood frequency and return periods 

Flood frequency analysis is the method of determining how frequently a specific event 

would occur in order to predict the extreme occurrences with a wide recurrence interval (Bhagat, 

2017). For example, with this technology, floods every 10 years, 20 years, 50 years, and 100 years 

can be projected. These forecasts are made possible by statistical frequency curves for floods, such 

as the Gumbel curve, which offer accurate estimates of the frequency of floods (Samuel, 2021). In 

order to safeguard the public, these estimations are crucial for controlling floodplains and for 

designing roads, bridges, culverts, dams, and industrial buildings (Bhagat, 2017).  

 

Extreme precipitation occurrences have a positive correlation with total precipitation 

levels, according to research by Mashao et al. (2023). Because of this, excessive precipitation plays 

a significant role in the frequency of flash floods in Nata, making total rainfall a suitable metric 

for examining the frequency of flooding in the area. This study aims to close the gap in the 

literature by conducting the first flood frequency analysis study in Botswana. Flood frequency 
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analysis often makes the assumption that the maximum yearly floods are independent, random 

events with a uniform distribution that are static. Nonetheless, annual maximum floods are 

dynamic in the context of climate change (Mashao et al., 2023). 

 

In order to facilitate the design and development of the country's infrastructure, as well as 

the recovery phase of the disaster management cycle, it is imperative for nations to take into 

account the probability, magnitude, frequency, and estimated return durations of distinct floods. 

 

2.7 Gaps in literature  

The use of geospatial risk assessments for flood disasters is not been highly used by the 

disaster organisations in Botswana, as is information on the frequency and magnitude of floods. 

This claim is substantiated by studies such as Madzudzo et al. (2018), which reveal limited use 

of GIS for flood vulnerability analysis in regions like Ramotswa and Taung. Furthermore, the 

National Disaster Management Office's Hazard Identification, Vulnerability, and Risk 

Assessment underscores the need for advanced methodologies, noting a lack of structured 

integration of GIS in disaster planning. Similarly, the World Bank's ThinkHazard Report 

classifies Botswana’s urban flood risks as high, yet emphasises the absence of geospatial tools 

in current risk assessments and planning. The lack of geospatial technologies in flood 

management poses significant challenges. Without accurate spatial mapping, it becomes 

difficult to identify high-risk areas, hindering effective mitigation strategies. This gap also 

impacts disaster preparedness, leading to insufficient forecasting and delayed emergency 

responses.  
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2.8 Summary 

This literature review examines the definition and types of floods, flood risk assessment, 

and the application of GIS and remote sensing in delineating flood extents and water bodies. It 

highlights the specific challenges faced by Botswana, where limited research on flood 

magnitude, frequency, and geospatial risk assessments exists due to its semi-arid environment. 

The review underscores the importance of using geospatial technologies and analysing flood 

frequency and return periods. Notably, it identifies significant gaps in existing literature, 

emphasising the need for comprehensive studies and advanced technological applications to 

better address flood risks in Botswana. 

 

 

 

 

 

 

 

 

 

CHAPTER 3 

MATERIALS AND METHODS 

3.1 Site description  
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3.1.1 Location 

The Makgadikgadi Pans are located in northeastern Botswana, south of the Chobe River 

front and southeast of the Okavango Delta, two of the country's most popular tourist destinations. 

The Nata River system allows the Makgadikgadi Pans' wider catchment area to flow into 

Zimbabwe to the east and north. Through the Boteti River, it is also connected to the Okavango 

system on the northwest side. The Sua Pan on the east and the Ntwetwe Pan on the west make up 

the wetland area, both of which are governed by the SADC Shared Water Courses Protocol. This 

protocol is an agreement among member states of the Southern African Development Community 

(SADC) that promotes sustainable management and cooperative development of shared water 

resources. Its relevance lies in emphasising the importance of cross-border collaboration in 

managing the hydrological and ecological characteristics of the pans, ensuring equitable resource 

use and flood management. 

 

The eastern Sua Pan basin receives inflows from the Makgadikgadi Basin's Nata River as 

well as the Mosetse, Semowane, Lepashe, and Mosupe Rivers. The focus of the study is this 

portion of the Pans. The study's geographic location in respect to the nation is depicted on the 

map below. Given the multitude of river systems present in the western portion of the 
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Makgadikgadi, the author opted to concentrate on just one system in order to minimise laborious 

work that could result in an unachievable goal for the study period. The primary study region is 

the Nata River system (figure 3). 

Figure 3: Study area map 

3.1.2 Relief and drainage 

 

Aeolian erosion and soil transport have an effect on the soil structure and sensitivity of 

the Kalahari sandveld, according to a research conducted for the MFMP. They also increase the 

salinity of the groundwater downstream from the pans and provide nutrients and salts to the 

adjacent grasslands. They also exert a substantial influence on the system's topography and the 

pan surface's Aeolian deflation. 
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When mapping drainage lines, especially east of the Pans, the study finds that margin 

suggests two distinct patterns or zones of drainage. The majority of rivers are well-incised above 

the 1000 m contour and have a dendritic surface structure. Below the 1000 m contour, the 

Semowane, Mosetse, Lepashe, and Mosupe Rivers enter the area of the ancient lake floor through 

restricted floodplains. This area has a higher potential for infiltration because of its calcareous 

and silica karst architecture. Below the 1000 m contour, the watersheds between these rivers are 

broad and flat, and they could serve as direct recharge zones for the Pan basin. A variety of 

riparian wetlands and delta systems are supported by the channel's widening flood plains as it 

approaches the Pan and its shallow discharge. 

 

3.1.3 Vegetation and climate 

The spatial extent of six main vegetation types saline grasslands, shrubbed grasslands, 

mixed mophane shrubbed woodlands, mixed acacia shrubbed woodlands, mixed terminalia 

shrubbed woodlands, and mixed combretum shrubbed woodlands was identified by a broad 

vegetation classification that was developed and mapped for the Makgadikgadi Framework 

Management Plan (MFMP) area. Focused field sampling and GIS analysis of Landsat photos 

served as the foundation for this classification. 

 

For every decade, as well as a 2–3-year time scale, significant inter-annual rainfall 

fluctuations take place. As a result, inter-annual variability is very noticeable, with a large 

divergence from the mean across the whole study area. The wettest months on average on a 

monthly basis are January and February, whereas the driest months on average on a yearly basis 

are July and August, with average evapotranspiration rates above 2 500mm. 
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Extreme rainfall episodes in the Makgadikgadi basin are closely associated with both SST 

(Sea Surface Temperature) anomalies in the Indian Ocean and Enso (El Nino Southern 

Oscillation) cycles in the Pacific. For example, records for the 1980–2000 time series showed a 

strong correlation between the wet season rainfall (December–February) in the Nata River 

Catchment and the SIOD levels for January–March of the same year. Furthermore, there is a 

connection between significant rainfall events and the landfall of tropical storms during La Nina 

conditions and the ensuing anomalous low-level moisture transport into eastern southern Africa. 

 

3.1.4 Brief historical account of floods in the area 

 

The annual flooding of the pan surface that results in the formation of large salt lakes is 

caused by a mix of input from rivers, direct rainfall, and local drainage during the rainy season. 

