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Abstract

Worldwide, more than 40% of all natural hazards, and about half of all deaths, are the result 

of flood disasters. In the Cuvelai River Basin (CRB), northern Namibia, flood disasters have 

increased dramatically over the past half-century, along with associated economic losses and 

fatalities. The increase in hydro-meteorological hazards such as floods are mainly attributed 

to intense urbanisation, changing land-use patterns and a changing climate. These hazards are 

exacerbated in semi-arid and data-sparse (SADS) regions such as the CBR, because of 

declining and/or non-existent hydro-meteorological infrastructure. In addition there is a lack 

of long-term continuous records that is needed to enhance the implementation of traditional 

flood risk management strategies, whether structural or non-structural, to mitigate hydro-

meteorological hazards. 

This thesis developed a systematic framework that has quantified the uncertainties associated 

with the hydrological cycle that preclude the development of flood risk management 

strategies. The framework is based on free-data and open-data and software that is available 

online. It used remotely sensed data validated against ground-based observational data, where 

available. The particular components of the hydrological cycle that are assessed are: 

precipitation, surface runoff (discharge), surface water extent and surface water movement 

pathways (drainage networks). Hydrologic modelling was used to model the water fluxes in 

order to derive basin as well as flood characteristics of the study area. The framework can be 

used as a benchmark for the development of flood risk management policies that will enable 

SADS regions to mitigate the severe effect hydro-meteorological disasters in the 

Anthropocene. The flood hazard analysis framework (FHAF) developed for this study 

consists of two steps: (a) preliminary analysis and (b) hazard estimation. The preliminary 

analysis enable the development of a hydro-meteorological (floods and droughts) archive

using different data sources as well as identifying where more analyses are needed to reduce 

uncertainty while hazard estimation provide the frequency and magnitude of the hazard.

As a result of the growing concern about flood risk, identifying the extreme precipitation 

events that cause hydro-meteorological disasters is essential. Hence, the preliminary analysis 

step of FHAF developed a database (a). An up-to-date and broad analysis of the trends of 

hydro-meteorological events within the CRB was performed. The derived events were also 

validated against data from other sources. 

The risk estimation step involved components of the hydrologic cycle that are crucial in 

determining flood risk and that play an important role in enhancing uncertainty. Precipitation 
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is one of these crucial components, to estimate and validate, especially in the trans-boundary 

SADS CRB. Four commonly used operational satellite-based rainfall estimation (SBRE) 

products were rigorously validated and inter-compared on monthly, seasonal, and annual 

timescales. Rainfall data from gauged stations were compared against SBREs as well as 

simulated data from a Regional Climate Model (RegCM4) model. Point-to-nearest-pixel and 

pixel-to-pixel methods were used to validate gauge data against high spatial resolution (0.25o) 

SBREs data for a period from 2008 to 2014. Validation was performed on a monthly, 

seasonally, and annual basis as well as taking the long-term mean, whilst error statistics were 

used to determine the accuracy of the SBREs when compared to the observed rainfall gauge 

values. Results indicated good statistical relationships between the ground-based gauge 

stations for some SBREs. Results will help to understand, and ultimately expand, our 

understanding of the climatologies within this SADS region and will also provide valuable 

information on the error structures of SBRE products that might be ingested into hydrologic 

models for water resource management. The results also help to quantify the improvements 

(bias correction) that are needed for these SBRE products to be useful for water resource and 

risk management applications.

The second component, surface water pathways (drainage networks), is imperative to 

determine flood inundation extent, which relate to hazards. Also, accurate delineation of 

drainage networks is crucial for hydrological modelling and hydraulic modelling, and the 

comprehension of fluvial processes. Channels from topographic maps (blue lines) were 

compared to those from hydrologically corrected and uncorrected light detection and ranging

(LiDAR) DEMs (digital elevation models), heads-up digitised channels from high-resolution 

digital aerial orthophotographs, field-mapped channels and auxiliary data. The maximum 

gradient deterministic eight (D8) GIS algorithm was applied to the corrected and uncorrected 

LiDAR DEMs using two network extraction methods: area threshold support and 

curvature/drop analysis. Results will aid national mapping agencies in SADS regions to 

modernise their national hydrography datasets and to account for changing land surface 

conditions that can affect channel spatial arrangements over time. 

The third component, deals with the amount, frequency, and magnitude of surface water 

runoff (discharge). Sustainable management of water resources as well as mitigating hydro-

meteorological natural hazards such as flooding and drought requires the precise 

understanding of the spatio-temporal distribution of water especially in SADS regions where 

data from various global datasets are used to compensate. Results suggested that input data be 



Abstract

v

ingested in hydrological models especially if the data are to be used especially for water 

resources estimations and for understanding flood-producing processes.

The last component, surface water extent (flood inundation), was also estimated in this study. 

The mapping of spatial inundation patterns during flood events is important for 

environmental management and disaster monitoring. This study detected and compared the 

spatial extent of flood inundation at the peak of three major flood events (2008, 2009, and 

2011) in the CRB. The study follows a multi-spectral and multi-sensor approach to identify 

the flood inundation for each flood event at peak modelled discharge. Results indicated that 

the quantification of flooding spatial extent can help to provide valuable information to 

FHAFs and hence potentially improve hydrologic prediction and flood management 

strategies in ungauged catchments. Furthermore, given the globally availability of satellite-

based precipitation and river discharges, this proof-of-concept study can have substantial 

implications on flood monitoring and forecasting in ungauged basins throughout the globe.
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Part I consists of three chapters (1, 2, and 3). These are the Introduction, Study area, and 

Theoretical background chapters, respectively.
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Chapter 1 Introduction

1.1 Background

Major flood events have occurred regularly during the past years globally especially in the 

study area (Cuvelai River Basin - CRB, Namibia) (Figure 1.1) during 2008, 2009, and 2011. 

These worldwide flood events have shown that most nations can be vulnerable to flood 

related disasters, and in spite of modern technologies many countries are still facing the 

regular, pervasive, and costly natural hazard of flooding.

Furthermore, globally, the number of flood events and their impacts appear to be escalating. 

This trend tends to first affect the most vulnerable in communities and the most vulnerable 

communities. This can be seen in the number of homeless people (20 million) whose lives are 

adversely affected and in the number of casualties (20,000 persons), every year worldwide 

(Smith, 2013). Since 1900 over 3,000 flood related disasters have been recorded and it can be 

concluded that flooding is a very common environmental hazard (Emergency Disaster 

Database [EM-DAT], 2016a; Kreibich et al. 2014; Smith, 2013). 

Over the past years, SA has also experienced the most disastrous flood/cyclone episodes in 

living memory (Smith & Petley, 2009). In 2008, many countries, in the region, experienced 

floods and cyclones affecting nearly 900,000 people (Reliefweb, 2008, 2010). More than 

USD 89 million were requested in international assistance. Reliefweb (2010) further reported 

that a Southern Africa Regional Preparedness and Response Plan request was initiated, for 

the first time in the region’s history that included disaster risk reduction and preparedness 

components. The catastrophic floods during the 2008, 2009 and 2011 rainy seasons, in 

Namibia, resulted in huge damages and losses (USD 200 million) for the 2009 event alone 

(National Planning Commission [NPC], 2010). More than 250 people drowned and 30% of 

the country’s population was severely disrupted during the three flood events (EM-DAT, 

2016b; Reliefweb, 2008; International Charter Space and Major Disasters [ICSMD], 2008, 

2009, & 2011). 

The causes of these flood events are diverse. Many of these severe fluvial flood events have 

trans-boundary dimensions, covering large geographic areas. Studies have shown that trans-

boundary floods have unique and severe characteristics compared to non-shared river floods, 

because they affect larger areas, cause more financial damage, are more severe, and result in 

large numbers of deaths (Bakker, 2007; Marsalek et al., 2006). In addition, flood risk can be 

increased by many factors, such as environmental degradation, urban development and 
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population growth, especially when they are combined with the impacts of climate change. 

Many researchers point out that a combination of climate change and more intensive land use 

are chiefly responsible for the increased losses and flood risk (Al-Bakri et al., 2011; Ballinger 

et al., 2011; Anderson et al., 2006; Dentlinger, 2006; Ashley et al., 2005; Alice, 2002).

Figure 1-1: Location of the Cuvelai river Basin (CRB) crossing the boundary between Angola and 
Namibia in southern Africa. The international nature of the CRB enhances the flood management 
difficulties. Major roads, towns and rivers are shown as well.
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Others point to the persistent floodplain incursion by urban development because of 

mounting property wealth stimulated by urbanisation, and ultimately, this transforms 

hydrological systems and generates an emergent flood risk (Hall et al., 2003; Mitchel, 2003). 

Those building on floodplains are rooted in the belief that the locational benefits outweigh the 

flood risks and the average annual flood costs, but recurring floods in Namibia have 

demonstrated that a single major flood can easily wipe out the benefits accumulated over 

previous years (NPC, 2010; Smith & Petley, 2009).

Nonetheless, low-lying floodplains provide more benefits than losses (Smith & Ward, 1998). 

The seasonal flood pulse is a vital part of river ecosystems and maintain the fertility of soils 

by leaving layers of silt and flushing salts from the surface layers, resulting in traditional 

societies that are well-adapted to these flood pulses. Furthermore, floods give water for 

irrigation and for village fisheries, which are a main supply of protein (Mendelsohn et al., 

2009; Morin et al., 2009; Smith & Petley, 2009; Marsh & Seely, 1992). In addition, flood 

retreat agriculture (where the moist soil left after flood recession is planted with food crops) 

is also widely investigated and practised (Hiyama et al., 2014; Smith & Petley, 2009). As 

well as this, floods are a water resource and their variability also plays an important role in 

semi-arid countries such as Namibia’s difficult-to-manage water resources (Schachtschneider 

& February, 2010; Benito et al., 2010; Morin et al., 2009; Dahan et al., 2008; Heidbüchel, 

2007; Botes et al., 2003; van Langenhove et al., 1998; De Bruine and Rukira, 1997; 

Cunningham et al., 1992; Hughes & Sami, 1992; Crerar et al., 1988). In Namibia, the primary 

cause of floods is the atmospheric extremes in rainfall over wide geographic areas which 

fluctuate from the semi-predicable seasonal rains to almost random conventional storms over 

small basins (Jury, 2010a, 2010b). Most of the floods occur during the summer season 

rainfall in Namibia and generate huge volumes of water which cause enormous damage since 

they are rapidly concentrated in both time and space. The flat relief of the CRB compound 

the situation causing an exacerbation in flooding conditions.

The impacts of flood hazards are many. Floods severely affect agriculture in Namibia which 

is the most productive sector and therefore bears most of the direct and indirect losses. 

Although the national government, international aid, and locally based Non-Government 

Agencies (NGOs) are instrumental in loss recovery operations after flood events, this does 

not promote preparedness for future events and the insurance companies are not able to do 

much to reduce flood losses (Angula & Kaundjua, 2016; Amadhila et al., 2013; European 

Union [EU], 2011, 2012a, 2012b; NPC, 2010; Smith & Petley, 2009). An increased public 

awareness of flooding would most probably reduce flood risk (Hooli, 2016; Amadilha et al.,
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2011). The consequences of floods include epidemics, deaths from drowning, as well as

physical damage to property, crops, livestock, and agricultural infrastructure. Moreover, 

mental disorders were also reported as a likely consequence of flooding (Likuwa, 2016; 

Taukeni et al. 2016; Newman, 1976). Ultimately, these consequences lead to increasing 

impoverishment of the vulnerable and less affluent rural communities that were negatively 

affected by successive flood events (Looli, 2016) while successive flood events put enormous 

strain on local, provincial, and national budgets.

Despite their disparate causes, all flood events resulted in huge economic, social, and 

environmental costs, and in many cases prolonged displacement of residents. In response to 

these events, bolstered by speculation in the press as to the possible future impacts of climate 

change on precipitation and flood regime, a high level of public and political awareness of 

flood hazard has been achieved. Authorities have thus been pressurised into being seen to 

take action to prevent repetition of flooding in affected areas, leading to a high demand for 

accurate flood frequency estimates and risk mapping. In some cases, the resulting action has 

taken the form of extensive and expensive engineering work (structural strategies) while 

many non-structural strategies (flood early warning, forecasting, and monitoring) are seldom 

considered.

Traditionally, these preventive measures against floods are physical interventions (river 

training works) such as dykes, reservoirs, polders, or levees (structural) intended to decrease 

the impact of more frequently recurring floods (Starosolszky, 1994). Researchers have argued 

that it is because of a belief that a particular area’s flood hydrology is well understood, hence, 

partial land areas can now be sheltered from more recurrent floods. This is despite enduring 

concern about the consequences of river engineering works which has highlighted problems 

about the overall effectiveness of these measures (Smith, 2013; Pinter et al., 2008). Studies, 

further stress that it is improbable that floods can ever be absolutely prevented but that these 

methods may exacerbate the impacts of floods especially as the climate is changing and 

rainfall patterns are most likely to fluctuate heavily (Kundzewicz et al., 2014; Lehner et al, 

2006; Milly et al., 2002; Palmer & Raisanen, 2002). Others recommended that the new 

hydro-meteorological conditions indicate a need to improve and adapt the preventive 

measures and instead use more appropriate hydrological modelling supplemented by remote 

sensing data and techniques to quantify the spatio-temporal flood inundation extents. In 

addition, non-structural strategies need to be prioritised because they do not modify the river 

flow, and include the following: flood proofing; post-flood rehabilitation financing;
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reconstruction and rehabilitation planning; flood forecasting and warning systems;

preparedness, response, and legislature; and flood risk mapping (Andjelkovic, 2001).  

The implementation of one of the above strategies requires a national-scale flood risk 

analysis that can provide consistent information to support the development of a flood 

management policy, allocation of resources and monitoring of the performance of flood 

mitigation activities or strategies (Hall et al., 2003). This is hampered, however, due to the 

lack of information about the quantity and quality of water resources derived from poorly 

developed hydrological networks. Most sub-Saharan countries lack the financial, human, and 

technical resources for developing and maintaining networks that can provide data for 

sustainable water resources planning, design, and management. While the need for 

hydrological information for these countries is increasing, their technical and human 

capacities are declining, as noted by the reduction in the number of meteorological stations 

globally and especially in Africa during the last 30 years (Clark et al., 2015; Filali-Meknassi 

et al., 2014; Hughes, 2012; Hughes et al., 2010; Hughes, 2004; Oyebande, 2001; Stokstad, 

1999; Bonifacio & Grimes, 1998; UNESCO, 1997, 2012). A denser network of all major 

rivers is recommended for optimum flood predictions but such stations are expensive and 

hardly realistic on a global, regional, and national scale, particularly in developing countries. 

Moreover, due to the semi-arid conditions as well as the perennial data scarcity, in the CRB, 

there remains a mismatch between those techniques being developed in the research arena, 

and those being applied in standard flood risk analysis applications. For this reason, 

conventional methods cannot be applied in the CRB. But, their limitations will provide a 

response that will enable: (i) modern solutions to today’s flood risk conditions, and (ii) the 

conception of a contemporary flood hazard analysis framework. This framework ultimately 

takes advantage of advances in remote sensing data collection and modelling techniques.

1.2 Statement of the Problem
The introduction of different kinds of data from independent observations, whether in the 

form of hard information, soft information (e.g. from satellite remote sensing), or expert 

knowledge, allows constraining model space (Fenicia et al., 2008a) and reduce uncertainties 

within the proposed FHAF. The definition of hard information in this thesis entails 

information of which the uncertainty or variability can be estimated in an objective manner 

from the data available. Soft information in contrast, can be of a more qualitative nature or 

can be information of which the uncertainty cannot be straightforwardly demonstrated from 

the data (Winsemius et al., 2009).
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While these observations are useful, the formulation of hydrological models is jeopardised in 

many parts of the world by the absence or deterioration of existing measurement networks. 

The scarce ground data available in such areas result in highly uncertain input (i.e. no or little 

ground rainfall measurements). Different types of uncertainties are also present: high and 

poorly quantifiable parameter uncertainty; model structural uncertainty; and, as a result, high 

output uncertainties. Ironically, these are exactly the areas where the needs for hydrological 

predictions are high. These areas are mostly ungauged regions, such as in Sub-Saharan 

Africa, which are mostly semi-arid river basins (i.e. the energy availability for evaporation is 

much higher than the annual rainfall). The Budyko and Miller (1974) curve (Figure 1.2) 

offers an opportunity to visualise the water balance in these regions. Semi-arid areas are on 

the water limited or moisture constrained side of the curve, which means that most of the 

rainfall will evaporate (i.e. the aridity index, PET/P > 1). Discharge is only a small part of the 

water balance, which, in practice, means that when a hydrological year brings less than 

average rainfall, the discharge will decline at a higher rate than the rainfall. The opposite is 

true for wet years, where a small positive anomaly in rainfall can bring a flood. In calibration 

mode, this may lead to biased parameters and in predictive mode in considerable predictive 

uncertainty. However, these problems have not necessarily refrained water resource managers 

and researchers from further investigation. Firstly, in principle, this opinion is based on the 

fact that there is a great need for hydrological models in these ungauged basins, both in view 

of envisaged future changes in climate or land cover or land use. Secondly, often there is a lot 

of information (such as remote sensing data) available, but frameworks have not been 

developed to incorporate this information appropriately. As a consequence, numerous 

initiatives to make better predictions under ungauged circumstances have been reported under 

the umbrella of Predictions in Ungauged Basins (PUB; Wagener et al., 2004; Sivapalan, 

2003a, 2003b). Since then, work has been done on new measurement techniques (Westhoff et 

al., 2007; Uhlenbrook & Wenninger, 2006; Selker et al., 2006;), new modelling frameworks 

(Makungo et al., 2010; Mul, 2009; Schymanski et al., 2008; Lee et al., 2007; Zhang et al., 

2006; Reggiani et al., 1998), use of new and soft data sources (Immerzeel & Droogers, 2008; 

Franks, 2002; Seibert & McDonnell, 2002), new optimisation techniques (Kuczera et al., 

2006, & Vrugt et al., 2003), optimal use of available data (Montanari & Toth, 2007; 

Wagener, 2003; Atkinson et al., 2002), and improvement of model structures by means of 

multi-informative optimisation (Fenicia et al., 2008b; Vaché & McDonnell, 2006).
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Figure 1-2: The Budyko curve. The graph shows the expected relation between an aridity index (PET/P) 
and the water balance, i.e. how much of the rainfall evaporates (E/P). PET is the annual potential 
evaporation, P is annual rainfall and E is actual evaporation. PET/P is above 1 in semi-arid areas, which 
means that the evaporation is moisture constrained (i.e. limited by the amount of available moisture). In 
temperate climates, such as in large parts of Europe, the evaporation is energy constrained (limited by the 
amount of available energy). Source: Budyko and Miller (1974) 

All these contributions may move forward our ability to predict stream-flow in ungauged 

basins. Another interesting way of enhancing PUB is by including expert knowledge about 

dominant processes and their magnitude. Expert knowledge is often an underrated source of 

information. Its value is perhaps not quantifiable, but it is in fact, an observation just like any 

other (Winsemius et al., 2009; Seibert & McDonnell, 2002).

Most PUB-related studies that use some form of complementary ground data, demonstrate 

modelling approaches in small or meso-scale (regional) catchments (de Moel et al., 2015). 

The type of ground data used for model improvement is primarily stream-flow. The use of 

such measurements becomes problematic at the larger scale, where dense spatial sampling 

becomes infeasible and the integration of discharge contributions from various sub-

catchments results in averaging of the observed tracer signatures. Moreover, at large spatial 

scales, lumping of all responses cannot be justified, simply because of heterogeneity in 

hydro-climatology and/or properties of the land (sub) surface. Hence, in ungauged basins, 

hydrological modelling at large scale has to deal with limited available data. This means that 
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classical calibration, routinely applied in gauged basins, has to rely on precipitation records 

and hydrometric records that are not available, of poor quality, sparsely distributed in space,

or non-concomitant in time. Furthermore, in semi-arid areas discharge is on average a small 

flux, not directly proportional to the average rainfall due to evaporation-related threshold 

processes (Tooth, 2008). This aggravates uncertainties related to rainfall input uncertainty

because input rainfall can be either disproportionally over-estimated or under-estimated in the 

amount and disrtibution. As a result, relevant hydrological processes can often not be 

identified from the sparse data available and hence these processes are disregarded or 

conceptualised wrongly or as part of a different process. This results in biased and weakly 

identifiable model parameters and high model structural and parameter uncertainty. Even 

though this may sometimes not be directly reflected in output uncertainty (e.g. because a 

model is still able to reproduce a variable of interest within reasonable limits), the robustness 

of such models for predictions of future change (i.e. man-made and/or climate) may be poor.

Promising research venues that may increase confidence in hydrological models in data 

sparse basins involve the use of satellite remote sensing information as complementary data 

to reduce model uncertainty (Silberstein, 2006). Unfortunately, the satellite state of the art 

does not include a mission that is specifically designed for hydrological purposes. As a result, 

hydrological variables that may be derived from space-based measurements are a result of 

(often complex) transformation models that convert the raw observations to hydrologically 

meaningful variables. This process introduces uncertainty in the data itself that is not easily 

quantifiable.

This thesis, however, aims at using satellite information and methods to formulate a FHAF

while it also considers historical ground information that may possibly be of poor quality due 

to measurement uncertainties, intermittence and non-concomitance, as a foundation. Remote 

sensing platforms, also offer the ability to indirectly observe discharge, elevation, rainfall and 

variations in terrestrial surface water extent. These indirect data sources can also be employed 

to constrain model uncertainty.

1.3 Research questions and objectives

The main objective of this research is to develop a scientific FHAF based on satellite 

information to drive, constrain, and validate a hydrological model, complementary to the use 

of traditional (ground based) data sources in order to derive quantitative information that will 

inform decisions to mitigate the impact flood risk. 
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The overarching goal of this research is to quantify errors when evaluating limited gauge-

based data (observed) against satellite remote sensing data over a semi-arid, data sparse CRB

within a hydrologic modelling setting for flood hazard analysis.

1.3.1 Research questions

Can an objective and systematic FHAF based on remote sensing data be designed that can 

support and inform flood mitigation strategies?

How can remote sensing products and in situ data be used to study hydro-climatology in data 

poor and semi-arid environments?

Does it improve our understanding of flood-producing processes due to integration of remote 

sensing data and reduce uncertainty? 

How might remote sensing of flooding inform the FHAF and will it improve the operational 

and management tools?

1.3.2 Research Objectives

• To develop an up-to-date archive of flood events by comparing referenced hydro-

meteorological hazards against those derived from different sources (Chapter 4)

• To compare SBREs with that of rain gauge and determine which product has the best 

degree of agreement (Chapter 5)

• To validate the accuracy of drainage networks modelled using numerous LiDAR-

based DEMs, a GIS algorithm, as well as two network extraction methods, against

those derived from field-mapping and multiple sources (Chapter 6)

• To estimate extreme flood events using a distributed hydrologic model to simulated 

discharge forced by four SBREs and gain insight into the utility of SBREs for use in 

watershed scale hydrologic modelling (Chapter 7)

• To devise an approach that facilitates an in-depth analysis of the degree to which the 

information content of the modelled extreme discharge using four SBREs agrees with 

the flood inundation extents derived from satellite-based surface reflectance imagery 

(Chapter 8)
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1.4 Thesis outline and organisation
This thesis is organised in ten chapters (Figure 1.3) which are grouped into two parts: Part I 

consists of Chapters 1 to 3 whilst Part II comprises Chapters 4 to 8. The data sources that 

were used for Chapters 4 to 8 in Part II are also shown in Figure 1.3. 

A brief description of each chapter follows:

1. The introduction provides the background as well as the statement of the problem for

the thesis. This section also lists the objectives and explains the outline and 

organisation of the thesis. 

2. The chapter on the study area chapter give details why the CRB basin was selected as 

a study area and also outliness the CRB’s human and physical characteristics.

3. The chapter on the underpinning theoretical principles has seven sections: defining 

flooding, its causes and impacts, the FHAF, flood studies, remote sensing in FHA,

and uncertainty. This chapter also discusses how climate change and land-use change 

are related to flood risk. In the FHAF section, a conceptualisation framework is 

discussed distinguishing hazard analysis, risk analysis, risk assessment and risk 

management. The meaning of the term hazard is also discussed. Factors playing an 

important role in flood risk are also discussed. The flood studies section explains the 

data and methods used in flood studies focusing on remote sensing data and data 

uncertainty.
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Figure 1-3: Flow chart showing the input data sources as well as the resultant chapters.

4. A flood archive was developed using ground-based and secondary data, and this is 

outlined in Chapter 4. Ground-based rainfall data from the Grootfontein station along 

with satellite-based Climate Research Unit (CRU) data were used. Discharge data 

from the Ruacana, Rundu, and Upington stations were used to compare with results 

derived from literature. Results from secondary data from precipitation-based flood 

events, hydrologic and hydraulic modelled flood results and global flood disaster 

databases were used also from literature, for comparison.

5. The validation of five SBREs products, for used in hydrologic modelling, was 

compared to rainfall gauge stations on different spatio-temporal scales (monthly, 

seasonal and long-time) over the whole CRB where data were available for both 

SBREs and gauge stations. 
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6. This chapter assessed drainage network extractions in the low-relief CRB using 

multiple data sources such as LiDAR, topographic maps, digital aerial 

orthophotographs as well as digital online map libraries such as Google Earth and 

ArcGIS.

7. This chapter was a proof-of-concept research that used satellite-based data (discharge, 

rainfall and evapotranspiration) to derive discharge for three catchments within the 

CRB. Flood frequency analysis was performed on the modelled discharge data to 

determine the frequency and magnitude of flood events from 2003 to 2014.

8. The flood inundation extent mapping chapter used surface reflectance remote sensing 

to derive flood extent boundaries (flood hazard maps) for selected flood events within 

the CRB. The derived flood boundaries were compared with active remote sensing 

products obtained as auxiliary data as water masks. Accuracy assessment was also 

performed to assess the extent of flooding compared to the available satellite-based 

products.

9. Summary, conclusion, and future work: summary of the key findings from the six 

major chapters, discussion of the main results, conclusion of the research, and outlook 

for future research are presented in this chapter.
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Chapter 2 Study Area

2.1 Why the CRB?
Problems of data availability are the arguments used against the selection of the CRB (Figure

1.1) as the study area. It is a truly ungauged catchment, which means that it is unavoidable 

that problems with data availability occur. The available data are usually scarce, incomplete, 

subject to unknown accuracy, and non-concomitant. New (often satellite-based) data sources 

are emerging in a period where, in this part of the world, in situ measurement networks have 

deteriorated, which compromises their joint use due to non-concomitance. At the same time, 

the CRB is a semi-arid river basin, which means that the ratio of annual discharge to rainfall 

is very small, in the order of 10% (Figure 1.2 - Budyko curve). The high energy availability 

results in evaporation being the most dominant flux (net all-wave energy), while only a small 

surplus of rainfall will be converted to discharge. Also, typical hot and dry air that are present 

in the CRB is also conducive to large evaporation potential. This surplus, however, will be 

significantly and disproportionally larger during extremely wet years and significantly 

smaller in dry years. This non-linearity also results in a large uncertainty in discharge (stream 

flow) estimation when rainfall is uncertain. The selection of the CRB is therefore not related 

to the ease of application of methods or to data availability. 

