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ABSTRACT 

Floods have been one of the recurring hazards with increased magnitude in Botswana due to heavy 

convective rainfall and tropical cyclones effects which eventually cause flood disasters. Gaborone 

is one of the areas hardest hit by floods in Botswana, yet the country is always caught off guard 

by floods due to inadequate preparedness to natural disasters. This study sought to conduct flood 

frequency analysis and integrate geospatial methods to enhance an operational and proactive 

practice of preparedness in Botswana focusing on Gaborone. The objectives of the study were to 

(i) determine the magnitude and frequency of flood, (ii) develop flood disaster risk assessment tool 

using geospatial techniques, (iii) model potential flood risk for proactive flood disaster 

management response for Gaborone. Data collection included secondary data supplemented by 

field observations, key informant interviews, satellite imagery for three-dimension (3D) surface 

modeling. Precipitation data was collected from the Department of Meteorological Services for 

two stations located in the Gaborone catchment area for the period 1972 to 2017. Satellite imagery 

(Sentinel-2) and digital elevation model (Shuttle Radar Topography Mission) of the catchment 

area were obtained.  The analysis of data collected involved determining the occurrence and 

frequency of floods, preparing flood disaster risk maps using geospatial techniques. Arc Scene 

10.5 was used for three-dimension (3D) mapping whereas field observation and ground truthing 

were used for satellite imagery validation. Findings of the study were that low magnitude floods 

were more frequent but with shorter recurrence intervals (less than one year, while high magnitude 

floods had low frequency of occurrence (two to three percent) with much longer recurrence 

intervals up to 45 years. The probability of flood occurrence also revealed higher frequency of 

occurrence for low rainfall amounts than high amounts that produce high flood magnitudes. The 

Digital Elevation Model showed that most of Gaborone area is generally flat (highest 1311m; 

lowest 925m) hence experiences regular flooding due to low gradient in the downstream reaches 

of the Notwane River where Gaborone is located. The DEMs showed that about 126.1 km2 of the 

area (52.4%) is the most high-risk flood zone because it is largely characterized by urban land uses 

(concrete / tarmac pavement, roof tops, artificial drainage, etc.) and promote flow accumulation 

on the surface. The area above 1072m measuring about 9.3 km2 is not liable to flooding on account 

of its high slopes, while area lying between 1004m-1072m is moderately affected by flooding.  It 

is concluded that most of Gaborone city is prone to flooding owing to its flat topography and the 

high frequency of flood occurrence from heavy rain storms especially those related to cyclonic 

activities. This calls for the need by planners and local authorities to adopt flood risk assessment 

in decision making. An early warning flood forecasting and response to flood disaster system is 

recommended for city planning to come up with flood proof structure standards for buildings and 

bridges within the Gaborone City. 

Keywords:  Flood Risk Areas,    Flood Preparedness,      Flood Frequency Analysis,     Geospatial 

Technology, Gaborone 
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CHAPTER 1: INTRODUCTION 

1.1 Overview 

This chapter presents the general background to the study, statement of the problem, aim and 

objectives, significance of the study, the scope as well as the organization of the dissertation. 

The chapter introduces the study on flood assessment for pro-active response to flood disasters in 

Gaborone, Botswana with the aim to analyze flood frequency and integrate geospatial techniques 

to improve an operational and proactive practice. Gaborone city was used as a case study being 

Botswana’s major city and recently experienced unprecedented flooding events. 

1.2 Background 

Every year floods cause worldwide human and material damages  and both the frequency and 

magnitude of floods are expected to increase in the future due to climate change, thereby provoking 

the existing flood risk in urban areas (Arnell and Gosling, 2016, Guha-Sapir et al., 2012). Tools 

for accurately predicting spatial extent of potential inundation are not widely available Nobre et 

al. (2015), therefore, there is high risk potential of floods. Flood is a short-term or seasonal 

inundation of Earth’s dry land areas by water from any source and due to action of different forces 

and under the influence of various factors (Mandych, 2009). At least one thousand disasters have 

hit the Sub-Saharan region in the last decade (Pan African News Agency, 2000), Botswana not 

being an exception. The country remains vulnerable to floods due to inadequate proactive disaster 

risk management practices and failure to consider much of the physical environment during 

planning.  

According to Pan African News Agency (2000), Botswana experienced five deaths in 2000 caused 

by floods and heavy rains with a total rainfall of 466mm per annum were received. In January 

2013, heavy rains caused extensive flooding in Central Botswana and at least 842 families (4,210 

persons) were affected 300 families were displaced and 125 refugee families (IFRC, 2013). The 

heavy rains destroyed homes, infrastructure, flooded dams, fields and destroyed livestock and 

livelihoods (IFRC, 2013) when 355mm of rainfall was received in 2013. Moreover, rains that hit 

Botswana in the early months of 2017, including the Cyclone Dineo, left a trace of destruction in 

Gaborone and surrounding areas (Standard, 2017). Despite the major impact of floods on the 
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livelihoods of the people, there has not been an attempt made to define the boundaries of flood 

intensity and identify areas at risk of flooding especially in urban settings of Botswana such as 

Gaborone. In Botswana, according to NDMO (2012) flood risk reduction projects are not normally 

included in development plans, budgets and feasibility studies are not informed by flood disaster 

management assessments such that flood risk avoidance is not integrated into communities. As a 

result, flood disaster risk reduction techniques are not applied, and early warning strategies are not 

adequately developed (NDMO, 2012). Flood disasters are not adequately planned for in Botswana 

and these can be better informed using geospatial technology within a more collaborative response 

environment. 

It is very important to consider the impact of buildings, land use and flood control works on flood 

risk analysis because most of the time residential areas in urbanized environment are densely 

distributed to the extent that they block and/or change the direction of water flow (Gong et al., 

2016). The problem then arises when urban community find it hard to zone areas at risk; anticipate 

floods and even mitigate flood effects since they do not have disaster management practice in place 

to address these flood events. This emphasizes the need for technological contribution for disaster 

management. According to Sharma et al. (2010) floods can be visualized, measured, and analyzed 

for better understanding of these events around the world using tools such as Global Positioning 

Systems (GPS), Geographical Information system (GIS) and remote sensing (RS). Digital 

Elevation Models (DEM) provide 3D views to facilitate the perception of flood prone areas and 

those that are at risk, and this research can utilize them to contribute in overcoming or reducing 

effects of the identified problem (floods). Flood hazard mapping and flood shelter site suitability 

analysis are important elements in land use planning for flood-prone areas (Uddin et al., 2013). 

Using geospatial information, officials can identify hazards and evaluate the risk and consequences 

of potential emergencies by displaying flood hazard data quickly through a GIS or by simply using 

existing databases linked to geographic features in GIS (Roy, 2012). The potential outcome of the 

research is to build a geospatial plan that includes potential flood prone areas and flood frequencies 

and recurrence intervals which can contribute to the national disaster management practice to 

facilitate the collaborative work required during disaster (Mansourian et al., 2006). This research 

is informed by the standard disaster management framework (Vanneuville et al., 2011) which 

considers the four main components of a disaster management framework which includes 
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prevention and mitigation, preparation, response and recovery. The assertion is that GIS can 

support all the four activities of the disaster management framework. The results are intended to 

demonstrate that geographic information can provide support operations to plan and provide the 

strategic intelligence to prepare for the flood disaster. 

1.3 Statement of the Problem 

Botswana has limited use of geospatial information technologies (remote sensing and GIS) and 

flood frequency analysis tools to prepare for and respond to flood disasters. Therefore, the country 

is always caught off guard by floods, but instead, the response in form of food baskets and tents 

are provided. As a result, the intersection of flood water with areas unprepared to deal with 

flooding results into destruction of houses and business facilities as well as the physical 

infrastructure. These issues are exacerbated by less effective use of information communication 

technology (ICT) and limited and/or expensive high resolution satellite imagery to assist in flood 

analysis. 

1.4 Aim 

The aim of this study was to analyze flood frequency and integrate geospatial methods to enhance 

an operational and proactive practice in Botswana. 

1.5 Objectives 

The study has three objectives. 

i. To determine the magnitude and frequency of floods. 

ii. To develop criteria for flood disaster risk assessment tool using geospatial techniques 

iii. To model potential flood risk for proactive flood disaster management response for 

Gaborone  

1.6 Research Questions 

Research questions for the study were; 

i. What are the occurrences and frequency of floods in Gaborone? 

ii. How can geospatial techniques be applied for the development of disaster risk assessment 

tools? 
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iii. What are the potential flood risks for proactive flood disaster management response for 

Gaborone? 

1.7 Significance of the Study  

Since the provision of relief after the flood event is the normal response to the flood disaster in 

Botswana, the development of a proactive strategy is therefore justified. Using geospatial 

information techniques, officials (National Disaster Management Office, NDMO, and other 

disaster management institutions, DMI) will be able to clearly identify flood hazard, flood 

inundated areas, flood risk and potential evacuation sites. The study increases awareness for both 

communities and DMI that help facilitate preparedness and develop mitigation (service areas) and 

response (evacuation) mechanisms for flood disaster management. This study will contribute to 

the Sendai Framework which intends to “reduce disaster risk through implementation of integrated 

and inclusive technological measures to increase preparedness for response and recovery” (United 

Nations, 2015). 

1.8 Organization of the Dissertation 

The dissertation has seven chapters. Chapter 1 introduces the study with the aim of analyzing flood 

frequency and incorporating available geospatial techniques to develop an active and practical 

operation. It also provides background to the study, statement of the problem, aim and objectives 

and significance of the study.  

Chapter 2 reviews the literature on flooding theories and flood disaster management from the 

global perspective to the local viewpoint. It covers characteristics of floods, zooming down to the 

most significant floods in Botswana; flood disaster risk assessment; and major floods in Botswana 

and how geospatial technology can be used in flood disaster management. 

The study area in terms of location, physical and socio-economic characteristics is described in 

Chapter 3. 

The methods of data collection; sampling techniques and sample selection; research design; type 

of data collected; methods of data collection used; and data analysis for each objective as well as 

research ethics approval are presented in Chapter 4. 
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Chapter 5 presents an analysis of collected data and results obtained. Results are presented under 

subheadings, flood frequencies and occurrences, geospatial flood risk assessment, and framework 

for a proactive flood disaster management preparedness and response.  