On the other hand, the eastern river floods are often the region's ephemeral river flows; brief 

floods with a sharp peak that are timed with precipitation and normally peak in January and 

February. Nata and the surrounding areas experience floods almost every year during the rainy 

season. For instance, in March 2017, Mmegi reported that some people had to be airlifted from 

their homes due to severe flooding. Additionally, the United Nations Office for the Coordination 

of Humanitarian Affairs (OCHA) reported in March 2016 that rivers in Sepako, a village near 

Nata, were flooding, causing significant disruptions to movement and daily activities. In January 

2013, torrential rainfall between the 16th and 23rd caused extensive flooding in the Central 

Province of Botswana. Villages in the Tutume Sub-District, including Zoroga, Tsokootshaa, 

Nata, and Sowa, were significantly affected. According to ACMAD (2013), at least 842 families 

(approximately 4,210 people) were impacted by the floods, which included 125 refugee families 

and 300 displaced families. The deluges wrecked roads, houses, crops, inundated dams, animals, 
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and means of subsistence (ACMAD, 2013). In March 2018 Mmegi newspaper reported a trail of 

destruction by the floods surrounding Nata. Every year rainfall seems to leave a trail of disaster 

for Nata as seen in the images in figure 4, hence the need for a study as this. 

 

Figure 2: Nata floods images over the past decade source (social media) 

 

  

 



   Materials and Methods  

34 
 

 

3.2 Methodology 

3.2.1.  Data Collection  

For the study periods, Landsat satellite missions providing Thematic Mapper (TM), 

Enhanced Thematic Mapper Plus (ETM+), and Operational Land Imager (OLI) with Thermal 

Infrared Sensor (TIRS) capabilities provided cloud-free and radiometrically corrected Level 2 

multi-temporal satellite images. These photos were obtained from the U.S. Geological Survey's 

(USGS) Earth Resources Observation and Science (EROS) Center Science Processing 

Architecture (ESPA) webpage (http://earthexplorer.usgs.gov/), and they include surface 

reflectance data at a spatial resolution of 30 meters (as indicated in Table 1). Table 1 provides a 

comprehensive overview of the information for all the multi-temporal satellite pictures taken over 

the different study periods.   

The primary objective of collecting these images was to address the study's goals of 

applying geospatial and Multi-Criteria Analysis (MCA) techniques to create flood risk and 

inundation maps (with a focus on the 2020 flood event). Each satellite system offered unique 

capabilities that distinguished it from the others. The TM provided foundational spectral bands 

for analysing surface reflectance and hydrological features, ETM+ enhanced the spectral and 

radiometric resolutions to improve feature detection, and OLI/TIRS incorporated advanced 

thermal and reflective capabilities for detailed flood extent and risk mapping. 

 

Table 1: Landsat images metadata  

Satellite  Sensor Spatial 

resolution 

(m)  

 Date of caption 
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Landsat 8  OLI/TIRS  30   2 to 18 February 2015 

Landsat 8  OLI/TIRS  30   1 to 31 January 2020 

  

 

The purpose of this dissertation is to produce a map that shows the risk of flooding in the 

Nata River basin using remotely sensed data in an ArcGIS environment. To determine possible 

contributing variables to local floods, site inspections were carried out throughout the research 

region. Using Multi Criteria Analysis (MCA), flood-prone areas are located. Flood risk was 

shown to be influenced by rainfall intensity, land use/cover, slope, geology (soil type), elevation, 

and flow accumulation. Digital Elevation Models (DEMs) and satellite data were downloaded 

from the USGS Earth Explorer platform. With the primary goal of assessing flood risk based on 

topography, the DEM was used to depict the terrain in three dimensions through maps. For the 

objective of mapping flood risk, the SRTM digital elevation model encompassing the catchment 

region surrounding the study site at a spatial resolution of 30 meters was combined with the 

satellite pictures that were gathered. ArcGIS pro software was used to process these DEM files 

and provide maps of the watershed, stream order, stream flow, flow direction, and flow 

accumulation. These were produced to provide input for the methodology framework depicted in 

figure 5 below. Table 2 lists the information needed for this investigation. 

 

Table 2: Required data and their sources.  
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Figure 3: Methodology flow chart  
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3.2.2 Land Use-Land Cover Classification  

The initial phase of image classification involved devising a classification scheme for 

land use and land cover categories within the study area. This process entailed selecting which 

land use and land cover classes to incorporate, aided by a familiarity with the local environment 

and previous research conducted in the area. Given the variability in climatic, economic, and 

social conditions across different regions, there are no universally agreed-upon definitions for 

land cover classes (FAO, 2016). The descriptions of these classes were derived from assessments 

conducted in Botswana and previous studies on land use and land cover in the Makgadikgadi 

pans region. 

The process of image classification involves several key steps. Initially, spectral bands 

from multi-temporal satellite images are stacked and integrated into software like ArcGIS pro. 

These composite Landsat images are then corrected for geometry and registered to the UTM 

WGS 1984 projection system. False-color composite band combinations are applied to enhance 

the visualisation of the Landsat images (Keagakae, 2020). For the selection of validation samples, 

150 sampling points are distributed across three study periods. Sampling points from historical 

periods are randomly chosen and adjusted to ensure equitable distribution and accuracy. This 

number allows for adequate representation of different flood scenarios while minimizing 

potential biases in data collection. According to research, a sample size of around 100-200 points 

is often recommended for achieving reliable results in flood risk assessments (Madzudzo et al., 

2018). These sampling points are physically collected in the field using Garmin handheld GPS 

devices. 

 

The image classification process in this study utilises the maximum likelihood 

classification algorithm, known for its perceived accuracy in assigning pixels to different land 
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classes (Lambin, 2003). This algorithm operates based on the probabilities of pixels belonging to 

specific land cover categories and is commonly employed for analysing Landsat surface 

reflectance images (Lambin, 2003). 

 

An error matrix that cross-tabulates the land cover classes was created to verify the classification 

and determine the accuracy of the user, producer, and overall classification (Lillesand et al. 2014; 

FAO, 2016). On the other hand, the error matrix shows how effectively the statistics taken from 

the sampled classes can be applied to classify the same classes. It doesn't reveal the classifier's 

performance in other areas of the picture (Lillesand et al. 2004). In order to get over these 

restrictions, the Kappa Coefficient was used to calculate an adjusted measure of agreement for 

chance agreement between the field data and the classification findings (Lillesand et al. 2014; 

Elias et al., 2018). It was determined that the Kappa coefficient was: 

 

where N, which in this case consisted of the land cover classes for both classification data and 

field data for the 2020 image, is the total number of observed pixels in the matrix.  

The land cover classes from the classified data in this study made up the number of rows, or r, in 

the error matrix.  

The number of sites in row I and column I, denoted as Xii in this study, is made up of land cover 

classes that were accurately categorized and confirmed during the field survey.  

The total number of sites in column I, denoted as x+i in this study, was made up of all the land 

cover classes that were obtained from the field survey. 
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According to Elias et al. (2018), a value of more than 0.80 indicates good classification, 

meaning that there is a higher degree of agreement between the classification and field data than 

would occur by chance; a value between 0.40 and 0.80 indicates moderate classification results, 

and a value less than 0.40 indicates poor classification. Consequently, the study's overall accuracy 

and kappa coefficient were 85.33% and 0.721, respectively. This indicates that moderate 

classification accuracy was established based on the Kappa value (Elias et al., 2018) (Table 3). 