It was chosen for three reasons: first, the research on PUB needs a move from experimental 

basins to basins such as the CRB where data scarcity is real and it is a serious constraint to 

any modelling attempts. There is much literature on studies performed in catchments with 

numerous measurements that may be used to test hypotheses, to construct model theories and 

to apply optimisation strategies (Fenicia et al., 2008a; Selker et al., 2006; McGlynn et al., 

2002; Seibert & McDonnell, 2002; Uhlenbrook et al., 2002). These catchments are generally 

classified in between headwaters and meso-scale catchments. While the studies performed are 

extremely valuable for improving the understanding of catchment behaviour they do not 

provide a solid basis for applications in real-life problems which usually apply when dealing 

with much larger semi-arid river basins. This is especially the case becuse measurement 

campaigns in these basins, as the CRB, are compromised due to a number of reasons. Firstly, 

the size of the catchment: measurements cannot be taken at every square kilometre, and tracer 

signatures generally give poor system identification at these spatial scales. Secondly, the 

remoteness and unwillingness of involved parties to share information at this scale are further 

constraints. For these reasons, this study aimed to find methods and techniques that still allow 

for the reduction of uncertainty about the current hydrological regime, given these 

restrictions. Under these circumstances, satellite remote sensing can offer great opportunities.
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The second argument in favour of the CRB as the study area relates to the hydrological 

regime in the typical semi-arid climate of the CRB. The very fact that discharge estimation 

may be subject to large uncertainty due to relatively small uncertainties in the rainfall inputs, 

is a challenge as such to address. To deal with these uncertainties robust methods to optimise

the information (RS) content of measurements of a small flux in the water balance 

(discharge) and promising new satellite-based information sources that may help to better 

quantify the hydrologic processes, while taking into account the aforementioned 

uncertainties.

This leads to the third argument for the selection of the CRB as a study area: the CRB is in 

particular an area where large variations in surface water extent are observed over the year. It 

is therefore a suitable environment to experiment with improvements and constraints by 

means of satellite observations, for example, of flood inundation extent mapping.

2.2 Climate, water, vegetation, landscapes and soils

2.2.1 Climate

In accordance with the Koeppen-Geiger climate classification system, the study area - CRB, 

contains both zones, BShgw and BWhgw (B: dry regions with deficiency in rainfall, S: 

Steppe or semi-desert, W: desert, h: annual temperature mean above l8oC, g: month with a 

temperature maximum in summer, and w: rainfall during summer) climates. The latter only 

comprises a small part in the south-western corner (Peel et al., 2007; Kottek et al., 2006; Van 

der Merwe, 1983). 

The semi-arid character of the CRB is clearly revealed by the runoff coefficient (Figure

2.2A), which can be estimated by applying the equation of Budyko and Miller (1974) (Figure

1.2) on the precipitation and evaporation regime. The runoff coefficients, in the CRB, are 

between 4% in the south-west and 26% in the north-east. This semi-arid climate is 

characterised by rain that varies greatly in amount, spatial distribution, and timing. Mean 

annual precipitation (MAP) in the CRB is about 250 mm per annum in the south and 1000 

mm per annum in the north (Figure 2.1A). The isohyets (Figure 2.1A) also show a nearly 

meridional arrangement from north-northeast to south-southwest (Van der Merwe 1983;

Leser, 1982). Elevation and continental location of the CRB amplify the climatic 

characteristic that is essentially a function of the global atmospheric circulation patterns 

which affect SA (Figure 1.1B). The development of the atmospheric high pressure, 

particularly during summer, is being disrupted by the sub-continental landmass, which tapers 

meridionally southwards. This atmospheric condition is compounded by the continental 
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dimension of the SA area introduced through the elevation (Figure 2.3A) and its interior 

position (Thomas & Shaw, 1991; Tyson, 1986). 

Almost all of the rain falls during the austral summer months (September to April) and over 

two-thirds of it falls in January, February, and March. Rainfall is largely controlled by the 

Inter-Tropical Convergence Zone (ITCZ), which moves over the CRB from September until 

April, causing a concentration of rainfall in the months January until April. At 20o S, three 

near-surface air-streams flow together and form as a part of the ITCZ, the Zaire Air Boundary 

(ZAB), namely from (i) the south-east mainly dry air masses, (ii) from the north-west 

equatorial moist air masses, and (iii) from north-east also moist unstable air masses. 

Disturbances in the area of the ZAB are mainly responsible for the convective rainfall. 

According to the position of the ZAB, rainfall fluctuates from year to year (Mendelsohn, 

Jarvis & Robertson, 2013; New et al., 2002; Tyson & Preston-Whyte, 2000; Tyson, 1986;

Dyer & Marker, 1978). The mean potential evaporation (Figure 2.1B) for the rainy season is 

high and exceeds seasonal rainfall multiple times (Engert, 1997). High evaporation rates and 

temperatures aggravate the effects of limited rainfall.

Rainfall is typically convective in nature, being modulated by the diurnal heating of the near-

surface air and related atmospheric and topographic effects. The considerable north-east-

south-west rainfall gradient of the CRB is particularly influenced by the interplay of the 

easterlies forcing and cumulus convection (Tyson, 1986). Most storms over the region move 

in westerly to south-westerly tracks. This translates into the fact that the east lying areas 

receive earlier and more rainfall than the west (Mendelsohn et al., 2013). The high degree of 

variation in rainfall means farming is a risky business, even though the eastern areas have 

higher and more reliable rainfall than the west, it still is unsuitable for crop production. 

2.2.2 Water, vegetation and soils

The CRB covers a large area and drains parts of southern Angola (Figure 2.3B). The drainage 

system that form part of the CRB brings both water and fish into the region when it flows 

through the area (van der Waal, 1991). In Namibia, a medium or high flow or efunja occurs 

in about four out of every ten years on average. Surface water in the region also forms as a 

result of local rainfall, especially heavy rainfall. Because of the CRB’s climate, water has a 

major impact on where people live, and it was access to water that allowed people to settle 

there permanently, hundreds of years ago. People have depended entirely on water drawn 

from shallow wells during dry periods but an extensive network of pipelines supplying water 

from the Kunene River (Figure 2.3B) provides a large proportion of the population with 
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water, while other people now obtain it from deep boreholes (Mendelsohn et al., 2013). The 

Kunene and Okavango Rivers, as well as same head-waters of rivers that originate in the 

humid Angolan highlands, are perennial rivers whereas all the other rivers are ephemeral. 

Nine different types of soils can be found in the CRB (Mendelsohn et al., 2013; Beugler-Bell 

& Buch, 1997). Their distribution and properties show strong influence from the underlying 

geology and relief. In addition, most soil profiles reflect two main geomorphological 

processes, namely fluvial and aeolian while they are largely dominated by sands and clays 

(Hipondoka, 2005). Their potential for crop cultivation is low in most areas for several 

reasons: (i) poor water-holding capacity, (ii) low nutrient content, (iii) high salt content and 

(iv) hard layers of clay below the surface usually cause excess surface water after local rains. 

Most plants characteristically prefer certain types of soils so those in the eastern and western 

Kalahari sands are quite different from those in the Cuvelai and other landscapes (Figure

2.2B). 

Figure 2-1: Shows the mean annual precipitation (MAP; A) and the mean annual potential evaporation 
(PET; B) over the CRB for the long-term period 1960 – 1990. Data are based on the Climate Research 
Unit (CRU) dataset version TS3.2 while the evaporation has been computed by the Food and Agriculture 
Organisation (FAO, Allen et al., 1998). Both MAP and PET are in mm.

A B
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Figure 2-2: Runoff coefficient (A), estimated by application of the Budyko curve. Reference evaporation 
was taken as potential evaporation, from Fig. 2.1B. The six dominate landscapes of the CRB (B) are also 
shown.

Thirty-five different vegetation types are recognised and described in the CRB (Mendelsohn 

et al., 2000). The vegetation distribution is determined by local climate. At the end of the dry 

season, the areas receiving least rainfall and most potential evaporation have the least amount 
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of vegetation cover. Mopane and various other trees provide important sources of wood used 

predominantly for housing, fencing, and fuel. Large areas have been deforested as a result of 

the heavy demand for wood. Grasses and shrubs feed large numbers of domestic livestock but 

high grazing pressures in the Cuvelai and elsewhere have resulted in a reduction in the 

availability and quality of pastures (Cunningham et al., 1992).

Figure 2-3: The altitude in metres above sea level (A) and the two major catchments (B): Kunene and 
Okavango that surround the CRB.

2.2.3 Landscapes 

Complex sedimentary sequences have filled the geological Owambo Basin of which the CRB 

are a part (Miller, 1997). These deposits have produced a very flat landscape and it is only at 

the margins, where some rocks have been pushed to the surface that there are any hills (west, 

south-west and south) (Figure 2.3A). Six distinctive landscapes are identified: (a) Cuvelai, (b) 

karstveld, (c) salt pans and surrounding plains, (d) mopane shrublands, (e) eastern Kalahari 

woodlands, and (f) western Kalahari woodlands (Figure 2.2B).

The Cuvelai lies on sediments of silt, clay, limestone, and sandstone. The area is 

characterised by thousands of drainage channels or oshanas, which funnel towards the Etosha 
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Pan. During the wet season they often fill with water and cut into the underlying sediments. 

The southern reaches of the Cuvelai flatten out into a saline grassland area which is underlain 

with a shallow layer of saline sand. Various saline grasses dominate the vegetation while 

trees and shrubs are largely absent because of the poor structure, shallow depth and high 

salinity of the soil. This southern area is used for grazing cattle mostly during the rainy 

season (Cunningham & Jankowitz, 2011; Cunningham et al., 1992). The karstveld lies on 

massive deposits of calcrete and dolomite. These deposits represent the hills and mountains to 

the south, and west (Figure 2.3A). These dolomites represent the remnants of the rim of the 

Owambo Basin folded upwards during the formation of Gondwanaland (Miller, 1997).

The soils vary from loams and clays in the west and centre to more sandy soils in the south-

east, some of which are commercially cultivated. Mopane trees and shrubs in addition to 

various acacia species as well as Catophracters alexandri occur in the low-lands, while 

around the dolomite the soils are very shallow and sandy to loamy in character. Open shrubs 

and low trees of acacia species, mopane, purple-pod teminalia and Combretum apiculatum

dominate the vegetation. The salt pans and surrounding plains form a distinct landscape. The 

pans are dry for most of the year and support few plant species on their very saline silts. The 

surrounding plains are mostly treeless, except for a few acacia and Calaophractes alexandri

shrubs on degraded parts of these plains. The grass and dwarf-shrub plains surrounding the 

Etosha Pan are favoured by grazing antelope and zebra in Etosha National Pan [ENP] (Figure

1.1; Cunningham & Jankowitz, 2011). The Mopane shrublands form a large and uniform 

landscape dominated by mopane growing as shrubs and low trees. The soils consist of loams 

and saline sandy loams and are deeper than those of the saline grasslands in the Cuvelai. 

There are also many small clayey depressions in the area, as well as a number of larger salt 

pans. This area is not cultivated and is not favoured by wildlife and cattle, even though grass 

production can be high during years with good rain (Mendelsohn et al., 2013; Cunningham &

Jankowitz, 2011). The eastern Kalahari woodlands are dominated by a huge expanse of deep 

Kalahari sands. Scatter clay pans dot the landscape and a few ancient drainage lines from the 

north-east cross the area. There are also some parallel ridges of dunes running east to west. 

These pans, drainage lines and inter-dune valleys are the only places in this landscape type 

where crops can be grown because their soils are more clayey. This landscape’s southern 

boundary is marked by the Omuramba Owambo (Figure 1.1, and Figure 2.3B), which appears 

to prevent the spread of Kalahari sands to the south. Apart from soils in the pans, drainage 

lines, and inter-dune valleys, the deep soils are relatively sterile, grey Kalahari sands, through 

which rainwater rapidly drains. Thus, large trees and shrubs that have deep roots extending 
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down to moisture in the deeper layers dominate the vegetation. Another broad zone of sands 

makes up the western Kalahari woodlands, which is located east of the Cuvelai and Mopane 

shrubland landscapes. Compared with the eastern Kalahari, this landscape has been subjected 

to much more surface water flow and erosion. There are thus many more old drainage lines 

and other remnants of surface flow during wetter periods. The vegetation is dominated by 

shrub-and-tree savannah, growing on moderately deep sands and shallower sandy loams. 

Although the soils in some areas are moderately fertile, the whole zone receives less rainfall 

than areas to the east, so the potential for crop production is poor. Occasional good rains fill 

the clay pans with surface water. 

2.3 Land and governance, farming and household economies

The CRB (Figure 1.1) is almost equally shared between Angola (northern half) and Namibia 

(southern half). Because of this, most administration roles and responsibilities are managed 

differently in each country (Mendelsohn et al., 2013). Almost half the people in Namibia live 

in the CRB largely in rural households. The region has a relatively high growth rate (> 3%) 

and has in recent decades produced a population dominated by young people. Most 

households are engaged in a variety of economic activities with incomes from subsistence, 

employment and diverse business activities contributing to most homes. There are large 

disparities in wealth between households. Less affluent households are more exposed to risk 

in the event of a flood disaster, because they also consume far more natural resources than 

others. The human occupation consists mostly of small rural settlements in different densities. 

The vast majority of human settlements in the region are built in a traditional way. The 

Enkolo, as they are known locally, are fenced compounds of different sizes that include a 

residential area with several huts crop fields and pastures. The enkolos are often found in 

clusters along the margins of the ephemeral pans and rivers and are bordered by relatively 

undistributed vegetation, in some areas.

There are two national parks in the CRB, the Mupa National Park (MNP) and ENP. About 

70% of the region is used for agriculture (small-scale farming and communal grazing) and

about 30% for conservation (largely the government-controlled ENP and MNP). Growing 

demands for land and the shortage of land suitable for crop cultivation mean that few areas 

remain open where people can establish new small farms because large parts of the 

communal land have been fenced off as large informal farms. Fencing of state-owned 

communal farmland is resulting in increasing competition for common property resources, 

such as grazing pastures, which are diminishing rapidly. In addition, urban areas are growing 
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rapidly while most people that live in towns in the CRB region retain close links to resources 

for farming in rural areas (Mendelsohn et al., 2013).

Mahangu (pearl millet) and sorgum are the most important crops while livestock numbers are 

dominated by cattle, goats, donkeys, and poultry. Almost every rural household grows these 

crops and most of them also have poultry and goats. Cattle ownership, however, is unequal, 

with about 80% of the cattle being owned by 20% of the households.

Figure 2-4: Major towns and cities as well as the main roads in Angola and Namibia.
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Farming contributes very little to the cash incomes of the majority of households because few 

farm products are sold. While farm products are a vital source of food for the less affluent

households, farming serves largely as an investment for wealthier households. Even though 

an estimated 30% of cattle are moved to seasonal grazing pastures, stocking densities remain 

very high throughout the year in many areas.

Environmental conditions have promoted a need to diversify and increase sources of income 

which, along with a large population of people and the shortage of land on which to farm, 

have resulted in severe demands on natural resources. High levels of degradation, shortages 

of natural resources and competition for remaining resources are a consequence of these 

demands. Less affluent households, most of which occupied disaster-prone areas in the CRB 

and where resources are in shortest supply, suffer most because they seldom have 

alternatives. There is a great need for change in the policies, practices, and attitudes towards 

appropriate and sustainable land-use programmes that will enable a better future of both 

people and the natural environment against recurrent hydro-meteorological hazards such as 

drought and floods.
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Part II:

Part II consists of six chapters (4, 5, 6, 7, 8, and 9). Chapter 4 has been published in the 
Jàmbá: Journal of Disaster Risk Studies and Chapter 6 has been published in the 
Geomorphology journal. Chapter 5 has been submitted to the Atmospheric Research journal 
and will be re-submitted to the same journal. Chapters 7 and 8 were submitted to the 
Geoenvironmental Hazards and Natural Hazards journals, respectively.
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Chapter 3 Theoretical background 

3.1 Types of flooding and challenges in defining a flood

The term river flood has a common usage, implying a situation where water in a river spills 

over its banks. It can also be defined as a hydrologic condition where the river discharge 

exceeds the storage capacity of the channel and the excess water overflows and inundates part 

of the valley bottom. The height of the overflow and the extent of inundation depend on the 

size of the flood, which in turn is related to its frequency. In any given location, bigger floods 

occur rarely and smaller floods are more common. Probability of a flood of a given size is 

frequently expressed in terms of its average recurrence interval (ARI), that is, the time period 

within which the flood of a given size is expected to occur once. Flooding is a normal and 

expected phenomenon for a river, but as riverbanks are commonly populated, larger floods 

carry a hazardous component.

In contrast to the above, river floods have many unique characteristics in the semi-arid CRB.

Firstly, the rivers are ephemeral, flowing only occasionally and remaining dry for most of the 

year, because most of them are fed by upstream perennial streams, hence the analysis of 

stream flow emphasises an analysis of flood events (Graf, 1988a); secondly, floods are

generally defined in relationship to experiences in humid regions, in the hydrologic literature 

as well as in the following definitions: 

• “A flood is a relatively high flow which overtaxes the natural channel provided for the 

runoff” (Chow, 1964). 

• “A flood is a body of water which rises to overflow land which is not normally 

submerged.” (Ward 1978, p. 5)

• “the overflowing of the normal confines of a stream or other body of water or the 

accumulation of water over areas that are not normally submerged. Floods include 

river (fluvial) floods, flash floods, urban floods, pluvial floods, sewer floods, coastal 

floods and glacial lake outburst floods” (Field et al., 2012).

In semi-arid rivers, a flood event occurs whenever there is water in the normally dry channel, 

irrespective of the amount (Graff, 1988b; Riggs, 1985). Third, accessing gauge stations at 

high flood flows is difficult because of the instability of the channel control and cross-section 

area owing to the scouring effect of floods and also the debris and material that are 
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transported by the floodwater (Farquharson et al., 1992). And lastly, transmission losses play 

an important role in semi-arid rivers because a significant large amount of water is lost in the 

downstream direction by evaporation and infiltration. Sometimes losses can be up to 100% of 

the original discharge, which may cause the river to dry up completely (Wheater et al., 2007; 

Hughes, 2005; Lange, 2005; Graf, 1998b, 1998b; Hughes & Sami, 1992). 

3.2 Causes of flooding

This section describes the major flood triggers and causes which control the duration and 

spatial distribution of flooding. Many other factors (triggers) may contribute to flooding and 

include: (i) the volume, spatial distribution, intensity, and duration of rainfall over a 

catchment; (ii) the capacity of the stream network to convey runoff; (iii) catchment and 

weather conditions prior to a rainfall event; (iv) land use and cover; and (v) topography. 

Intense rainfall caused by meteorological processes is one of the main causes of flooding in 

the CRB. The resulting flood characteristics can be influenced significantly by a specific 

combination of meteorological, topographic, and geomorphic factors. At the same time the 

climatic and geographic setting of a catchment determines the possible range of atmospheric 

conditions conducive to extreme precipitation and flooding (Hirschboeck et al., 2000). 

The space-time domain for selected meteorological processes producing floods is shown in 

Figure 3.1. The two most common meteorological processes that can occur within the CRB 

and can result in the largest rainfall-induced floods are: (i) mesoscale convective systems 

(approximately 100 km), and (ii) small convective cells. Major floods are produced by these 

two meteorological processes and triggered by short-lived (a few hours or less), high-

intensity rainfall over localised areas (Figure 3.1) (Benito, 2013; Hirschboeck, 1988). Several 

types of meteorological events and different storm types result in mixed flood distributions, 

each with its own probability distribution (Hirschboeck, 1988). 

For this reason, the primary causes of floods can be from widespread climatological forces as 

well as secondary flood-intensifying conditions that are more drainage basin-specific Figure

3.1) (Smith & Ward, 1998). Atmospheric extremes, especially excessive rainfall, are the most 

common cause of floods. In an analysis of flood-producing climates, Hayden (1988), 

indicated that barotropic conditions prevail in the tropical latitudes, where a reservoir of 

atmospheric moisture exists due to high evaporation rates and moisture-holding capacity. The 

release of intense precipitation from this reservoir requires the presence of local convection 

and convergence and uplift of air at the ITCZ. This advection, convergence, and uplift result 

in high and intense rainfall (Gupta, 2010). It can vary from the semi-predicable seasonal rains 
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over wide geographic areas that caused the majority of major annual wet-season floods 

originating in tropical, higher altitude, and higher rainfall areas upstream in Angola, to the 

almost random convectional storms over small basins (Figure 2.1A, Figure 2.3A). Heavy rain 

over the upper catchments (such as the CRB) is routine because they are associated with the 

ITCZ and strong convection in the hot moist air (Jury, 2010a, 2010b; van Langenhove, 2011;

Smith & Petley, 2009). According to van Langenhove (2011), flooding is mainly caused by 

20% local rainfall (pluvial), 40% runoff in catchment area, and 40% (fluvial) flood water 

moving from upstream. 

Climatic variability can lead to changes in the magnitude and frequency of rainfall flood 

events, with implications for understanding future impacts of anthropogenic climate change 

on flood hazards (Milly et al., 2008). Hence, the recent increases in flood risk are attributed to 

several causative factors such as increased turbulence in the climate (climate variability),

owing to global warming, land degradation in up-streams catchments, deforestation leading 

to loss of natural storage in vegetation and soil, land use changes down streams, and 

increased pressure on natural floodplain from rapidly expanding urban and industrial areas 

(Di Baldissarre et al., 2010), and even excessive reporting by the media and aid organisations 

(Smith, 2013; Paeth et al., 2011; van Langenhove, 2011). 

3.2.1 Climate change

At present, the period of what is widely considered to be accelerated flood risk caused by 

human factors that are being experienced (Kundzewicz et al., 2014; Bouwer, 2011). Public 

and political perception of this process has been influenced by floods in Namibia and abroad;

however, these opinions have been backed up by scientific studies which look for both non-

stationarity exhibited in the recent precipitation and flood record, and aim to predict the 

occurrence of such behaviour in the future. There are many different ways in which climate 

change may affect catchment behaviour, such as changes in rainfall totals, locations, 

seasonality, intensity, effects on temperatures and evaporation, effects on channel 

morphology and sediment transport, as well as the effects on drainage density. Supporting 

evidence for precipitation increases comes from observations of global warming in the recent 

past which resulted in studies concurring with the observed changes in rainfall patterns, 

which suggest increased frequency of heavy precipitation (Alexander et al., 2006; Andersson 

et al., 2006; Arnell et al., 2001; Beifuss, 2012; Conway et al., 2009; Faramarzi et al 2013;

Folland et al., 2001; Frich et al., 2002; James & Washington, 2013; Hoerling et al., 2006;
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Hirabayashi et al., 2008; Hulme & Osborn, 1998; Kundzewicz et al., 2014; Moglen et al., 

1998; Niang et al., 2014; Teegavarapu, 2012). As well as predicting past and current 

consequences of global warming, numerical Global Climate Models (GCMs) are also widely 

used to estimate the possible future effects and magnitudes of climate change (Buontempo et 

al., 2015; Cretat et al., 2014; Davis, 2011; Haensler et al., 2011; Dirkx et al., 2008; Boko et al 

2007; Hewitson et al., 2006; Dube, 2002). The uncertainty of climate change effect on river 

flows makes it difficult to design flood defence strategies to cope with such changes. 

Figure 3-1: Space–time domain for selected meteorological processes producing floods and selected floods caused 
by failure of natural dams (ice, moraine, landslide, structural, basin sill, volcanic caldera) and constructed dams.
Source: Benito, 2013, p. 245.

Namibia is a developing country located in a semi-arid region where drought and high 

climatic variability are endemic and where great demands are placed upon natural resources, 

hence it is considered particularly vulnerable to the effects of climate change. There are 

indications that the country with future climate change will be highly susceptible to increased 

flooding, both in terms of the extent and frequency, and also increased moisture stress during 
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dry periods leading to increased drought both in terms of intensity and frequency (Niang et 

al., 2014; Mapaure, 2013; Dirkx et al., 2008).

3.2.2 Land-use change

Although the topography of an area is largely beyond the control of its inhabitants, human 

influence is apparent in another major factor in flood development: land-use and structures 

within the catchment. In more recent years, urban development and intensive cultivation of 

the land have led to widespread consequences in terms of infiltration rates, soil structure, and 

drainage patterns, and therefore in the ability of catchments to store flood water and to 

attenuate flood peaks. The causes of catchment response change may be subdivided into

those relating to urban development, and those relating to rural land-use changes. 

Alternatively, a useful distinction might be drawn between those causes which affect the 

rainfall-runoff response of the catchment, and those which relate to the functionality of the 

floodplain.

Those causes associated with urbanisation of areas of a catchment, whether affecting source 

or floodplain areas, are relatively well studied and well understood. This is due both to the 

limited scale of such developments, and also to the short timescales over which they typically 

occur, leading often to dramatic changes in the hydrological regime and easily monitored 

results. Planning regulations also tend to focus on such urban developments. Causes in source 

areas include reduced infiltration rates, reduced evapotranspiration rates due to vegetation 

loss, and reduced soil storage capacity. Urbanisation may have particularly severe effects on 

small head-water catchments, where a high percentage of the catchment area may undergo a 

change in land-use within a short time period. In a larger catchment, the effects of land-use 

change would be damped by the remainder of the catchment area to a greater extent (Pattison 

& Lane, 2012; Wheater & Evans, 2009; Rosso & Rulli, 2002; Tollan, 2002). Measured 

effects are also more pronounced at smaller flood magnitudes and during dry seasons, where 

previously the catchment had a capacity to attenuate the flood peak; during higher return 

period and winter floods saturation of the soil and resulting overland flow gives a natural 

response closer to that of an urbanised catchment and therefore the effects are reduced 

(Camorani et al., 2005; Liu et al., 2005). Where urbanisation occurs on the floodplain itself, 

the ability of the floodplain to attenuate a flood peak by promoting storage, infiltration and 

alternative flow pathways is reduced. This effect is greatly enhanced where flood defences 

are erected; such structural measures may also cause residents to lose their sense of natural 
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river dynamics and reduce the perceived risk for further development (van Stokkom et al., 

2005).