Chapter 6 discusses the findings of the study for each objective including the development of the 

model on operational practice for flood disaster management in Botswana.  

Chapter 7 summarizes the study with a listing of recommendations. 

1.9 Theoretical frameworks 

1.9.1 The Australia Flood Classification Framework 

This theoretical framework divides floods into three major classes; minor; moderate and major 

flood levels. It was developed by the Australian Government (2018) to indicate the severity of 

flooding according to the effects caused in the local area or in nearby downstream 

areas.  According to this theorem, minor flooding causes inconvenience and low-lying areas next 

to watercourses are inundated. Minor roads may be closed and low-level bridges submerged and 

urban areas inundation may affect some backyards and buildings below the floor level as well as 

bicycle and pedestrian paths. On the other hand, with moderate flooding, area of inundation is 

more extensive and evacuation of flood affected areas may be required. The last level is major 

flooding which also states that extensive urban areas are inundated and properties and towns are 

likely to be isolated and major rail and traffic routes closed (Australian Government, 2018). This 

is illustrated in Figure 2.1. 
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Figure 2.1.  The Australia Flood Classification Framework. 

Source: (Australian Government, 2018) 

1.9.2 The Disaster Management Framework 

The Disaster Management Framework developed by Cova (1999) comprises of four stages, where 

mitigation involves actions taken to contain, eliminate or reduce the degree of long-term risk to 

human life and property of an anticipated hazard. Preparedness involves actions taken before an 

emergency to develop functioning capabilities to aid effective response, while response is the 

effective plan for public during a disaster to minimize the effects of the tragedy (Cova, 1999). 

Sharma et al. (2010) explained that, GIS and remote sensing allows the combination of spatial and 

non-spatial data to use in various stages of disaster management. Lastly, recovery is whereby 

certain activities are carried out to restore the affected area to its previous (Cova, 1999).  
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 Overview  

This chapter provides literature on flooding concepts and flood disaster management from the 

global perspective to the local perspective. The chapter covers characteristics of floods, zooming 

down to the most significant floods in Botswana; flood disaster risk assessment is also covered 

including prediction.  This chapter also summarizes major floods in Botswana and how geospatial 

technology is used in flood disaster management, and then finally discusses the conceptual 

framework used in the study. 

2.2 Flooding and Flood Disaster concepts 

Depending on the intensity of rainfall, duration, surface condition and topography of the area, rain 

water may cause flooding. Flood is defined by Hapuarachchi et al. (2011) as an incident when rain 

water overflows or saturates land that is generally dry. Most of the floods  that happen in semi-

arid environments are because of  sudden runoff or overflow which is triggered by surplus water 

from water bodies, usually accumulated by flood plains to avoid interaction with people and may 

turn out a disaster. Flood plains provide a platform to handle excess water but they are usually 

interrupted by developments in urban centers. Liao (2012) added that as floodplains become 

urbanized, their functions are often substituted by artificially enhanced channel capacity, and this 

results in the inefficiency of the flood plain hence chances of flooding.  Besides urbanizing flood 

plains, rain water is usually infiltrated depending on the intensity of rainfall, duration, surface 

condition and topography of the area (Driptufany et al., 2021) thus communities become 

vulnerable to floods when there is undesirable interaction which will result in a disaster.  

2.3 Characteristics of Floods  

The circumstances of floods are determined by their characteristics such as type, possible cause, 

how they become and the potential damage they cause. Allen and Ingram (2002) identified storm 

systems such as tropical cyclones and hurricanes as contributors to floods which usually result in 

flash floods. Flash floods happen very fast in the area unprepared to hold large amounts of water. 

Floods also come about when rain drops hit the ground with a force during intense rainfall and this 

causes rain drops to bounce off the soil, most likely hard desert soils, instead of penetrating into 
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the soil hence surface runoff (ODPM, 2013). Nonetheless, the soil’s permeability may allow the 

rain water to percolate until to the water table where it raises ground surface leading to flooding 

(Allen and Ingram 2002). In urban areas floods become due to disturbed natural drainage systems 

such as areas protected by embankments and many impermeable surfaces resulting in increased 

surface runoff (FEMA, 2018). Furthermore, improper garbage disposal blocks the drainage 

systems and clogs drains which eventually blocks free flow of water and cause flooding during 

heavy rainfall (ODPM, 2013). River flooding is another type of flooding identified which is 

generated by river discharges exceeding its holding capacity due to prolonged and/or intense 

rainfall leading to overflow into the floodplains and watersheds (ODPM, 2013). Sometimes the 

river water or even surface runoff overflows into ponding or depression areas and this will keep 

flood water until they infiltrate into the soil, evaporate or pumped out. Ponding is usually an effect 

of man-made features, such as roads and railroad levees blocking water passages (FEMA, 2018).  

2.4 Flood Disaster Risk and Assessment 

Flood disaster risk is usually dependent on the magnitude, frequency and discharge or rainfall 

levels taking into consideration the vulnerability of the community or society under study. The 

IPCC (2012, page 5) defines disaster risk as  

“the likelihood… of severe alterations in the normal functioning of a community… due to 

hazardous physical events interacting with vulnerable social conditions, leading to… adverse 

human, economic, or environmental effects that require immediate emergency response…” 

Additionally, flood risk or vulnerability to floods is influenced by society class, for instance, 

disparity in living standards between the rich and the poor. With all these vulnerabilities in place, 

there is need for flood risk assessment to prepare and mitigate before flood disaster strikes. Most 

countries have leveled up their risk assessment by engaging into geospatial flood risk assessment 

approach. Montoya (2003) emphasized that many developed countries use mobile GIS and digital 

video to characterize buildings and identify those at risk of flooding. Likewise, (Pradhan, 2010) 

added that spatial databases for flood risk are constructed from topographic maps, GPS data, DEM 

and precipitation data.  Moreover, Verstappen (1995) added that, investigating the exposure of the 

land and the vulnerability of the society, constructing hazard zones and flood risk maps can be 

advanced via remote sensing and GIS.  
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2.5 Flood Disaster Prediction 

Geospatial technologies can be integrated into flood frequency analysis models to provide a 

comprehensive output for flood risk assessment because geospatial technology can be used for 

flood simulation using 3D models hence can predict vulnerable zones. Zhong et al. (2014) 

highlighted that geospatial technologies provide a scientific bases to executive authorities for flood 

control, land-use planning, and flood evacuation planning. The integration of these methods can 

produce a strong feedback on the chances of flood disasters in future as well as for the flood 

management framework. 

2.6 Botswana and Floods 

Inform Global Risk Index confirms that Botswana is in the medium level of disaster risk and the 

most common factors causing Botswana floods are storm surge from tropical cyclones, sudden 

and heavy rains, intense precipitation, and overflow of dams resulting in spillage (European 

Commission, 2018). Pourazar (2017) specified that urban areas such as Gaborone is one of the 

most population-dense cities in Botswana and it has already been affected by the incidence of flood 

disaster events as indicated in Figure 2.2. Still, Botswana does not have a specific law providing 

legal support to disaster risk management and related activities and in order to propagate flood 

disaster information (NDMO, 2009). 

 

Figure 2.2 Botswana Hazard Impact (2000-2016) 

Source: (Pourazar, 2017). 

2.7 Factors that Contribute to Flood Disasters in Gaborone 

Gaborone has been amongst the cities in Botswana hardest hit by floods (Parida et al., 2006). This 

is influenced by the topography, climate, vegetation cover, but mostly the land use (Sebego and 
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Seane, 2008). Gaborone topography is undulating to flat (Kent and Ikgopoleng, 2011) at around 

1000m altitude with height differences of approximately 50m (Jonsson, 2004) which exemplifies 

strong water currents from the steep slopes in areas where settlements are located at the foot of the 

hill slopes hence chances of flooding. High intensity of rainfall on flat areas may lead to ponding 

or urban floods when the drainage capability is inadequate for the rainfall. Ponding is a type of 

flooding that can happen in relatively flat areas such as Gaborone. Gaborone’s land use is 

characterized by high density infrastructural developments wherein there are poorly built housing, 

small-scale farming (Kent and Ikgopoleng, 2011, Parida et al., 2006) and other commercial areas 

around which exposes them to the risk of flood disaster. Botswana’s south east region was affected 

by Cyclone Dineo in 2017 such that a bridge that links Lobatse with Gaborone collapsed while 

Ramotswa village, about 30 km from Gaborone, was submerged (Tebele, 2017); roads linking 

major settlements to the capital were closed and the public was advised to cancel trips as other 

bridges continued to collapse. With all these experiences, the study aims to employ convenient 

tools that will help in planning for flood disaster. 

2.8 Geo-Spatial Technology in Flood Disaster Management 

GIS is map and computer based information system which support the development of geographic 

databases (Servigne et al., 2000) that can store data on the biological/agricultural resources, 

rainfall, water resources, population and others. The data can then be used to produce flood 

decision support systems which can model disasters and indicate vulnerable areas to disasters 

(Abbas et al., 2009). GIS can also be used to integrate the community into the disaster management 

work (Tran et al., 2009) and crowdsourcing can be used to achieve this (Lagmay et al., 2017). In 

such cases, community volunteered geographic information is incorporated (Horita and de 

Albuquerque, 2013) as well as data from Web 2.0 technologies such as twitter (Mills et al., 2009) 

or other free or low cost geo informatics (Teeuw et al., 2013). As much as possible, free and open-

source software should be used. This emphasizes that there is need for technological contribution 

to disaster management.  

Some work has been carried out using geographic information to support disaster management 

work, but much work still needs to be undertaken to introduce such technologies (Horita et al., 

2013). This is especially true within the developing country context where finances and technology 

still lag. It has been noted that “In today’s emergency management environments, geo-information 
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technologies play a vital role, but their potential has not been fully exploited. Decision makers do 

not have direct access to GIS and if they receive access, complex user interfaces often hinder 

performance for their tasks.” (Fuhrmann et al., 2008, p.395). For example, digital elevation models 

(DEM) are a great basis to extract topographic features related to flood activity in a region (Tehrany et 

al., 2015) such as contours, elevation data, and flow direction and accumulation as well as stream 

orders. This should then clearly enlighten managers and resource providers and thus facilitate the 

availing of financial and manpower resources that are required to put in place appropriate 

institutional structures and infrastructure to address the flood disaster successfully. 