 

Table 3: Accuracy Assessment for 2020 OLI Image Analysis 

 

 

OA, PA, UA and K are computed as below: 



   Materials and Methods  

41 
 

 

 

3.2.3 Data analysis 

3.2.3.1 Objective one (Gumbel distribution) 

The amount and frequency of floods were ascertained by performing a magnitude and 

frequency study of the total yearly rainfall. Reappearance periods (R.I. or T) and exceedance 

likelihood were calculated using Gumbel distribution (Bhagat, 2017) in Microsoft Excel, and the 

results were summarised into magnitude-frequency curves for the Nata rain gauge station. 

 

 

 

 

 

where T is the recurrence interval in years, n is the number of record years, and m is the flood 

rank. With one being the highest.  

The sorted data and interval data, which were calculated using the provided formula, were 

organized into tables and included in the appendices. This data will be used to create graphs 

showing the total rainfall, as well as the magnitude and frequency. 
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3.2.3.1.2 Validating Gumbel Distribution 

When assessing flood data, there are numerous techniques to validate the Gumbel 

distribution method: 

• Comparison with past flood data: Analysing the estimated flood frequencies and 

magnitudes against past flood data from the area of interest is one way to verify the methodology. 

A strong correlation between the actual and estimated values suggests that the Gumbel 

distribution is a suitable tool for examining the flood data. 

 

• Sensitivity analysis: Analysing how sensitive the estimated flood frequencies and 

magnitudes are to changes in the input data is another way to verify the procedure's dependability. 

For example, by choosing arbitrary subsets of the input data and seeing if the estimated levels of 

flooding stay constant. The Gumbel distribution is a dependable technique for flood data analysis 

if the predicted values exhibit little variance across various data subsets. 

 

• Comparison with alternative methods: Lastly, additional validation of the Gumbel 

distribution methodology may be obtained by contrasting it with other techniques like the Weibull 

distribution and the Log-Pearson Type III distribution. The Gumbel distribution's use as a 

practical technique for flood data analysis would be further supported if it showed improved 

performance in properly predicting flood frequency and magnitudes. 

 

3.2.3.2 Multi criteria analysis 

Applications for GIS and remote sensing were used to analyse spatial data. ArcGIS Pro 

was utilised for image processing, mapping, and analysis based on how each aspect improved the 
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data analysis. In addition to being utilised to retrieve photographs, Google Earth was also 

employed for analysis aimed at validating satellite imagery (Samuel, 2021). The weights of the 

attributes utilised for the weighted overlay analysis in the flood risk mapping were determined 

using multi-criteria evaluation (Figure 5). Expert judgement and the percentage of land linked 

with risk were used to compare and weigh the characteristics.  

 

The criteria being utilised for the weighted overlay procedure require spatial data. 

Elevation, Slope, Stream buffer, Soil Type, Flow Accumulation, and Land Use/land Cover are 

the requirements. Maps were created for every parameter using ArcGIS's reclassification tool. 

STRM DEM is used to create raster maps for elevation, slope, and drainage. Surface interpolation 

is used to convert precipitation data into a raster map. An image from Landsat 9 is used to 

construct a polygon map for land cover, and a paper map is used to digitise a polygon map for 

soil type. 

 

3.2.3.2.1 Flow accumulation 

 

The DEM is used to create the stream network. The conceptual overview for this stage is 

shown in Figure 6. Because a DEM without depressions is necessary for watershed delineation, 

sinks in the DEM are found using the sink tool in ArcGIS hydrology, and then they are filled in 

using the fill tool. Next, the flow direction tool is used to establish the course in which water 

current will take, and the flow accumulation tool is used to compute the number of cells that 

would flow into each filled DEM cell. The areas draining to certain spots on the DEM can be 

identified using the Flow Accumulation grid. The entire map's watersheds are then created using 

the Basin tool, which is used to detect basin pour points and generate watersheds. 
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Figure 6: Flow chart for watershed and stream network delineation 

 A provisional argument is directed to the flow accumulation raster in order to determine 

the stream network. The plan is to reclassify all cells as no data and all other cells as 1 when they 

hit a specific accumulated flow threshold. Since 900 will be the threshold utilised in this analysis, 

any cells with values higher than 900 will be categorised as 1. The Nata basin's drainage was 

thought to be best represented by the threshold of 900. 

 

3.2.3.2.2 Elevation and slope 

  

 The ArcGIS spatial analyst toolbar's surface analysis tools are used to determine the 

elevation and slope from the DEM. Slope and elevation maps are created by using the contours 

of the research region that were extracted from the DEM. A certain area's flow and flooding are 

impacted by the slope's steepness. In comparison to places with steep slope angles, low-lying 

areas with gentle slope angles typically experience floods earlier. Flat terrain reduces water 

runoff, which leads to significant penetration in areas with open soil or stagnation in areas with 

impermeable surfaces, both of which result in water logging conditions. 
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Five classes are identified on the slope map using the Natural Breaks (Jenks) distribution. 

Since the Natural Breaks (Jenks) distribution can identify true classifications in the data and 

produce choropleth maps that accurately represent data patterns, it is utilised to classify the 

elevation map into five groups. Following that, these categories are arranged according to the 

preset rankings. 

 

3.2.3.2.3 Land use/land cover 

 

 The LULC map that was created had five features: buildup area, flora, water, woodland, 

and bare plain. After that, a fresh categorisation is used for the overlay study. The built-up area 

land cover is ranked as "very high" because of its high impermeable surface, making it the most 

vulnerable to flooding. Vegetation and bare ground land covers are among the next highest land 

covers most vulnerable to flood because of their compressed structure. The coverage of forest 

land and water are ranked as poor and moderate, respectively as seen on table 4. 

 

Table 4: Land cover ranking 

Land use/cover  Ranking 

Trees Low 

Water  Moderate 

Built up area  Very High 

Grass Moderate 

Ground High 
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3.2.3.2.4 Geology (soil type) 

 In the ArcGIS pro-environment, the soil file was imported as a polygon shapefile. The 

research region was then removed, and the polygon shapefile was projected to UTM Zone 35S 

and georeferenced to the WGS 84 geographic coordinate system. Right-clicking on the soil 

shapefile in the table of contents in ArcMap allowed the user to pick "Properties," then 

"Symbology," change the "Value field" to "SNUM," click "Add all values," and then click OK 

to confirm. The user went to Arc Toolbox, clicked "Conversion tools," then "To Raster," selected 

"Polygon to Raster," and entered the polygon shapefile into the dialogue box to produce the final 

soil map in raster format. 

 

The dominating soils in the study area are Arenosols, Sandy soils, and Fluvisols. 

Arenosols make up 58% of the basin and are characterised by low permeability, leading to a 

higher flood hazard. Sandy soils, with their high infiltration rate, are less prone to flooding, 

although areas with high erosion potential may still face flash flood risks. Fluvisols, covering 

41.9% of the basin, are rich in clay and have low infiltration capacity, making them highly 

susceptible to flooding, particularly in the southern region near the pan. 