The CRB is largely rural and the effects of land-use change are often less dramatic and more 

difficult to quantify than for urban sites. However, where rural areas of the floodplain are 

used for valuable arable crops and hence protected by flood defences, the effects may be 

similar to that of urbanisation. Other changes relating to vegetation cover, infiltration rates, 

soil structure, and artificial drainage usually take place more gradually, which means that 

cause-effect relationships are more difficult to establish. Studies suggested where the 

increased flood risk could be attributed to land-use change that it was not found possible to 

distinguish the effects of climate change, increased agricultural activity, and urban expansion 

(Sullivan et al., 2004). Other studies have suggested that this interaction of different forcing 

factors could be exploited, for example, by offsetting urbanisation with forestation, or climate 

change by land-use change (Naef et al., 2002; De Roo et al., 2001, 2003; Reynard et al., 

2001). The extent and severity of flooding within the CRB may be greater now than several 

decades ago due to soil erosion from agricultural areas resulting in deposition in channels 

(avulsion) and isolated pans and pools. Furthermore, the bare earth left by agricultural 

activities that have been stripped of the natural interception qualities of vegetation cover, and 

heavy rain can cause gullying of the soil, which greatly reduces the lag time between 

precipitation and channel peak. In addition, the beds of the channels and pans and pools are 

consequently being raised by deposition which leads to flooding over greater areas and also

to flood waters flowing, and thus subsiding more slowing. Over a long period, avulsion can 

cause the abandonment of old channels due to channel bed deposition and the re-activation of 

old, and creation of new drainage networks, that can results in catastrophic flooding 

(European Space Agency [ESA], 2016a; Mendelsohn et al., 2013; Reitz et al., 2010). 

3.3 Impacts of flooding

Three major areas can be impacted by flood hazards (with increasing severity):

• to environment – loss of flora and fauna, pollution, and loss of amenity

• to goods – property damage, and economic loss

• to people – death, injury, disease, and mental stress

Flood hazards are, however, not limited to inundation of populated floodplains. Floods also 

deposit coarse sediment as crevasse slays and fine sediment in sheets across valley flats, 

contaminate the soil by deposing pesticides and heavy metals with the clay and silt fraction of 

the sediment, and cause rivers to shift course across low-gradient floodplains. The effect of a 
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specific flood hazard can be time dependent. In contrast, the effects of floodplain 

sedimentation, soil contamination, and channel change may last for years, centuries, even 

millennia.

Furthermore, flood disaster events create many threats to people and to goods. They are also 

a tragic interruption to the development processes in developing countries such as Namibia. 

Lives are lost, social networks are disrupted, and capital investments are destroyed (EU, 

2012; NPC, 2010) and when development plans are laid and disaster strikes, development 

funds are diverted to the emergency. Additional aid is directed to relief and reconstruction 

needs to get the country back on track toward economic and social development especially 

after many months of interruptions to work, transport, and educational activities.

The impact of natural disasters, such as flood disasters, seriously hampers the socioeconomic 

developmental gains developing countries had experienced. The 2008 and 2009 flood 

disasters in Namibia, for example, caused extensive damages to private and public property 

and infrastructure valued at USD 136.4 million, equivalent of 1% of Gross Domestic Product 

(GDP) or 0.6% of 2009 GDP (NPC, 2010). Furthermore, flood disaster losses to the economy 

were estimated to be USD 78.2 million while the private sector experienced the highest 

damages and losses, 72.1% and 94%, respectively. Namibia required USD 22.1 million for 

recovery and reconstruction following the 2009 flood disasters (NPC, 2010). The productive 

sector, mainly agriculture and commence, were among the worst affected sectors with an 

estimated 70 - 80% loss of crop production in the 2009/10 consumption year (NPC, 2010). 

For the 2011 flood event, a large number of people were affected and a large number of 

causalities were reported, 500,000 and 110,000 respectively. In terms of people affected and 

the number of causalities, the 2011 flood disaster event was the second highest recorded 

disaster within the last decade in Namibia.

3.4 Flood Hazard Analysis Framework

3.4.1 Conceptualation of FHA

A six-step procedure for flood risk management process that is a process for dealing with 

uncertainty within a public policy environment form the conceptual basis of the FHA used in 

this study (Simonović, 2012; Fischhoff & Morgan, 2009). It comprises “a systematic 

approach to setting the best course of action under uncertainty by identifying, understanding, 

acting on and communicating risk issues” (Simonović, 2012, p.33), and by mapping the flood 

risk in such a way that it is reduced to acceptable levels or accommodated by other actions 

(Simonović, 2012).
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The general steps of the risk management process for the identification, analysis, evaluation,

and control of risks and potential risks are shown in Figure 3.2. According to Simonović

(2012), if all the six-steps are followed, in an operational setting, it offers a pragmatic and 

evolutionary approach to guide the development of strategies to avoid, reduce, control, or 

otherwise manage real and perceived risks. The shaded steps (Figure 3.2), which this thesis 

followed, also allows for the conceptualisation of terms such as: (i) flood risk analysis, (ii) 

flood risk assessment and (iii) flood risk management. The component of risk commination

prescribes a continuing two-way interaction with the public connecting all components in the 

original work. The two-way interaction is with the six standard steps and the steps are also 

committed to self-evaluation, which means that proceeding to the next step depends on the 

satisfactory accomplishment of the previous step. Each step of the process is interactively 

connected with each other (Figure 3.2). This is unlike the original framework discussed by 

Simonović (2012) where a decision diamond with three potential outcomes are used: end, go 

back, or take action. Here, the decision to go back and forward provides for the repetition of 

one (or more) of the previous steps to improve the accuracy and completeness of the risk 

information, to update the data, or to modify the assumptions. In this way, the process 

provides for continuous improvement.

The FHAF used in this study used two steps (Figure 3.2): preliminary analysis and risk 

estimation. Preliminary analysis included the development of a risk information database. 

This step also identified the need (because of the lack of data) to undertake a more detailed 

analysis of the flood hazard before any action could be taken to mitigate the hazard. The next 

step developed further information to incorporate into the developed flood archive. The risk 

estimation step included, defining a methodology for estimating hazard frequency and 

magnitude. In this step the appropriateness of what historical data, models, and methods to

use was developed. The hazard analysis investigates the extent and magnitude of usually 

large flood events, which are associated with a certain exceedance probability.

3.4.2 Flood Risk Management (FRM)

FHA is a small component of FRM (Figure 3.2) while flood risk management usually follows 

the disaster management cycle that has four closely integrated components: mitigation, 

preparedness, response, and recovery. FRM uses information derived from the risk analysis 

and assessment steps and use of it may also provide a mechanism to anticipate and prevent or 

mitigate harm that may be avoidable. Large and more frequent flood disasters in the last few 

decades have brought a remarkable transformation of attitude by the disaster management 
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community toward: (a) integration of economic, social, and environmental concerns related 

to disasters (b) serious consideration of both objective and subjective risks, and (c) action to 

deal with the consequences of large flood disasters (Simonović, 2012).

Figure 3-2: Conceptual framework for the Flood Analysis Framework used in 
this study. The shaded components (preliminary analysis, risk estimation and 
risk evaluation) will be the focus on. Modified after: Fischhoff & Morgan 
(2009, p. 46) and Simonović (2012, p. 34)

Assessment of flood hazards, as mentioned earlier, is critical for appropriate FRM, which 

should span the before, during, and after flood event periods to understand, prevent, and 

mitigate flood hazards and their potential impacts on humans, ecosystems, and natural 

resources (Smith & Ward, 1998). FRM can follow both structural as well as non-structural 

strategies (Smith & Ward, 1998). It includes all planning measures implement within a river 

basin to mitigate flooding and usually includes physical modification (structural) of the 
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floodplain and river channel (Benito & Hudson, 2010; Goddard, 1976). Most approaches to 

FRM seek to minimise energy dissipation and increase channel conveyance, but effective 

flood management should also strive to maintain the “natural” geomorphological functioning 

of river channels and floodplains to retain lateral and longitudinal connectivity of water, 

sediment and nutrients (National Research Council [NRC], 2005; Pinter, 2005; Junk et al., 

1989). The alternative FRM (non-structural measures) strategy comprises the steps taken to 

assessment mitigate and cope with risk in the periods between hazard events (monitoring and 

planning) and during and after hazard events (communication, response, recovery, and 

analysis). 

Monitoring of flood hazards is the real-time forecasting and early warning systems of hazard 

events or their impacts. Planning for hazards encompasses developing tools to enable rapid 

decision-making, such as event triggers or emergency procedures and making long-term 

decision such as land-use planning. The purpose of monitoring systems is primarily to inform 

decision-making before and during a hazard event. The monitoring systems provide 

information that can be translated into event probabilities and are often assimilated into 

models that generate warnings and trigger actions (such as communication or emergency 

response) when the forecast probability for a hazard of a given magnitude exceeds a 

threshold. Monitoring networks are well developed for most hydro-meteorological hazards 

due to longstanding meteorological services around the world and other national agencies 

(hydrologic and disaster) issue daily forecasts that include warnings of extreme hazards. They 

also contribute to regional warning services such as the Southern African Development 

Community (SADC) in Namibia. Lead times govern the effectiveness of early warning 

systems in minimising hazard impacts. Even if the inception of some hazards cannot be 

accurately simulated, the conditions under which they might form are known and this can be 

used to set a threat level. Quantitative thresholds have been defined to aid decision-making 

during an event for many of the hydro-meteorological hazards (triggers) (Edwards &

Challenor, 2013).

Uncertainty has important implications for what can be achieved by FRM. All FRM decisions 

should take uncertainty into account. Sometimes the implications of uncertainty involve risk, 

in the sense of significant potential unwelcome effects of flooding. Then researchers need to 

understand the nature of the underlying threats in order to identify, assess, and manage the 

risk. Failure to do so is likely to result in adverse impacts and extensive damage. Sometimes 

the implications of uncertainty involve an opposite form of risk, significant potentially 

welcome effects. Then researchers need to understand the nature of the underlying 
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opportunities in order to identify and manage the associated decrease in risk. Failure to do so 

can result in a failure to capture good forecasts, which may also increase the risk. A 

framework based on a system that is a collection of various structural and non-structural 

strategies which are connected and organised in such a way as to achieve some specific 

objective through the control and distribution of material resources, energy, and information 

is needed in the CRB. FRM needs methods and techniques that can assist in dealing with 

difficulties introduced by the increase in the complexity of FRM problems, consideration of 

environmental impacts, and the introduction of the principles of sustainability.  

3.4.3 Hazard

The term hazard implies the occurrence of a condition or phenomenon (here, flood), which 

threatens or acts hazardously in a defined space and time. Different conceptualisations of 

natural hazards have not only evolved in time, they also reflect the approach of the different 

disciplines involved in their study. In this sense, a hazard has been expressed as the elements 

in the physical environment harmful to man (Burton & Kates, 1964), an interaction of people 

and nature (White, 1973), the probability of occurrence of a potentially damaging 

phenomenon (United Nations Disaster Relief Office [UNDRO], 1982), and as a physical 

event which makes an impact on human beings and their environment (Alexander, 1993). 

Natural hazards are threatening events, capable of producing damage to the physical and 

social space where they take place not only at the moment of their occurrence, but on a long-

term basis due to their associated consequences. When these consequences have a major 

impact on society and/or infrastructure, they become flood disasters.

There are many dimensions (such as, duration, velocity, debris, water depth) to the flood 

hazard that need to be quantified. Moreover, the methodology for such an assessment 

depends very much on the scale and specific characteristics, such as the geographic setting 

and the presence of defensive structures, the purpose of the assessment and the available data. 

The basis of each hazard assessment is, however, adequate observational data (see Figure

3.1). Such observational data can be based on recorded flood events (i.e. derived from 

satellite imagery), (see Schumann & Di Baldassarre, 2010; Schumann et al., 2009) but often 

entails time series of precipitation, river discharge and water levels. Such time series are 

subsequently used to derive probabilities and corresponding magnitudes of possible events. 

This can be done directly using frequency analyses to derive return periods for certain water 

levels (D’Onofrio et al., 1999) or discharges (Cunnane, 1988). For example, the 

consequences of a flood hazard are measured using return periods, giving an idea of the 
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characteristics the flood may have (magnitude) and how often it is likely to occur (frequency) 

(Alcantara-Ayala, 2002).

Observational data, data derived from interpolated maps (e.g. such as Harris et al., 2014), or 

SBREs (Khan et al., 2011a; Wang et al., 2011), can also be used as inputs in simulation 

models (hydrological and hydraulic models) which represent the flood generation processes 

in catchments and river systems. Such approaches have the advantage that hazard parameters 

can be estimated in space more easily, although there is also a variety of regional flood 

frequency analysis approaches with the aim of estimating flood hazard at ungauged locations 

based directly on observed flood data (Ngongondo et al., 2013; Haile, 2011; Kachroo et al., 

2000; Hosking & Wallis, 1997). Much more information is required in the simulation model, 

most importantly detailed topographic data, but also land cover and soil characteristics. 

Besides allowing for more complete spatial coverage, using models also allows one to 

estimate various dimensions of the flood hazard that can be important for the potential 

consequences and decision-making, such as water depth (for determining damage to 

buildings), flow velocity (for determining damage to bridges) (Kreibich et al., 2009), the rate 

of rise (for estimating fatalities), the flood volume (for designing flood retention measures) 

and the extent and duration of inundation (for determining damage to agricultural crops) 

(Tapia-Silva et al., 2011). Flood inundation extent can also be derived from satellite-based 

imagery (Long et al., 2014; Skakun et al., 2013; Schumann & Di Baldassarre 2010;

Schumann et al., 2009).

Flood hazard maps are designed to indicate the probability of flooding over space and serve 

as a critical decision-making tool for a range of end users including building/infrastructure 

developers and disaster response planners. However, such maps do not exist for much of the 

developing world due to the extremely high data and computational requirements of the 

engineering hydraulic models (See Section 3.5.3 & Section 3.5.3.3) that have traditionally 

been used in their production. Nevertheless this gap is closing since more research is focusing 

toward more tractable simplified global scale models of surface water flows but has typically 

been limited to hydrological routing schemes that are driven by regional or global climate 

models (Sampson et al., 2015).

After the hazard assessment has been carried out, the hazard data (for example, a map of 

inundation extent and depth) can be combined with information on the exposure (i.e. the 

people, property, systems or other elements assets present in the hazard zones that can be 

subjected to potential losses) (United Nations International Strategy for Disaster Reduction 

[UNISDR], 2015). 
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3.4.4 Historical Perspectives on flood prevention measures

Our understanding of hazards and disasters have changed through history (Covello &

Mumpower, 1985). Great catastrophes were once seen as acts of God – a divine punishment 

for moral misbehaviour – rather than as a consequence of human use of hazard-prone land. 

Such a view encourages an acceptance of disasters as external, inevitable events. Four hazard 

paradigms have developed over the last years: (a) engineering, (b) behavioural, (c) 

development, and (d) complexity paradigms (Smith, 2013).

The engineering paradigm is based on hardening built structures to withstand most hazard 

stresses and evacuating people from harm by emergency action. The growth of the earth 

sciences and civil engineering practices over the last centuries has led to increasingly 

effective structural responses designed to control the damaging effects of certain physical 

processes. By the end of the nineteenth century new measures, like weather forecasting, has 

been used. It is largely undertaken with the aid of science-based government agencies and 

remains a necessary and important strategy.

The behavioural paradigm viewed natural hazards as not purely a geophysical phenomena 

outside of society but interpreted them as linked to societal decisions to settle and develop 

hazard-prone land, often for economic motives (White, 1945). A blended approach was then 

implemented, where engineers continued to build to standards designed to withstand natural 

forces and scientists introduced other technocratic advances, for example in hazard 

monitoring and warning schemes (non-structural). At the same time, social scientists 

explored how the impact of disasters might be reduced through human adjustments such as 

insurance and better land planning (Burton, Kates & White, 1978; White, 1974). The 

development paradigm emerged during the 1970s and scrutinised the link between 

underdevelopment and disasters (Smith, 2013). In the light of the knowledge that natural 

disasters create more severe impacts, including large losses of life, it was concluded that 

economic dependency increased both the frequency and the impact of natural hazards. 

Furthermore, human vulnerability, a feature of the poorest and the most disadvantaged people 

in the world, became an important concept for understanding disaster impacts (Wisner et al., 

2004; Blaikie et al., 1994).

In the late twentieth century, these two contrasting views were still evident (Mileti et al., 

1995). Physical scientists, including civil engineers and meteorologists, were associated with 

the agent-specific, hazard-based behavioural paradigm using technical solutions plus some 
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adaptation measures derived from human ecology. In contrast, social scientists, such as 

sociologists and anthropologists, drew on the development paradigm and adopted a cross 

hazard, disaster-based view that stressed failings within political and social systems, together 

with the need to improve the efficiency of human responses to all types of mass emergency 

(Quarantelli, 1998).

McEntire (2004) argued that, whilst the behavioural and development paradigms enriched the 

study of hazard and disaster, each approach has crucial shortcomings. A case for a broader, 

more integrated view, one that sees disaster as the outcome of complicated interactions 

between many variables – physical, technological, social, and institutional was made 

(McEntire, 2004). Similarly, Dynes (2004) called for a vision that broadens beyond the 

Western focus on the rapid-onset hazards threatening largely urban communities to embrace 

modern-day threats that range from the multi-layered emergencies afflicting the rural 

deprived in the least developed countries (LDCs) to the disasters that still occur in the richest 

mega-cities of the more developed countries (MDCs).

The complexity paradigm – termed sustainable hazard mitigation by Mileti and Myers 

(1997), looks beyond local, short-term loss reduction in order to mesh disaster reduction with 

a realistic development agenda that secures a more sustainable future. The focus in this 

paradigm has shifted from preparedness and emergency response towards mitigation that 

includes long-term recovery and improvement, as well as societal issues like vulnerability 

and resilience (Wenger, 2006). Others, such as Smith (2013), however, emphasised that well-

designed engineering works, good land planning, and effective humanitarian aid is still 

essential in disaster reduction. In addition, because humans are not simply the victims of 

hazards, but themselves contribute to hazardous processes and to disaster outcomes, the 

complexity paradigm must embed hazards and disasters within global issues like climate 

change (Figure 3.1) and sustainability. The human-induced actions that cause over-

exploitation and degradation of natural resources through processes such as deforestation and 

global warming also amplify the risk from natural hazards like river floods (Messerli et al., 

2000).

Studies (see subsequent sections) further show that chronic uncertainty fuels the fear of 

catastrophic threats of global significance. Future disasters are expected to be larger in scale 

than in the past, due to the growing complexity of human society and the concentration of 

people, especially in flood-prone urban areas.
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3.4.5 Drivers for change toward flood risk

In recent years, significant changes in scientific, public, and government opinion have 

brought about a reappraisal of flood management policy globally. Above all, there has been 

an acceptance that nature cannot always be tamed by science, that engineering works cannot 

be used to solve all flooding problems. Indeed public perception now commonly holds that 

science and modernisation are at the root of many of the risks society face (Giddens, 1998;

Beck, 1992). This is demonstrated in the growing public view that the perceived increased 

flooding in areas around flood-affected regions, globally, may be caused by both international 

human actions such as global warming, and local ones such as floodplain development. In 

turn, this understanding has led to a decreased trust in authority, and at the same time an 

increased willingness to understand the scientific process behind policy decisions and to take 

a greater part in these processes (Watts, 1996; Saraiva et al., 1992; Jamieson, 1990). The shift 

in public view has increasingly been recognised and accepted by policy makers. The 

importance of public opinion on flood defence provision has been highlighted by studies 

showing large increases in public approval of flood strategy where communication has been 

made a priority (Parker & Handmer, 1998). This change in attitude has had several major 

impacts on flood planning, notably that the concept of flood risk assessment has been 

extended from purely economic considerations to cover wider social and environmental 

values. The idea of vulnerability of a population has become an important one, and has been 

quantified in terms of social and economic variables, property and infrastructure variables, 

flood characteristics, flood warning provision variables and official responses variables 

(Green et al., 1994; Reitano, 1992). 

In response to the drivers identified above, the current governmental policies on flood 

prevention and mitigation measures increasingly favour hard solutions over soft engineering 

solutions (Enviro Dynamics, 2012), even though most countries are moving away from hard 

solutions. Globally, the fact that flood defences cannot reasonably be built to protect against 

the most extreme floods has become apparent through several recent costly failures (Figure

3.1).

Environmental considerations are becoming increasingly integrated into flood management 

policy, as the habitat, amenity and cultural values of floodplains are recognised. Studies have 

shown that some communities would prefer to live with some level of flood risk than be 

subjected to intrusive flood defence works, especially where the flood risk is not well 

understood (Correia et al., 1994; Saraiva et al., 1992), and assessment of recreational, 

environmental and social impacts is therefore becoming an important contributing factor in 
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flood management policy decisions (Brouwer & van Ek, 2004; Rasid & Haider, 2002). 

Floodplains form an important habitat, and flood management plans must balance the need 

for flood cycles which sustain biodiversity, with protection against extreme events, possibly 

caused in part by human impacts, which damage habitats and soils (Richards et al., 2002). 

Measures such as biodiversity action plans, statutory conservation sites, and environmental 

impact assessments for flood relief works have all contributed to the heightened role of 

environmental considerations.

3.4.6 Flood Frequency

Section 3.2 identified a variety of causes behind the modern experience of accelerated flood 

risk (Ngongondo et al., 2013) and Section 3.2.2 grouped them into those that reflected 

climate change (i.e. change in precipitation regime) and those that reflected land-use change 

(i.e. change in catchment response to precipitation). But, if non-stationarity exists in the flood 

generation process, this violates a critical assumption of conventional, statistical flood risk 

analysis: namely that floods occur as independent, identically distributed, random events 

from a single, stationary distribution. The empirical nature of the distribution fitting 

procedure does not allow any adjustment based on understanding of trend or quasi-oscillatory 

behaviour in the climate record.

One consequence of this problem is the lack of a sound methodology by which to allow for 

the effects of future climate change: non-stationarity of precipitation characteristics threatens 

the relevance of historical gauged flow and flood records. Despite this, the continuing

evidence for climate change as monitored by the Intergovernmental Panel on Climate Change 

(IPCC). Niang et al. (2014) suggest that a failure to plan for increases in flood risk could 

jeopardise a country’s ability to cope with future events. For this reason, most countries, an 

example of which is the United Kingdom (UK) allows for a 20% increase in peak flow in any 

new flood risk applications. This has been adopted as a response to current government 

advice to adopt the precautionary principle with respect to flood hazard (Department of 

Communities and Local Government[DCLG], 2004). 

3.4.7 Flood Risk and dormant channels

In addition to changing flood frequency characteristics at flood-prone areas, climate change 

(and to a lesser extent land-use change) may cause flood events in locations not previously 

considered to be at risk (ESA, 2016). This is a particular problem in the CRB as flood 

protection and channel maintenance are only considered or implemented for sections of 

channel designated as the main river while smaller rivers remain ungauged, and because there 
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are large numbers of smaller rivers a complete gauging programme is not feasible. Therefore 

FHA may increasingly need to be made without the traditional advantage of discharge 

records, forcing the adoption of alternative methods such as flood risk estimates based on 

remote sensing data (Section 3.6). Lack of gauged data is also a problem in urban areas which 

are more likely to be affected by intra-urban flooding. Research which aims to inform long-

term policy on flood defence, identifies this as a major challenge to future strategy (Evans et 

al., 2008). Damages through intra-urban flooding may be low until the current excess 

capacity is exceeded, after which damages will rapidly increase. This must be anticipated 

many years in advance due to the long lead-in time required for major engineering works 

such as the Oshakati Master Plan (Goormans et al., 2015; BAR Namibia, 2012). New 

strategies will be needed for assessment of risk from urban flooding in order to commission 

such works in time.

3.4.8 Floodplain and the main channel

Traditionally, the chief focus of a FHA study has previously been seen as the derivation of 

discharge or level magnitude for a given set of return periods, with spatial mapping an 

optional extra. This attitude reflected a reliance on structural flood defence works (see 

Section 3.4.4) where the aim was to contain flood flows within the designated channel. As 

shifts in attitude towards a preference for soft engineering solutions and floodplain restoration 

have increased requirements for spatially distributed flood risk information, the one-

dimensional (1D) hydraulic models typically used to study levels within the channel have 

been extended to provide water elevation mapping over the floodplain. The simplistic view of 

the role of the floodplain implicit in 1D modelling strategy, that is, that the floodplain is 

represented purely as a storage reservoir and water movement over the floodplain as the river 

reaches bank-full and out-of-bank stages is not seen as an integral part of the floodwater 

transport mechanism. The view mimics the disconnection of channel and floodplain which 

has occurred where structural flood defence measures have been used.

Contrary to the assumptions behind the view of a floodplain disconnected from the river 

channel, flood defence circumvention or failure during extreme events has demonstrated that 

these two areas function together as a coupled system during times of flood. Water is routed 

downstream as the floodplain assumes a transport as well as storage capacity. Where paleo-

channels exist these often become active; in other cases where natural routes have been 

blocked by urban development then strong flows may occur even through built-up areas. It is 

here that deficiencies in the hydraulic approximations made by a 1D model become apparent. 
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Firstly, the model is unable to represent properly the lateral flows between the river and the 

floodplain. Being extremely dependent on the cross-section survey locations used to create 

the channel structure, the true shape, width variations and sinuosity of the channel is unlikely 

to be fully captured. Further to this, the 1D format cannot account for the pressure gradients 

which force water flows at highly variable rates between the two areas. Secondly, once water 

has reached the floodplain, the model cannot properly route flows through complex terrain. 

An urban environment presents a multitude of obstacles to flood water which cause a 

complicated response differing greatly from a basin-fill scenario. Barriers and constrictions 

cause the creation of preferential pathways for water transport, while other areas are protected 

from the greatest water depths. The increased expectation of flood flows through urban areas, 

due to changes in flood defence strategy, leads to a requirement for flood risk mapping based 

on 2D models which couple channel and floodplain flows and also provide a dynamic 

representation of water transport on the floodplain in order to overcome these difficulties. 

However, such models are data intensive and difficult to implement in low topographic relief 

as well as data-sparse regions. Flood risk mapping using remotely sensed data have been used 

as an alternative to 1D and 2D modelling data (Awadallah & Tabet, 2015; Bates et al., 2014; 

Huang et al., 2014; Tarolli, 2014; Alsdorf et al., 2007; Raclot, 2006; Smith, 1997).

3.5 Flood Studies

Flood studies are becoming increasingly interdisciplinary, drawing on expertise from 

geomorphology, sedimentology, hydrology, hydraulics, social sciences, and statistics (House,

2002; Baker et al., 1988). Data plays an important role in flood studies. Data can be obtained 

from land-based observational gauge stations such as rainfall, discharge, water level (stage), 

surface extent (inundation), and groundwater or from modelling (hydrologic and hydraulic). 

New data sets can also be derived indirectly from remote sensing sensors. The next sections 

discuss these data sets.

3.5.1 Hydro-meteorologic Data

For the implementation of flood risk assessment, three elements are required: (i) reliable and 

accurate hydro-meteorological data; (ii) data for the provision of catchment and basin-wide 

management strategies, planning of structural and non-structural flood defence works; and 

(iii) data for the provision of information to emergency planners and the public, are required. 