Geo-information technology has the capacity to expedite flood disaster management events by 

helping decision makers understand how much damage has been done and identify locations where 

people may be trapped or require medical support and rescue (Roy, 2012). This collaboration 

therefore forms the foundation upon which successful and effective spatial data infrastructures are 

built. If remote sensing and GIS are used within collaborative and crowdsourcing environments 

where the public also participates in providing information to crisis responses, Botswana can 

develop and implement an effective and successful disaster risk management program. 

2.9 Flood Frequency Analysis and Return Periods 

It is necessary for countries to consider the occurrence, magnitude, frequency as well as the 

possibilities of return periods of a certain flood magnitude to help in planning and country 

infrastructure development as well as during the recovery process of the disaster management 

cycle. According to Bhagat (2017) flood frequency analysis is aimed at associating the magnitude 

of an event (flood) and the frequency or probability with which that event is exceeded (Odry and 

Arnaud, 2017). Flood Frequency Analysis is the estimation of how often a specified event will 

occur which can then be used to predict the extreme events of large recurrence interval (Bhagat, 

2017). For instance, a 10 year, 20 years, 50 years and 100 year floods can be predicted using this 

tool. Statistical frequency curves to floods such as Gumbel make it possible to make these 

predictions as they provide reliable estimates of recurrence of floods which are vital for floodplain 

management; to protect the public, designing dams, bridges, culverts, highways and industrial 

buildings (Bhagat, 2017). Zhai et al. (2005) found out that the frequency of extreme precipitation 

is positively correlated with total precipitation therefore since Gaborone is mostly affected by flash 

floods than other types of floods, extreme precipitation becomes the major contributor hence the 



12 

 

use of total rainfall for flood frequency analysis for Gaborone. There are no studies on flood 

frequency analysis in Botswana and the study intends to attempt to close the available gap. Flood 

frequency analysis, as usually practiced, assumes that annual maximum floods are inactive, 

independent, identically distributed random processes. Conversely, in the context of climate 

change, annual maximum floods are dynamic (Zhu et al., 2007). 

2.10 Gaps in Literature 

There is limited information on flood magnitude and frequency in Botswana as well as limited 

geospatial risk assessments of flood disasters because researchers and the government do not find 

it as an urgent problem since the country in a semi-arid environment. Another gap identified is that 

there is less integration of geospatial technologies and statistical approaches to address flood 

disaster such as analyzing flood recurrence interval and incorporating GIS based flood risk 

mapping in Botswana. 

2.11 Conceptual Framework 

2.11.1 Disaster Management Cycle 

Natural disasters result in significant losses including economic, infrastructure, environmental, 

social and even loss of lives (Dawson et al., 2009). The research focuses mainly on the 

preparedness which makes part of the stages of disaster management framework, more emphasis 

is of the before event as the research wants to plan for and mediate adverse impacts of flooding. 

Flood disasters are worldwide issues and there is a general framework that is made specifically for 

disaster management. Sharma, Joshi & Kumar (2010) explained that GIS and remote sensing 

allows the combination of spatial and non-spatial data to use in various stages of disaster 

management. As shown by Figure 2.3, there are four stages, where mitigation involves actions 

taken to contain or eliminate or reduce the degree of long-term effects or risk to human life and 

property of an anticipated hazard (Cova, 1999) such as floods. Preparedness on the other hand is 

the focus point of the research which is concerned with actions that are taken in advance of an 

emergency to develop operational capabilities to aid effective response Cova (1999). Response as 

the third stage refers to an effective plan for public health and other personnel during a disaster 

minimize the effects of the tragedy (Pore, 2013). Applying these stages to Botswana, all these 

stages maybe done but there is need for improvement through GIS and remote sensing. The last 
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phase is the recovery phase where certain activities are carried out to restore the affected area to 

its previous (Pore, 2013). 

 

 

Figure 2. 3 Integral Risk Management Cycle 

Source: FOCP (2003)
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CHAPTER 3: DESCRIPTION OF STUDY AREA 

3.1 Overview 

Chapter 3 describes the study area in terms of location, physical and socio-economic 

characteristics. 

3.2 Location 

Gaborone is located 15 km from the South African border to the east from 24°32'8.15"S to 

24°45'46.64"S and from 25°49'30.69"E to 25°59'46.56"E (Figure 3.1).  It lies within the Notwane 

River catchment with the river flowing to the east of the capital (Kent and Ikgopoleng, 2011). 

Gaborone is surrounded by the Kgatleng district in the north, Kweneng district in the east and 

Southern District in the south. 

3.3 Physical Characteristics 

3.3.1 Climate  

Gaborone has arid conditions with one persistent rainy season, between October and April with 

maximum temperatures in summer ranging from 30–350C which influence change in the natural 

composition of vegetation and soil structures hence aid flood development (Bronstert, 2003). The 

total mean annual rainfall for Gaborone is 464.8 mm (CSO, 2016).  

3.1.1 Geology 

The study area consist of Gaborone granite complex (Ranganaia et al., 2018, Shemang et al., 2011) 

which has a low groundwater potential due to the absence of primary porosity in igneous rocks 

(Ranganaia et al., 2018). This means it does not allow surface water to percolate hence may 

contribute to flooding. 

3.1.1 Soils 

The soils found there are mostly luvisols formed from sediments deposited by the river (Aweto 

and Moleele, 2005) and soil degradation resulting from reduced vegetation cover and permeability 

decreases the infiltration capacity and increase direct runoff in the case of heavy precipitation 

(Bronstert, 2003) hence increasing chances of flooding. 
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3.3.2 Drainage and Relief 

The Notwane River flows to the east of the capital whereas Segoditshane River passes through the 

northern part of Gaborone city. The principal undulating feature of the general low lying 

topography for Gaborone is the Kgale Hills (Kent and Ikgopoleng, 2011) which is about 1311 

above sea level (Figure 3.2). 

Figure 3. 1 Location of Gaborone.  

Source: Author 
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3.1.2 Vegetation 

Vegetation cover is mostly croton gratissimus woodland on hills and rocky outcrops (Parida et al. 

2006); and there has been massive loss of vegetation around Gaborone due to long periods of 

exploitation for infrastructure (Kent and Ikgopoleng, 2011). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Gaborone 3D Map. 

Source: Author 

3.2 Socio-economic Characteristics 

3.2.1 Land use 

Some of Gaborone residential areas are located on the downward slope towards the adjacent 

Gaborone Dam (Gwebu, 2003) which makes the area at risk of flood disaster in cases of dam 

overflow. Gaborone has many infrastructures such as roads and buildings therefore the natural 

drainage system is altered and there is no absorbency since soils have been replaced with 
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pavements. There is also rapid demand of water for domestic purposes such as small-scale 

agriculture for both cultivating and grazing as well as tourism activities around water bodies 

(Matlhodi et al., 2019). 

3.3 Selection of the Study Area 

Literature has established that flood disasters are a concern worldwide and geospatial technologies 

are recognized and acknowledged in most of the developed and developing countries but they are 

not being applied to the utmost of their capabilities. According to the NDMO (2012), Botswana 

proves to have limited academic researches on urban flood disasters and geospatial technologies 

countrywide therefore urban communities, such as Gaborone community, find it hard to zone areas 

at risk and anticipate floods since they do not have a proactive disaster management practice in 

place to address these flood events. However, in most cases, the effective application of geospatial 

technologies for flood disaster management is influenced by operational, policy and applications 

related challenges which motivate for more advanced research and these are very limited (NDMO, 

2012). Gaborone topography and land use also tend to favor flood occurrence which is 

compounded by infrastructural developments on flood prone areas which leads to flooding. Urban 

areas (Gaborone) generally have larger population sizes such that more solid waste produced 

blocks the natural and/ or manmade drainage system, hence flooding. As such, Gaborone was 

found suitable for detailed investigation of flooding and for development of operational and 

proactive preparedness tools for flood hazard mapping in Botswana. 
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CHAPTER 4: METHODOLOGY 

4.1 Overview  

This chapter describes the data collection methods used including sampling techniques and sample 

selection, research design, type of data collected, method of data collection used and types, and 

data analysis for each objective. Validity and reliability of the methods are also discussed as well 

as research ethics. 

4.2 Data Collection 

4.2.1 Sampling and Targets groups 

The study targeted major flood management stakeholders who were purposively selected as key 

informants such as National Disaster Management Office, Department of water and Sanitation and 

Department of Meteorological Services coded as KI_1, KI_2 and KI_3 respectively and the 

information was collected using Interview Schedule (Appendix 1). The sampling was stratified 

whereby flood prone/non-flooding areas were separated. Purposive sampling was used to select 

the key informants interviewed. Only two rainfall stations were selected 035-SSKA and 037-

GABO for data collection (Appendix 4 and 5). These stations were chosen because both of them 

cover for Gaborone measuring 5km radius from where they are stationed, and also, they have long 

historical rainfall data with minimal gaps. Rainfall data for upstream gauging stations was 

collected as well as Ex-Dineo cyclone rainfall data and relative humidity from Ranaka Weather 

Station presented in appendices 2 and 3 respectively. 

4.2.2 Research Design 

The study used a case study approach based on the nature of the investigation. The study is 

interested in understanding more on urban flooding than it is being obvious to observers. The case 

is that the intersection of flood water with areas unprepared to deal with flooding result in damage 

to property and may even cause death, this is an obvious case, but why is the country always caught 

off guard, this is where the study interests lie. 

4.2.3 Primary Data Collection 

Gaborone base map was scanned, georeferenced and digitized to extract vector data such as rivers 

and land uses. Ground truth data was collected using GPS to validate satellite images for 
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corrections to aid interpretation and analysis. The three key informants (National Disaster 

Management Office, Department of water and Sanitation, and Department of Meteorological 

Services) were selected because they have knowledge, experience and cultural background and 

often have high education and reflective skills. These interviews may produce further lines of 

inquiry for the researcher (Tremblay, 1957) so in this case, key informant interviews were 

conducted for the key stakeholders in flood disaster management and response in Botswana as 

indicated above in section 4.2.1. Field observation of flooded areas were also made. 

4.2.4 Secondary Data Collection 

Satellite Images and Digital Elevation Model were downloaded from the USGS Earth Explorer. 

Digital Elevation Model (DEM) was used to show the terrain in 3D via 3D maps which were 

basically designed for flood risk assessment based on the terrain or the topography of the area. 