 

3.2.4 Analytic Hierarchy Process (AHP) 

An organised method for making decisions is known as multi-criteria analysis. MCA 

refers to any intentional and methodical process used to identify general preferences among 

available options with the goal of ranking them from most to least significant. A collection of 

weights for the many choices is what MCA produces. Choosing By Advantages (CBA), 

Aggregated Indices Randomisation Method (AIRM), Characteristic Objects Method (COMET), 
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Analytic Network Process (ANP), Analytic Hierarchy Process (AHP), Best Worst Method 

(BWM), etc. are a few examples of MCA techniques. Based on research, this dissertation utilises 

the Analytic Hierarchy Process (AHP) method as it is the most commonly utilised method for 

flood analysis. A decision problem can be broken down into a hierarchy consisting of criteria, 

alternatives, and aim.  

  

Creating a flood danger map is the aim of this thesis, and the parameters that will be 

employed include drainage, elevation, precipitation, soil type, land cover, and slope. This is 

predicated on comparing the criteria in pairs. Next, the choice criteria's priorities are estimated. 

Due to the fact that the pairwise comparison matrix converts subjective priorities based on the 

preferences of decision makers into numerical values, it is crucial. Figure 7 illustrates the 

procedure. The process is demonstrated in figure 7. 

Figure 7: The AHP process 

 

3.2.5 Pairwise comparison method 

The factors that have been found to influence floods in the study area are used as analytical 

criteria in this thesis. Based on the following components, a matrix is created for the chosen 

criteria: 
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C1: Slope 

C2: River buffer 

C3: Soil type 

C4: Elevation 

C5: Flow accumulation 

C6: land use land cover 

The decision-maker compares each criterion to the others in a pairwise comparison matrix in 

order to ascertain which of the two criteria has a greater chance of having an impact on local 

flooding. If criteria A and B have equal weight, the pair is assigned an index of 1.The pair is 

given an index between 2 and 9 if criteria A is more influential than criteria B. Higher numbers 

denote greater influence. The reciprocal of this index is used in the inverse evaluation. The matrix 

is normalised to make sure that each column sums up to one when the pairwise comparisons are 

finished. Divide each element in each column by the total of those columns to arrive at this. The 

criteria weights {W} or priority vector are then found by taking the average of the values for each 

row. 

 

3.2.6 The weighted overlay process 

There are three important steps involved in the weighted overlay process. Each raster 

layer is initially assigned a percentage weight (the criteria weights determined in the AHP) to 

highlight the relative importance of each layer in the analysis. The values within each raster layer 

are ranked second (using an appropriateness scale) to compare the different types of information 

present in each raster layer. Lastly, all the raster layers utilised in the analysis are overlaid. Each 
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raster cell's ranking value is multiplied by the weight of the layer it is on before being added to 

the ranking assessments of the raster cells it overlays. Every criterion that was taken into 

consideration was rated in the order of preference during the ranking step. 

Most important = 1, least important = 9, and vice versa, are the two common ways to rank 

things. The other is inverse ranking, which says most important = 9. The classification used in 

this investigation is based on the degree of flooding, with high being ranked at 1, moderate at 2, 

low at 3. 

For the analysis, the spatial analyst's weighted overly tool is used. The pairwise 

comparison weights are used to weight the six reclassified raster layers, which are then combined 

according to the provided rankings. After multiplying each input raster's cell values by the raster 

weight, the final output raster is produced by putting them all together. The output raster is a 

flood danger map that shows which places are susceptible to the various levels of flooding 

described above. 

 

3.3 Flood extent (Objective 3) 

By contrasting the mapping results with actual flood occurrences that have happened in 

the past, the flood risk mapping method can be made valid. By contrasting the model's anticipated 

flood risk with the actual flood extent, the validation may be carried out. Statistical metrics like 

sensitivity, specificity, and accuracy can be used to evaluate the model's accuracy. In the case for 

this study flood extent will be determined from satellite images and the produced flood extent 

map will be compared to the flood risk map produced to test its validity. The flood extent map 

was produced following the process in figure 8. 
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Figure 8: The water cover extent process 

 

1.Load the satellite imagery: Open ArcGIS Pro and load the satellite imagery of the area of 

interest. 

2.Preprocess the imagery: Preprocess the imagery to correct any distortions, enhance the image 

quality, and remove any artifacts that could affect the NDWI calculation. The researcher used the 

Image Analysis window in ArcGIS Pro to perform radiometric and atmospheric corrections. 

Radiometric correction was performed to adjust the pixel values to account for sensor errors and 

inconsistencies, ensuring that the reflectance values accurately represent the Earth's surface. 

Atmospheric correction was applied to eliminate the influence of atmospheric particles (such as 

water vapor, dust, and aerosols) that can scatter and absorb light, thereby distorting the spectral 

values. These corrections were necessary to enhance the image quality and ensure the NDWI 

results are consistent and precise for identifying water bodies. 

3.Calculate the NDWI: By deducting the near-infrared (NIR) band reflectance from the green 

band reflectance and dividing the result by the sum of the two reflectance, one may compute the 

NDWI for an image using the Raster Calculator tool in ArcGIS Pro. 

4.Set a threshold: Using ArcGIS Pro's Histogram tool, set a threshold to differentiate between 

pixels that contain and do not contain water. The thresholds used in this study to differentiate 

between pixels containing water and those that do not were determined based on the NDWI 
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values. Typically, NDWI values greater than 0 indicate water bodies, while values less than 0 

represent non-water features such as vegetation, soil, and built-up areas. 

5.Generate a binary image: Create a binary image by using the Raster Calculator tool to classify 

all pixels with an NDWI value above the threshold as water, and all pixels with an NDWI value 

below the threshold as non-water. 

6.Create a flood extent map: Overlay the binary water mask onto a map of the River basin to 

create a flood extent map. 

 

Secondly different scenarios will be created based on the weights given to the criterions 

to determine the sensitivity of the method used for the overlays. For Sensitivity analysis, it will 

be carried out to offer more useful insights for enhancing the model's capacity to produce more 

practical results (Samuel, 2021). The flood risk maps for scenarios S1 (the original flood risk 

map), S2, and S3 will be compared to the original flood risk map developed in this study, which 

is believed to be the most reliable scenario, as there were no prior flood risk maps in the research 

area to validate the flood risk maps generated.  

 

The following presumptions will serve as a guide for developing scenarios:  

I. The first scenario assumes that land use and stream buffer generate higher risk, and  

II. The second scenario assumes that land use and Elevation produce higher risk. 

III. The final scenario assumes that Stream buffer and elevation present the highest flood risk. 
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Chapter 4 

RESULTS AND ANALYSIS 

4.1 Flood frequencies and occurrences  

Finding the size and frequency of floods is the study aim (a) under which the data are given. 

In doing so, the chance of occurrence, and the magnitude and occurrence analysis of the total 

precipitation for the linked floods were all considered. The kind of data consists of monthly rainfall 

depth (mm) records; for analysis, the highest monthly values were utilised. The Gumbel 

distribution's position and scale parameters are found in Table 5, where columns present the mean 

and standard deviation of the rainfall data.  

Mean (158.2035484): Represents the average annual rainfall calculated from the dataset. 

Standard Deviation (64.06770848): Indicates the variability or dispersion of the rainfall 

data. 

Ym (0.5362): This is the reduced mean of the Gumbel distribution, which depends on the 

sample size and is used in the calculation of rainfall extremes. 

Sm (1.1124): This is the reduced standard deviation in the Gumbel distribution and aids in 

defining the spread of the data. 