Ground-based observational gauge stations in Namibia are insufficient for flood studies, and 

therefore a combination of satellite-based information sources as well as modelling would be 
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an appropriate alternative (Filali-Meknassi et al., 2014). The NHS is mandated to provide 

hydrological data. They are also responsible for all ground-based stations (discharge and 

stage – water level) including telemetry stations which transmit water level data remotely, in 

addition to making manned measurements. NHS hosted the national hydro-monitoring 

database which has information from around 200 data collection stations, in Namibia. 

However it is not sufficient in quantity or location to evaluate areas of concern for flooding. 

Currently, because Namibia is such a vast country, the database does not cover the CRB and 

data collected on the CRB are not in a format to be accessible to the general public. Data 

have been collected only since 2000 from ground-based gauges in the CRB. Several projects 

are currently ongoing to improve data quality and accessibility in the CRB (Shifidi, 2015; 

Filali-Meknassi et al., 2014). The Southern African Science Service Centre for Climate 

Change and Adaptive Land management (SASSCAL, 2016a) project is one such project, and 

it becgan in 2010. Its objectives include to: (i) improve the Namibian weather observation 

network, (ii) digitalise historical climatological data, and (iii) set up a data management 

system (Posada et al., 2013). Near-real time data at an hourly time scale is currently available 

over the CRB since 2010 for selected automatic weather stations (SASSCAL, 2016b;

Helmschrot et al., 2015; Posada et al., 2013). The National Meteorological Services (NMS) 

are mandated to manage climatologic and meteorological data. The NMS also provide 

rainfall data for all ground-based rainfall stations. The long-term rainfall data are inconsistent 

and short since most stations closed in the 1980s (Hughes, 2006; Wilk et al., 2006). 

3.5.2 Statistical Methods for estimating discharge and stage

Furthermore, in order to harmonise hydro-meteorological data across regional boundaries, 

standard methods are used in several different aspects of the process. These include statistical 

methods for the estimation of flood peaks, flood hydrographs, and inundated areas. All these 

variables are typically required in terms of the T-year flood, although other standards that are 

used include the maximum recorded flood, probable maximum flood or reconstruction of a 

particular known event, such as the 2011 floods in the CRB. The estimation of peak 

discharge is perhaps the most common; it is used to determine the height and location of 

flood defences required for a certain standard of protection. In some cases, however, an 

estimate of the whole flood hydrograph is required; this would be the case if the likely flood 

volume was needed for the design of storage reservoir solutions. Because of this, when 

sufficient long-term gauged records of discharge are available in a catchment, a statistical 

analysis of peak flows provides a well-established and widely-researched method of 
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estimating frequency characteristics of flood discharge. This method is widely used in 

engineering applications, and guidance is provided by national engineering handbooks such 

as the UK’s Flood Estimation Handbook (Robson & Reed, 1999). The method is particularly 

well-suited to large catchments (> 1000 km2) which are likely to experience significant 

differences in precipitation across the catchment during a single storm, making the use of 

discharge (flow) records more appropriate than rainfall records.

The data required for the statistical analysis is either an annual maximum record (AM) or 

partial duration series (PDS), the latter being more suitable for recording lengths of time less 

than 13 years (Reed, 1999). In order to interpolate or extrapolate from the recorded data to 

make an estimate of flood discharge for a particular return period, an extreme value 

distribution is fitted to the data series (Naden, 1992). Distributions used include those of the 

Log Normal, Gumbel, Pearson, Generalised Pareto and Generalised Logistic distributions

(for a summary of these see Kidson & Richards, 2005). The distribution is fitted using a 

parameter estimation procedure such as the Method of Moments, the L-Moment method, or 

Maximum Likelihood Estimation (Hosking, 1990). There is, however, often no process-based 

strategy for choice of distribution, leading to different models being officially mandated in 

different countries, often judged purely on goodness-of-fit (Kidson & Richards, 2005; Vogel 

et al., 1993). This may lead to varying estimates of extreme flood magnitudes, none of which 

include a sound hydrological justification for the extrapolation procedure chosen.

In addition to the empirical nature of the extrapolation procedure, the method has 

disadvantages in terms of the length of gauged flow series required for accurate estimation of 

discharges. Studies recommend that a record twice the length of the modelled return period 

should be used, this would usually be achieved by flood regionalisation: using data from 

donor catchments’ close to the site of interest, or hydrologically similar analogue catchments 

(Robson & Reed, 1999). Although standardised methods for choosing these catchments are 

provided, there is still a lack of consensus as to the optimal method (Acreman & Sinclair, 

1986; Wiltshire & Beran, 1986). It is especially difficult to group ungauged catchments 

where extreme value behaviour cannot be used as a similarity measure (Reed, 1992). There 

are also particular difficulties in using a Peaks-Over-Threshold analysis in conjunction with 

regionalisation methodology (Birikundaugi & Rouselle, 1992).

Essential to understanding of both the causes and impacts of floods, and to our ability to plan 

for future events, is the capacity to reconstruct past events. Data retrieved from previous 

floods ranges from time series of flow for modern gauges, to estimated maximum levels or 

discharges for earlier events. Paleohydrology provides alternative methods to obtain such 
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data. This area of study provides methods suitable for estimating or creating a lower bound 

for the stage, discharge or velocity of the very largest of floods, even if these have occurred 

many thousands of years ago. The most common source of river level information is from 

slack water deposits: depositions of suspended clay, silt or sand from stagnated water behind 

constrictions or in low-velocity eddies present during high flood stages, whose age may be 

determined by carbon-dating methods (Cloete, 2014; Grodek et al., 2013; Benito et al., 2011; 

Winsemius, 2009; Morin et al., 2009; Heine, 2004; Heine & Heine, 2002; Fanok & Wohl

1997; El-Hamed & Richards, 1994; Salas et al., 1994; Pilgrim et al., 1988; Shaw, 1988).

3.5.3 Hydrologic and Hydraulic modelling to estimate discharge and stage

Hydrologic modelling (rainfall-runoff models) can be used for the estimation of a design 

flood discharge or hydrograph which is a preferable alternative to statistical methods when 

the required return period is greater than 100 years. Often it is possible, and desirable, to 

combine the two approaches to achieve an improved estimate. This methodology (rainfall-

runoff) dates back to work by Eagleson (1972) who recognised the importance of, and 

provided a technique for, using climatic and catchment data to predict river discharge 

(stream-flow) characteristics when discharge records were not available. In the CRB this is a 

very useful technique since rainfall records (and SBREs) are available for more sites and 

generally for much longer periods than discharge data. Since its conception, the method has 

been widely used in flood frequency estimation (Beven, 2012). 

3.5.3.1 Hydrologic modelling

Hydrologic models function as important tools for improving our knowledge of watershed 

functioning (understanding), for providing critical information in support of sustainable 

management of water resources (decision making), and for prevention of water related 

natural hazards such as flooding (forecasting/prediction). The implementation of a hydrologic 

model requires the following components: (i) a model structure/numerical code, (ii) driving 

data (i.e. precipitation, potential evapotranspiration) and (iii) parameter estimates.

Traditionally, hydrological models have been classified into three groups (i) empirical black 

box models, (ii) lumped conceptual models, and (3) distributed physically based models. This 

classification is based on the degree of physical realism embedded in the model structures 

(increases from 1 to 3), which in turn affect the degree of spatial discretisation and the 

number of unknown parameters to be specified.

In particular, models belonging to black box type solely rely on the information contained in 

the input-output data to reveal the structure of the rainfall-runoff transformation. In doing so, 
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they do not explicitly consider the internal hydrologic processes responsible for this 

transformation. Models belonging to conceptual type are designed to conceptualise some 

aspects of the physics and basin scale heterogeneity of the watershed processes either 

empirically or at a broad abstract level. For this very reason these models contain conceptual 

parameters that are related to aggregate hydrologic process descriptions, which generally do 

not have direct physical interpretation. Distributed-physically based models contain a series 

of partial differential equations describing physical principles related to conservation of mass, 

momentum (and energy). Due to the physical basis of their spatially distributed structure, 

their parameters are, in principle, tied to local observable watershed physical characteristics 

(topography, soil, vegetation, geology), and hence they account for the spatial variability of 

runoff producing mechanisms. In practice, regardless of the type of the model, a procedure 

called calibration is required to estimate (and in the case of physically-based models, to 

refine) the model parameters that provide reasonable simulation and prediction performance.

Calibration is an empirical procedure that is used to estimate model parameters when long-

term historical measurements of input-state-output behaviour of the watershed (including 

stream-flow, precipitation and potential evaporation) are available. However in many remote 

parts of the world, and particularly in developing countries, the kinds of conventional 

measurement networks (e.g. rain gauges, stream gauges) are either sparse or non-existent, 

mainly because of the high costs of establishing and maintaining necessary infrastructure. 

This situation imposes a severe limitation on the possibility and reliability of hydrologic 

simulations and/or predictions in these regions. Therefore, alternative techniques for 

hydrologic data acquisition and for model parameter estimation are important towards 

improving hydrologic predictions in poorly gauged and ungauged watersheds.

Over the last decades, increasingly available computational power has led to the development 

of increasingly complex and distributed models, requiring a large amount of input and 

parameter calibration. Often, the justification of such models lies in their application: 

studying spatially highly variable and complex problems such as land cover change, erosion, 

contaminant transport, anthropogenic impacts and climate change. Abbott et al., (1986a) 

mentioned “only through the use of models which have a physical basis and allow for spatial 

variations within a catchment can these problems be tackled”, which was the justification for 

the development of the SHE model (Abbott et al., 1986a, 1986b). Only years after the 

development and after numerous calibration and application efforts were the large 

shortcomings of this approach recognised. The input requirements were enormous and the 

calibration of model parameters led to an infinite amount of possible model parameter 
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combinations that basically reproduced the same signal, which in general was an observed 

discharge hydrograph. Beven (1989) was one of the leading hydrologists who highlighted the 

problems related to dimensionality, representativeness of scale and false applicability of the 

by that time state-of-the-art physically based models. The term equifinality was adopted from 

systems theory to describe the effects of the high dimensionality (i.e. too many degrees of 

freedom in contrast with sparse evidential data) of most physically based distributed 

hydrological models on predictive uncertainty. 

3.5.3.2 Hydrological modelling in SA

In SA two hydrological models are widely used: the monthly Pitman model (Pitman, 1973) 

and the Variable Time Interval (VTI) model with a daily time increment. Both models have 

Spatial and time series information modelling software - SPATSIM versions, and a third 

model, the empirical NAMROM model has been exclusively applied in Namibia’s semi-arid 

to arid conditions (Hughes, 1995; Mostert et al., 1993). 

The monthly conceptual Pitman model was applied to 70 gauged catchments from eight 

countries ranging in area from 18,000 to 26,000 km2. Application in Namibia is based on a 

modified version of the Pitman model which incorporates the serial correlation effects of arid 

vegetation (Hughes & Metzler, 1998). Overall results are highly variable. An overview 

summary concludes five key points; firstly, difficulties are introduced by uncertainties in 

reliability and representativeness of input (especially rainfall) data; secondly, in general, the 

model performed better in the sub-humid to humid parts of the region; thirdly, model 

application in arid and semiarid areas is limited by rainfall data inadequacies, by high inter-

monthly distributions of rainfall, and by flow reduction through channel transmission losses; 

fourthly, some aspects of simulating semi-arid to arid catchments can be improved by 

simplistic incorporation of a dynamic vegetation response; and finally, the success of 

simulation is affected by sparse information on factors that influence stream-flow regimes, 

such as impoundments, direct abstractions and diffuse land-use change (UNESCO, 1997). 

The VT1 model was calibrated and applied using daily rainfall data to simulate daily flow 

series on 34 catchments in six countries. Studies using both VTI and Piman models found 

similar performances from these models, except when applied in Botswana, for daily flows. 

Even though these models performed similarly, artificial influences have been found that 

were more significant on daily flows. An additional conclusion was found that there was 

rarely sufficient and appropriate information on the physical characteristics of the catchments 



Theoretical background

47

to be able to express a high degree of confidence in the initial quantification of parameter 

values of the models (UNESCO, 1997).

Experience in the application of the Pitman model in Namibia (Mostert et al., 1993) has 

highlighted a further problem associated with semi-arid to arid areas. Mostert et al., (1993) 

report that a “good” rainfall year (i.e. a significantly high rainfall wet season) promotes 

vegetation cover on otherwise sparsely covered catchments to such an extent that the runoff 

potential is reduced and that this effect can survive, to a greater or lesser extent, for some 

three years. Hence, an alternative model, the NAMROM model) (Mostert et al., 1993) was 

developed and incorporates an antecedent weighting factor in the calculation of a runoff 

coefficient applied to the monthly rainfall time series. The weighting factors are calculated on 

the basis of the rainfall occurring in the three previous seasons. The model is semi-distributed 

and also includes a transmission loss routine and, after calibration, was able to satisfactorily 

reproduce the characteristics of the observed discharge (stream-flow) records for 21 year 

periods of six Namibian catchments (Hughes & Metler, 1998).  

The Pitman model is developed for practical water resources assessments, hence it is argued 

that the methods are often far removed from scientific developments in the field of 

hydrological modelling as reflected in the vast amount of international research that was the 

outcome of the PUB decade (Blöschl et al., 2013; Hrachowitz et al., 2013). Perhaps the most 

obvious sources of uncertainty in the Pitman model are related to the coarse temporal (1 

month) and spatial scales (typically 100s to greater than 1000s of km2) at which the model is 

applied. The second source of uncertainty occurs as a result of exceedance of the maximum 

soil moisture store (ST) in any one model time interval and can be considered equivalent to 

saturation excess overland flow. The uncertainties associated with the main climate inputs to 

hydrological models (precipitation and evaporative demand) will always be high in data 

sparse regions such as SA (Sawunyama & Hughes, 2007; Hughes, 1995; Görgens, 1983). To 

a large extent this is unavoidable in a region with relatively low gauging densities and where 

topographic effects are associated with steep rainfall gradients in mountainous areas (Hughes 

& Mantel, 2010), or where convective type rainfall leads to high spatial and temporal 

variability of real rainfall at the catchment scale. The uncertainties in observations are 

potentially compounded in the Pitman model by the use of a monthly time step (Tumbo, & 

Hughes (2015). The value of new input data sources from Earth Observation data (Mu et al.,

2011; Krajewski et al., 2010) identified during the PUB decade has not been explored fully in 

the SA region (Munch et al., 2013; Hughes, 2006) and this is an area of research that has 

great potential to contribute to improved modelling research and practice. 
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Hence, distributed models that can ingest remotely sensed data (new input data sources) as 

well as simulate the spatial and temporal variation of land surface, and subsurface water 

fluxes and storages using cell-to-cell simulation can be most appropriated for data-poor 

regions (Khan et al., 2011; Wang et al., 2011)

3.5.3.3 Hydraulic modelling

Hydraulic models produce various types of meaningful information for modellers and 

decision makers, e.g. water level, flood extent and flood peak travel time. By extending the 

modelling of flood extent to other variables, many advantages may be gained. Predicted 

damage from flooding to a particular property can only be rudimentarily estimated from a 

map of flood extent; flood depth is a more important control that may usually be easily 

estimated using the same modelling techniques. Depth is typically related to damage by a 

nonlinear relationship recognising both the relatively minor effects of very shallow floods, 

and the decreased rate of further damage at very high levels. Where it is possible to use 

hydraulic modelling of the floodplain, Marco (1992) points that many additional benefits can 

be gained. Among them, the flood extents provide the most intuitive and valuable 

information as a proxy for flood inundation hazard patterns in 2D form. 

In hydraulic modelling, the calibration is carried out to improve the fit between simulation 

and observation by adjusting model parameters, while the model performance can be 

evaluated through comparison with observation in model validation. The use of point data 

(zero dimensional in space, such as water levels) to calibrate hydraulic models in simulating 

flood extent is fundamentally suspect (Horritt, 2000), not to mention that floodplain-

distributed water levels are hardly available in data-scarce areas. In the past, the lack of 

distributed flood extent information hampered the application of hydraulic models for flood 

extent prediction. Recent efforts on the integration of remotely sensed flood extent (e.g. SAR 

satellite imagery) as well as water levels (e.g. radar altimetry) with hydraulic models have 

revealed great potential of these data in supporting flood modelling (Bates, 2012; Di 

Baldassarre et al., 2011; Schumann et al., 2009; Smith, 1997). 

Around the turn of the millennium, high quality 2D hydraulic models capable of simulating 

the dynamics of flood inundation became a reality at the reach scale as a result of faster 

computers, improved algorithms (Bradbrook et al., 2004; Bradford & Sanders, 2002; Bates & 

De Roo, 2000), and new forms of rapidly-collected remotely sensed DEMs (Sanders, 2007;

Bates, 2004; Bates et al., 2003; Cobby et al., 2001; Marks & Bates, 2000). Whilst there have 

been significant advances in the models and data available for relatively small scale 
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modelling of flood inundation where high quality terrain data exist, the computational and 

data costs associated with such models tends to restrict their application to populated areas in 

wealthier nations. 

National standards are particularly important when such maps are used for purposes such as 

insurance calculations, when some properties may even be marked out as uninsurable. 

Current no indicative national map of flood risk in the Namibia are available but maps for a 

small urban area within the CRB (Oshakati town area) are available (Goormans et al., 2015:

BAR Namibia, 2012). These maps form part of a Concept Master Plan (Enviro Dynamics, 

2012) for the town and were produced using lumped conceptual hydrologic model 

(Probability Distributed Moisture - PDM) as well as a hydrodynamic model (1D). The maps 

show the influences of the investigated strategic defences (structural) for the 1 in 100 year 

flood. 

3.6 Remote Sensing in FHA

3.6.1 Introduction

The progress in remote sensing data products has improved much in last decades. Remote 

sensing data provides now a valuable source to overcome the traditional point scale 

parameterisation into a much more broad spatial and temporal distribution with a promising 

potential for many applications in hydrology (Lettenmaier et al., 2015; Tang et al., 2010; 

Tang et al., 2009; Lincoln, 2007; Wagner et al., 2009). In general, remote sensing data are 

used in following ways: i) for mapping and surface characteristics (e.g. flood inundation or 

land use), ii) for identifying hydrological area phenomena (flooded areas), iii) for quantifying 

estimates of hydrological variables that serve as input to hydrological models (e.g. global 

radiation, albedo or surface temperature), iv) for providing estimates of hydrological fluxes 

(e.g. sensible heat, latent heat or precipitation), and v) for providing validation data for 

hydrological and hydrologic models (e.g. soil moisture and flood inundation extent).

In contrast to conventional methods of data collection the main advantages of remote sensing 

techniques may be summarised as: i) no interference between data acquisition devices and the 

process being measured, ii) spatial distributed measurements instead of point measurements,

iii) rather high spatial and temporal resolution, iv) data available in digital form, v) 

information can be retrieved for remotely located and inaccessible areas (De Troch et al., 

1996).

A significant amount of research has taken place to develop remote sensing methods that can 

obtain quantitative, spatial measurements of important hydrologic variables. Remote sensing 
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(RS) systems that are used in flood studies can either be active or passive. Passive RS 

systems record electromagnetic energy that is reflected (blue, green, red, and near-infrared

[NIR] light) or emitted (thermal infrared radiation) from the surface of the Earth. Hence, 

multispectral RS record reflected or emitted energy from an object or area interest in multiple 

bands (regions) of the electromagnetic bands. Although active RS systems are not dependent 

on the Sun’s electromagnetic energy or the thermal properties of the Earth. Active RS 

systems create their own electromagnetic energy that: (i) is transmitted from the sensor 

toward the terrain (and is largely unaffected by the atmosphere), (ii) interacts with the terrain 

producing a backscatter of energy, and (iii) is recorded by the remote sensor’s receiver. Two 

types of active RS systems can be used in flood studies, RADAR (Radio Detection and 

Ranging) and LiDAR: the former is based on the transmission of long-wavelength (active) 

microwave (MW) through the atmosphere and then recording the amount of energy 

backscattered from the terrain and the latter is based on the transmission of relatively short-

wavelength laser light and then recording the amount of light backscattered from the terrain.

RADAR is one of the most widely used for Earth-resource observations for example as earth-

orbiting Synthetic Aperture Radar (SAR) systems while LiDAR is useful for topographic 

mapping. It is also possible to record passive microwave (PMW) energy that is naturally 

emitted from the surface of the Earth using a passive MW radiometer.

3.6.2 Rainfall

Traditionally, rainfall has been recorded using ground-based observational gauge stations but 

the coverage and spatial distribution have decreased drastically over the last few years. This

decline is especially severe in developing countries as well as in countries where vast areas 

have arid and/or semi-arid surfaces. These countries also rely heavily on water for their vital 

agricultural activities. Fortunately it is now possible to monitor selected continents on a 

continuous basis and to do so for a small fraction of the cost of a surface-based observing 

network of equivalent density (Gebregiorgis & Hossain, 2014; Smith et al., 2007). Hence, 

remote sensing platforms offer the ability to indirectly observe rainfall, variations in 

terrestrial water storage, energy budgets and the energy balance. Unfortunately, instead of 

directly measuring rainfall using a rain gauge, remote sensing methods must rely on using 

indirect remote sensed data on cloud reflectance, cloud-top temperature, and the presence of 

frozen precipitation aloft to estimate the surface rainfall. These indirect data source can also 

be used to constrain model uncertainty (Winsemius, 2009).



Theoretical background

51

The earliest precipitation estimation methods were based on the assumption that the 

brightness of reflected sunlight in the visible and NIR portion of the spectrum from clouds 

might give an indication of their thickness and thus of their likelihood of bearing rain. 

Unfortunately, not all bright clouds produce precipitation. Similarly, the temperature of the 

top of clouds was used to estimate precipitation, generally, the colder the cloud top, the 

greater the likelihood of precipitation. Unfortunately, not all cold cloud tops produce 

precipitation. Nevertheless, some very useful precipitation estimation techniques were 

developed based on visible and infrared (IR) data. One of these techniques was the GOES 

Precipitation Index (GPI) which was the standard climatological rainfall product that 

provided a climate-scale precipitation record throughout the tropics and subtropics, once. 

Algorithms have also been developed that utilise multiple images obtained through time to 

refine the rate of rainfall estimates.

A major milestone in satellite precipitation-rate estimation was the development of (MW) 

sensing instruments that respond in a more physically direct way to the presence of 

precipitation-size water and ice particles within the clouds, although remaining insensitive to 

non-precipitating clouds. Put simply, precipitation-size ice particles and large raindrops 

significantly reduce the emissivity of the cloud and thus depress its brightness temperature to 

below a nominal background level. This allows a rainfall estimate to be computed. Such a 

sensor could distinguish rainfall over land with reasonable consistently. 

The concept behind these high-resolution satellite precipitation algorithms is to use MW

only, calibrated IR, or to combine information from the more accurate (but infrequent) MW 

with that from the more frequent (but indirect) infrared (IR) to take advantage of the 

complementary strengths. The combination, with or without land-based rainfall gauge data, 

has been done in a variety of ways. The range of available products reflects significant 

differences in the measurement accuracy, sampling frequency, and merging methodology. 

Although IR sensors on geostationary satellites can provide precipitation estimates (inferred 

from cloud-top radiances) at high temporal resolutions (up to 15-min intervals on some 

platforms), MW sensors remain the instrument of choice for measuring precipitation since the 

radiative signatures are more directly linked to the precipitating particles. 

The single most important event in rainfall estimation (especially for tropical and subtropical 

regions) was the launch of the Tropical Rainfall Measuring Mission (TRMM) on November 

27, 1997, by National Aeronautics and Space Administration (NASA) and the National Space 

Development Agency (NASDA) of Japan (Jensen, 2005, 2007). TRMM has two very 

important sensors: the TRMM Microwave Imager (TMI) and the TRMM Precipitation Radar 
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(PR). The former is a PMW sensor designed to provide quantitative rainfall information on 

the integrated column precipitation content over a 780 km swath. The latter, the first in space, 

measures the 3D rainfall distribution over both land and oceans. It is also an active 

microwave sensor that defines the layer depth of the precipitation and provides information 

about the rainfall actually reaching the surface, which is used to determine the latent heat of 

the atmosphere (TRMM, 2006; Jensen, 2005; Jensen, 2007). PMW sensors, on-board polar-

orbiting satellites, have difficulty measuring rain over land areas, as a result of the reduction 

in contrast between the rain droplets and the land, but high-frequency microwaves (85.5 

GHz) are strongly scattered by ice present in many raining clouds. This reduces the MW 

signal of the rain at the satellite and provides a contrast with the warm land background, 

allowing accurate rainfall rates to be computed over land as well. Whereas the scanning radar 

(PR) operating at 13.8 GHz (HH) provides accurate precipitation data over land at spatial 

resolution of 4.3 km at nadir and a swath width of 220 km.

The International Global Precipitation Measurement (GPM) programme and mission 

(launched in February 2014) has built on the successes of the TRMM era and has provided 

sensors that improved microwave-derived rainfall data. In particular, the GPM consist of a 

constellation of eight or more satellites that will provide approximately three-hour sampling 

of rainfall for any given Earth coordinate approximately 90% of the time (Hou et al., 2014;

Smith et al., 2008). 

The transition from the TRMM data products to the GPM mission products has begun 

(Huffmann, 2015). The TRMM satellite re-entered the Earth’s atmosphere on 17th June 2015, 

and whatever debris survived landed in the southern Indian Ocean well west of Australia. On 

the 7th October 2014 the satellite descended to an altitude that precluded useful TRMM PR

data, with a brief revival as TRMM descended past the original altitude of 350 km, 

meanwhile the TMI continued to function with slowly changing characteristics until it was 

shut down on 8 April 2015 as part of the decommissioning, or passivation of the satellite. 

Furthermore, starting with October 2014, the inter-calibration of the passive microwave 

precipitation estimates had to change for production TRMM 3B42, and this created at least a 

slight inhomogeneity, primarily over the oceans. Calibrations involving PR have a different 

inter-annual behaviour than calibrations based solely on passive microwave. In addition, as a 

legacy product, shifts in input data, such as new algorithms, might make continuation of 

TRMM 3B42 problematic faster. TRMM 3B42 will run in parallel with the Integrated Multi-

satellite Retrievals GPM (IMERG) until the mid-2017 timeframe. One unavoidable issue is 
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that the loss of TMI data reduces the amount of conical-scan imager data going into the 

TRMM multi-satellite Precipitation Analysis (TMPA; Huffmann, 2015)

Numerous studies provide a comprehensive reviews of satellite based rainfall estimation 

products and algorithms (Kidd & Huffmann, 2011; Kidd & Levizzani, 2011; Kid et al., 

2009a, 2009b; Kidd et al., 2003).