Satellite images collected are Sentinel-2 (T35JLN_20190719T075619) and the SRTM digital 

elevation model at 30m spatial resolution (s25_e025_3arc_v2 and s25_e026_3arc_v2) of the 

catchment area around the study area for flood risk mapping. The two DEM were mosaicked and 

subset using Erdas Imagine software and soil, flow direction, flow accumulation, pour point, 

catchment, stream order and stream flow maps were produced in ArcMap 10.5 software.  Arc 

Scene 10.5 was used for 3D topography mapping whereas field observation by capturing flood 

scenes in Gaborone and ground trothing were used for satellite imagery validation. Secondary data 

in the form of precipitation data for the stations located in the study area was collected from the 

Department of Meteorological Services (DMS). 

4.3 Data analysis 

Magnitude and frequency analysis of total annual rainfall was used to determine the magnitude 

and frequency of floods. This was done using Gumbel Flood Analysis (Bhagat, 2017) in Microsoft 

excel to compute recurrence intervals (R.I. or T) as well as exceedance probability which were 

then summarized into magnitude-frequency curves for the two stations chosen.  

 

 

 

 

     T=  
n + 1 

m 
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Where, 

T= recurrence interval, in years 

n= number of years of record 

m= rank of flood. The highest being 1 

The ranked data and calculated interval data derived using the formula above was tabulated and 

presented in the appendices 4 and 5. From this data total rainfall and magnitude and frequency 

graphs were generated. 

GIS and Remote Sensing applications were employed for analysis of spatial data. ArcGIS 10.5, 

Erdas Imagine (2015), Surfer 11 were used for image processing, mapping, and analysis depending 

on the contribution they brought to the analysis of data. Google Earth and other GIS web services 

such as Earth Explorer were also be used for analysis to validate satellite images as well as for 

retrieving images. For qualitative analysis methods, thematic synthesis was used for key informant 

interviews analysis where the data was gathered, comparatively analyzed and interpreted 

(Bengtsson, 2016). These methods are summarized in the logical framework (Table 4.1). For flood 

risk assessment modelling (Figure 4.2), multi criteria evaluation was used to determine the weights 

of parameters used for weighted overlay analysis. The parameters were comparatively weighed 

based on percentage of land associated with risk and expert judgment. These parameters were 

elevation, flow direction, flow accumulation, soil type, altitude and land use. Maps were produced 

for each parameter using the reclassify tool in ArcMap 10.5 software. These maps for each factor 

were overlaid using a weighted overlay tool in the same software to produce a cumulative flood 

risk map and flood vulnerability map for flood risk assessment shown in figure 4.2.  

Unfortunately, the study is limited by the scarce historical rainfall and flood records and most of 

the gauging stations are in the lowland than upland. Moreover, small spatial and temporal scale 

floods which are related to conventional rainfall and limited (unreliable) discharge data make these 

flood events difficult to observe. The satellite data used also had low resolution as the high price 

for the best resolution images was inhibitive. 

Table 4.1 and Figure 4.1 below summarize the methodological approach of the study. 
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Table 4.1   The Logical Framework for Data Collection and Analysis 

Objective Types of Data Method of data 

collection 

Method of data analysis 

1. To determine the 

occurrence and frequency 

of floods 

 Total 

Rainfall 

 Area 

Inundated 

 Provided by 

Meteorological 

services  

 Field 

Observations 

 Interviews 

 Flood Frequency 

Analysis (Gumbel 

Analysis in MS 

Excel) 

 Thematic 

synthesis 

2. To develop criteria for 

flood disaster risk 

assessment tool using 

geospatial techniques 

 Satellite 

Images, 

Digital 

Elevation 

Model 

 Vector 

Data 

/Shape files 

 Raster Data 

Capture 

 Vector Data 

Capture 

 Image 

processing 

 Overlay analysis- 

3D analysis 

 Geospatial 

statistical analysis 

(GIS and Remote 

Sending) 

3. To model potential flood 

risk for proactive flood 

disaster management 

response for Gaborone 

 Satellite 

Images, 

Digital 

Elevation 

Model 

 Vector 

Data 

/Shape files 

 Raster Data 

Capture 

 Vector Data 

Capture 

 Image 

processing 

 Multi-Criteria 

Analysis 

 Weighted overlay  
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Flood Magnitude-

Frequency Graphs 

Elevation  

Flow direction 

Flow 

accumulation 

Distance from 
the river 

LU/LC 

Contour 

Soil 

Primary data 
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Secondary data 

LU/LC; Photos; Soil; 

Rainfall; SRTM 

Flood Frequency 

Analysis 

Personal Geodatabase 

Figure 4.1 Methodology flow chat 
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4.4 Validity and Reliability 

4.4.1 Validity 

Disaster experts and spatial analysis experts familiar with the study area and the field through 

visual interpretation and available recent flood maps of the study area were given the result to 

confirm relevance and give comments on the precision of the results. For the frequency analysis 

where outliers (extremely high or low values for total rainfall) caused a poor graphical relation a 

graphical curve (logarithmic trend line) was fitted eliminating the outlier and unwarranted 
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Reclassify 

Reclassify 
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Cumulative 

Flood Risk Map 

Potential Flood 

Risk Map 

Multi-Ring 
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Figure 4.2 Flood Risk Assessment Model 
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extensions were restricted on the frequency curves by defining the values in logarithmic scale at 

base 10. Sensitivity analysis was done to provide better insights for improving the capabilities of 

model to create more realistic output scenarios (Al-Mashreki et al., 2011, Rincon Romero et al., 

2018). Since there was no existing flood risk maps of the study area to validate the flood risk maps 

generated in this research, the flood risk maps for scenarios S1, S2, and S3 were compared to the 

original flood risk map generated in this study which is considered the most reliable scenario. 

Scenarios developed were guided by the following assumptions; 

i. First scenario assumes that elevation and land use are both equally high risk parameters 

ii. Second scenario assumes all parameters cause moderate risk 

iii. Third scenario assumes that elevation and land use are the least flood risk parameters 

4.4.2 Reliability 

Different methods of analysis and data collection were used to ensure reliability of the data. 

Preliminary data analysis or pre-testing was employed for geospatial methods to check if the data 

is enough and reliable for use and to see what is coming out of it. 

4.4.3 Research Ethics 

In order to accomplish informed consent, the researcher informed participants of their rights, 

purpose of the study, procedures to be undergone and the potential risks and benefits of 

participation as it is a voluntary agreement. The researcher made sure that the participants 

understand the agreement and were given the opportunity to ask questions and have them 

answered. The principle of anonymity was applied. The informed consent document clearly 

revealed that there will be no compensations available. In storing data, this researcher ensured that 

the data obtained is stored safely according to the sensitivity of the data. The researcher will notify 

the participant if the information is to be provided to other stakeholder institutions such as the 

government, government agencies, and research institutions. The research proposal was submitted 

and approved by The University of Zambia Natural and Applied Sciences Research Ethics 

Committee (Appendix 6). 
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CHAPTER 5: RESULTS AND ANALYSIS 

5.1 Overview  

This chapter presents an analysis of results collected in this study. It covers flood frequency 

analysis of total rainfall, flood volume estimation, flood risk assessment and modelling flood risk. 

5.2 Flood frequencies and occurrences 

The results are presented under the study objective (i) to determine the magnitude and frequency 

of floods. This involved magnitude and frequency analysis of total rainfall for the associated 

floods, probability of occurrence and resultant flood volumes.  

5.2.1 Flood Frequency Analysis 

For flood frequency analysis this study assessed flood patterns at two rainfall stations in Gaborone 

which are 037-GABO station and 035-SSKA station. Figures 5.1 and 5.2 show the estimated 

magnitude and frequency of rainfall events at the stations using annual maximum rainfall data for 

a period of 31years and 44 years for the two rainfall stations, respectively. The magnitude-

frequency curve in Figure 5.1 for station 037-GABO shows that rainfall of about 145mm is likely 

to occur every year and the highest rainfall recorded of 886mm is likely to occur in every 45 years. 

Generally, high magnitude rainfall events have long return periods or high recurrence intervals, 

but low frequency of occurrence. 
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Figure 5.1 Total Rainfall Magnitude-Frequency Graph for the 

Gaborone Village station (037-GABO) 
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On the other hand, lowest recorded total rainfall of 180mm is expected annually whereas the 

highest recorded total rainfall of 853mm is expected every 32 years from the time of the event 

(Figure 5.2). Similarly, the curve for station 035-SSKA shows that as rainfall increases, the return 

period also increase, therefore high recorded floods are rare but possibility of their return is 

noticed. This station also showed that generally high magnitude rainfall events have long return 

periods or high recurrence intervals. 

 

 

 

 

 

5.2.2 Probability of occurrence  

This section presents observed trends for probability of flood occurrences at stations; 035-SSKA 

and 037-GABO, respectively. Figure 5.3 presents graphs for the two above mentioned rainfall 

monitoring stations.  The 035-SSKA and 037-GABO stations shows that there is 3.1 percent 

probability of having an 853mm rainfall occurrence and 2.2 percent chance of having an 886.2mm 

rainfall which appears extreme for Gaborone which may lead to flooding. The lower percentage 

exceedance probability (96.8% and 97.8%) for both stations shows that there are higher chances 

of having a 180mm and 145mm, respectively. These results show that the higher the rainfall the 

lower the probability of having that magnitude of rainfall whereas the lower the rainfall the higher 

the probability of occurrence for that amount of rainfall.  