 

 

 

                      

Table 5: Table showing variables used in Gumbel distribution M
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4.1.1 Flood frequency analysis 

This study assessed the patterns of flooding at a rainfall station in Nata. Figure 9 shows the 

expected amount and frequency of rainfall events at the site based on yearly maximum rainfall 

data from 1991 to 2021, a 31-year period. According to the precipitation magnitude-frequency 

curve, there is a 100% chance that annual precipitation of 300.59 mm will occur every 32 years, 

while annual precipitation of 63.28 mm is most likely to occur every year. Large rainfall events 

usually have low incidence rates but long return intervals or high recurrence rates. The trend line 

equation demonstrates that the pattern scatter and R² value, which are both 0.9618, are narrow and 

appropriate for forecasting the maximum monthly rainfall expected in the Nata river basin. 

 

 

Figure 9: Total rainfall magnitude-frequency graph for Nata 
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4.1.2 Probability of occurrence  

The deduced tendencies for the likelihood of floods at the Nata rainfall station are shown 

in this section. Figure 10 shows the station's graphs. The graph indicates that there is a 3% chance 

of 301 mm of rainfall. There are greater odds of having 63mm, as indicated by the lower percentage 

exceedance likelihood of 97%. These findings demonstrate that while smaller rainfalls have a 

higher chance of occurring, higher rainfalls have a lower probability of occurring.  

 

 

 

 

 

 

 

 

Figure 10: Graph showing the probability of rainfall occurrence. 

 

In order to verify the amount and frequency of floods in Botswana as a whole, Table 6 

provides historical data from Botswana statistics, consist of the dates when floods happened in 

Botswana, the amount of precipitation, and the documented cost. The data in Table 6 clearly 

demonstrates that in 2000, the highest monthly total rainfall of 242.58 mm resulted in floods that 

had a negative impact on the country's economy. Rainfall in the years that followed (2001–2017) 
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was less than in 2000, yet it still resulted in significant damage and a high number of fatalities. 

The most recent floods in 2017 brought on by cyclonic effects also had the greatest monthly rainfall 

total (184.57mm), and the destruction significantly increased economic loss. 

The table 6 includes rainfall information together with Gumbel distribution methods for 

calculating flood magnitude and frequency estimates. The rainfall data indicates the highest annual 

rainfall that has been observed in a certain area during a specific time period. The Gumbel 

distribution formulas are used to estimate the size and frequency of floods with various return 

periods and to fit a probability distribution to the rainfall data. 
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Table 6 : Computation Table of Gumbel’s Extreme Value Distribution Method 
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Method validation: The validation of the Gumbel distribution method using historical 

flood data provides evidence that the method is an appropriate way to estimate flood magnitudes 

and frequencies in the region of interest. This is important because it suggests that the method can 

be used to inform flood risk management strategies and to plan for future floods. The historical 

flood data can be seen in table 7. 

 

Table 7 : Historical Floods Recorded in Botswana with the Rainfall Intensity and Damage 

Observed 

 

Date 

The degree of 

precipitation Total 

monthly precipitation 

(mm) 

Cost on the country Sources 

1972 (January) 257.4 US$50 Economic Loss (Samuel, 2021) 

1988 (February) 

254.4 8 Deaths; 12007 

People affected  

(Samuel, 2021) 

1995 (March) 179.6 20 Deaths; 5500 

People affected 

(Samuel, 2021) 

2000(February) 276.7 3 Deaths; 138276 

People affected; 

US$2000 Economic 

Loss 

(Samuel, 2021, IFRC, 

2000) 
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2010 (January) 123.3 Data unavailable   

2012(December) 108 Data unavailable   

2013(December) 118.7 12 Deaths (IFRC, 2013) 

2015 (January) 80.6  Data unavailable  

 

 

2017 (February) 

Cyclone Dineo 

170.8 650 Households 

affected; 500 Houses 

destroyed; Bridges 

collapsed; Roads 

closed 

(Samuel, 2021) 

 

4.2 Flood risk assessment with MCA 

 

Results of the flood risk assessment through GIS and Remote sensing are interpreted in relation to 

the study objective number two, which is to provide standards for the geospatial flood disaster risk 

assessment. As seen below, this entailed creating the digital elevation model, hydrological 

indicators, land use/cover, topography/slope, and soil types. 

 

4.2.1 Elevation and slope 

 According to Figure 11, the research region's catchment area is located between 

elevations of 806 and 1141 meters above sea level. The catchment area's southern and eastern 

edges have the highest elevations. 
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Figure 11: Elevation map for the study area 

In the study area low lying land is found on the south just like in the main catchment area, 

but the study area has an elevation range of 887m to 938m above sea level. The study area has no 

major elevation defining features like hills or depressions. This can be deduced from the map 
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below, figure 12 showing the slope of the area. The highest point of the area can be seen on the 

northeastern side of the boundary, this study area has a gradual change in slope. The Natabasin 

boundary is outlined using a black line as shown in the legend. The white spaces outside this 

boundary represent areas that are not part of the Nata River Basin. 
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Figure 12: Slope map of study area 

4.2.1.1 Reclassified slope and elevation 
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One of the most crucial factors in determining flood risk is elevation. Low-lying places are 

particularly vulnerable to flooding since even minor floods can cause them to be submerged 

(Ghosh & Kar, 2018; Ntajal et al., 2017). With decimal degrees and WGS84 datum, the United 

States Geological Service Shuttle Radar Topography Mission (SRTM) data (USGS) is the source 

of the Digital Elevation Model (30m) used to construct the elevation layer in the research region. 

 

Important determinants of a terrain's vulnerability to flooding are its elevation and slope. 

The volume of surface runoff or subsurface drainage, infiltration, and flow direction are all 

impacted by slope. Because flat topography can result in stagnant water, low gradient slopes are 

especially vulnerable to floods. he research region is almost entirely flat, with minor natural 

undulations and irregularities defining the slope. Because the study region is flat, rainwater 

accumulates quickly, which leads to flooding. Figures 13 and 14 display the reclassifications. 
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Figure 13: Reclassified Elevation of the study area 
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Figure 14: Slope map of study area 
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4.2.2 Hydrological indicators 

This part evaluated and interpreted stream flow, flow direction, and flow accumulation to 

determine the degree of flood risk. These are covered in the section that follows. 

 

4.2.2.1 Flow direction 

The Nata River Basin research region, located in the Eastern Makgadikgadi watershed, has 

eight predominant directions of water flow, as depicted in Figure 15. There is no obvious direction 

to the water's flow because the ground is primarily level. It makes sense to direct flow to the south-

eastern portion of the research area because there are greater red spots there, which are on the 

lower lying areas determined by slope and elevation. This increases the likelihood of flooding 

throughout the entire research area if the river and streams overflow. 
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Figure 15: Flow direction in the study area 

 

4.2.2.2 Streams 
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As depicted in Figure 16, three groups of streams were determined from the data in the 

Nata Basin. They range from lowest order streams which feed higher order streams, to highest 

order streams. Lower stream orders are linked to a higher risk of flooding. The settlement of Nata 

is on the first stream orders (Figure 16). 