3.6.3 Discharge and Inundation 

3.6.3.1 Discharge

In situ estimates of flow (discharge) in a river usually are based on measurements of river 

stage converted to discharge using a rating curve. Rating curves (stage-discharge 

relationships) are constructed using occasional discharge measurements made manually in 

combination with the observed stage at the times of those measurements. The altimetric 

measurements are of stage only, and do not provide information about river velocity, hence 

discharge. For this reason, Birkett et al., (2002) did not attempt to estimate river discharge, 

but rather confined their investigation to the signature of river stage in interpreting variations 

across the Amazon basin of, for instance, seasonal maximum and minimum stage and surface 

slopes. Others (Papa et al., 2010; Kouraev et al., 2004) have used in situ stage-discharge 

relationships in conjunction with altimeter-derived stage to construct discharge time series. 

Gleason and Smith (2014) and Gleason et al., (2014) pursued an approach they call At-Many-

stations Hydraulic Geometry (AMHG). As the name implies, it is based on hydraulic 

geometry relationships (Leopold & Maddock, 1953) using one of the parameters: river width, 

stage, or velocity. When stage is selected, the equation is the stage-discharge relationship 

used in rating curves. Gleason et al., (2014) used discharge (Q) estimations on 34 world 

rivers using only Landsat-based river widths, and with the notable exceptions of braided, 

arid-region, and width-invariant rivers, they showed excellent accuracies.

One drawback in all methods discussed is that they produce estimates of river discharge only 

at the time of satellite overpasses, whereas many users of river discharge will want 

information that is temporally, and perhaps spatially, continuous. One solution to this 

problem is to use satellite-based measurements to calibrate a global water balance model. For 

example, Brakenridge et al., (2012) used PMW data (Advanced Microwave Scanning 

Radiometre for Earth Observing System (EOS) [AMSR-E] and AMSR-2) to measure 

inundated water areas along global rivers and integrated this information into a model that 

provided a discharge estimate. They found that such estimates of annual discharge matched 
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stream gauge values well on an annual basis, but that daily discharge values had larger errors 

compared to the stream gauge values. 

Surface Water and Ocean Topography (SWOT) satellite mission aims to provide water level 

records for any flooding events that underlay a given satellite overpass and is planned for late 

2020 (Biancamaria et al., 2016).

3.6.3.2 Inundation

There are multiple sources of remotely sensed flood extent information, such as aerial 

photography and thermal (optical) imagery, but their disadvantages hamper their 

functionality for flood monitoring in data-scarce areas. As an example, aerial photography is 

capable of providing high-resolution imagery and is considered probably the most reliable 

source of remotely sensed flood extent data (Yan et al., 2015; Yu & Lane, 2006). However, 

large costs associated with airborne acquisitions make them less attractive in data-scarce 

areas. The visible and thermal bands of a flood image are obviously appealing for flood 

extent acquisition, and there are some successful examples on flood mapping using such 

imagery (Marcus & Fonstad, 2008, 2010; Rango et al., 1974). Hence, numerous satellites 

were launched including the series of Landsats 1–5 and Landsat 7 (the launch of Landsat 6 

failed) have been provided data continuously for 40 years, although that long record mainly 

owed to the 27 year lifetime of Landsat 5. The launch of Landsat 8 in 2013 continues this 

legacy with two new sensors, the Operational Line Imager (OLI) with 9 spectral bands (0.43–

2.30 µm) and the Thermal Infrared Sensor with 2 bands in the thermal infrared. Landsat data 

have been widely used in scientific and applied studies and are now the standard for land 

surface characterisations used in many hydrological models (Homer et al., 2007). Also, 

NASA’s EOS has two satellites - Terra in late 1999 and Aqua in 2002 - were preceded by a 

decade of planning and investment (Asrar & Dozier, 1994; Dozier, 1990). These satellites 

have a large suite of Moderate Resolution Imaging Spectroradiometer (MODIS) data 

products that are readily available and have the MODIS-based Dartmouth Flood Observatory 

(DFO, 2016) record. Most studies used the NIR regions at wavelengths between 740 – 2,500 

nm for discriminating land from pure water. In the NIR and middle-infrared regions, water 

bodies appear very dark, even black, because it absorb almost all the incident radiant flux, 

especially when the water is deep and pure with no suspended sediment or organic matter in 

it (Jensen, 2005, 2007). These sensors, however, cannot capture imagery under cloud cover 

that is commonly associated with flood events. Therefore, radar (i.e. MW) remote sensing, 

particularly satellites carrying SAR sensors, would be most useful for flood detection and 
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monitoring because MW signals can penetrate clouds and are reflected by the open water 

surface (Schumann et al., 2009), the insensitivity to weather conditions (Sanyal & Lu, 2004), 

and the ability to acquire data during day and night (Imhoff et al., 1986, 1987). 

Mapping and monitoring water inundation (or soil moisture) can be a challenging process for 

passive remote sensing due to the often coincident cloud cover, and the fact that water is 

generally not visible under a closed vegetation canopy, but a suite of radiometers have been 

developed that can record subtle, PMW energy. The instruments measure the brightness 

temperature of the terrain or the atmosphere and its constituents (NASA AMSR-E, 2016; 

Jensen, 2005, 2007). The AMSR-E is one of six sensors on-board Aqua (NASA AMSR-E, 

2016). AMSR-E is a cooperative effort between NASA and the NSDA. AMSR-E has a six 

frequency passive microwave radiometer (HV polarisation). It has a mean spatial resolution 

of 5.4 km at 89 GHz and 56 km at 6.9 GHz with a 1,445 km swath width. AMSR-E measures 

total water-vapour content, total liquid-moisture, precipitation, snow-water equivalent, soil 

moisture, sea-surface temperature (SST), sea-surface wind speed and sea-ice extent.

Other sensors (active RS) such as SAR would appear to be an ideal sensor for the detection of 

extensive flooded areas, because the backscatter signature of water is so distinctive compared 

with that of vegetation (Lewis et al., 1998). The basic underlying assumption (e.g. in Namibia 

during the 2008, 2009, and 2011 flood events) is that the floodwater remains visible for a 

sufficiently long period of time to allow for acquisition of imagery and subsequent 

delineation of the flood boundary, which was certainly the case in these three major flood 

events. One of the unique features of SAR is the ability to detect areas of flooding under 

closed-canopy vegetation. Areas of flooded vegetation show with enhanced backscatter, due 

to the corner-reflector effect formed from the vegetation and the smooth water surface. 

Successful detection of flooded areas under vegetation requires some visual interpretation 

experience, or the assistance of a scene gathered before the flooding in order to make a 

comparison.

Meanwhile, the costs of those images are fairly low (Di Baldassarre et al., 2011). Two 

important aspects for satellite SAR imagery for flood modelling are image resolution and 

satellite revisit time. Various satellite missions provide imagery with various resolutions 

(mostly better than 100 m) and repeat cycle (from 11 to 46 days) (Di Baldassarre et al., 2011;

Schumann et al., 2009). Given that there is an inverse relationship between image resolution 

and repeat cycle, and the duration of flooding is commonly in the order of a few days, it is 

nearly impossible to capture more than one set of images per flood with the low repeat cycle 

satellites (TerraSAR-X - 11 days, and RADARSAT-2 - 24 days) (Di Baldassarre et al., 2011). 
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This has been changed by satellite constellation missions, where several satellites work 

together to achieve reduced revisit time. For example, the recently launched Sentinel-1 

mission (April 2014) is designed as a two-satellite constellation, offering a global revisit time 

of just six days. Disaster monitoring constellation consist of a number of satellites, allowing 

daily imaging of any given point on the globe.

3.6.4 Elevation (Digital Elevation Models - DEMs)

Elevation information is a critical component of geographic databases used by many 

hydrologic agencies such as mapping, disaster and hydrology agencies. These data can be 

used in numerous practical applications such as flood zone mapping, regional planning and 

utility siting. Most elevation data are stored in a digital elevation model that can be analysed 

in conjunction with other spatial data in a GIS. A DEM is defined as a file or database 

containing elevation points over a contiguous area (McGlone, 2008; Ma, 2005). DEMs may 

be subdivided into: (i) digital surface model (DSM) that contain elevation information about 

all features in the landscape, such as vegetation, buildings and other structures; and (ii) digital 

terrain models (DTM) that contain elevation information about the bare-Earth surface without 

the influence of vegetation or man-made structures. Four major technologies are used to 

obtain elevation information, including: (a) in situ surveying; (b) photogrammetry; (c) 

Interferometric Synthetic Aperture Radar (InSAR); and LiDAR (Jensen, 2007; Bossler et al., 

2010).

Low-cost space-borne elevation data derived from RS have been invaluable for large-scale 

flood studies in data-poor regions such as the CRB. The DEM is the core dataset from which 

many of these secondary datasets (such as river locations, channel geometries, and flood 

defences) are derived and it is the limited quality of the present generation of global DEMs 

that presents the greatest challenge to flood inundation modellers today. It is also considered 

as one of the most significant sources of uncertainty by scientists and practitioners in flood 

studies (Jung & Merwade, 2012). 

LiDAR collection is the optimum method due to its high horizontal and vertical precision and 

accuracy, its ability to penetrate vegetation cover, and its reduced susceptibility to scatter and 

shadowing relative to other forms of remotely sensed elevation data such as InSAR (Bates, 

2004). These three key properties made it ideally suited to the creation of bare-earth DTMs. 

Such data are ideally suited for the purposes of flood hazard simulation using hydraulic 

models, and form the basic datasets from which to develop other multi-scale flood hazard 

layers (Lastra et al., 2008). The DEM is the core dataset from which many of these secondary 
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datasets are derived and it is the limited quality of the present generation of global DEMs that 

presents the greatest challenge to flood studies. 

A number of free and commercial global DEMs exist: (i) Advanced Space-borne Thermal 

Emission and Reflection Radiometer (ASTER), (ii) Shuttle Radar Topography Mission 

(SRTM), (iii) ASTER Global Digital Elevation Model (GDEM), (iv) Altimeter Corrected 

Elevations 2 GDEM (ACE2), and (v) Global 30 arc-second Elevation (GTOPO30).

3.6.4.1 SRTM and ASTER

SRTM and ASTER have received the majority of attention from flood modellers: the SRTM 

DEM (Farr et al., 2007; Rabus et al., 2003), and the ASTER DEM (Abrams, 2000), and their 

respective derivatives (Kobrick, 2013; Fujisada et al., 2012; Jarvis et al., 2008). These data 

sets are popular because they are open access and offer greater levels of detail than the 

previous generation of open access DEMs due to their greatly increased resolutions. There 

was a lack of low-cost globally available DEM before the launch of the SRTM. In February 

2000, the SRTM was successfully launched by a joint effort of the NASA, the National 

Geospatial-Intelligence Agency and the German Aerospace Centre (Farr et al., 2007). The 

data processing of this interferometric SAR technology product includes SAR focusing, 

motion compensation, co-registration and interpolation, interferogram formation and 

filtering, and phase unwrapping (Rabus et al., 2003). The primary goal of the mission was to 

produce a topographic data set with globally consistent and quantified errors (Rodríguez et 

al., 2006) with linear vertical absolute height error of less than 16m on average and linear 

vertical relative height error of less than 10 m (Farr et al., 2007). ASTER and SRTM have 

ground spatial resolutions of 1 arc-seconds (�30 m) at the equator, respectively, compared to 

�30 arc-seconds (�1 km) for the previous generation DEMs. A number of studies (Jarihani 

et al., 2015; Rexer & Hirt, 2014; Jing et al., 2014; Hirt et al., 2010) have compared the SRTM 

DEM and ASTER DEM across a range of locations globally to assess their applicability to 

flood studies (Sanders, 2007), and despite its lower nominal resolution it is SRTM, 

particularly the void-filled CGIAR-CSI version 4 variant (Jarvis et al., 2008), that has 

emerged as the favoured choice. This is due to SRTM’s greater feature resolution, reduced 

number of artefacts and lower noise than ASTER, particularly in the flatter areas of concern 

to flood modellers (Rexer & Hirt, 2014; Jing et al., 2013). Different types of derived datasets, 

such as global hydrography data were derived from SRTM data, for example, the United 

States Geological Survey Hydrological data and maps based on Shuttle Elevation Derivatives 

at multiple Scales (HydroSHEDS).
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3.6.4.2 Other global DEMs

The other global DEMs (Yan et al., 2015), such as GDEM is a 30-m spatial resolution DEM 

developed using stereo photogrammetry. The global assessment of ASTER showed that its 

accuracy is of 17 m at the 95% confidence level (Tachikawa et al., 2011a, 2011b), meaning 

that SRTM has some advantages over ASTER for most flood modelling studies (Bates et al., 

2014). Although it has been recently improved in 2011 by reducing voids and correcting 

anomalies (GDEM, 2016) very few studies have successfully used and tested this DEM 

product for inundation modelling and mapping (Gichamo et al., 2012; Wang et al., 2012).

The ACE2 and GTOPO30 (30 arc-second) elevation have a resolution of 1 km, which is 

obviously too coarse for regional flood studies but may be adequate for very large-scale 

applications when models can be run in sub-grid mode (Schumann et al., 2013, Neal et al., 

2012).

3.6.4.3 Limitations of global DEMs

Significant as these achievements may be, the current generation of global DEMs have 

serious limitations that heavily restrict the skill of models developed around them. Taking 

SRTM as an example, the critical limitations of the dataset are: (i) poor vertical accuracy due 

to noise or speckle (Rodriguez et al., 2006); (ii) the difficulty in obtaining a bare-earth DTM 

due to radar reflection from the top of the vegetation canopy; (iii) the inability to resolve 

street-scale features in urban areas, resulting in large positive elevation biases in urban areas; 

(iv) other systematic errors, such as striping, that are a result of the pitch and yaw of the 

spacecraft during the data collection phase (Rodriguez et al., 2006); and (v) the inability of 

SRTM to resolve the bathymetry of water bodies due to radar reflection from the water 

surface. These limitations have a highly detrimental effect on both derived hydrography 

datasets and the simulated flow dynamics of flood hazard models. There is a tendency 

amongst many users to fixate on the nominal horizontal resolution of DEMs, but for flood 

modelling it is the vertical accuracy and precision that is critical. This is because the 

dominant control on the flow of water in a hydraulic model, as in the real world, is the change 

in elevation of the topography; after all, it is gravity that moves water downslope. The five 

critical limitations of the SRTM dataset outlined above all concern the vertical accuracy and 

precision of the DEM, and all can affect simulated flow dynamics adversely. Vertical noise 

within a DEM will fundamentally affect the propagation of a floodwave because pixels will 

serve as blockages or sinks. Where noise is random, it can be reduced by resampling the 

DEM grid to a coarser resolution as the positive and negatively biased pixels cancel when 
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aggregated onto the larger grid. This approach reduces noise, but also reduces the resolution 

of the DEM and limits its ability to represent small scale features. More challenging still are 

the elevation biases imparted by vegetation and urban areas. Such biases can be 10s of meters 

and, if left uncorrected, forests, and urban areas act as walls or islands that block the flow of 

water across a floodplain and (erroneously) never flood themselves within the model.

The effects of systematic elevation errors on derived hydrography datasets are equally severe. 

When a flow direction map is calculated from the DEM, erroneously elevated surfaces caused 

by areas of vegetation or urbanisation cause errors in the calculated flow directions. This in 

turn leads to incorrect flow accumulation calculations and stream network locations. The 

effect can be severe in the case of large forests and cities, leading to grossly misplaced river 

channels and even missing or invented connections between channels and resultant errors in 

catchment delineation. The most obvious of these errors can be rectified by painstaking 

manual editing, as was done for the HydroSHEDS dataset (Lehner et al., 2008), but many 

errors remain that can be hard to identify in a systematic manner. These errors impart 

structural errors on models that rely upon them for their construction, compounding the 

DEM-induced errors in flow dynamics discussed above. The errors discussed above have 

such a marked effect on flood hazard simulations that it has been necessary for practitioners 

to develop methods that attempt to reduce their severity.

3.6.5 Global FHAF data 

There are many orbiting and geostationary satellite services available, and coverage of almost 

any part of the world is available in small timescales ranging from hours to a few days. 

Further, imagery from these satellites is relatively cheap or freely available, and the scale of 

the events roughly matches the resolution of the satellite imagery. Spatial resolution, image 

extent and spectral characteristics play a large role in determining whether or not a particular 

sensor or data type is capable of detecting individual hazards, irrespective of the ability to 

acquire or process these data. For many parts of the world, medium to high resolution remote 

sensing satellites will only acquire data after the satellite has been programmed to do so. In 

these circumstances, coverage of the affected area is likely to be delayed and possibly missed. 

However, when major disasters unfold, most satellite operators will schedule imagery 

collection, even without confirmed programming requests, either on humanitarian grounds or 

in the hope of data sales. The ICSMD is one of those operators, and it has a membership of 

several international space agencies and space system operators. ICSMD aims to provide 

remotely sensed imagery and data to member countries affected by a disaster. The type of 
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imagery acquired will be specific to the scale, location and type of hazard and could be a 

combination of active (SAR) and passive RS (optical). There does not appear to be a standard 

for image processing, and this may depend on the organisation enlisted for project 

management (Joyce et al 2009). The service is provided free to member organisations for a 

specific period after the disaster. The extreme flooding events in Namibia of 2008, 2009, and 

2011 have been successfully and rapidly mapped using a variety of sensors to take advantage 

of differences in spatial and temporal resolution (ICDSM, 2008, 2009, 2011). 

User generated secondary datasets derived from global topography (DEMs) offer a valuable 

resource for a range of activities and can be directly attributed to the production of open 

access global DEMs. From a flood modelling perspective perhaps the most valuable example 

is the HydroSHEDS global hydrography dataset (Lehner et al., 2008). This dataset was 

produced by executing a number of hydrology-based GIS operations over a suitably void-

filled SRTM dataset, and contains layers such as flow direction maps, river networks (with 

upstream accumulation areas) and catchment masks. The HydroSHEDS data has been used as 

the basis for a number of large scale hydrology and river routing models (Sampson et al., 

2015; Alfieri et al., 2013; Schumann et al., 2013; Gong et al., 2011, Wood et al., 2011) 

because, in conjunction with the SRTM DEM, it provides a framework within which 

hydraulic model structures can be assembled. The availability of such datasets reduces 

significantly the total workload for groups attempting to construct global models, making 

previously intractable problems manageable for the first time and allowing developers the 

time to focus on other critical aspects such as efficient numerical schemes and automation. 

However, the systematic striping caused by the pitch and yaw of the Space Shuttle create 

false wave like artefacts on the DEM that can corrupt the modelled flow of water across the 

DEM. It also needs to be noted that SRTM is now quite old (the data were collected in 

February 2000) and many of the world’s floodplains have undergone dramatic changes since, 

mostly because of human development. This is particularly true in developing countries, and 

there is an increasingly pressing need for a new global topographic mapping mission that

produces open access data. 

HYDRO1K is a similar database to HydroSHEDS and was developed by United States 

Geological Survey’s (USGS) Earth Resources Observations and Science (EROS) Data Centre 

from the GTOPO30. HYDRO1K data covers every continent, and includes a hydrologically 

corrected DEM, streams and drainage basins, and other ancillary data sets like flow direction.

Flood risk is very clearly a global problem and, consequentially, a number of research and 

commercial groups are currently working on the development of flood hazard models at the 
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global scale (Sampson et al., 2015; Ward et al., 2015; Hirabayashi et al., 2013; Winsemius et

al., 2013). Projections of rapidly escalating economic losses due to flooding and the United 

Nations (UN) adoption of both the Sendai Framework for Disaster Risk Reduction (United 

Nations General Assembly, 2015) and the Warsaw International Mechanism for Loss and 

Damage Associated with Climate Change Impacts (United Nations Framework Convention 

on Climate Change, 2013) provide clear motivation for the development of global flood risk 

assessments by both commercial and governmental purposes. These new models are 

becoming tractable as a result of further increases in computational power and software 

parallelisation, algorithmic improvements (Bates et al., 2010), and emerging global datasets 

(Yamazaki et al., 2014; Andreadis et al., 2013; Jarvis et al., 2008; Lehner et al., 2008;

Elvidge et al., 2007). 

3.6.6 Conclusion RS

This study intends to use remote sensed data to make predictions that seek to improve 

understanding of climate–hydrology processes (Cloke & Hannah, 2011). These data sets that 

characterise and quantify the spatio-temporal variation of water-related variables are priceless 

because they underpin understanding of dynamic relationships between the atmosphere and 

surface waters, patterns in hydrological behaviour and processes, and prediction of 

hydrological variables over wide geographical domains (Simmons et al., 2010; Syed et al., 

2008).

It is predicted that RS data sets available are moving towards real-time prediction of most 

hydrologic parameters, even where no (or only limited) observations are available. This 

advancement will be extremely important for quantification of the water cycle, detection of 

floods, as well as the validation of hydrological and climate models (Cloke & Hannah, 2011). 

The most dramatic advances, therefore, are attributable to remote sensing involved the 

extension of knowledge about processes and state variables from the scale of field 

experiments to regions, continents, and the entire Earth. However, the development of new 

quality RS data sets is fraught with challenges, whether from the paucity of observed data for 

assimilation schemes or from the complexities in providing coherent and verifiable modelled 

outputs of hydrological variables (Siebert et al., 2010; Hunger & Doll, 2008).

3.7 Uncertainty

The main aim of this thesis is to develop a flood risk framework in the data-poor CRB in 

Namibia, which is particularly vulnerable due to large uncertainties as a result of a lack of 
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sufficient long-term ground-based observational data. Alternative new data sources (RS) also 

suffer numerous uncertainties and needs observational data for validation. Compounding the 

challenge is CRB’s semi-arid climate which according to Kotwicki and Kundzewicz (1995) 

rarely exhibits flow conditions. Hence, in this type of system there may be insufficient 

information to close the catchment, leading to large uncertainties in even the most 

fundamental analysis.

The large and many types of uncertainties hence result in many challenges when FRM studies 

need to be implemented in regions such as the CRB. Figure 3.3 summarises in general the 

intrinsic subjectivity of fundamental assumptions and the consequent necessity for active 

participation in analysis by all interested and affected parties in data-scarce environments 

when FHA is implemented (Simonović, 2012; Stirling, 1998).

Currently, as a result of the lack of a FHA in the CRB, there is a problem of ignorance

(Figure 3.3). The knowledge about likelihoods has no basis while the knowledge about 

outcomes is poorly defined. There is therefore a condition under which it is possible neither 

to resolve a discrete set of probabilities along a scale of outcomes nor even to define a 

comprehensive set of outcomes (as under uncertainty – in the top left of Figure 3.3). 

Ignorance arises from many familiar sources including incomplete knowledge, contradictory 

information, conceptual imprecision, divergent frames of reference, and the intrinsic 

complexity of many natural and social processes. Under such circumstances, there often 

exists no basis for the many sophisticated techniques in flood studies and eventually 

probability theory (FHA). Judgements concerning the extent to which “we don’t know what 

we don’t know” are subjective and value driven (Stirling, 1998). Recognising the complexity 

and subjectivity of risk analysis and the need for more clarity and rigor of quantitative 

techniques, new data sources (RS) would ideally fill the gap to supplement observational 

data. This will enable the application of clarity to and rigorous application of techniques to 

enhance process understanding as well as moving from ignorance to uncertainty. This will 

also allow the implementation of the FHAF (Figure 3.2) which proposed to interactively

reduce uncertainty as more sound data are added, later.

The next sections will discuss the different types of uncertainties, and practical ways that 

have been used to mitigate and reduce it.
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Figure 3-3: Risk, uncertainty and ignorance. Source: Simonović, 2012 and Stirling, 1998.

3.7.1 Types of uncertainty

Quantification of uncertainty is the first step in the FRM process. There are various sources 

of uncertainties present in FRM that originate from: (i) natural variability and (ii) knowledge 

uncertainty (NRC 2000; Simonović, 1997, 2009, 2011). Natural variability is further divided 

into: i) temporal variability, ii) spatial variability, and iii) individual heterogeneity. 

Knowledge uncertainty reflects our limited ability to represent real world phenomena with 

mathematical models. The uncertainties in: (i) observation uncertainty, which is the 

approximation in the observed hydrological variables used as input data (e.g. rainfall, DEMs, 

river discharge and floodplain inundation); (ii) model formulation, which is process 

descriptions within a model; (iii) parameter estimation uncertainty, which is induced by 

imperfect model parameterisation as well as their calibration and validation; (iv) model 

structural uncertainty, which is originated by the inability of models to perfectly schematise 
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the (often incompletely understood) physical processes involved; (v) uncertainty is caused by 

many sources of error that propagate through the model and, therefore, affect its output; and 

(vi) use of models in decision-making FRM (Götzinger & Bardossy, 2008; Montanari, 2007; 

Bardossy, 2005; Melching, 1995; Beck, 1987).

More uncertainties have been identified. When hydrological processes lack structure it is 

referred to as natural randomness (Melching, 1995) or chaotic behaviour (Kundzewicz, 

1995). Furthermore, uncertainty may also be caused by non-stationarity in hydrological 

processes, including trends, periodicities and correlations between variables. This may 

include trends produced by climate change or land use change (Kundzewicz, 1995;

Strupczewski & Mitosek, 1995). Bogardi and Kundzewicz (2002) describe the importance of 

the pre-hydrological (e.g. meteorology) and post-hydrological (e.g. social, psychological and 

institutional) sources of uncertainty. Finally, there are the sources of uncertainty which are 

unidentified until a hydrological event or disaster brings them to our attention: these are the 

unknown unknowns (Klemes, 1996).

Beven (2001) questions whether, given so many possible faults in any model, a scientist 

searching for a truthful representation of reality might feel that all models should be rejected. 

This might seem to be the most rigorous response, and might indeed lead to advances in 

process understanding and refinements in modelling technique as we search for an acceptable 

model. However, referring back to the theory of equifinality (Section 5.2.1) and irreducible 

uncertainty (Klemes, 1996) the extreme difficulty of quantifying the system at its 

fundamental level, it may be necessary to accept and accommodate uncertainty. Given that 

model predictions are required for many applications, a way to simplify the layers of 

uncertainty and identify those that are the most important must be investigate (Beven, 2001).

3.7.2 Reducing uncertainty

Kundzewicz (1995) outlines some of the practical ways that hydrologists and engineers have 

dealt with uncertainty in the past. Recently, hydrologists have tried to take a more thoughtful 

approach to dealing with uncertainty, by making use of the information that is available about 

the magnitude of uncertainty, its variability over space and time, and the role that it plays in 

the modelled system.

Another interesting way of further reducing predictive uncertainty is by including expert 

knowledge about dominant processes and their magnitude. Expert knowledge is often an 

underrated source of information as will be shown in a later chapter of this thesis. Its value is 

perhaps not quantifiable, but it is an observation just like any other. Expert knowledge can 
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easily be tested by introduction of fuzzy measures in the optimisation process (Seibert &

McDonnell, 2002).