 

Figure 5.2 Total Rainfall Magnitude-Frequency Graph for the Sir 

Seretse Khama Airport station (035-SSKA) 
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5.2.3 Rainfall intensity and relative humidity during the Ex-Dineo cyclone floods 

Peak rainfall intensities of 24 hours interval within a week duration were plotted to 

investigate possible rainfall thresholds above which flooding most likely occurred during 

the ex Dineo cyclone floods in February 2017 (Figure 5.4 a and b). The flood threshold 

relies on the rainfall intensity and duration. As depicted in the Figure 5.4 (a and b), a 24hr/ 

daily rainfall was captured and the graph shows that the lowest recorded rainfall that week 

was on the 15th at 0.4mm and 0mm for both Ranaka and Mogobane stations, respectively, 

which may seem very low but the antecedent rainfall made it possible. This means that the 

rainfall from previous day had already soaked the soils while the 0.4mm of rainfall also 

increase the soil moisture. A maximum of 44mm was recorded on the 20th just after the 

11.2mm rainfall intensity recorded for the Ranaka station whereas for the Mogobane 

station the highest recorded rainfall was on the 21st at 98.6mm. Daily humidity (averaged 

from morning recording (0800hrs) and afternoon (1400hrs)) recording  shown as a red line 

curve was very high at 86.5% and 94% during the high intensity rainfall (44 mm and 

98.6mm), respectively. Since the soils were saturated and there was less evaporation, 

excess runoff caused bridges to collapse and the roads eroded because of oversaturation of 

the soils in the 13 days period of the cyclone.  
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Figure 5.3 Percentage Exceedance Probability of Rainfall for (a) Gaborone Village station (037-

GABO) and (b) Sir Seretse Khama Airport (035-SSKA). 
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Figure 5.4 Rainfall intensity and relative humidity during the Ex-Dineo cyclone floods in February 

2017 using Mogobane (a) and Ranaka (b) Weather stations  
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5.2.3 Estimating Flood Water Depth and Volume 

The assumption is that the rainfall was uniformly distributed across the catchment area and since 

it has been raining before the 15th of February 2017, another assumption was that the soils were 

already saturated and the small dams around the catchment were already full. 

 

Figure 5.5 Location of Weather Stations over the Notwane Catchment. 

 

Catchment variables used for the determination of the amount of flood volumes during Ex-Dineo 

cyclone, February 2017 are as follows: 

 

Catchment Surface Area = 6068.5km2 

Gaborone Dam Surface Area = 15km2 

Gaborone Surface Area = 239.5 km2 
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Average Rainfall for the 2 stations = 343 mm 

Annual Evaporation = 1000 mm 

Average Runoff coefficient = 0.41 

Gaborone Dam Capacity = 141 100 000 m3 

  

Rain depth = 

 

 

 

 

 

 

 

 

 

 

 

 

 

On the 13th of February Gaborone Dam capacity was at 35.8% which is about 50 513 800 m3 and 

by 27th of February the dam was over 100% full which means 64.2%, about 90 586 200 m3 was 

collected by the dam in a period of 15days. 

Σ Rainfall 

N (number of 

rainfall 

stations) 

343 

 
2 

= 171 mm 

Annual evaporation = 1000 mm 

1000/365 = 2.74 mm/day 

Evaporation Over 13days = 35.6 mm 

 

Depth – Evaporation over 13days 

= 171.5mm - 35.6 mm 

Actual Depth =135.9 mm 

 

Average Runoff Coefficient = 0.41 

Estimated Average Runoff Coefficient = 0.7 (assuming the soils were saturated) 

Depth available for runoff = Actual Depth * Estimated Average Runoff Coefficient 

= 135.9 * 0.7 

Depth available for runoff = 95.13mm (9.513 cm) 

 

Volume of Rainfall over the Catchment Surface Area = Depth available for runoff * Catchment Surface Area 

= 95.13 mm * 6068.5 km2              

= 0.09513 m * 6 068 500 000 m2 

(converted to meters) 

Volume of Rainfall over the Catchment Surface Area = 577,296,405 m3 
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In calculating excess water, which is assumed to be flood water, the capacity of the dam (since the 

dam was >100% full) is subtracted from the total volume of water over the catchment. 

 

 

 

 

 

 

The assumption is that the runoff coefficient was higher during the Ex-Cyclone Dineo floods 

therefore instead of using the average runoff coefficient recorded two decades ago, the study opted 

to increase the runoff coefficient to 0.7 since the soils were assumed to be saturated as well as the 

high humidity and low evaporation that prevailed. The estimated depth of flood water that was 

translated into runoff during the Ex-Dineo floods was 9.513cm and the excess water of about 

436,196,405 m3 is regarded as flood water. The results shows that in a period of 13 days, the 

catchment had accommodated a volume of 577,296,405 m3 of which a very small amount of water 

was absorbed by the soils which did not make any significant change because it had been raining 

before the date on which the data used had been captured. The depth of flood water was 9.513 cm 

which was a risky amount especially in urban areas such Gaborone with more paved surfaces. 

 

In validating the magnitude and frequency of floods in Botswana generally, historical data from 

Botswana statistics are shown in Table 5.1 including the dates when floods occurred in Botswana, 

the intensity of rainfall and the recorded damage. The Table 5.1 clearly shows that in 2000 the 

highest recorded total monthly rainfall of 276.7mm caused floods which adversely affected 

national economy. The following next years (2001-2017) recorded rainfalls lower than for the 

2000 but caused more damage and many fatalities recorded. The recent 2017 floods caused by 

cyclonic effects also recorded the highest total monthly rainfall of 170.8mm and the damages also 

contributed to greater economic loss. 

Excess water (flood water) = Volume of Rainfall over the Catchment Surface Area - Gaborone Dam Capacity 

= 577,296,405 m3- 141 100 000 m3 

Excess water (flood water) = 436,196,405 m3 
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Table 5.1 Historical Floods Recorded in Botswana with the Rainfall Intensity and Damage Observed 

 

 

Figure 5.6 illustrates the flood situation in Gaborone. It clearly shows that floods only become 

disasters when they interact or disturb human daily activities. The photos reveal that there is need 

for planning for a worst-case scenario. Botswana generally receives low rainfall but if this can be 

the scenario for low rainfall then for the predicted return period of the maximum total rainfall 

shown in Figures 5.1 and 5.2, then a lot more damage could be expected and increased  expenditure 

on recovering from the disaster. 

  

Date Intensity of 

Precipitation 

Monthly rainfall 

totals (mm) 

Damage Observations References 

1972 (January) 257.4 US$50 Economic Loss (CRED, 2019) 

1988 

(February) 

254.4 8 Deaths; 12007 People affected (CRED, 2019) 

1995 (March) 179.6 20 Deaths; 5500 People affected (CRED, 2019) 

2000 

(February) 

276.7 3 Deaths; 138276 People affected; 

US$2000 Economic Loss 

(CRED, 2019, IFRC, 2000) 

2010 (January) 123.3 Data unavailable (CRED, 2019, IFRC, 2010) 

2012 

(December) 

108 Data unavailable (CRED, 2019) 

2013 

(December) 

118.7 12 Deaths (IFRC, 2013) 

2015 (January) 80.6 Data unavailable (CRED, 2019) 

2017 

(February) 

Cyclone Dineo 

170.8 650 Households affected; 500 

Houses destroyed; Bridges 

collapsed; Roads closed 

(CSO, 2018, IFRC, 2017) 
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5.3 Geospatial Flood Risk Assessment 

Geospatial flood risk assessment results are interpreted under the study objective (ii); develop 

criteria for flood disaster risk assessment using geospatial techniques. This involved coming up 

with the digital elevation model; hydrological indicators; land use/land cover; topography/slope; 

soil types as presented below.  

5.3.1 Digital elevation model  

Figure 5.7a shows that the catchment area containing the study area falls between elevations of 

941m and 1496m above sea level. High elevation areas are found at the boundaries of the 

catchment area creating a depression within the catchment. These areas constitute hills surfaces 

(Figure 5.7a). Low lying land occurs in the north-eastern part of the catchment where the study 

area lies from 925m to 1311m above sea level (Figure 5.7b). Most of the study area lies on a flat 

surface and the Kgale hills in south-western as part of Gaborone influence surface run-off towards 

the north-eastern side of the area, whereas the Notwane River and Gaborone dam are located at 

the eastern boundary of the study area where lower elevations predominate (Figure 5.7b).  

a) b) c) 

 

 
Figure 5.6 Flooding scenarios in Gaborone (a) & (b) Gaborone phase 4 residential areas 

(October 2018) and (c) Notwane River (April 2019) 
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Figure 5.7 Digital Elevation Models for (a) Notwane catchment and (b) for Gaborone district 

(SRTM 2014) 

  

(a) 

(b) 
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5.3.4 Contours 

The Notwane catchment lies at an altitude between elevations 941m and 1496m above sea level. 

Figure 5.8 shows two contour maps for the watershed and Gaborone, respectively. The brown 

contour lines on the two maps depict relief and the widely spaced contour lines show gradual 

change of elevation which means that the areas are low and/or flat. Higher and frequently varying 

altitudes from about 1200m to about1400m are observed on the western boundary of the catchment 

compared to other areas. These are the upstream areas of the catchment; therefore, this altitude 

influences rapid runoff downstream of the catchment where the study area is located. Secondly, as 

demonstrated in Figure 5.8a, a low and uniform elevation from 941m to 1050 prevail downstream 

of the catchment. As Figure 5.8b shows, Gaborone city is located from about 941m to about 1075m 

above sea level. The altitude is low downstream and insignificantly varying compared to the 

upstream area. The low relief downstream (where Gaborone is located) influences slow runoff and 

water to collect rapidly in a short period of time during high intensity rainfall events. As indicated 

in Gaborone contour map (Figure 5.8b), Gaborone is mostly flat lying between 1020m and 960m 

with a very small, elevated area lying at 1300m (Figure 5.8b). It should also be noted that the water 

flow is perpendicular to contour lines as shown by black arrows on the map, so the flow is directed 

towards Gaborone.  
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Figure 5.8 Watershed Contour Map for Notwane catchment (a) and Gaborone (b) (SRTM 2014). 

(a) 

(b) 
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5.3.2 Hydrological indicators 

Flow direction; flow accumulation; and stream flow were assessed and interpreted in this section 

to establish the level of flood risk. These are discussed below.  

Figure 5.9 shows eight prevailing directions of water flow at Notwane catchment where the study 

area is located. South and south eastern flows prevail at the northern part of the catchment. North 

and North eastern flows prevail at the southern part of the catchment. Generally, there is a 

dominating eastern flow of water in the catchment. This orientation of flow is influenced by the 

low-lying surface from about 925m to about 1311m, occurring north-eastern side of the catchment. 

At the same, time there exists two major rivers of Notwane and Segoditshane within the lowland, 

all with prevailing easterly flow. These patterns of flow occur regardless of the location of the 

Gaborone City within this low depression as Figure 5.9 demonstrates. This leaves the city at a 

higher risk of flooding should there be an overspill from the dam and overflow of the rivers and 

tributaries from the south east, east and the north directions. 