 

Figure 16: Stream order in the study area 
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4.2.2.3 Reclassified hydrologic indicators 

With relation to stream buffer risks are higher in areas close to the river channels. Based 

on the historic flood records and expert judgement areas that are within 1000m from rivers are 

rated to have very high hazard of floods, whereas areas within distances of 1km, 2km, and 3km 

from rivers are considered to have high, moderate, and low flood hazard respectively. According 

to the probable influence of each hydrological element on flood risk, the hydrology map can be 

classed, with locations cover to river or high soil moisture being assessed as having a higher risk 

of flooding, the maps below (figure 17 and 18) show the re-classes. 

. 
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Figure 17: Stream Buffer for the study area 
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Figure 18: Reclassified flow direction for the study area 
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4.2.3 Land use land cover 

The research area's land usefulness is shown via land use statistics. To create a risk map 

and send out early warnings to urban areas, which can help prevent disasters when large residential, 

commercial, and industrial buildings are situated in high-risk areas, land use data is necessary. To 

identify settlement land that is susceptible to floods as well as flood risk areas where there is a tree 

cover. In addition to this, hospital, school, and college building information can be extremely 

helpful during flood hazard in identifying building and structure locations as well as hydrologic 

parameters for a watershed. This data can be kept in a GIS database and used as needed in the 

future, hence the need for this criterion. 

 

Figure 19 depicts the five broad land use cover classifications that make up the catchment 

region. Shrub land, tree-dominated land, barren territory, populated areas, and water bodies are 

some of these. These land cover types are uniformly dispersed throughout the basin. Because of 

the catchment's higher level of realised land cover diversity, each land cover will react and interact 

with surface runoff in a unique way. In contrast to the northern stream, where sparse shrubs and 

tree-dominated land are more common, the southern stream of the basin is dominated by bare-land 

and shrub-land (Figure 19). On the other hand, there is settlement areas at the center and sparsely 

south of the study area. As a result of possible planners' inability to follow adaptable construction 

rules, inadequate drainage, impermeable surfaces, and subpar agricultural methods, this also poses 

a risk of flooding. Large water features, including the Nata River, can be found as a land cover. 

As seen in Table 8 below. 
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Table 8 : Land cover distribution across the Nata Basin  

Land Cover Type Area (km2) 

Water 1.87 

Settlement 8.22 

Shrubs 76.65 

Trees 114.95 

Bare-land 3.34 
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Figure 19: Land cover/land use for the study area 
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4.2.3.1 Reclassified land cover/land use 

Impermeable surfaces, such as roads and buildings, are identified on the land use map as 

being more susceptible to floods. A lower risk rating was assigned to agricultural land that is 

covered in natural vegetation. Based on the probable effects of each land use type on flood risk, 

the land use map can be classed, with natural vegetation cover being rated as having a reduced risk 

and impermeable surfaces being rated as having a very high risk. 

 

Figure 20: Reclassified Land cover/land use for the study area 
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4.2.4 Soil type 

The rescue crews require the most recent data on the impacted soil type to know which 

structures are most likely to experience damage. Also, to understand which soils might become 

polluted, degrade, or lose their fertility after a flood. Figure 21 below shows the soil distribution 

in our river basin. 

 

Figure 21: Soils in the study area 
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4.2.4.1 Reclassified soils 

Due to their low infiltration rate, two of the higher soils, or arenosols, which make up 58% 

of the basin, are classified as having a high to moderate flood hazard due to their low permeability. 

Due to their high infiltration rate, locations with sandy soil may be identified on the soil type map 

as having a decreased risk of floods. The risk of flash floods, however, may be higher in places 

with extremely erodible soil. Sandier soils are assessed as having a lesser danger of flooding than 

highly erodible soils, and the soil type map can be classed based on the degree of sandiness and 

erosion potential. The following type of soil is called a fluvisol, and it makes up 41.9% of the 

basin. This soil is classified as having a very high flood hazard because of its high clay 

concentration, which results in a low infiltration rate. The region covered by these soils is shown 

in brown on the soil reclass map in the southern portion of the research area, which is the region 

near the pan. 
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Figure 22: Reclassified Soils in the study area 
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4.3 Spatial modelling of flood risk 

The weighted interaction rate of the flood risk maps displayed in Figure 23 is used to 

construct the possible flood risk map. Using Reclassification, flood risk and vulnerability in the 

eastern part of Makgadikgadi pans was modelled for all parameter discussed in sections above. 

Studies also showed that increased infrastructure, commercial, and residential construction has 

increased the number of impermeable surfaces, which has increased storm water runoff. Also, it 

was noted that inadequate culvert and stream channel capacities and blockade of flows by 

structures built through ordinary river flow all contribute to floods. 

 

The % coverage of hazard zones is shown in Table 9. The generated map indicates that all 

regions within the research area experience some level of flooding.  As seen in the table, stream 

buffer has the highest weight with 35%, followed by Land use and Elevation at 30 and 24 percent, 

respectively.  Flow direction, slope and soil type have weights of 3, 3 and 5 respectively. The 

literature review, expert opinions, and assessments of the local context were used to determine the 

values and weights for each parameter. 

As an example the 30% weight assigned to the land use parameter in the flood risk 

assessment was determined through a combination of three factors. First, the literature review 

highlighted the significant influence of land use on flood risk, especially in urbanised and 

impermeable areas, where the lack of natural drainage exacerbates flooding. Second, expert 

opinions from professionals in hydrology and land use planning contributed valuable insights on 

how different land use types, such as urbanisation and agriculture, affect the likelihood and 

severity of floods. Finally, an assessment of the local context involved analysing local land use 

data, including satellite imagery and maps, to better understand the specific distribution of land 



Results and Analysis  

79 
 

use types in the study area and their direct impact on flooding. These combined factors led to the 

assignment of the 30% weight, recognizing land use as a critical parameter in flood risk modeling. 

 

Table 9 Weighted Overlay Criteria for Study Parameters 

Parameter Land Associated to 

Risk (km2) 

Rating Index Weights (%) 

Elevation 67.28 High Risk 24 

74.56 Moderate Risk 

63.18 Low Risk 

Flow Direction 7.75 High Risk 3 

66.85 Moderate Risk 

112.94 Low Risk 

Slope 67.35 High Risk 3 

74.54 Moderate Risk 

63.10 Low Risk 

Stream Buffer 

(distance from the 

river) 

136.89 High Risk 35 

59.31 Moderate Risk 

8.70 Low Risk 

Land use 1.86 High Risk 30 
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84.89 Moderate Risk 

118.27 Low Risk 

Soil type/structure 86.51 High Risk 5 

108.69 Moderate Risk 

9.69 Low Risk 
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Figure 23: Flood risk Map 
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Table 9 above was used to create the results in Figure 23, which display various risk 

patterns for the research area. Table 10 displays the data. According to the table below, 

approximately 41.3% of the study area has high risk flooding; these areas are located on the study 

area's low-lying sections and have loam sandy soils. Four percent of the low flood risk locations 

are in the northern portion of the study. The Nata settlement is situated in the center of the research 

region, which includes 54.7% of the areas under moderate risk of flooding. As a result, these 

locations are vulnerable to flooding during periods of intense precipitation. 