Most uncertainty estimation methods are undertaken in the hope that knowledge of 

uncertainty can aid in its mitigation. Since uncertainty is inherent in the system in this study, 

the process (FHAF) will be progressive and iterative as to reduce uncertainties in, for 

example, knowledge of model structure and parameterisation as well as remotely sensed 

input data. However, if contrastingly there is a belief that all uncertainty is avoidable, the 

process will be seen as a pathway to acquiring the knowledge required to remove uncertainty. 

The knowledge of individual uncertainties can be used to identify problem areas in the 

FHAF, enabling resources to be used in the most efficient way.

Ultimately, reducing uncertainty will help water resource management decisions (Kindler &

Tyszewski, 1995; Yen, 2002). Many studies have emphasised that in order for government 

agency endorsement, FHAF is essential to mitigate uncertainties so that appropriate methods 

(models) and techniques be selected. FHAF is also important, especially against the 

background that some projects follow standard techniques (engineering) to avoid legal 

liability (Reed, 2002; Anderson & Bates, 2001; Oreskes & Belitz, 2001).

Lastly, an increased understanding of uncertainty will in particular emphasise the current 

limits and deterministic nature of flood studies (Wheater, 2002). Numerous methods have 

been established to visualise and use uncertainty information flood studies (Awange et al., 

2016; Bauer-Gottwein et al. 2014; Bernardara et al., 2010; Hall & Solomatine, 2008; Hughes, 

2010, 2016; Artan et al., 2007). 
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Chapter 4 Identifying hydro-meteorological events

Identifying hydro-meteorological events from precipitation extremes indices and other 

sources over northern Namibia, Cuvelai Basin

Frans C. Persendt, Christopher Gomez, Peyman Zawar-Reza

Abstract

Worldwide, more than 40% of all natural hazards and about half of all deaths are the result of 

flood disasters. In northern Namibia flood disasters have increased dramatically over the past 

half-century, along with associated economic losses and fatalities. There is a growing concern 

to identify these extreme precipitation events that result in many hydro-meteorological 

disasters. This study presents an up to date and broad analysis of the trends of hydro-

meteorological events using extreme daily precipitation indices, daily precipitation data from 

the Grootfontein rainfall station (1917–present), regionally averaged climatologies from the 

gauged gridded CRU product, archived disasters by global disaster databases, published 

disaster events in literature as well as events listed by Mendelsohn et al., (2013) for the data-

sparse CRB. The listed events that have many missing data gaps were used to reference and 

validate results obtained from other sources in this study. A suite of ten climate change 

extreme precipitation indices derived from daily precipitation data (Grootfontein rainfall 

station), were calculated and analysed. The results in this study highlighted years that had 

major hydro-meteorological events during periods where no data are available. Furthermore, 

the results underlined decrease in both the annual precipitation as well as the annual total wet 

days of precipitation, whilst it found increases in the longest annual dry spell indicating more 

extreme dry seasons. These findings can help to improve flood risk management policies by 

providing timely information on historic hydro-meteorological hazard events that are 

essential for early warning and forecasting.

Material covered in Chapter 4 has previously been published in: Persendt, F.C., Gomez, C. & Zawar-Reza, 

P. ( 2015) Identifying hydro-meteorological events from precipitation extremes indices and other sources over 

northern Namibia, Cuvelai Basin, Jàmbá: Journal of Disaster Risk Studies 7(1), Art. #177, 18 pages. 

http://dx.doi.org/10.4102/jamba.v7i1.177
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4.1 Introduction 

More than 40% of all natural hazards and about half of all deaths worldwide are the result of 

flood disasters (EM-DAT; 2016a; Ohl & Tapsell, 2000). In recent decades, floods have 

caused much damage economically and have also affected millions of people, especially in 

developing countries (Jonkman, Vrijling & Vrouwenvelder 2008; Jonkman, 2005). Of the 

disaster-related fatalities 31% were caused by floods worldwide, between 1900 and 2006, and 

these fatalities are second only to drought (53%) (Smith, 2013). In Africa, research has 

shown that between 1950 and 2010, floods caused an increase in fatalities by one order of 

magnitude (Figure 4.1) (EM-DAT, 2016b; Di Baldassarre et al., 2010). But studies have also 

found no evidence that the magnitude of African floods has increased during the 20th century 

(Di Baldassaree et al. 2010). Yet, others have projected an expected increase in the risk of 

floods in tropical Africa (Hirabayashi et al., 2008). 

In northern Namibia (Figure 4.2), flood disasters have increased dramatically over the past 

years, along with associated economic losses, and fatalities (Figure 4.3; EM-DAT 2016b;

Kundzewicz et al., 2014). Many causes for flooding are possible hence most flood disaster 

events differ widely depending, for example, on the climate and the geography of the 

drainage basin, amongst other causes (Smith, 2013; Hofer & Messerli, 2006). 

There is a low to medium confidence in the historical extreme rainfall trends observed over 

most of Africa, because of partial lack of data, lack of literature, and inconsistency of 

reported patterns in the literature (Seneviratne et al., 2012; Conway et al., 2009). Observed 

changes (from ground-based rainfall stations) have been reported for areas extending from 

Namibia to Angola: including a reduction in late austral summer precipitation as well as an 

increasing trend in daily rainfall intensity, which has implications for run-off characteristics 

(Hoerling et al., 2006; New et al., 2006). Extreme precipitation linked to climate change is 

one of the most widely accepted causes of flood events (Abbas et al., 2014; Simonović, 2012;

Teegavarapu, 2012), as a result of this the World Meteorological Organisation/Climate 

Variability and Predictability (WMO/CLIVAR) Expert Team on Climate Change Detection, 

Monitoring and Indices (ETCCDMI, 2015) has conducted initial studies on worldwide 

analysis of both observed temperature and precipitation daily extreme indices. These studies 

showed noteworthy observed changes in extreme climate indices, for example, they found 

during the last 50 years there have been major increases in heavy rainfall events (Alexander 

& Arblaster, 2009; Alexander et al., 2006; Frich et al., 2002).
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Figure 4-1: Statistics of fatalities by flood disaster events from 1950 to 2015 in Africa.

Source: Emergency Disasters Database (EM-DAT), 2016a, Fatalities from meteorological disasters from 1948 to 2015 
in Africa, The OFDA/CRED International Disaster Database, Université catholique de Louvain, Brussels, from 
http://www.emdat.be/advanced_search/index.html

Whilst research from SA has shown more variable patterns for all extreme daily precipitation 

indices except for the maximum 5–day rainfall that presented a consistent pattern of increase, 

especially during the second half of the twentieth century (Frich et al., 2002). 

More research has been undertaken on the observed monthly climate over the SA region 

resulting from the scarcity and paucity of daily precipitation data. Unganai and Mason,

(2001) have provided a regional and national overview on recent trends and variability in the 

monthly climate over Africa. New et al., (2006) have provided the first regional synthesis of 

trends in daily extremes for SA using extreme precipitation daily indices and they have also 

provided a very good regional synthesis of extreme precipitation trends over Namibia. In 

South Africa, many studies on extreme precipitation exist, amongst these Kruger (2006) 

focused on 138 South African rainfall stations using the indices described in New et al.,

(2006), whilst Mason et al., (1999), investigated trends in extreme precipitation that had not 

experienced locational changes – but without testing for other inhomogeneities.
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Figure 4-2: (a) Location of the Cuvelai River Basin in Africa. (b) The location of the CRB in southern 
Africa and (c) the CRB with the location of the study area (box) between southern Angola and northern 
Namibia. The figure also shows all the national rainfall stations as well as the new automatic rainfall 
stations from the WeatherNet. Source: Data on the WeatherNet stations: Helmschrot et al., 2015

They identified significant increases in the intensity of extreme rainfall events between 1931–

1960 and 1961–1990 over 70% of South Africa.

Future projections for SA are:

1. medium confidence – that the projected droughts will intensify in the 21st century in 

some seasons, resulting from reduced precipitation or increased evapotranspiration

2. low confidence – that the projected heavy precipitation will increase. The projected 

changes for the climatological dry southwest parts of SA have signalled drying in the 

annual mean as well as during the austral summer months (James & Washington, 2013; 

Moise & Hudson, 2008; Orlowsky & Seneviratne, 2012).

Furthermore, a projected delay in the onset of seasonal rains in SA is caused by rainfall 

decreases during austral spring months, and this is also projected for the region (Seth et al.,

2011; Shongwe et al., 2009).
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In countries qualified as developing, such as Namibia, observed climate change time series 

data and detailed quantitative flood events archives are usually unavailable (Filali-Meknassi, 

Ouarda & Wilcox, 2014). Qualitative data have been used to derive historical flood events 

from 1941 to 2013 (Figure 4.4). Different sources were used to compile this archive (Figure

4.4) such as flow and flooding extent (levels) as well as fish species types and abundance 

within the Oshanas (channels) of the CRB (Mendelsohn et al., 2013). The former were 

derived from hydrography and observational studies that recorded the occurrences of 

flooding between 1941–1942 and 1960–1961 within the CRB (Stengel, 1963) whilst the latter 

were derived from fish species’ type and abundance studies that were used to categorise the 

magnitude of the flood events between 1975–1976 and 1989–1990 (Van der Waal, 1991). 

Even though this is the most up to date historical record of flood events for the CRB, for the 

last 73 years, numerous data gaps remain present, for example, no data are available for 13 

years. Flood events, in this archive, are qualitatively classified into three classes:

• exceptionally high flows (major flood events) for 11 years: 1949, 1953, 1956, 1970, 1976, 

1977, 1995, 2004, 2008, 2009 and 2011 

• 18 years of medium flows (medium floods)

• no or only negligible flow (small floods) for 12 years were reported (Figure 4.4).

This archive has also been used to better understand the flooding occurrences in the CRB 

(Miller, Pickford & Senut, 2010; Mendelsohn et al., 2009; Hipondoka, 2005; Mendelsohn et 

al., 2000), however, for many years no record of hydro-meteorological disasters have been 

reported. This study validates and appends possible disaster events for the period 1941–2013, 

using data from various sources especially for the period from 1960 to 1968 that has no 

records.

Extreme precipitation events play an important role in monitoring and predicting the 

occurrence of flood disaster events (Wuensch & Curtis, 2010; Hofer & Messerli, 2006). 

Furthermore, the evaluation of short and long duration precipitation events is also critical to 

our understanding of flooding and its impact on natural and built environments (Teegavarapu,

2012). Also heavy precipitation (pluvial flooding) in agriculture delays spring planting, 

increases soil compaction and causes crop losses through anoxia and root diseases, thus, 

identifying these heavy precipitation events is essential. In addition, linking rain-induced 

flooding to certain extreme precipitation events will help with adaptation and improve coping 

mechanisms. This is especially significant in the low-relief landscape such as the Cuvelai 

basin that has many pans, which compound the severity of pluvial flooding, as heavy 
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downpours cause these pans to overflow and inter-link, causing flooding in the absence of 

vegetation which buffers run-off (Jury & Engert, 1999). 

Hence, the aim of this chapter is to develop an up to date archive of flood events by 

comparing referenced flood events listed above to events (years) derived from:

• extreme precipitation indices calculated from data obtained from the Grootfontein rainfall 

station (longest continuous time series data for northern Namibia) 

• regional rainfall stations (New et al., 2006) 

• global disasters databases 

• rainfall climatologies of the Grootfontein station 

• averaged data (area and time – annual) from the CRU TS 3.21 product (Harris et al.,

2014; Mitchell & Jones, 2005). 

Figure 4-3: Inventory data for Namibia from 1900–2014 showing the number of people affected and the 
casualties caused by flooding.  Source: Emergency Disasters Database (EM-DAT), 2016a, Top 10 natural 
disasters in Namibia for the period 1900 to 2014, The OFDA/CRED International Disaster Database, 
Université catholique de Louvain, Brussels, retrieved from 
http://www.emdat.be/country_profile/index.html.

This chapter contributes towards supplementing geospatial data scarcity that delays the 

implementation of an efficient and effective flood risk management system in Namibia and 

also the advancement of climate change adaptation strategies. An updated flood disaster 
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event archive is also essential as flood disaster events are short lived and their spectacular 

impact is soon forgotten, thus, awareness of the flood disaster event quickly subsides 

(Barnolas & Llasat, 2007).

Figure 4-4: Flood levels from year-to-year in the CRB, northern Namibia. Source: Data from: Mendelsohn et al., 
2013

4.2 Study area 

The CRB is an area of 167,600 km2 and is located between 14° and 15° E longitude, and 15° 

and 20° S latitude. It extends over 450 km from north to south and is located between Angola 

and Namibia. It is surrounded by the Kunene and Okavango rivers to the north-west and 

north-east respectively (Figure 4.2). The administrative regions of the basin are comprised of 

the Omusati, Ohangwena, Oshikoto and Oshana areas in Namibia and the Kunene region in 

Angola. The basin has a semi-arid climate in the southern part (Namibia) and a subtropical 

climate in the northern part (Angola), with an annual rainfall ranging from less than 200 mm 

– 900 mm (Figure 4.5) (Mendelsohn & Weber, 2011). The rainfall is highly variable and falls 

in the austral summer (October – April) mainly resulting from the seasonal north-south 

movement of the ITCZ that brings moist tropical air southwards. During this time, maximum 

daily temperatures can range between 35° – 40° C whilst evaporation and evapotranspiration 

rates are also at the annual highest.

The dominant vegetation types of the area are the Colophospermum mopane shrubland and 

woodland (northern part), whilst the saline grasslands are found within different landscapes 

of the southern part (Kangombe, 2010). These landscapes include: the Cuvelai, mopane 

shrubland, Karstveld, eastern and west Kalahari woodlands, salt pans and surrounding plains 

(Mendelsohn & Weber, 2011; Mendelsohn et al., 2009). The study area is densely populated, 

having the highest population density in Namibia of approximately 100 people per km2, and 
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more than 50% of the population of Namibia lives in this area (Mendelsohn & Weber, 2011;

Mendelsohn et al., 2009, 2010). It is also host to Namibia’s fastest growing rural areas where 

livelihood strategies for the vast majority of people are from the land (Mendelsohn & Weber,

2011). The land-uses in this region are: rain-fed subsistence farming that is vulnerable to 

recurring droughts and floods; firewood for energy and building purposes and water for 

livestock and human consumption. In the southern part, surface water storage facilities are 

limited resulting from the low topography, high evaporation rates and shallow salty 

groundwater. The soils in the study area are: sandy, porous and infertile. Hence, these soils 

have a low probability for use in crop farming but are good for rangeland farming 

(Mendelsohn et al., 2009), whilst an impermeable layer below the sand compounds the 

problem (Mendelsohn & Weber, 2011). Furthermore, where this layer occurs, vast areas are 

inundated with water when it rains for long periods. In addition, some areas (southern part) 

have multiple broad channels as well as numerous pans that are composed of waterborne clay 

which produced fertile soils (cambisols and calcisols) for many agricultural uses 

(Mendelsohn & Weber, 2011). Lastly, the Mupa National Park (Angola) and the world-

renowned ENP (Namibia) are located within the basin.

4.3 Objectives 

A sound and reliable archive on floods and flooding is important to insurance companies, 

research institutes, and government and financial organisations that can benefit from accurate 

data. It is also useful for more appropriate and suitable flood management and protection 

measures, both structural and non-structural, for analysing locational strategies for disaster 

risk mitigation. Furthermore, it will help institutions optimise their investments to alleviate 

poverty and to stimulate (economic) prosperity and, finally, many stakeholders are also 

interested in collecting correct information to improve their knowledge on floods and 

flooding. 

The specific objectives of this article are to: 

1. list flood events according to their magnitudes (Table 4.1, Figure 4.4) 

2. document flood events published in literature based on hydro-meteorological data 

3. calculate extreme precipitation indices for the Grootfontein station, and compare them

to the regional trends (New et al., 2006) 

4. calculate climatologies for the Grootfontein rainfall station 

5. calculate area averaged climatologies and also anomalies for the CRB using the CRU

product data 
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6. validate the listed flood events (Table 4.1) against those identified from other sources.

Figure 4-5: Mean annual rainfall for the CRB derived from CRU 3.21 data. The original data covered a 
period from 1901–2012 at a gridded spatial resolution of 0.5° and were converted into contours. Source:
Data from:  Harris et al., 2014.

4.4 Data and Methods

4.4.1 Data

This article has used, as reference, an existing list of flood events (Table 4.1) to compile an 

up to date archive of past flood events. It has also used the referenced events for comparison 

to events obtained from other sources.

The sources used in this article were:

1. flood events from the archive (Figure 4.4) and reproduced in Table 4.1
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2. daily rainfall data from the Grootfontein station that will be used to calculate these indices 

as utilised by New et al., (2006)

3. daily rainfall data to calculate climatologies (Grootfontein)

4. information from the global disaster databases such as the EM-DAT

5. rain-gauged gridded precipitation (CRU) data

6. published literature on flood events in northern Namibia.

Table 4.1 summarises the known flood events for the last 73 years from 1941 to 2013. For 

this period the following flood events were reported: 

• exceptional high flows (major floods events) – 11 times 

• medium flows (medium floods) – 18 times 

• negligible flow (small floods) – 12 times 

• no flow – 18 times 

• years with no data – 13 times 

Table 4-1: Reported flood events in the Cuvelai basin for the last 73 years from 1941 to 2013. Source:
Mendelsohn et al., 2013

These flood events (years) were used as references to validate results obtained from other 

sources that enabled the creation of an up to date archive of flood events for the study area. 

The archive of hydro-meteorological events (droughts and floods) will help to identify 

weather and climate extreme events that have caused large flood disasters in the study area. 

This is especially relevant as a changing and variable climate can lead to changes in the 

frequency, intensity, spatial extent, duration, and timing of these events (Niang et al., 2014).

Rainfall daily data from several stations in the Cuvelai basin were evaluated using two 

criteria. Firstly, the selection of rainfall gauge stations must have at least 30 years of data 

over a long-term period, including the climate (normal) standard period from 1961 to 1990. 

Secondly, the stations must have limited missing data (less than 10%) in the overall long-

term record (New et al., 2006). The Grootfontein rainfall station is the only station that meets 

these criteria in northern Namibia. The data for the Grootfontein station were obtained from 

the daily Global Historical Climatology Network (GHCN-Daily) data set (Alexander et al.,
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2006; Gleason et al., 2002) as well as from the NMS (2016a). After selection, the data of the 

Grootfontein rainfall station were checked for erroneous data using data plots that enabled 

visual inspection. Local meteorological knowledge proved crucial in assessing a number of 

large precipitation outliers (compared to surrounding rainfall stations), whilst data plots were 

also used to detect larger temporal inhomogeneities (Klein-Tank, Zwiers & Zhang, 2009; 

Kruger, 2006; New et al., 2006). The Grootfontein data were used to calculate the climate 

change extreme indices as well as annual climatologies.

The EM-DAT (2016a) is the most commonly used global database and was used to obtain 

flood events for the CRB (Smith, 2013; Adhikari et al., 2010; Tschoegl, Below & Guha-

Sapir, 2006). For the period 1900 to 2014, the EM-DAT (2016b) lists only four flood disaster 

events for the top ten natural disasters in Namibia: 2008, 2009, 2010 and 2011 (Figure 4.3). 

Annual precipitation climatologies and composites from the CRU product (Harris et al.,

2014; Mitchell & Jones, 2005) were calculated. This monthly gridded product covers the 

period 1901–2012 and is composited of observations at meteorological stations across the 

world’s land areas. The spatial resolution of the product is 0.5° longitude by 0.5° latitude. 

The dataset was used because it represents the longest temporally consistent global dataset 

that covers the CRB. Lastly, published literature of reported flood events in the Cuvelai basin 

was also compiled.

4.4.2 Methods 

Flood events were identified from climate change extreme precipitation indices. Extreme 

precipitation indices are valuable for climate monitoring but are not recommended for use for 

activities such as weather forecasting (Klein-Tank et al., 2009). The RClimDex package 

(ETCCDMI, 2015) was used to perform quality control on the daily Grootfontein rainfall 

station data. The duration, frequency, extent, intensity and total amount of extreme long-term 

rainfall are crucial in identifying past and predicting future hydro-meteorological hazard 

events. This study used this package to calculate ten standardised indices (annually) that have 

proven to assess and analyse these characteristics of rainfall in order to understand and 

monitor a changing climate. In addition, these indices are also designed to allow for the 

regional comparison of these characteristics (Klein-Tank et al., 2009). The indices are 

different from the traditional measures of extremes, in statistics, in that they record the 

occurrences of several extreme events per year whilst measures of extremes capture only the 

extreme value in a distribution’s tail, hence they exclude some years (Alexander et al., 2006;
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New et al., 2006). The indices used for the present contribution can be classified into four 

categories:

1. precipitation frequency (R20 mm and R10 mm)

2. precipitation intensity (RX1day, RX5day, simple daily intensity index - SDII, R99p and 

R95p)

3. precipitation duration (consecutive dry days [CDD] and consecutive wet days [CWD]) 

4. precipitation amount (PRCPTOT). 

Alternatively, the indices can be classified by their: 

• percentile (R95p and R99p) 

• absolute (RX1day, RX5day, R10 mm and R20 mm) 

• duration (CDD and CWD) values even though the total cumulative precipitation 

(PRCPTOT) and SDII do not fit this classification. 

Percentile-based indices (very wet days – R95p and extremely wet days – R99p) represent the 

amount of rainfall falling above the 95th (R95p) and 99th (R99p) percentiles. They also 

include, but are not limited to, the most extreme precipitation events in a year. Absolute 

indices represent maximum or minimum values within a year and they include the maximum 

1–day precipitation amount (RX1day) and maximum 5–day precipitation amount (RX5day). 

Threshold indices, in contrast, are defined as the number of days on which a precipitation 

value falls above or below a fixed threshold and include the annual occurrence of the number 

of heavy precipitation days greater than (>) 10 mm (R10 mm) and the number of very heavy 

precipitation days > 20 mm (R20 mm). Duration indices are defined as periods of excessive 

wetness or dryness and they include the indices of the CDD and the CWD. The CDD index is 

defined as the length of the longest dry spell in a year whilst the CWD index is the longest 

wet spell in a year. Other indices include annual precipitation total (PRCPTOT) and the SDII. 

They do not fall into any of the above categories but changes in them could have significant 

societal impacts (Klein-Tank et al., 2009).

Values for the ten indices were calculated from the Grootfontein daily rainfall station data. 

Also, linear trends for these indices for both the Grootfontein station as well as the regional 

rainfall stations (New et al., 2006) are listed in Table 4.2.

The regional trends for the abovementioned indices were obtained from New et al., (2006). 

Flood disaster events were identified using the global disaster databases. There are many 

disaster databases that catalogue flood disaster events using various criteria. These criteria 
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resulted in underreporting of disasters in many developing countries such as Namibia, as the 

lack of efficient and effective disaster management communication systems, amongst others,

are limiting the recording of small yet damaging events. The global databases that have 

information on Namibia include:

• EM-DAT (2015a)

• United Nations Office for the Coordination of Humanitarian Affairs (OCHA) –

Reliefweb (2016)

• International Flood Network (IFNET, 2016)

• Dartmouth Flood Observatory (De Groeve, 2010; DFO, 2016).

The DFO and EM-DAT databases have the most extensive records of flood events and their 

impacts, but underreporting, especially of relatively small and frequent floods, is a great 

obstacle to reliable validating risk estimates, in these databases and others (Smith, 2013; 

Adhikari et al., 2010; Tschoegl et al., 2006).

Fourthly, the daily precipitation data of Grootfontein were used to derive the annual 

cumulative rainfall sum for each year and a least square trend line was calculated.

The regional averaged (spatial) climatologies for the region (Figure 4.2b, c) were derived 

from the CRU product using a latitude and longitude box (15° – 20.1° S and 13.9° – 19.4° E)

and the standardised anomalies were calculated from the data that were also aggregated to an 

annual dataset whilst a moving average trend line (10–year) was also calculated (Figure 4.8; 

Washington & Preston, 2006).

Published literature on reported flood events (precipitation based) were obtained and used to 

verify the reference flood events listed in Table 4.2.

These referenced flood events were compared to events derived from the extreme 

precipitation indices, literature, global disaster databases, the Grootfontein rainfall station’s 

climatologies and regional averaged CRU data.
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Table 4-2: The ten climate change extreme daily indices used for this study. Source: Results from New et 
al., 2006

4.5 Results

The flood disaster events mentioned in the media and elsewhere prompted questions about 

whether such events were becoming more frequent or not. An up to date archive is needed to 

inform and help in the reporting of unquantified disaster events, especially in an area such as 

the CRB. The CRB has a chronic shortage of long-term hydro-meteorological data that are 

also needed for rigorous frequency analyses. This can help with the reporting of whether an 

event can be classified as one of the worst flood disaster events or heaviest-ever rainfall 

events in the region (Grobler, 2011; Paeth et al., 2011). Thus, this section used different 

methods to quantify the recorded flood events (Figure 4.4) and compare them to data derived 

from different sources.

4.5.1 Grootfontein rainfall station

The annual precipitation of Grootfontein range from 1917 to 2014 (Figure 4.6) is presented. 

A least square linear regression line (straight) shows a declining trend for the Grootfontein 

annual rainfall time series whilst the 10–year moving average line emphasises the wet and 

dry spells experienced at the Grootfontein station. Data on flood hazard events are available 

for 73 years (approximately seven decades) from 1941 to 2013 (Figure 4.4, Table 4.1) 

(Mendelsohn et al., 2013). These seven decades will be used to derive wet and dry spells 

from the Grootfontein rainfall time series. The first decade (1940–1950) was one of the 

driest, using the long-term mean of 500 mm with only the years 1944 and 1950 recording 

exceptional rainfall (Washington & Preston, 2006; Rouault & Richard, 2003). 

The second decade (1951–1960) started with dry conditions (1952 recorded only 267 mm), 

although it was one of the wettest periods in the entire time series. Other studies from SA also 
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reported drought conditions for the year 1952 (Rouault & Richard, 2003; Washington & 

Preston, 2006). For the decade the highest recorded rainfall was 897 mm (1954). This value 

was also confirmed by the studies mentioned above. Good rainfall conditions that could result 

in flooding continued from the second decade into the first half of the third decade (1961–

1970) with 638 mm recorded for the year 1963 despite the remainder of the decade 

experiencing dry conditions. This pattern of dry conditions is again echoed by the studies 

mentioned earlier. The lowest rainfall during this decade was 147 mm (1970) and this low 

rainfall for this year was also highlighted by the earlier studies.

Dry conditions continued into the fourth decade (1971–1980) whilst wetter conditions 

occurred at the end of the decade. The highest annual accumulative rainfall of 950 mm (1978) 

was recorded whilst 886 mm (1974) was measured earlier. Rouault & Richard (2003) have 

reported floods for the years: 1972, 1974, 1975, 1976, and 1978 whilst Washington and 

Preston (2006) had also reported these years as wet periods. 