 

Figure 5.9 Flow Direction Map of the Notwane Catchment (SRTM 2014) 
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High and low intensities of water accumulation have been identified at the study catchment as 

portrayed in Figure 5.10. Lowest to no accumulation of water (in light tones) occur in most parts 

of the catchment. Moderate to highest accumulations (in dark tones) occur mostly at river 

tributaries within the catchment and the study area. As such, there is an inverse relationship 

between the intensity of water accumulation and stream height. Highest intensity accumulations 

occur downstream while lowest accumulations are recorded upstream. However, the study area is 

located downstream of the Notwane catchment where high intensity accumulations are. 

Furthermore, the area is sandwiched by the Segoditshane and Notwane River together with their 

associated tributaries which all have highest intensities of flow accumulation. This creates an 

associated higher risk of flooding on all areas closer to these tributaries particularly the eastern 

boundary of the Gaborone city as it is along the Notwane River. 

 

Figure 5.10 Flow Accumulation Map of the Notwane Catchment (SRTM 2014) 

 

Five categories of streams exist in the Notwane catchment as shown in Figure 5.11. These are low 

order streams (stream 1) which feed other streams, to highest order streams (stream 5) which are 
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fed by lower order streams. Higher risk of flooding is associated with higher stream orders. 

Gaborone city is located on 1st, 3rd, and 4th stream orders (Figure 5.11). The Notwane River 

running along the eastern margin of the city makes the 4th order stream within the city. There is 

an associated higher risk with this level of order stream as the flow can overtop banks due to the 

low-lying land surrounding the streams (including Gaborone downstream) during incidences of 

extreme wet weather conditions. Even though existing outside the study area, the category 5 

Segoditshane River also poses an associated higher level of flood risk at the north-western side of 

the city (Figure 5.11). All the rivers pose an associated risk of overflow and spillage from the 

Gaborone dam. 

 

Figure 5.11 Stream Order Map of the Notwane Catchment (SRTM 2014) 

 

5.3.3 Landuse/Landcover 

The catchment area consists of 8 broad land use cover classes shown in Figure 5.12. These include 

closed shrub land; open grassland; open shrub, sparse forest, crop land, settlement area, water 

bodies and woodland. These land cover classes are un-evenly distributed across the catchment with 
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a greater level of heterogeneity of land cover exixts over a unit area. The realized greater level of 

diversity of land cover over the catchment means there will be different responses and interaction 

of these land covers with surface runoff. Open shrub land and open grassland dominate the up-

stream of the catchment compared to down-stream where sparse forest and closed shrub land 

consistently occurs (Figure 5.12). The prevalence of open shrub land and open grassland upstream 

means there is low retention and disturbance of surface runoff hence increased runoff downstream 

where the study area is located. On the other hand, settlement area/ built up is mostly agglomerated 

within and on surroundings of the study area. This also poses flood risks due to the potential failure 

by planners to adhere to adaptive building codes, poor drainage, impervious surfaces, and poor 

agricultural practices. Major water bodies and tributaries, that is, Notwane dam and Bokaa dam 

also occur at immediate hinterland of Gaborone posing a risk of overbank flows. 

 
Figure 5.12 Land Use Land Cover Map of the Notwane Catchment (Sentinel 2019) 

 

This study also observed the distribution of land cover and land use within Gaborone as shown in 

Table 5.2 below. 
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Table 5.2 Land Cover/ Land Use Distribution across Gaborone in 2019 

Land Cover Type Area (km2) 

Closed Shrubland 20.43792 

Cropland 2.891753 

Open Grassland 21.93182 

Open Shrubland 51.45311 

Settlement 69.59397 

Sparse Forest 14.07486 

Water Body 18.33992 

Woodland 40.70001 

5.3.5 Soils  

The soil map for the catchment and Gaborone is shown in Figure 5.13 below. The map shows 

different types of soils found in the catchment. The soils found in the upstream are mostly G6, R 

and A class of soils. The G6 classes are the soils on acid igneous and metamorphic rocks which 

are characterized by deep; clay loam to clay texture; normal to shedding whereas R classes are 

rocks which are basically impervious surface. Lastly, the A classes which are alluvial soils are 

located along river channels and these soils are deep; imperfectly drained and well receiving. The 

soils found in Gaborone are all the above-mentioned soils but the dominating soil class is the G6 

class which is clay loam-clay texture. The alluvial soils make a shape river channels which means 

most of these soils are found on the flood plains. With the characteristics of the soils in the 

upstream, rocks are poorly drained and alluvial soils are also imperfectly drained which means 

that runoff is fast on the rocks whereas G6 soils are shedding which means they release water very 

quickly. So, if the catchment receives high rainfall there will be more water coming from the 

upstream posing a risk of flooding downstream where Gaborone is located. As we move 

downstream to Gaborone, the dominating soil classes are G6 which are clay soils. These soils as 

mentioned above, they are located on a flat surface to gently undulating and this means the runoff 

is very slow where there are no paved surfaces. The alluvial soils on the other hand are receiving 

which means they are able to hold water for some time before they are fully saturated, and these 

are located along on floodplains making areas located on flood plains susceptible to floods. 
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Figure 5.13 Soil Map for Notwane Catchment (Botswana soil legend). 
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5.3.6 Flood Risk Assessment Criteria within Gaborone 

Gaborone city is associated with risk of flooding on all parameters as demonstrated in Figure 5.14. 

Poor elevation and insignificantly varying altitude in the city present highest risk in the eastern 

and northern parts of the city (Figures 5.14(a) and (e)). At the same time the moderate to high level 

of flood risk in relation to elevation and altitude is wide spread across the city except the Kgale 

hills. On the other hand, flood risk associated with water flow directions is evenly spread within 

the city (Figure 5.14(b)). Risks are higher in areas close to the river channels and associated 

tributaries which penetrate the city center as shown by Figure 5.14(c).  The stream buffer measures 

1000m from the streams as shown by Figure 5.14c which means everything that is within the 

1000m radius of the stream is at risk of flooding. Figure 5.14 (d) on the other hand shows an 

associated risk with the alluvial soil type and poor structure of soils within the city. Due to their 

type and structure Gaborone soils have low infiltration capacity. These soils are shown in red on 

the map and they are mostly located along the rivers and tributaries. This means that areas located 

along the rivers channels or flood plains areas are at risk of flooding. Since alluvial soils are well 

receiving, they have a potential to form depressions or ponding which are shown as red polygons 

that do not form stream shape. Therefore, areas located in depression or ponding areas are also at 

risk of flooding, as such, Gaborone soils pose a higher risk of flooding particularly in the city 

center and the eastern boundary traversed by the Notwane River (Figure 5.14 (d)).  High flood risk 

associated with land use land cover affects a total of 109.84 km2 of land as indicated in the 

weighted overlay criteria (Table 5.3) particularly in the city center and the eastern margin of the 

city (Figure 5.14f).  
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c b a 

e f 
g 

Figure 5.14 Flood Risk Assessment Criteria for Gaborone 
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5.4 Spatial Modelling of Flood Risk with GIS 

The potential flood risk map is created using the weighted interaction rate of the thematic maps 

shown in Figure 5.15. Using Reclassification, flood risk and vulnerability in Gaborone was 

modeled for all parameter discussed in sections above Figures (5.14 (a, b, c, d, e, f)). 

According to Table 5.3, land use in Gaborone contribute to the highest risk of flooding covering 

109.841858 km2 of land at 35 percent weight, followed by elevation and distance from the river at 

30 and 24 percent, respectively. Soil and altitude have a 3 percent weight each which means they 

do influence flooding, but they are not as significant as elevation and land use. Highest to moderate 

flood risk regarding flow direction is associated with 106.24 and 83.82 km2 of land in the city, 

respectively. The identified values/weights for each parameter were identified and measured based 

on the literature survey and the experts’ opinions and judgment about the local context. 
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Table 5.3 Weighted Overlay Criteria for Study Parameters 

 

The results in Figure 5.15 reveal different risk patterns for Gaborone which were made through 

using Table 5.3 above and the statistics are shown in Table 5.4.  

Table 5.4 presented below shows that about 21% (48.87 km2) of the total area of Gaborone is prone 

to “high” flood risk. High risk areas take the shape of river channels and covers some small pieces 

of land which can be identified as ponds or depressions. The centre of the city is mostly covered 

in red which are high risk areas. This means that these areas are close to the rivers and lying at low 

Parameter  Land Associated to 

Risk (km2) 

Rating Index Weights (%) 

Elevation  

  

85.413672 

144.241306 

9.846572 

High Risk  

Moderate Risk 

 Low Risk 

30 

Flow Direction 

  

106.24575 

83.827856 

49.355982 

High risk 

Moderate risk  

Low risk 

 

3 

  

 

Flow Accumulation 

 

 

1.928665 

237.58401 

High risk 

Low risk 

3 

Stream order (Buffer)- 

distance from the river 

 

71.137503 

168.447964 

High risk  

Low risk 

24 

Land use  

  

109.841858 

54.019692 

75.566679 

High risk 

Moderate risk 

Low Risk 

35 

 

Soil type/structure 

 

20.822778 

218.462524 

High risk  

Low risk 

5 
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altitudes within the paved areas. Moderate risk covers about 144.50 km2 of the Gaborone city. This 

does not mean that it will not flood but rather, the chances of these areas flooding are slim 

therefore, authorities still need to be prepared in case the city experiences more rain and a lot of 

upstream flow or even dam break. In contrast, 39.57 km2 of Gaborone city is prone to low level of 

flood risk. The low-risk areas are represented in dark green on the flood risk map in Figure 5.15. 

These are areas which have a very low chance of getting flooded and they cover approximately 

39.57km2.   

Table 4.4 Flood risk statistics 

Risk level Area Affected (km2) 

Low Risk 39.57 

Moderate Risk 144.50 

High Risk 48.87 

 

The results for flood vulnerability are portrayed in Figure 5.16 showing the most, moderate, and 

low vulnerable areas to flooding within Gaborone. The map shows the vulnerability of Gaborone 

land uses (roads, residential areas, commercial, and railway). These are mostly located in the centre 

of Gaborone and are prone to “moderate” flood risk. This is because despite the city having 

drainage networks, most of them are blocked by solid waste and the surfaces are impervious. 

Therefore, these areas are prone to flooding whenever there is a heavy rainfall occurrence. Most 

of the areas that are less prone to floods as shown in the map tend to be on the elevated land and 

far from the drainage channels. These areas are referred to as low risk and cover about 17 percent 

of the study area (Gaborone) as shown in Figure 5.16.   
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Figure 5.15 Flood Risk Map for Gaborone 
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Figure 5.16 Flood Vulnerability Map for Gaborone City. 