 

Table 9 was used to create Figure 23 by first preparing and reclassifying raster data for 

flood-related parameters, such as land use, elevation, flow direction, slope, and soil type. Each of 

these parameters was assigned a weight based on its importance in contributing to flood risk, as 

outlined in the table. The weighted overlay tool in ArcGIS was then applied to combine the 

reclassified layers, with each pixel in the layers multiplied by its corresponding weight. The results 

were summed to calculate the overall flood risk across the study area, which was then classified 

into high, moderate, and low flood risk zones. The final flood risk map in Figure 23 was generated, 

visually representing these categories across the research region, with high-risk areas in red, 

moderate-risk in yellow, and low-risk in green. This process demonstrated the integration of the 

weighted parameters to provide a comprehensive flood risk assessment for the study area. 
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Table 10: Flood risk map statistics 

RISK LEVEL AREA (km2) Percentage 

High Risk 83.24 41.3% 

Moderate Risk 110.11 54.7% 

Low Risk 7.98 4% 

 

4.4 Sensitivity analysis 

Satellite photos of the study area were examined to determine whether the map produced 

by the MCA procedure accurately depicts the flood-prone areas there but before that the sensitivity 

of the MCA was analysed by using the scenarios below. 

 

As a process of validation, the sensitivity analysis was carried out on extra two distinct 

scenarios, each of which is modeled separately with a particular modification in one or two factors, 

as indicated in Table 11 and Figure 24. By altering a parameter's input and observing the result, 

the goal was to determine whether the model accurately captures reality. Figure 24's sensitivity 

analysis for flood risk reveals that, in comparison to the initial flood risk values, there is little 

variation in the high-risk locations for either scenario. 

 

 

 

 

 



Results and Analysis  

84 
 

Table 11 : Sensitivity analysis scenarios 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 11 and figure 24 elaborate further the changes happening to the MCA map when the 

weights are changed. Scenario 1 and Scenario 2 represent alternative flooding scenarios that were 

created by altering the weights of the criteria used in the flood risk analysis. In Scenario 1, the 

weights for specific parameters such as elevation and stream order (buffer from river) were 

adjusted to simulate different flood risk outcomes. Scenario 2, on the other hand, involved a further 

adjustment of these weights to explore the effect of different parameter combinations on the flood 

risk map. The justification for these two scenarios is to assess how variations in the criteria weights 

could influence flood risk categorisation and the spatial distribution of flood-prone areas. 

 

Criterion  First Second 

Elevation 30 35 

Flow Direction 3 3 

Slope 3 3 

Stream order (Buffer from river) 24 30 

Land Use 35 24 

Soil type 5 5 

Total 100 100 
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 The information is provided for the entire area as well as for the three flood risk categories 

of High Risk, Moderate Risk, and Low Risk. All three scenarios share a common total area of 201 

km². There is a minor rise under Scenario 1 compared to the baseline scenario, but a slight decrease 

under Scenario 2. This is true for the High-Risk category. There is a reduction in the area covered 

by Scenario 1 for the Moderate Risk category, but an increase under Scenario 2. The area covered 

by both Scenario 1 and Scenario 2 has somewhat respectively increased and decreased for the 

Low-Risk category. Overall, each scenario's area changes very little, with Scenario 2's Moderate 

Risk category decrease by 2.1 km² as the largest change as seen on table 12 and figures 24. 
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Figure 24.a: Flood risk Maps for scenarios 1  
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Figure 24.b: Flood risk Maps for scenarios 2 
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Table 12: Scenarios for sensitivity analysis statistics comparison 

Flood risk level Flood risk map 

area(km2) 

Scenario 1 area (km2) Scenario 2 area (km2) 

High Risk 83.24 83 83 

Moderate Risk 110.11 108 110 

Low Risk                         7.98 10 8 

Total 201 201 201 

 

 

Figure 25: Flood risk levels for scenarios compared in bar chart 
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4.5 Flooding extent mapping 

The following images are the outcome of binarising and performing geometric rectification on 

satellite images. 

 

Figure 26: Water extractions from Landsat images during flooding in 2020 
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The white color on the map (figure 26) reflects other types of land cover, whereas blue on 

the map represents water. The map was created using a satellite image that was taken in February 

2020, a few days following flooding. It's noticeable that there is a fair amount of water on this 

map, which provides a better if still imperfect portrayal of places that have flooded. 

 

The flood danger map produced by the MCA process is superimposed on the flood extent 

map in Figure 27 below. It was predicted that the blue color, which represents the extracted water 

from the Landsat images, would match the red and yellow colors, which represent the high and 

moderate levels of flood from the MCA. These two are observed to be matched by the water, albeit 

more to the mild degree of inundation. Among the many possible reasons for this are the different 

soil types’ of moisture and clay contents as well as the absence of current satellite images of the 

flooding event. These issues should be investigated in future research. 
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Figure 27: Overlay of the flood risk map and flood extent map. 
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Chapter 5 

 DISCUSSION AND CONCLUSION 

5.1 Discussions 

5.1.1 Flood Frequency through Gumbel Distribution 

The first objective of this thesis was to determine the size and frequency of floods in 

Botswana, using Nata as a case study. This analysis was aimed at understanding not only the 

occurrence of floods but also their recurrence intervals. To achieve this, return periods were 

computed based on total yearly rainfall data collected from meteorological stations in the research 

area. The findings revealed that there is a 100% likelihood of an annual precipitation of 300.59 

mm occurring once every 32 years, while an annual precipitation of 63.28 mm is expected to occur 

annually. These results offer vital insights for flood risk management and planning in Botswana, 

particularly in regions like Nata that are prone to flood events. 

 

The application of the Gumbel distribution method, validated using historical flood data, 

produced reliable results. However, certain limitations inherent in the method need to be 

acknowledged. The Gumbel distribution assumes that the data fits a specific statistical distribution, 

which may not always align with real-world scenarios. Furthermore, the method may not 

adequately estimate extreme flood events that fall outside the range of historical data. Discussing 

these limitations is essential to provide a balanced perspective, highlighting both the strengths and 

constraints of this approach in flood frequency analysis. 
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 The Results and Analysis chapter emphasised the application of Gumbel distribution in 

predicting flood occurrences based on historical rainfall data. By achieving this objective, the study 

offers critical insights into flood dynamics in Botswana, serving as a foundation for developing 

disaster preparedness strategies and enhancing resilience to flooding. The analysis for Objective 1 

establishes a systematic approach to understanding flood frequency, underlining the importance of 

integrating historical rainfall data with predictive models for comprehensive flood risk 

management. 

 

5.1.2 Flood Risk Assessment Tool Using Geospatial Techniques 

Through the integration of multiple GIS-based tools, a flood risk map was developed to 

identify areas susceptible to flooding within the study area. This map serves as a product of the 

flood risk assessment process, combining various geospatial datasets, such as elevation, slope, land 

use, and soil type, to evaluate flood hazards in Nata. The purpose of this tool is to illustrate how 

geospatial data and analyses can be utilized to predict and assess flood risks. In this context, the 

focus is on the interaction between environmental parameters and their spatial distribution, which 

ultimately influences flood patterns in the study area. 