The fifth decade (1981–1990) started with wet conditions and ended with dry conditions. The 

highest rainfall was 662 mm (1982) whilst the lowest within this decade was 319 mm (1984). 

Floods (1981, 1988, and 1989) and droughts (1982, 1983, 1984, and 1987) were reported by 

Rouault & Richard (2003) whilst Washington & Preston (2006) reported dry conditions 

between 1979 and 1987. According to Department of Water Affairs (DWA; 2016) and 

Nilsson (2012), the Orange-Vaal basin at Upington (discharge station) recorded two of the 

highest monthly peak flows within the station’s 72 year record. 

The sixth decade (1991–2000) was relatively dry compared to the second and the fourth 

decades whilst the last decade (2001–2013) was the driest for the Grootfontein rainfall 

station. In the sixth decade, 729 mm (1994) was recorded whereas the lowest recorded annual 

accumulative rainfall figures of 68 mm (2004) and 75 mm (2007) were recorded in the last 

decade which was one of the driest decades (DWA, 2016). 

To summarise, using an annual accumulative total of 900 mm for the Grootfontein rainfall 

station, the wettest spells (highest seven totals), in decreasing order, can also be identified as: 

1978 (950 mm), 1923 (915 mm), 1934 (898 mm), 1954 (897 mm), 1974 (885 mm), 1944 

(881 mm) and 1950 (873 mm). Table 4.3 shows the descriptive statistics for the Grootfontein 

rainfall station (96–year time series).
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Figure 4-6: The annual rainfall of Grootfontein from 1917 to 2014 with a least square linear regression 
and 10–year moving average trend lines. Source: Data from Namibia Meteorological Service (NMS, 
2016b).

4.5.2 Extreme precipitation indices 

Extreme precipitation indices were used to identity and validate flood events in this study. 

Identifying extreme precipitation events are important as these events are often associated 

with flood hazards and, ultimately, higher risk of the vector and epidemic diseases such as 

malaria and cholera (Anyamba et al., 2006). Floods can also be highly beneficial in drylands 

(especially in Africa) as the floodwaters infiltrate and recharge alluvial aquifers along 

ephemeral river pathways, extend water availability to dry seasons and drought years and also 

sustain rain-fed agriculture (Love et al.,2011; Love et al., 2010; Morin et al., 2009). 

Regionally, studies have shown that the most extreme daily precipitation indices, over SA, 

showed approximately identical proportions of increasing as well as decreasing trends for the 

sub-region, even though a very small number of station trends are statistically significant for 

any index (New et al., 2006). 

The southern African region has many diverse climatic zones which can therefore produce 

extensive trends in inter-annual and decadal-scale variability of rainfall, hence, secular trends 

would not be easily detected. New et al., (2006), reported that only three indices have 

statistically significant increasing trends in SA: annual maximum 1–day precipitation 

(RX1day), average wet day precipitation (SDII) and maximum dry spell duration (CDD).
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Table 4-3: Descriptive statistics for the Grootfontein rainfall station derived from a 96–year time series: 
1917–2014.

They further reported that another three indices, the maximum 5–day precipitation (RX5day) 

and the total precipitation indices on extreme rainfall days (R95p and R99p) also show (non-

significant) increasing regional trends. They also reported that there were decreasing trends 

(non-significant) for four indices: annual precipitation (PRCPTOT), heavy precipitation days 

(R10 mm and R20 mm) and CWD. They reported increases as well as decreases for the sub-

region, the former for average rainfall intensity and the amount of rainfall on extreme rainfall 

days and periods whilst the latter for the total rainfall as well as number of days with heavy 

rainfall (see Table 4.2 for the regional trends) (New et al., 2006).

An increase of the CDD index over SA was reported by New et al., (2006) and it is the only 

index that shows a consistent trend. Because the indices used in this study are calculated on 

an annual basis, the CDD recorded dry spells (days) within a year and, therefore, highlighted 

the length of the dry season but could not effectively record the number of dry days that 

occurred in a particular rainy season.

Large parts of the region experience one long rainy season from October to April (Yuan et 

al., 2014) and the result from this index confirms the findings of other studies, notably, a 

shortening of the rainy season (Tadross, Hewitson & Usman, 2005). The rural population of 
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the region practice subsistence farming and variability in seasonal characteristics such as the 

onset and cessation of rain, and dry spell frequency can be damaging to agriculture, and a 

short rainy season can be more disastrous. The last mentioned study, amongst others (e.g., 

Tadross, Hewitson & Usman, 2003), investigated the inter-annual variability of the onset of 

the maize growing season on Zimbabwe and South Africa and found that the onset was 

starting later in the period between 1979 and 2001. These findings can enhance farmers’ 

understanding of the onset of the season and enable them to predict the planting of maize (a 

vital cereal in the region) as it requires consistent water during its germination phase and, 

thus, planting maize at the right time is vital resulting from many resource-constraints.

Table 4.2 summarises the trends for all ten extreme precipitation indices for the Grootfontein 

rainfall station and the regional (SA) trend as positive (increasing) or negative (decreasing) 

trend, whilst Figure 4.7 shows the graphs of the ten indices calculated from daily rainfall data 

of the Grootfontein station. Because of the rigorous selection criteria of the Grootfontein 

station compared to other surrounding regional rainfall stations, data for years between 1968 

and 1989 were not plotted, and all graphs have gaps for these years with the exception of the 

year 1975 (Figure 4.7).

The increases for the extreme indices calculated for the Grootfontein station compared 

favourably to those reported by New et al., (2006). These were: RX1day and CDD, whilst 

non-significant increase was only for the R99p. Regionally, no significant decreases were 

found but a decrease was reported for the Grootfontein station (R10 mm index, Table 4.2).

4.5.3 Regional Climate Research Unit data

The inter-annual and decadal-scale variability of precipitation over the study area (spatially-

averaged box around the CRB) for CRU data are depicted in Figure 4.8. The 10–year moving 

average trend-line illustrates the decadal-scale variability of precipitation whilst the 

anomalies are portrayed by bars using standard deviations. The first decade (1940–1950) was 

very variable with six negative anomalies and five positive anomalies. The highest negative 

anomaly occurred in 1941 (-1.7) whilst the highest positive anomaly was in 1950 (2.8). The 

trend line for the second decade (1951–1960) shows positive anomalies representing above 

normal rainfall conditions, although this decade had four positive standard anomalous years 

and five negative anomalous years. The highest positive anomaly was in 1951 (1.35) whilst 

the lowest negative anomaly was in the following year, 1952 (-0.93). The trend line for the 

third decade (1961–1970) shows that it was a below average decade with dry conditions, 

which are reflected with the four positive and the five negative anomalies with the highest 
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positive being in 1967 (1.83) and lowest negative in 1970 (-0.67). These two years 

correspond with wet periods (floods) in South Africa and dry conditions (droughts) 

respectively (DWA, 2016; Nilsson, 2012; Washington & Preston, 2006; Rouault & Richard,

2003). As in the second decade, the trend line for the fourth decade (1971–1980) shows 

above normal rainfall conditions reaching a peak in 1974, flood hazard conditions 

characterised this year, as confirmed by the aforementioned studies. The fourth decade also 

had six positive and four negative anomalous years with the highest positive anomaly being

in 1974 (1.6) whilst the lowest negative anomaly was in 1980 (-0.81). Studies (mentioned 

earlier) in South Africa reported flood events for most of these six positive anomalies: 1974, 

1975, 1976, 1977, and 1978. The next two decades (1981–1990 and 1991–2001) experienced 

exceptionally dry conditions peaking in 1987 (-1.06) and in 1992 (-1.43), respectively, for 

these two decades. These two years had major drought conditions in South Africa as well as 

in the region (DWA, 2016; Nilsson, 2012; Washington & Preston, 2006; Rouault & Richard,

2003). In these two decades, the only two positive anomalous years were 1993 (0.28) and 

1997 (0.62). The dry conditions prevailed during the first part of the seventh decade (2001–

2010), according to the trend line (Figure 4.8) and five positive as well as five negative 

anomalous years are shown in Figure 4.8 with the highest positive anomalous year being 

2009 (2.88) and the lowest negative anomaly year falling in 2007 (-0.80).

4.6 Discussion

Table 4.4 summarises the different sources (hydro-meteorological data, global disaster data 

bases, extreme precipitation indices, and published disaster events in literature) used in this 

article to identify flood events for the last seven decades for which data for flood events (as 

referenced) are available. The referenced flood events that were used by this article were 

shown in Figure 4.4 and Table 4.1.

For the first decade (1940–1950) eight flood disaster events were reported and three of these 

events were reported by BAR Namibia (2012), Engert (1997), climatologies derived from 

CRU, Grootfontein station rainfall data as well as from a few extreme precipitation indices. 

All the major sources, listed in Table 4.4, reported the years 1944, 1947, and 1950 as the 

most likely years for extreme precipitation and hence flooding. Figure 4.8 shows that this 

decade had experienced a dry spell except for the year 1944 when the long-term (96 years) 

mean of 500 mm was used. Figure 4.8 also shows the standardised anomalies derived from 

spatially and time-averaged CRU (monthly) data and confirmed that this decade had minimal 

rainfall. This decade was also preceded with a very dry period between 1927 and 1942. Other 
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studies such as Washington and Preston (2006) confirmed wet years for 1944 and 1948 whilst 

the Orange-Vaal basin at the Upington discharge gauge also recorded high peak flows for 

these two years (DWA 2016; Nilsson, 2012). 

The second decade (1951–1960) had only four referenced events and only one flood disaster 

event (1956), which was commonly occurring amongst the different sources used to identify 

them. Figure 4.7 and Figure 4.8 confirm, using 10–year moving averages, that this decade 

was one of the wettest periods for Grootfontein and the region. This period had the most 

possible flood disaster events, as illustrated by the extreme precipitation indices. Other 

studies such as Washington & Preston (2006) confirmed these possible wet periods: 1953, 

1954, 1954, 1955, 1956, and 1957, whilst the Orange-Vaal basin at the Upington discharge 

gauge also recorded high peak flows for two of these years: 1955 and 1957 (DWA, 2016;

Nilsson, 2012). 
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Figure 4-7: Ten climate change extreme precipitation indices for the Grootfontein rainfall station: (a) annual 
count of days when RR > 10 mm; (b) annual count of days when RR >= 20 mm; (c) annual total precipitation 
when RR > 95th percentile of 1961–1990 daily rainfall; (d) annual total precipitation when RR > 99th percentile 
of 1961–1990 daily rainfall; (e) annual maximum 1–day precipitation; (f) annual maximum consecutive 5–day 
precipitation; (g) maximum number of consecutive wet days; (h) maximum number of consecutive dry days; (i) 
annual total precipitation from wet days and (j) average precipitation on wet days. 



Identifying hydro-meteorological events

87

Figure 4-8: Figure 4.7�continues. Source: Data provided by NMS (2016b).
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The third decade (1961–1970) lacks sufficient observational data for the period 1960–1968 

(Table 4.4) but one flood event (1970) was reported during that period as a referenced flood 

event (Table 4.1). However, 1963 was the most common year in which a flood was reported 

by the different sources consulted (Figure 4.8). The first half of the decade is recorded as very 

dry whilst the second half had reasonable wet spells. Overall, Figure 4.8 (10–year moving 

average) indicates a dry decade regionally whilst 1967 was a very wet year. Other studies 

such as Washington & Preston (2006) confirmed these possible dry periods: 1961, 1962, 

1964, 1965, 1966, 1968, and 1970 as well as wet periods: 1963, 1967, and 1969 whilst the 

Orange-Vaal basin at the Upington discharge gauge recorded high peak flows for two years: 

1966 and 1967 (DWA, 2016; Nilsson, 2012).

The fourth decade (1971–1980) had the fewest recorded flood events from all sources, only 

one index (SDII) reported an extreme event for 1975. Generally, 1975 was reported by most 

of the sources as a year during which flood events had occurred. This decade also began with 

dry spells and ends with wet spells that included extreme precipitation for 1974 and 1978 for 

the Grootfontein station. Regionally, it was a wet year with only 1973 appearing to be a dry 

year. The extreme precipitation indices failed to record this, as these years were not plotted, 

resulting from the rigorous rainfall selection criteria. Other studies such as Washington &

Preston (2006) reported three dry periods: 1973, 1979, and 1980 as well as wet periods: 1971, 

1972, 1974, 1975, 1976, 1977, 1978, and 1979, whilst the Orange-Vaal basin at the Upington 

discharge gauge recorded high peak flows for two years: 1974 and 1976 (DWA, 2016;

Nilsson, 2012). 

Figure 4-9: Standardised anomalies of the spatial (regional) averaged CRU data with a 10–year moving average 
trend line. Source: Data from: Harris et al., 2014.

The fifth decade (1981–1990) started as a wet year (Figure 4.7, Figure 4.8) but ended with 

dry conditions. Table 4.4 shows that 1984 was the most commonly reported year for flood 

events even though the extreme precipitation events failed to report it, resulting from reasons 
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given earlier for the period 1968– 1989. This decade started with wet conditions and ended 

with the worst drought (1991–1992) reported in SA (Benson & Clay, 1998). Figure 4.7 

illustrates the period of the drought conditions from 1983–2004 with good rainfall only in the 

years 1993, 1997, 1999, 2001, and 2004. Other studies such as Washington and Preston 

(2006) reported a dry period from 1981 until 1987 and wet periods only for: 1988 and 1989, 

whilst the Orange-Vaal basin at the Upington discharge gauge recorded its highest peak flow: 

1988 (DWA, 2016; Nilsson, 2012). 

The sixth decade covers the period 1991–2000 and includes the driest periods in SA. The

CDD index reported seven years as very dry periods whilst the year 2000 is widely reported 

(Table 4.4) as a year for a flood event. Figure 4.7 confirms the five good rainfall years for the 

Grootfontein station, even though Washington & Preston (2006) only reported three wet 

periods: 1991, 1997 and 1998, whilst the rest of the decade was dry. The Orange-Vaal basin 

in South Africa also experienced severe drought conditions, hence the Upington discharge 

gauge did not record any high flow peaks for this decade (DWA, 2016; Nilsson, 2012). 

For the last decade (2001–2013) the highest number of reported flood events was nine (Table 

4.4). The years 2008, 2009, 2010, and 2011 were widely reported (Figure 4.3, Table 4.4) as 

years when flood disaster events occurred. Regionally, this period started with dry conditions 

and recorded the most consecutive flood disaster events in Namibia, causing severe damage. 

These consecutive flood events occurred during the latter part of this decade. In general, the 

annual precipitation for the Grootfontein station shows a significant decreasing trend (Figure

4.6), whilst Figure 4.7 confirmed the same dry years whilst these wet spells (consecutive 

flood events) are also highlighted. The Upington discharge gauge recorded a high flow peak 

for 2011 (DWA, 2016; Nilsson, 2012).

One of the main objectives of this study is to identify drought and flood events during periods 

where no observational hydro-meteorological data are available (Figure 4.4, Table 4.1). The 

most incomplete observational records are reported for the third decade (1961–1970), of 13 

years (Table 4.1).
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Table 4-4: Flood disaster events archive compiled from hydro-meteorological data, global disaster data 
bases, extreme precipitation indices and disaster events published in literature.
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Table 4-5: Table 4.4 Continues…
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These 13 years are within the climate normal period (1961–1990) used by climatologists to 

compare climatological trends to that of the past, or what is considered normal, hence when 

the same years within this period are absent, indices will not be calculated, as in this article 

(1968–1989). Using the methods followed in this article, hydro-meteorological events were 

assigned to 10 of the 13 years. A few years (1965, 1966, and 1968) yielded contradicting 

results (events), for example, these three years were reported as droughts in South Africa, 

whilst several sources reported them as flood hazard years in Namibia. This article assumed 

that the dominant rain-producing systems in the region have a large enough spatial extent to 

be well represented in the different data sources used for the subregion (Tadross et al., 2003, 

2005). Future work should, therefore, investigate these and other differences (hydro-

meteorological events) that might have resulted from local topography or other uncertainties. 

In addition, this article did not calculate the magnitude of these hazardous events, hence 

rigorous frequency analysis should be performed on both available modelled and observed 

flow and stage data as well on satellite-based rainfall estimates and land-based rainfall gauge 

data. This would be a challenging task in an ungauged and under gauged basin such as the 

Cuvelai.

Lastly, as a result of increasing changes in the climate, land-use and extreme precipitation, 

disaster risk reduction and flood risk management strategies are essential in adapting to the 

envisaged increasing flood risk. This necessitates an accurate inventory of hydro-

meteorological events, which can also be updated to provide a quantified spatial and temporal 

distribution of floods, including magnitude, frequency, and duration. The major limitation of 

this article is that it does not include methods that can help with the identification of historical 

records of catastrophic floods, such as records of physical signs of water levels on old 

buildings, memories of old citizens, historical documents, news reports and archive reports 

from meteorological and hydrological national services as well as detail discharge and 

rainfall frequency analysis resulting from data scarcity.

4.7 Conclusion 

The present contribution produced an up to date archive of flood events (years) by validating 

and supplementing referenced flood events, and also comparing them against indices of 

extreme precipitation (years) derived from daily climate data as well as data derived from 

other sources for northern Namibia. 
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Generally, for the extreme precipitation indices, no significant regional trends were 

identified, which does not come as a surprise for a continent where different factors affect 

regional rainfall, and where there are few consistent and statistically significant trends in 

extreme precipitation indices. Also, for the statistical regional trends, similar to other studies: 

an increase in average dry spell length was found for other indices such as the average 

rainfall intensity and annual 1–day maximum rainfall indices, whilst decreasing trends were 

found for the Grootfontein station. Furthermore, for the Grootfontein station, there is an 

indication of decreasing trends, for both total annual precipitation as well as for the total 

number of wet days annual precipitation. 

The study appended the hydro-meteorological records, for the developed archive, for the no 

records period of 1960–1968 by adding the years 1963 and 1967, and possibly 1968, as flood 

prone years. It also identified years when floods would have not been possible and, hence, 

these years require in-depth hydrologic and hydraulic modelling to confirm the occurrences 

of flood hazard events. 

These findings highlighted both the lack of observed hydro-meteorological data and the 

difficulty of obtaining it and performing analyses on these data sets in Africa, especially in 

areas where a large rural population entirely relies on precipitation for its water supply. This 

also, ultimately, determines strategies of food production and also the mobility of migrant 

groups. 

The results from this article will provide an improved understanding of past extreme 

precipitation events that are required for scientists, practitioners, policymakers and civil 

society to better compare and refer to past and present flood and drought hazard events. 

This article updated the inventory of past flood events by using different sources such as: 

hydro-meteorological data, global disaster databases, climate change extreme precipitation 

indices and disaster events published in literature.
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Chapter 5 Validation of satellite-based rainfall estimation products

Validation of satellite-based rainfall estimates over the semi-arid and sparsely gauged 

Cuvelai Basin, northern Namibia.

Frans C Persendt, Peyman Zawar-Reza, Christopher Gomez, & Iman Soltanzadeh

Abstract

In this study, four commonly used rainfall products were rigorously validated and inter-

compared on monthly, seasonal and annual timescales for the Cuvelai trans-boundary basin 

located between southern Angola and northern Namibia. Rainfall data from gauged stations 

were compared against SBREs as well as simulated data from a RegCM4 model. Point-to-

nearest-pixel method was used to validate high spatial resolution (0.25o) SBREs data against 

the gauge data for a period from 2008 to 2014. The SBREs used are the TMPA version 7 

products (3B42 and 3B43), the Climate Prediction Centre morphing method (CMORPH), 

Famine Early Warning System (FEWS) - Africa Rainfall Climatology version 2 (ARC2). The 

surface precipitation from the RegCM4 model was only simulated for 2011. 

Pair-wise comparisons of point-to-pixel (gauge versus SBREs) and inter-comparison between 

SBREs (and RegCM4) using pixel-to-pixel data were performed. Validation was carried out 

in two stages. We calculated error statistics on a monthly, seasonally and annual basis as well 

as the long-term mean. The error statistics used to determine the accuracy of the SBREs 

compared to the observed rainfall gauge values are; the linear correlation coefficient (r), the 

mean bias error, the mean square error (RSME), the mean absolute error (MAE), efficiency 

score (eff) and description statistics. 

The results indicated good statistical relationships between the ground-based gauge stations 

for some SBREs. The TRMM products performed the best amongst all the satellite-based 

products over all spatial and temporal scales, while the RegCM4 simulation for 2011 

overestimated rainfall in general but reproduced the seasonal trend well.

These results will help to understand and ultimately expand our understanding of the 

climatologies within this data-sparse region and will also provide valuable information on the 
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error structures of SBRE products that might be ingested into hydrologic models for water 

resource management. The results also quantify the improvements (bias correction) that are 

needed for these SBRE products to be useful for water resource and risk management 

applications.

Material covered in Chapter 5 was submitted to Atmospheric Research and will be re-
submitted to the said journal.
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5.1 Introduction

Reliable rainfall data have applications in hydrological, climate change impact, and 

adaptation studies, especially in developing countries such as Namibia where the scarcity of 

conventional ground-based rain gauges is a huge challenge. Rainfall estimation for semi-arid 

countries, that have vast inhabitable ungauged areas, is a challenge due to the high spatial and 

temporal variability of rainfall as well as the increasingly diminishing and low density 

rainfall networks in these regions (Sawunyama & Hughes, 2008; Ali et al., 2005; Du Plesis, 

2001; Stokstad, 1999). As well as this in semi-arid regions, the dependence of agriculture on 

rainfall makes them highly vulnerable to climate fluctuations (Dinku et al., 2007). Accurate 

estimates of precipitation are therefore needed to help with water resource risk management 

which can reduce both socioeconomic and human damages (Thiemig et al., 2012;

Aghakouchak et al., 2011), while other applications of rainfall data might include generation 

of time series for regional or global climatological studies, and assimilation in hydro-

meteorological models (Cattani et al., 2016).

Point measurements of rainfall are traditionally being provided by rain gauge networks which 

pose challenges for analyses that need accurate spatial coverage and the calculation of areal

means because of the uneven distribution of point-based gauges as well as limited sampling 

area (Xie & Arkin, 1997; Feidas, 2010). In developing countries such as in SA where there 

are more socioeconomic needs, ground-based precipitation observation networks are 

declining in numbers as a result of: inadequate funding and prolonged past regional conflicts 

within the upstream catchment areas (Hughes, 2006; Schulze, 2006; Pegram & Park, 2004). 

Studies have also shown that available ground measurements are not suitable for hydro-

meteorological modelling and for other water resource management applications because of: 

(i) an inadequate number of ground-based rainfall stations, (ii) a large percentage of missing 

values within long-term rainfall data series, (iii) timeliness of available rainfall data for 

disaster events, (iv) wind and evaporation effects on the gauge measurements, typically 

resulting in under-catch, (v) permanently damaged instrumentations due to extreme weather 

events or vandalism, and (vi) restricted accessibility to current and long-term time series data

(Filali-Meknassi et al., 2014; Maidment et al., 2013; Thiemig et al., 2012; Dinku et al., 2007; 

Hughes, 2006; Funk & Michaelsen, 2004; Stokstad, 1999).

SBREs are an alternative to decreasing ground-based rainfall observations. During the last 

several years a large amount of different satellite-derived, quasi-global coverage, 

uninterrupted satellite products with high spatial (0.25o) and temporal resolution (3-hourly) 
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have been available (Sapiano & Arkin, 2009; Serrat-Capdevila et al., 2014). These products 

have been implemented into the operational and policy-making applications in semi-arid 

regions (and elsewhere), if uncertainties and the reliability at various scales can be quantified 

to ensure that they are compatible in terms of their statistical properties such as r, the mean 

bias error, the RMSE, the MAE, and the eff. For this reason, validation analysis needs to be 

performed on these products (Aghakouchak et al., 2011; Feidas, 2010), and validation 

analyisis is also necessary, because the range of the available products reflects significant 

differences in the measurement accuracy, sampling frequency, the merging methodologies 

and the spatial coverage (Cohen Liechti et al., 2012; Thiemig et al., 2012).

Many studies have pointed out that SBREs can depend significantly on the quantitative 

understanding of its performance for various seasons and regions, for example Huffman 

(1997) and Kummerow et al., (2000) have highlighted the importance of validations on a 

regional basis as an alternative to global approaches.

Numerous studies have evaluated, inter-compared and validated numerous SBREs. The 

TRMM standard products and TMPA products have been the focus of most of these studies 

in various regions. Some of these studies are listed in Table 5.1. 

Over Africa, Adeyewa & Nakamur (2003) have validated the Global Precipitation 

Climatology Centre (GPCC) rain gauge data against the TRMM radar (PR) data for the major 

climatic regions. The study was performed over a 36-month period at spatial resolution of 1o

using five climatic zones: arid, semi-arid, savannah, tropical wet and the South Atlantic 

Ocean. They concluded that during the dry season when rainfall is limited, bias is generally 

high but that it is less pronounced in the dry seasons of southern African climatic regions. 

The TRMM (3B43) performed best when compared to the GPCC rain gauge data. Ali et al.,

(2005) have validated regional gauge data against four global products over the Sahel (West 

Africa) for the period 1986 to 2000. They found that on average the monthly estimation error 

for a spatial scale of 2.5o x 2.5o for the period from July – September is around 12%. The 

CPC (Climate Prediction Centre) Merged Anaysis of Precipitation (CMAP) global product 

performed the best. Berges et al., (2011) validated seven operational global products at a 10-

daily time step also over West Africa. They found that in terms of distribution and bias, 

FEWS RFE 2.0 performed the best, while CMORPH performed the worst with TRMM 3B42 

displaying moderate results. Over eastern Africa, Dinku et al., (2007) have validated ten 

different satellite precipitation estimation products at monthly and 10-daily periods and found 

that FEWS RFE 2.0 performed the worse compared to TRMM 3B42 product. Many

validation studies have been done over the Ethopian (eastern Africa) river basins (Bitew et 
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al., 2012; Bitew & Gebremichael, 2011a, 2011b; Romilly & Gebremichael, 2011;

Gebremichael et al., 2010; Hirpa, 2010) and the results varied over selected geographical 

regions within the Ethiopian basins, but show that TRMM and FEWS have similar results 

and the TRMM 3B42 product had been selected for hydrologic modelling. Furthermore, the 

need for regional or site specific validation had been highlighted by Dinku et al., (2007) and 

Berges et al., (2011) that found conflicting results for the NOAA/FEWS RFE 2.0 product. 

The former reported poor estimates under certain criteria while the latter reported good 

results for the 10-day time-step over East Africa and West Africa, respectively. 

Table 5-1: Studies that have validated satellite-based rainfall products.

Region Studies

Africa Abera et al., 2016; Dembélé & Zwart, 2016; Pombo et al., 2015; Bastola 

& Francois, 2012; Cohen Liechti et al., 2012; Funk et al., 2012, 2015; 

Hirpa et al., 2010; Li et al., 2009; Symeonakis et al., 2009; Asadullah et 

al., 2008; Dinku et al., 2007, 2015; Ali et al., 2005; Funk & Michaelsen, 

2004; Grimes & Diop, 2003; Nicholson et al., 2003a, 2003b; Thorne et 

al., 2001; Grimes et al., 1999; Laurent et al., 1998.