  

5.4.2 Sensitivity Analysis 

The sensitivity analysis was performed on three different scenarios as a process of validation where 

each scenario is simulated individually with a specific change in a single or two parameters as 

shown in Table 5.5 and Figure 5.17. The intention was to confirm if the model represents the 

reality sufficiently by changing input of a parameter and observe the output. Sensitivity analysis 

for flood risk in Figure 5.17 shows that land use and elevation were given equal percentage 

weightings which were higher than the rest of the parameters. It can be noted that elevation and 

land use are highly sensitive elements in the identification of high flood risk zones. As can be 

noted from the two other maps (Figure 5.17b S2 and Figure 5.17c S3), when the elevation and land 

use weighting is reduced to almost as equal as other variables (Figure 5.17b S2), and when 

elevation and land use are reduced to very low weights at 5% each, there is an insignificant change 
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between the two maps. On the other hand, the more the increase in the influence of the elevation 

and land use parameters, the more the output flood risk classes change, therefore the first scenario 

(S1) validates the original model as it shows some significant areas of the study area that are prone 

to floods.  

Table 5.5 Scenarios for sensitivity analysis 

Parameter 1st Scenario 

(S1) 

2nd Scenario 

(S2) 

3rd Scenario 

(S3) 

Elevation 30 16 5 

Flow Direction 10 16 20 

Flow Accumulation 10 17 20 

Stream order (Buffer)- distance 

from the river 

15 17 25 

Land use 30 17 5 

Soil type/structure 5 17 25 

Total 100 100 100 
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Figure 5.17 Sensitivity Analysis Scenario maps 

 

a b c 
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CHAPTER 6: DISCUSSION OF RESEARCH FINDINGS 

6.1  Overview 

This chapter discusses the main findings of the research under each objective. As noted in the 

problem statement, Botswana is generally lagging behind when it comes to disaster management 

using geospatial technology. As such, it is very hard for the disaster management teams to predict 

as well as plan for flood disaster on time; hence they are caught off guard whenever the country 

experiences heavy rains. This study explored the available methods of geospatial flood analysis 

and hydrological indicators to come up with an operational practice for flood disaster management 

in Botswana.  

6.2 Magnitude and Frequency of Flood Occurrence 

The purpose of flood frequency analysis and probability of occurrence was to determine the 

magnitude and frequency of floods, whether there are occurrences of floods or not and how 

frequent these floods are in Botswana using Gaborone as a case study. 

6.2.1 Estimating Return periods/ recurrence intervals 

Using total annual rainfall for the two stations, return periods were calculated to find the frequency 

of rainfall that could potentially cause floods. The study found out that a total annual rainfall of 

about 886mm will return in a time period of 45 years with a probability of 2.2 percent at the 037-

GABO station which means that the higher the rainfall the lower the recurrence interval. This is 

attested by the 035-SSKA station magnitude-frequency curves shown in Figure 5.1 that a 

maximum total annual rainfall of 853mm will recur in a period of 32 years with a probability of 

occurrence of 3.1 percent. Even though these are total annual rainfall records, they may be 

experienced in a year. Such revelations should remind planners that they need to prepare for the 

worst should Gaborone experience these amounts of rainfall within a week or even a space of two 

months. McEwen (1989) confirmed that most extreme rainfalls are connected to high recurrence 

of floods and these extreme falls correspond to major floods in most areas. However, the total 

annual rainfall records do not stretch far into the past, but flood events are not easy to predict which 

means there is still a high level of error in these flood estimates. The major discovery drawn from 

these magnitude-frequency relationships is that the frequency of rainfall events with a low 
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magnitude is high, while the frequency of rainfall events with large magnitude is low and in 

relation to floods, small flood events in this case will occur every year while big and unprecedented 

inundations are likely to happen once every 45 years or 32 years, as discussed above. It can also 

mean that lower recorded rainfall from both stations are expected to return every 1 year. Thus, 

every year Gaborone is expected, for example, to experience at least a total rainfall of 145mm at 

the 037-GABO station. For planners and the government to decide what magnitude of flood poses 

an acceptable or unacceptable risk to the community, the frequency and recurrence interval of total 

annual rainfall should be taken into consideration. The ex-Dineo cyclone floods were analyzed to 

justify the occurrences and magnitude of floods in a short duration, According to McEwen (1989)’s 

analysis, major floods are frequently linked with high recurrence interval (> 100 year recurrence 

interval for 24-48 hour rainfall), which provide enough intense, long duration regional rainfall to 

exceed soil moisture variations. Unfortunately, there is no return intervals documented that was 

calculated before to relate the return period of these ex-Dineo floods. 

6.2.2 Probability of Occurrences of Floods in Gaborone 

Total annual rainfall was used to calculate probability of occurrence of floods in Gaborone 

portrayed in two graphs for the 035-SSKA and 037-GABO stations as shown in Figure 5.3. As 

Trenberth (2011) mentioned, floods are associated with extremes in rainfall (from tropical storms, 

thunderstorms, widespread tropical cyclones) so the study found total rainfall as a better variable 

to use. The study found out that the higher the rainfall the lower the probability of having high 

magnitude rainfall whereas the lower the rainfall the higher the probability of having low amount 

of rainfall. Gaborone has recorded higher total annual rainfall of 853mm (035-SSKA) and 

886.2mm (037-GABO) (Figure 5.3). There is 3.1 percent probability of having an 853mm rainfall 

occurrence and 2.2 percent chance of having 886.2mm rainfall which are the recorded extremes. 

That means there is a 96.1 percent and 97.8 percent chance that Gaborone will not experience 

853mm (035-SSKA) and 886.2mm (037-GABO) total rainfall in the 45 year and 32-year periods, 

respectively. However, these probabilities do not mean that a rare rainfall event reduce the chances 

of another rare rainfall within a short time period, two rainfall events of the same magnitude can 

happen within a short space of time (USGS, 2019) and pose a risk of a very serious flood which 

may turn out to be a disaster therefore authorities need to take note of this observation. For 

instance, Gaborone experiences rainfall between October and April and this is a period of five 

months, so this total rainfall can be recorded in two months of the rainy season. Having so much 
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rainfall in a space of two months is very risky for Gaborone more so that the area is covered by 

impervious surfaces. So, the authorities should be prepared for a chance of having such extremes 

recorded within the five months of the rain season. With the lower percentage exceedance 

probability, 96.8 percent and 97.8 percent for both stations, there are higher chances of having a 

180mm and 145mm respectively. This means that within the five months of rainfall season, 

Gaborone has a higher chance of receiving abovementioned total rainfall amount.  

6.2.3 Estimating Flood Water Depths and Volume 

Flood depths are very key for accrual flood hazard appraisals and benefit assessment (Penning-

Rowsell et al., 2014) therefore it was necessary for the study to consider the depth of flood water 

during the Ex-Dineo floods. The results as indicated in Chapter 5 section 5.2.3 where the estimated 

depth of flood water that was translated to runoff was 9.51cm and the excess water of about 

436,196,405 m3 is regarded as flood water. A 9.51cm flood depth is very close to 10cm which is 

regarded as life threatening especially in flat surfaces such  as Gaborone thus the greater the depth 

of flooding, the greater the potential damage to infrastructure, goods and people exposed (Rezende 

et al., 2019). Forkuo and Asare (2019), added that high water depth usually occurs along the main 

channel, in this case is the Notwane River, and spreads gradually to the floodplains with the 

incoming river (Segoditshane river) contributing to increased inflow into the main channel. 

According to key informants from NDMO and one Department of Meteorological Services 

(DMS), prediction of floods depends on the rainfall forecasted by the Department of 

Meteorological Services where if the area is likely to get 50mm of rainfall per day then there are 

chances of the area to experience flash floods.  

6.3 Flood Risk Assessment Tool Using Geospatial Techniques 

Flood risk assessment tool was developed from integration of different GIS based tools to come 

up with a full map of flood risk or flood hazard. The intention was to show how different data and 

maps influence flooding in Gaborone and the product being the potential flood risk map. This 

section discusses the results presented in section 5.3. 

6.3.1 Digital elevation model and Contours 

As indicated in Figures 5.6a and b, Gaborone lies on the low-lying area of the catchment and this 

is indicated as the most susceptible area of the catchment. This is where most of the city 

infrastructure and buildings are found and where people are located. Therefore, it really needs 
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attention in case the city experiences a 45 year returning flood, then the whole city will be 

inundated. High rainfall totals cause high discharges in the upstream, with a progressive reduction 

of the flood waves to the downstream where Gaborone is located. This makes it at risk of flooding. 

The vulnerability of buildings and infrastructure to flood damage is directly related to their location 

with respect to the flood plain and elevation. For example, Gaborone lies on a flat surface but has 

a very small portion of elevated areas (Kgale hills) which can be used as evacuation sites, and 

these areas are shown on the contour map in Figure 5.7 at 1020 meters above sea level. Moreover, 

contour maps help in planning for evacuation routes and construction of bridges looking at the 

flow direction of water. Rafiq et al. (2016), argue that when the city is on flat topography the speed 

of flow is very low and you can see people driving through it because water rises relatively slow, 

and the water level does not reach life threatening heights. In contrast, flat surfaces collect water 

from upstream or elevated ground and accumulate on the flat surface which has a very slow runoff. 

Furthermore, according to Tehrany et al. (2015)  flat areas have high potential for flood occurrence 

because water flows from the hillside of the mountains and joins in lower terrain in the rivers 

which cause flooding. Therefore, the topography of Gaborone should be taken into consideration 

when planning for developments. 

6.3.2 Land use/land cover  

A major component of urbanization and contributor to flood occurrence is the increase in 

impervious surfaces (Brody et al., 2008, Masoudian and Theobald, 2011). As shown by the land 

use map in Figure 5.12, Gaborone is mostly covered with impervious surfaces because it is 

Botswana’s urban center or city. All the developments and infrastructure are found in Gaborone. 