 

The results presented in Section 4.3 highlight the effectiveness of geospatial techniques in 

delineating flood-prone areas. For instance, the analysis revealed that areas with low elevation and 

loam sandy soils were highly susceptible to flooding, particularly during periods of intense 

precipitation. The weighted overlay method allowed for the integration of multiple datasets, 

enabling the identification of high-risk, moderate-risk, and low-risk zones. 
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5.1.2.1 Elevation and Slope 

The Nata River basin is a low-lying region with a predictable slope, as can be seen in 

chapter 4. The lowest point in the basin is in the south when it meets the Makgadikgadi pans. Then, 

this area is regarded as having the highest risk of any in the basin. A total area of approximately 

63 km² for both slope and elevation is covered by low-risk areas, 67km² for high risk and 74.5 km² 

for moderate risk areas. Alawadi et al. (2023) state that while the water level does not rise to 

dangerously high levels in cities with flat topography, the flow is rather sluggish, and you can see 

people driving through it. Conversely, flat surfaces have a very slow runoff and retain water from 

upstream or elevated ground. Furthermore, flat areas have a high risk of flooding, according to 

Alawadi et al. (2023), because rivers that cause flooding are formed when water flows from 

mountainous hillside into lower terrain. Therefore, when making plans for developments in this 

area, the topography of the Nata basin should be considered. 

 

5.1.2.2 Hydrological indicators 

Flood danger is significantly influenced by stream order, which is the placement of a 

specific stream or river within a wider network of waterways (Antzoulatos, 2022). The distance 

between the river and the surrounding land, known as the buffer distance from the river, is crucial 

in evaluating the level of risk. According to this study, areas within a high-risk buffer are up to 

136.89 Km²; moderate risk areas are 59.31 Km²; and low risk zones are 8.70Km². 

 

5.1.2.3 Land Use 

Residential and business areas close to water features including tiny dams, ponds, and 

streams along the Nata River are put under an emergency because of this. Such information can 
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be very helpful in determining which rivers might have an impact on the dam. Risk estimates can 

also be made for the nearby people and property (UNISDR, 2015; Tasri, 2021). It can be utilised 

in a GIS environment for early warning systems and flood predictions in the future. In this study 

the land cover area with high and moderate risk probability covers up to 86.75 Km². The remaining 

118.27 Km² land cover is deduced to have low risk probability of being flooded. 

 

5.1.2.4 Soil 

When a flood occurs, erosional activity peaks, soil nutrients are lost in significant 

quantities, pesticides from agricultural fields are released, and industrial waste is dumped into 

lakes together with the floodwater (Keagakae, 2020). Soil type/structure is also a significant 

variable that influences flood risk (Klemas, 2015). This study shows that soil types with high risk 

fall within an area covering 86.51 Km², while those soil types/structures with moderate risk cover 

108.69 Km², and those with low risk 9.69 Km².  The presence of loam sandy soils in high-risk 

zones indicates poor drainage capacity, which exacerbates flooding during heavy rainfall. 

Addressing this issue requires the implementation of soil management strategies, such as 

improving drainage systems or adopting land-use practices that minimize runoff. 

 

5.2 Weighted overlay analysis 

In flood-prone locations, flood risk mapping is an important part of appropriate land use 

planning because it produces easily readable and accessible maps that allow planners and overseers 

to identify high-risk areas and prioritise response actions (Chan, 2022). This is why the study's 

goal was to map Nata River basin’s cumulative flood risk. The utilisation of geospatial expertise 

is crucial in flood assessment, particularly as the adoption of technology increases globally. As a 
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result, this method can help decision makers assess and evaluate flooding occurrences in urban 

areas without having to wait for the hazard to materialise (Ouma and Tateishi, 2014). The multi-

criteria analysis approach utilised in mapping flood hazard zones needed the combination of the 

following recognized decision criteria, elevation, land cover, slope, flow direction, stream buffer, 

and soil geology. Several GIS operations and image processing techniques were included in the 

methodology. And the resulting map suggests that approximately 41.3 percent of the research 

region is likely to encounter a high degree of flood, 54.7 percent has a moderate likelihood of 

getting inundated and only 4 percent has a low-risk probability.  While the approach effectively 

combines multiple datasets to generate a flood risk map, its reliance on predefined weights 

introduces subjectivity. Future studies could explore alternative weighting methods, such as 

machine learning algorithms, to enhance accuracy. 

 

5.3 Conclusion 

This study examined flood frequency using the Gumbel distribution method and employed 

geospatial techniques to create flood risk maps for the Nata River Basin. By integrating long-term 

rainfall records with geospatial datasets, the research provided a practical and efficient strategy for 

mapping flood risk and vulnerability in the region. The analysis of rainfall patterns, including the 

frequency, intensity, and recurrence intervals, enabled the assessment of flood risk and highlighted 

the importance of historical flood data in understanding flooding dynamics. Specifically, the study 

demonstrated that high total precipitation events, though rare, are associated with severe flooding, 

posing significant risks to communities and infrastructure. 

Objective 1, focused on flood frequency analysis, was achieved by analyzing annual 

rainfall records and applying the Gumbel distribution. The results indicated a 100% likelihood of 
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annual precipitation of 300.59 mm occurring every 32 years, alongside a higher probability of 

smaller annual precipitation events. These insights contribute to Botswana’s limited data on flood 

recurrence intervals and enhance preparedness strategies by providing a predictive framework for 

flood management. 

 

Objective 2, which involved assessing flood hazards using geospatial techniques, was met 

through the development of flood risk maps. Using a combination of digital elevation models, land 

use data, soil characteristics, and hydrological indicators such as flow accumulation and stream 

buffers, the study identified high-risk, moderate-risk, and low-risk zones. These maps offer 

valuable tools for floodplain management, urban planning, and emergency response, providing 

stakeholders with the ability to visualize and assess flood impacts effectively. 

 

The findings have several implications for flood risk management in Botswana. The 

integration of geospatial techniques enables planners and decision-makers to identify flood-prone 

areas, establish emergency response plans, and develop guidelines for infrastructure and settlement 

planning in vulnerable zones. For instance, overlaying flood maps with infrastructure data can 

pinpoint areas of immediate risk, facilitating targeted mitigation measures and resource allocation 

during emergencies. 

 

In conclusion, this research successfully achieved its objectives, contributing to the 

understanding of flood risks in the Nata River Basin. The integration of flood frequency analysis 

with geospatial tools highlights the importance of data-driven approaches in addressing flood 

hazards. These findings not only add to the body of knowledge on flood risk management in 
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Botswana but also provide actionable insights for policymakers and stakeholders to enhance 

disaster preparedness and resilience. 

 

5.4 Further study areas 

Further study directions may be suggested by the validation of the Gumbel distribution approach 

using historical flood data. For estimating flood magnitudes and frequencies, it might be helpful 

to compare the Gumbel distribution method's performance with other approaches. In order to judge 

the method's generalisability, it may also be helpful to investigate how it performs in various places 

with various climatic circumstances. 

 

It is vital to map different danger zones for town planning and floodplain management in 

order to establish emergency response methods and specify development guidelines. Maps 

representing flood extents are clearly beneficial for displaying the area impacted by a certain 

historical flood or a flood with a specific likelihood of recurring (Bentivoglio, 2022). Maps for 

each flood level can be simply made using GIS once the anticipated flood levels have been 

identified. In a planning scenario, GIS tools may readily perform various land use-based overlay 

assessments. Moreover, maps of the final analysis can be produced. It is possible to determine 

whether infrastructure is immediately at risk when overlayed on an infrastructure database. For 

effective hazard management, a visual representation of the numerical impact analysis results can 

be beneficial (Tasri, 2021). 
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Further research is required to create global exclusion layers for arid regions. For end users with 

limited time for action, the integration of this exclusion layer with the Sentinel-1 Flood Service 

would result in improved classification accuracy with little computing time. 
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