With the population increasing in the city, there is more production of solid waste which also 

contribute to blockages of the natural drainage  system which is also altered therefore water flow 

orientation is changed then the rain water settle in ponding/ depression areas hence pose a risk of 

flooding. Papagiannaki et al. (2015) also stated without doubt that the most significant ways in 

which impervious surface cover intensify flooding is through the alteration or elimination of 

natural drainage system or wetlands (Brody et al., 2008). A 1km flood buffer was generated 

because according to the Botswana Environmental Assessment Act of 2011 (Act No. 10 of 2011), 

anything within a kilometer of a water source is regarded as an environmentally sensitive area, so 

all the areas within the buffer are at risk of flooding (Botswana Government, 2011). 
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6.3.3 Soil Types 

Gaborone is covered mostly by impervious surfaces and G6 class types which are the soils on acid 

igneous and metamorphic rocks mostly clay loam to clay in texture. Since clays have small pores, 

they have a bigger water holding capacity therefore in ponding areas or depression areas and flat 

areas; there is low infiltration because of the poor drainage of the soils. Gaborone also has rocks 

which are totally impermeable hence fast runoff. As indicated above, Gaborone is a busy city full 

of developments and infrastructure therefore the soils are also exposed to heavy machinery, so the 

soils end up being compacted and create an impermeable surface. Cyclonic rainfall events which 

are induced by low-pressure cells can cause soil soaking and eventually generate floods in the 

main branches of the river system (Pfister et al. 2004). Similarly, having alluvial soils the along 

the Segoditshane and Notwane river channels which are imperfectly drained and have a well 

receiving nature, make the rivers prone to generation of large floods such as the Dineo ex-cyclone 

floods that happened in February 2017. Lack of drainage in an urban area influence urban flooding 

because there is little open soil that can store water.  

6.3.4 Hydrological indicators  

Gaborone is in the north east of the catchment area and the flow of water is directed towards the 

eastern part where the city is located. This means that during a high flow, most of the water will 

be directed downstream which essentially the eastern part where Gaborone is located. Therefore, 

the flow to the east direction should worry the authorities because that is where the city is sited 

and is it where the main flow is directed. According to the flow accumulation on Figure 5.10, 

accumulation is very high downstream where Gaborone is located and there is medium 

accumulation along the Notwane River which means if the river can overflow with such 

accumulation, then we must be worried about the safety of areas located near these high 

accumulation rivers. There is also the Gaborone dam which accommodates about 141.4 Mm3 

water, so if these rivers overflow, it means the dam is over spilling since the high accumulation 

channels are located downstream after the Gaborone dam. An example of the Dineo ex-cyclone 

floods shown on Table 5.1 and Figure 5.4, floods were experienced because average humidity was 

high and even if the rainfall was low on the first 2 days of the week (21 and 22) the soils were 

already soaked, and the dam was already about 39.7 percent full so by the 23rd, the dam was already 

96.3 percent full. During Dineo floods, roads and bridges were damaged and there was disturbance 



57 

 

in the daily operation of the country including Gaborone city. These statistics indeed show that 

there is need for a proactive planning for floods in Gaborone. 

6.4 Flood Risk and Vulnerability Maps (Weighted overlay) 

Flood hazard mapping is a significant component for appropriate land use planning in flood-prone 

areas as it creates easily-read and accessible maps which enables the overseers and planners to 

identify areas of risk and prioritize response efforts (Bapalu and Sinha, 2005). This is the reason 

the study was aimed at mapping cumulative flood risk and vulnerability of Gaborone city. From 

the above, key findings are that Gaborone is at a moderate risk level of flooding which basically 

does not mean that the city is free of floods but there is potential for flooding if the city experience 

high intensity rainfall or dam break (Figures 5.15 and 5.16). This was verified by key informant at 

the National Disaster Management Office who stated that most of the areas prone to floods in 

Gaborone and surrounding areas are the floodplains where people tend to reside in. The key 

informant (NDMO) mentioned that they are just aware of the areas that are prone to flooding but 

are not documented in the form of maps and there are no prediction mechanisms in place yet. This 

conclusion is based on the parameters that were used for the weighted overlay analysis. From the 

results shown in Figure 5.14, the six maps of these factors/ parameters generally confirmed that 

Gaborone is mostly prone to floods on the eastern part where the Notwane River is located. 

Elevation data shows that these lower parts of the city are in the eastern part where also the flow 

of water is directed to. The Notwane River, which makes the boundary of Gaborone on the eastern 

part, accumulates runoff more than the Segoditshane River which branches from the western side 

of the city and the alluvial soils which are very prone to floods are found along these rivers. The 

use of geospatial technologies is very important in flood analysis especially since the technology 

uptake is increasing globally, hence, this approach can assist decision makers in the assessment 

and evaluation of flooding occurrences in urban areas (Ouma and Tateishi, 2014) without 

necessarily waiting for the hazard to occur.  
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CHAPTER 7: CONCLUSION AND RECOMMENDATIONS 

7.1 Overview 

This chapter concludes the study and recommends areas for action or improvement and future 

research. 

7.2 Conclusion 

This study presents a practical approach of mapping flood risk and vulnerability in urban areas 

through analysis of flood frequency and integration of geospatial techniques. It has demonstrated 

the value of magnitude and frequency of long-term rainfall records on flooding in urban settings. 

The analysis of rainfall magnitude, frequency and estimated recurrence interval assisted the 

assessment of flood risk in Gaborone and comparing to the damages caused by documented 

historical floods and contributed to the documentation of flood frequency and recurrence interval 

information which is very limited in Botswana. The study concludes that, there are high chances 

of experiencing high total rainfalls which are very rare but can happen once or twice in a long 

period of time and these are usually devastating floods. The depth of flood inundation is also very 

important as shown in the study to both the community and the rescue / response teams because it 

increases the amount of damage to roads and other infrastructure. The study produced flood risk 

maps using a digital elevation model, land use map, soil map, and hydrological indicators (flow 

direction, flow accumulation, stream order) as a basis for the development of geospatial based 

flood risk management planning. The study also concludes that Gaborone is indeed very 

susceptible to flooding because it is situated on a flat surface, in the lower part of the catchment 

where the flow is directed from the east, north east and south east. Furthermore, the medium flow 

accumulation zone is found in the lower downstream part along the Notwane river channel which 

passes through Gaborone. Gaborone being an urban centre, it is mostly made up of built-up 

structures with impervious surfaces and little soil cover. This makes Gaborone at risk of flooding 

because there is limited infiltration and existence of altered natural drainage network. While the 

upstream area of the Notwane catchment has impermeable surfaces which promote quick surface 

runoff, Gaborone is located down-stream on a flat terrain which is susceptible to water logging 

and promote water accumulation hence increases the risk of flooding. Without documented return 

periods and probability as indicated by key informant from DMS, the country should be worried 
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and work on the preparedness mechanisms before having a major flood disaster. It is concluded 

that most of Gaborone city is prone to flooding owing to its flat topography and the high frequency 

of flood occurrence from heavy rain storms especially those related to cyclonic activities. This 

calls for the need by planners and local authorities to adopt flood risk assessment in decision 

making. An early warning flood forecasting and response to flood disaster system is recommended 

for city planning to come up with flood proof structure standards for buildings and bridges within 

the Gaborone City. 

7.3 Recommendations 

The study recommends to the government through the National Disaster Management Office that; 

i. Geospatial techniques should be infused into disaster management plans by the 

Disaster Management Authories.  

ii. Flood Disaster Management Plans should be effectively communicated to various 

sectors, both government and private, in the country and should be available to the 

public. 

iii. Further research is required on how to build a flood disaster management geo-

database to establish a proactive information sharing and dissemination by both 

research institutions and the government. 

iv. The National Disaster Management Office should adopt crowdsourcing activities 

so that the community can be extensively engaged in flood disaster management at 

all levels of planning. 
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APPENDICES 

Appendix 1. Interview Guide 

C/o Department of Geography 

and Environmental studies 

University of Zambia 

P. O. Box 32379 

Lusaka 

To _____________________________ 

 

I am a Masters of Geoinformation Science and Earth Observation student at the University of 

Zambia. I am conducting a research aimed at integrating available flood frequency and 

geospatial methods to develop an operational and proactive practice in Botswana. Part of my 

research involves collecting information on flood occurrence, magnitude and frequency of 

flood and on disaster management. I am asking for permission to interview you.  I assure you 

that the information to be collected is for academic purposes only and will have no commercial 

value. Additionally, the source of the information will be specifically acknowledged in the 

report and will be kept confidential except for the purposes of the report. Please feel free to 

decline an interview if you do not wish to take part in this research. Thank you for your 

cooperation. 

Gorata Samuel 

    Interview Guide 

1. How often do floods occur in Gaborone? 

2. What was the highest and lowest flood magnitude and how do you measure that? 

3. What tools do you use for flood disaster planning and response? 

4. How do you predict and assess flood risk in Gaborone? 

5. Is geospatial technology of use in preparing for floods in your institution? 

6. Do you have a geospatial plan for flood disaster management? If not, what strategy do you 

use for flood disaster management alone? 
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Appendix 2. Ranaka Weather Station (Ex-Dineo Cyclone Rainfall data) 

 

 

 

 

 

 

  

Date 
Rain (mm) 

Average relative 

humidity (%) 

17/02/2017 3.2 59.5 

18/02/2017 0.4 68 

19/02/2017 11.2 65.5 

20/02/2017 44 86.5 

21/02/2017 29.6 86.5 

22/02/2017 3.6 77 

23/02/2017 14 88 
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Appendix 3. Rainfall data for Upstream Gauging Stations (Ranaka, Mogobane, 

Molapowabojang & Lotlhakane East)  

Date 
Ranaka 

(mm) 

Mogobane 

(mm) 

Molapowabojang 

(mm) 

Lotlhakane East 

(mm) 

15/02/2017 0.4 0 0.2 0 

16/02/2017 0.4 0 0 0.4 

17/02/2017 3.2 3 5.4 0.8 

18/02/2017 0.4 1.8 0.4 2.2 

19/02/2017 11.2 39.4 7.4 4.8 

20/02/2017 44 74.6 132.4 56.4 

21/02/2017 29.6 98.6 18 21.2 

22/02/2017 3.6 0.6 0 0.4 

23/02/2017 14 12.2 7.4 4.8 

24/02/2017 1 1.6 0.4 0.6 

25/02/2017 1.8 1.2 7.4 0.2 
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Appendix 4. GABO- 037 Rainfall Station (Scanned Rainfall data) 
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Appendix 5. SSKA- 035 Rainfall Station (Rainfall data) 
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