Asia Khan et al., 2014; Yang & Luo., 2014; Bin & Jiancheng, 2013; Chen et 

al., 2013; Katiraie-Boroujerdy et al., 2013; Moazami et al 2013.

America and Europe Wang & Wolff, 2012; Aghakouchak et al., 2011; Dinku et al., 2010

Feidas et al., 2010; Ebert et al., 2007.

Global Yin et al., 2004; Xie & Arkin, 1995, 1996.

Over SA, Hughes (2006) used gauge data against the Global Precipitation Climatology

Project (GPCP) and Precipitation Estimation from Remotely Sensed Information using 

Artificial Neutral Networks (PERSIANN) satellite products for four basins at 1o x 1o spatial 

resolution from October 1996 to January 2004 at a daily time step. The study found that 

satellite estimation products are sensitive to topographic influences on precipitation and will 

need correction before being ingested into hydrologic models, for example. While others 

(Wilk et al., 2006) have found that the TRMM and Special Sensor Microwave Imager 

(SSM/I) overestimated rainfall by 20%. Recently, Cohen Liecht et al., (2012) have validated 

three operational as well as other products with gauge data from 2003 to 2009 on both point 

to pixel and pixel to pixel basis at temporal scales of daily, 10-daily and monthly time steps 
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for the wet seasons over the Zambezi basin. The results show again that TRMM and FEWS 

produced similar results while CMORPH overestimated rainfall by up to 50%.

Numerous simulation studies have been performed over Africa using RegCM4 models 

(Diallo et al., 2015; Sylla et al. 2013; Nikulin et al., 2012; Sylla et al. 2012; Sylla et al., 2010;

Pal et al., 2007) while other studies have used different regional climate models over Africa 

(Kim et al., 2014; Laprise et al., 2013). Most model simulations have performed well over 

Africa and reproduced precipitation along with seasonal cycle and inter-annual variability 

over their respective domains.

This study contributes towards rainfall error assessment in semi-arid regions and focuses on 

the trans-boundary CRB that is located in a data sparse semi-arid region between Angola and 

Namibia. Error analyses are important for the development of uncertainty models, bias 

reduction algorithms and for the calibration and validation of hydrological models for flood 

and drought prevention measures (Artan et al., 2007). This study, therefore, investigated five 

satellite products (including a RegCM4 simulation) proper space-time rainfall 

characterisation to enable their use, if bias corrected, to drive hydrologic models in data 

sparse semi-arid regions (Merino, 2013; Aghakouchak et al., 2011).

For this study, we have utilised four widely used SBREs at their native spatial and temporal 

scales and resampled the ARC2 product for easy comparison as well as inter-comparison 

amongst SBREs. The study area has a complex topography, with mountainous areas in the 

north and south-east and low terrain areas in the south. As well as having different climatic 

zones, humid in the north and semi-arid in the south which can present a challenge for

satellite products. 

We have investigated the accuracy of four SBREs against ground-based observational rainfall 

gauge data in the Cuvelai basin that might be used for hydrologic modelling. We show what 

products have the largest biases that may amplify or attenuate rainfall estimates and in turn 

stream flow in flood forecasting models, for example. We present standard error statistics on 

a monthly, seasonal and long-term basis as well as depicting these errors spatially. The results 

demonstrate the usefulness of these products, if bias corrected.
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5.2 Materials and Methods

5.2.1 Study area

The Cuvelai river basin (study area) is located between 14o – 21o S latitude and 14o – 20o E 

longitude and is divided between Angola (53,300 km2) and Namibia (114,300 km2). It covers 

an area of approximately 167,600 km2 that extends over 500 kilometres from north and south 

and is bordered by the Kunene and Okavango rivers to the west and east, respectively (Wolf 

et al., 1999). 

Figure 5-1: Location of the Cuvelai River Basin and study area in northern Namibia. It also shows all the rainfall 
stations from the GNHN network as well as the new automatic rainfall stations from the WeatherNet.

The CRB has a semi-arid climate in the southern part (Namibia) and a sub-tropical climate in 

the northern part (Angola) (Mendelsohn & Weber, 2011). Generally, the climate of the CRB

is defined by its position in the subtropics and its location between the South Atlantic (cold 

Benguela current) and Indian (warm Agulhas current) oceans. The surface atmospheric 

circulation features are dominated by an quasi-permanent oceanic anticyclone to the east and 

to the west of the subcontinent and circumpolar westerlies over the oceans to the south. 

Changes in the location and intensity of the surface oceanic subtropical anticyclones and 



Validation of satellite-based rainfall estimation products

102

concomitant changes in the frequency, intensity, and tracks of the westerly disturbances 

farther south, together with changes in tropical easterly disturbances, act as the main controls 

on rainfall variability in the region at both seasonal and inter-annual time scales. Rainfall 

over most of the area, therefore, is strongly seasonal (Mason & Tyson, 1992) as well as 

highly variable and falls in the austral summer (October to April) mainly due to the seasonal 

north-south movement of the ITCZ that brings moist air south. This translates into two 

regional-scale rainfall gradients, high rainfall in the north and drier conditions in the south.

The topographically elevated areas in the south-east (> 1,600 m) as well as northern (> 1400 

m) areas of the study area enhance rainfall compared to the low-terrain central and south 

western (1100 m) areas which experience drier conditions. The rainfall in the study area can 

be divided into four zones: the wettest zone is in the north (> 900 mm), a drier south (400 

mm), a high rainfall northeast (> 600 mm) and a very drier west (< 200 mm; Mendelsohn et 

al., 2013; Mendelsohn & Weber, 2011, & Tyson & Preston-Whyte, 2000), causing an 

unequal distribution of extreme drought and flood disaster events (Williams, 2007, Williams 

et al., 2007). Hence climate variability and rainfall extremes are of particular concern in the 

study area. During the summer, maximum daily temperatures can range between 35o – 40o C 

while evaporation and evapotranspiration rates are also the highest (Mendelsohn et al., 2013;

Mendelsohn & Weber, 2011). 

5.2.2 Data

5.2.2.1 Satellite data

Monthly, seasonal, and annual timescales were chosen to perform the evaluation and inter-

comparison of gauged rainfall data against SBREs product data. The SBREs used for this 

study include: the TMPA standard climate products (3B42 and 3B43), CMORPH version 1.0 

as well as the RegCM4 (2011 only) have high spatial (0.25°) resolutions except the ARC2 

(0.1°). The above products have been used operationally in many applications and are 

available for a time period that matched those of the available gauge station data. The 

validation for this study was therefore limited to the 2008–2014 time periods which matched 

well with the available rainfall gauge stations (point) and SBREs. Table 5.2 provides an 

overview of the various SBREs used in, this study while a detailed description of all the 

products used are provided below.
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(i) TRMM climate rainfall products

The TRMM platform which have on-board three sensors: the Visible and Infrared Scanner 

(VIRS); the TMI and the Precipitation Radar (PR). The level 3 product was used which are 

the climate rainfall products that are time-averaged parameters that are mapped onto a 

uniform space-time grid. In this study, the popular TRMM climate products: TRMM and 

Other Satellites Precipitation (3B42) analysis as well as TRMM and Other Sources 

Precipitation (3B43) analysis have been used and compared against the reference gauge 

rainfall datasets (Huffman et al., 2007; Huffman et al., 2003). 

The 3B42 estimates are produced 3-hourly at a spatial resolution of 0.25o. The major inputs 

into the 3B42 algorithm are IR data from geostationary satellites, PM data from the TMI, 

SSM/I, Advanced Microwave Sounding Unit (AMSU) and AMSR-E. The 3B42 climate 

product has been produced since 1998 in four steps (Huffman et al., 2007): (1) PM estimates 

are calibrated and combined, (2) IR estimates are computed using PM estimates for 

calibration, (3) PM and IR estimates area combined, (4) data are rescaled and biased 

corrected to monthly total using GPCC data.

Table 5-2: Satellite-based rainfall products used in this study.

Product Temporal 
resolution

Spatial 
resolution

Coverage Starting data

FEWS ARC 2.0 Daily 0.1o (~10 km) Africa: 40N-40S, 20W-55E January 1983

TRMM 3B42 Daily 0.25o (~27 km) 40N-40S, 0-360E January 1998

TRMM 3B43 Monthly 0.25o (~27 km) 40N-40S, 0-360E January 1998

RegCM4 3-hourly 0.25o (~27 km) 2S – 38S, 8E – 43E Jan – Dec 2011

CMORPH v1.0 3-hourly 0.25o (~27 km) 59.875N-59.875S, 0-360E 17 Dec 2002

Finally, 3B42 estimates are accumulated and merged with gauge data to produce the monthly 

product (3B43) at 0.25o spatial resolution. The 3B42 and 3B43 products have been available 

since 1998. The TRMM products have been used widely (operationally), for example, in 

Kentucky, USA, the real-time IR component of the TRMM products have been used for flood 

prediction (Harris et al., 2007). Validation against a dense rain gauge network using the 

TMPA products was also performed over Oklahoma, USA. The TMPA product performed 

well during the warm season (higher correlations) but under-estimated low precipitation 

values, significantly (Villarini & Krajewski, 2007).  
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(ii) Africa Rainfall Climatology version 2 (ARC 2.0)

RFE is developed by the NOAA CPC (Herman et al., 1997). It is mainly produced for FEWS 

to assist in disaster-monitoring activities over Africa. The input data for RFE 2.0 comprise 

four operational sources: (1) daily Global Telecommunications System (GTS) rain-gauge 

data, (2) AMSU-based rainfall estimates, (3) SSM/I-based estimates, and (4) the GPI 

calculated from cloud-top infrared (IR) temperatures on a half-hourly basis. The ARC2 is 

consistent with the same algorithm used in RFE 2.0 and is the climatological counterpart (Xie 

& Arkin, 1995). The latest version ARC 2.0 is very similar to that of RFE 2.0, but uses inputs 

from two sources: (a) 3 hourly geostationary IR data centred over Africa from the European 

Organisation for the Exploitation of Meteorological Satellites (EUMETSAT), and (b) quality 

controlled GTS gauge observations reporting 24 hours rainfall accumulations over Africa. 

However, there are differences between ARC2 and RFE in the use of polar-orbiting PM and 

geostationary IR data. ARC uses only 3 hourly IR data instead of 30 min, and does not 

include PM estimates, which RFE does (Love et al., 2004). Symeonakis et al., (2009) have 

found that the performance of the RFE is strongly dependent on the observation network 

density while Dinku et al., (2007) have reported that orographic rainfall effects resulted in 

RFE underestimating precipitation considerably. Operationally, this product has been used 

for several climate related long-term studies as well as to support humanitarian aid 

programmes such as the USAID program especially the FEWS-NET program. The ARC2

product is available from 1983 – present and has significant value for long-term climate 

studies in Africa (Novella & Thiaw, 2010).

(iii) The CMORPH product

The CMORPH product is unique since it has been produced on an 8 km grid at half-hourly 

time resolution as well as from comparable inputs such as TMPA. A histogram matching 

technique has been used to calibrate different PMW data to equal the TMI data. IR data are 

used to compute the motion vectors to propagate the PMW rainfall estimates. In addition, the 

shape and intensity of the precipitation features are modified (morphed) during the time 

between microwave sensor scans by performing a time-weighted linear interpolation. This 

process yields spatially and temporally complete microwave-derived precipitation analyses, 

independent of the infrared temperature field. (Joyce et al., 2004) Therefore, as a result of the 

merging technique the CMORPH product does not depend on the IR data for rainfall 

estimates. The native CMORPH product is available at the half-hourly, 8-km (0.7277o) 
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spatial resolution between 60o N and 60o S from December 2002 while the 3-hourly 

accumulated product to monthly accumulative values have been used in this study.

5.2.2..2 Description of model and experiment 

International Centre for Theoretical Physics (ICTP) RegCM4

The 4th version of the ICTP RegCM4 has been used in this research for year 2011 (for details 

see Giorgi et al., 2012; Table 5.3). RegCM4 is a 3-dimensional, primitive equation, sigma 

vertical coordinate model, which dynamics based on the hydrostatic version of the National 

Centre for Atmospheric Research/Pennsylvania State University’s mesoscale meteorological 

model version 5 (NCAR/PSU’s MM5; Grell et al., 1994). The model provides several 

physical options and customisable schemes such as radiation, precipitation and boundary 

layer. Due to flexibility of the model and adaptability in different climate regions, the model 

has been used for a wide range of applications, from process studies, to paleoclimate and 

climate change simulations (Giorgi et al., 2006; Giorgi & Mearns, 1999; Table 5.3). In 

particular it has been used for a number of studies in Africa. Diallo et al., (2015) used 

RegCM4 driven by Community Atmospheric Model version 4 (CAM4) over SA to evaluate 

the mean climatology, inter-annual variability as well as daily extremes of the wet season 

(temperature and precipitation). Sylla et al., (2013) assessed uncertainties in daily rainfall 

over Africa between gridded observational products and RegCM3 model simulation.  

Table 5-3: Contributed physics in both sets of simulations, 50 and 10 km space resolutions.

Physics Scheme Remarks

Radiation CCM3 Kiehl et al., 1996

Planetary boundary layer Holtslag et al., 1990 Holtslag et al., 1990

Resolvable scale moisture 

and precipitation
Explicit moisture, SUBEX Pal et al., 2000

Convection
Grell with Fritsch & 

Chappell closure
Fritsch & Chappell, 1980

Land surface process
Biosphere-Atmosphere 

Transfer Scheme (BATS)
Dickinson et al., 1993

Simulation

The model simulation in this study has a horizontal resolution of 25 km and 18 vertical 

levels. The initial conditions and lateral boundary forcing for in this experiment were driven 

by the six hourly NCEP/NCAR reanalysis (Kalnay et al., 1996) 

Radiative transfer and boundary layer processes are represented via the schemes of Kiehl et 

al., (1996) and Holtslag et al., (1990) with the updates described in Giorgi et al., (2012). In 
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RegCM4, convective precipitation can be described by a number of schemes (Grell et al.,

1994). Large-scale (grid-resolvable scale) precipitation processes are treated using the 

explicit microphysics scheme SUBEX of Pal et al. (2000), while the scheme of Zeng et al.,

(1998) is used to represent fluxes from ocean surfaces and the Biosphere-Atmosphere 

Transfer Scheme (BATS) (Dickinson et al., 1993) to represent land surface processes (Table 

5.3). 

Surface rain gauge data (four stations) as well as SBREs were used to validate the ability of 

the RegCM4 model simulation data to represent the precipitation in terms of monthly, 

seasonal and annual cycle.

5.2.2..3 Gauge data

This study covered the period from 2008 to 2014 and used rain gauge data that were obtained 

from the National Meteorological Service of Namibia except for the Okaukuejo station where 

2008 was unavailable. Quality control, to analyse outliers in time and space, were performed 

using the three-sigma method. Regional comparison against all neighbouring stations was 

performed to identify extreme values to assess whether an extreme value represent an 

extreme climate event in the region. The monthly, seasonal as well as annual accumulative 

values were than extracted from the quality controlled gauge observational data while Figure 

5.1 shows the location of the rain gauges. 

5.2.3 Validation methodology

To evaluate the accuracy of SBREs, traditionally, ground-based observations have been as a 

reference even though reference datasets also have their own uncertainties such as missing 

values and/or under-catch. The traditional approach has been essential and valuable and also 

offers direct statistical comparisons between the reference data and the SBREs products. The 

identification of first-order discrepancies derived from SBREs and ground-based 

observational gauge stations is essential for further in-depth examination. Furthermore, the 

aim of validation is also to characterise uncertainties between SBREs and ground-based data 

to determine the true precipitation rate, hence, enhancing the trustworthiness of both these 

data sets at locations and time scales where they agree (Hou et al., 2014). 

The data coverage for this study is seven years (2008–2014). Data were available for this 

period from all sources, except for the RegCM4 simulation (only 2011 is available) and the 

Okaukeujo gauge station (missing 2008). The validation of the SBREs is based on a monthly, 

seasonal, annual, and long-term mean precipitation periods basis. The validation was 

performed on a point-to-pixel (gauge stations against pixels derived from SBREs) and pixel-
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to-pixel (inter-comparison amongst SBREs) basis. Many studied have used point-to-pixel 

analysis, especially where gauge stations measurements are too sparse to be interpolated into 

a gridded product (Dembélé & Zwart, 2016; Cohen Liechti et al., 2012; Thiemig et al., 2012). 

The use of point data results in a demanding validation process; the variance of satellite 

estimates is fundamentally smoother in space and time as they represent spatial averages over 

grid cells, and some systematic differences between the point observations and pixel 

estimates are to be expected (Dembélé & Zwart, 2016; Toté et al., 2015).

First, monthly, seasonal, annual, and the long-term rainfall accumulations for the gauge 

observations and the satellite estimates were computed by aggregating their values. Rainfall 

totals were computed as follows: annual from January to December whereas winter 

precipitation represented June, July, and August (JJA) while summer season represented 

December, January and February (DJF). Furthermore, two extra seasons were used in this 

study: the 2014/2015 season and the 2007/2008 season. In all, eight seasons were used for 

this study.

Two approaches were followed to validate the gauge data against the SBREs: the first task 

was to analyse error statistics based on month, season, and the long-term monthly. In 

addition, cumulative density function (CDF) and scatterplots of the two data sets were also 

graphically depicted to qualify the degree of error. Furthermore, for the point-to-pixel 

analysis, the four gauge stations were used to extract data for the mixed time-space domain to 

calculate the statistical scores, for the different months and seasons. While for the pixel-to-

pixel analysis, 784 pixels at the 0.25o spatial resolution, for the study area, were extracted for 

analysis. 

Five parameters were used as the measures of the closeness of the SBREs against ground-

based observational gauge data: (5.1) r, (5.2) the mean bias error, (5.3) RMSE, (5.4) MAE, 

and (5.5) eff, defined as follows:
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where Si represent the SBREs data values while Gi represent the reference gauge values. In 

addition, σS and σG represent the standard deviations for the SBREs and reference gauge 

observational values. Lastly, n represent the number of data pairs between the SBREs and 

gauge.

The bias in this study is used to determine the systematic component of the error while the 

RMSE to establish the random component of the error. The study used the gauge rainfall data 

to remove the bias from the SBREs data and thereafter calculate the RMSE. Furthermore, we 

calculated all errors as a percentage to give a clearer understanding as well as to assess the 

reliability of the temporal variations (eg. seasonal) of precipitation in the study area. The 

following criteria for the five parameters were used to determine the accuracy of the SBREs: 

for random errors, less than 50%, represented a reliable estimate (Adeyew & Nakamura, 

2003) while for the efficiency coefficient (eff), minus infinity (poor skill) to 1.0 (perfect skill) 

and zero value indicate SBREs are as accurate as the observed mean, indicates estimates 

relative to the reference data (Legates & McCabe, 1999; Nash & Sutcliffe 1970).  

Lastly, in order to understand the long-term performances, the reference (gauge) data were 

compared against the SBREs for the seven year timescale (2008 – 2014) using the long-term 

mean monthly as well as the annual rainfall fields. To visualise the results, difference maps in 

addition to histograms were produced that illustrated the number of grids cells in the various

different categories.

5.3 Results

5.3.1 Long-term analysis: Gauge stations versus SBREs products and 2011 RegCM4 simulation

Point-to-pixel comparisons were performed using the four gauge stations (Grootfontein, 

Ondangwa, Okaukuejo, and Rundu) – points against the five satellite-based estimation 

products (ARC2-FEWS, CMORPH, TRMM 3B42 & 3B43 and RegCM4) – pixels. 

Scatterplots and CDF of the gauge stations against the five products are presented in Figure 

5.2.
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Table 5.4, 5.5 and Table 5.6 provide a quantitative comparison of error statistics for the four 

gauge stations against the four satellite-based products and the 2011 RegCM4 simulation; the 

inter-comparison of the long-term monthly mean for the four satellite-based products and the 

2011 RegCM4 simulation; and the inter-comparison of r for the four satellite-based products 

as well as 2011 RegCM4 simulation, respectively.

For the Grootfontein station (Figure 5.2A1) the worst performing product is the RegCM4, it 

has a very poor correspondence with gauge data (r = 0.59). The product also shows large 

errors in overestimation the 2011 precipitation as well as having the poorest correspondence 

with the reference CDF (Figure 5.2A2). The second product that also performed poorly

compared to the TRMM 3B42 product, is the CMORPH product with a reasonable 

correspondence with gauge data (r = 0.83). Due to the large overestimation of the RegCM4

product most values in the scatter plot (Figure 2A1) are below 200 mm. The CMORPH 

product occasionally overestimated precipitation and this is reflected in the bias (19.1), MAE 

(30.4), RMSE (106.1) and low efficiency score (65.4) while the TRMM products (3B42 and 

3B43) have relative good agreement with the ground reference (r > 0.93) as well as with the 

other error statistics (bias, MAE, RMSE and eff). Comparing the CDFs (Figure 5.2A2) all 

TRMM products as well as ARC2 product are very close to the gauge distribution whilst the 

CMORPH has a poorer correspondence with the reference CDF, revealing overestimation of 

rainfall by this product.

For the Ondangwa station, the RegCM4 product (Figure 5.2B1) performed similarly to the 

Grootfontein station by overestimating precipitation and hence having a very poor 

correspondence with gauge data (r = 0.48). While the results of the other satellite products 

were more consistent compared to the Grootfontein station, the TRMM products 

underestimated, the ARC2 and CMORPH overestimated when compared with the ground 

reference using the mean month precipitation (Table 5.4). 

This trend is also reflected in the bias (-7.9), MAE (16), RMSE (63.2 - 66.8), eff (75.4 - 80.4) 

and r (0.90 - 0.91) for the TRMM products. Even though the random errors (RSME) for all 

SBREs are very high and not reliable in relative terms but the bias for all products is the 

lowest for stations. The CDFs also reflect the underestimation (TRMM products) and 

overestimation (ARC2 and CMORPH) to the reference CDF.

For the Okaukuejo station, which represents the driest areas in the study area, Figure 5.2C 

shows a large concentration of no rainfall events. Furthermore, the SBREs have the poorest 

correspondence with gauge data (r < 0.80). Here again, the RegCM4 have the poorest 

correspondence (0.04) while the CMORPH product performed well with a good 
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correspondence to the gauge data (0.77). The TRMM products again also performed 

constantly well with good values (r = 0.74 – 0.77). The mean monthly values indicated that 

all SBREs overestimated the gauge measurement which is in line with most studies 

(Milewski et al., 2015; Toté et al., 2015; Hughes, 2006) that reported that SBREs struggle in 

semi-arid regions and when rainfall is relative low (in a season). Even though the TRMM

3B43 product has a low correspondence with gauge data (0.73) and eff score (48.2) it 

performed the best amongst the SBREs. It has the low bias (4.0), the best MAE (16.2) and 

RMSE (67.0) although its RMSE is high (< 50% reliable) it has the added advantage that, 

gauge observations (GPCC and Climate Anomaly Monitoring System - CAMS) were used to 

adjust this monthly product, hence the sight improvement. Again, the CDF illustrates the 

overestimation of by all SBREs comparing the SBREs CDFs with the reference CDF.

For the Rundu station, high correspondence with gauge data for all SBREs can be observed (r 

> 80), even the RegCM4 has the best correspondence with gauge data (r = 0.72) for all 

stations. The CMORPH and RegCM4, however, overestimated gauge precipitation (Figure

2D, scatterplot) with the ARC2 product showing a similar trend for rainfall below 100 mm. 

The CMORPH product performed constantly poor in terms of bias (24), MAE (33.6), RMSE 

(116), eff (66.1) and r (0.80) compared with the TRMM and ARC2 products.
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Figure 5-2: Scatter graphs as well as Cumulative Density Functions (CDF) plots of four rainfall gauge stations 
(Grootfontein - A, Ondangwa - B, Okaukuejo - C and Rundu - D) extracted from four satellite-based rainfall 
estimates (ARC2-FEWS, CMORPH, TRMM 3B42 & 3B43 and RegCM4) on a monthly basis for the mixed 
time-space domain at 0.25o grid-box resolution (period 2008 – 2014). 
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Table 5-4: Mean monthly rainfall gauge stations against satellite estimates (ARC2, 3B43, CMORPH) on a 0.25o gridbox 
template for the mixed time-space domain (84 months x 28 x 28 grid cells) for the period from January 2008 –
December 2014.

Rainfall 

Stations

Mean Monthly (mm)

Bias MAE 

(%)

RMSE 

(%)

Eff

(%)

r

Gauges               

Satellites

ARC2(1) 3B42(2) 3B43(3) CMORPH(4)

Grootfontein 52.2 49.90 50.51 47.1 74.0 -4.2(1)
-3.5(2)
-7.0(3)
19.1(4)

14.1
12.3
14.3
30.4

82.1
46.7
55.0
106.7

81.8
87.7
81.6
65.4

0.93
0.95
0.93
0.82

Ondangwa 52.8 56.62 44.20 44.2 54.6 2.7
-7.9
-7.9
2.1

13.9
16.4
16.8
22.2

165.1
66.8
63.2
77.2

88.5
75.4
80.4
70.9

0.95
0.90
0.91
0.91

Okaukuejo 31.4 39.41 38.75 32.07 43.1 10.3
9.7
4.0
13.4

16.8
19.6
16.2
20.1

80.6
81.3
67.0
71.2

46.1
57.7
48.2
51.8

0.72
0.77
0.73
0.77

Rundu 53.2 59.57 55.21 54.7 80.85 6.6
-0.9
-1.4
24

15.8
11.7
10.3
33.8

303
42.7
36.6
116

86.9
91.6
93.7
66.1

0.94
0.95
0.96
0.80

Table 5-5: Monthly satellite estimates (ARC2, 
3B42 & 3B43and CMORPH) on a 0.25o grid-box 
template for the mixed time-space domain (84 
months x 28 x 28 grid cells) for the period from 
January 2008 – December 2014.

Product Monthly Mean (mm)

ARC 2 53.89

3B42 56.65

3B43 56.88

CMORPH 75.92
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Table 5-6: Products (ARC2, TRMM 3B42 & 3B43, CMORPH and RegCM4) inter-comparison of 
monthly rainfall on a 0.25 degree gridbox template for the mixed time-space domain (84 months totals x 
28 x 28 grid cells, 65856 points per product) for the period from January 2008 – December 2014.

ARC2 3B42 3B43 CMORPH RegCM4

ARC2 1 0.89 0.89 0.70 0.55

3B42 0.89 1 0.99 0.63 0.64

3B43 0.89 0.99 1 0.63 0.64

CMORPH 0.70 0.63 0.63 1 0.38

RegCM4 0.55 0.64 0.64 0.38 1

. 

CMORPH poor performance is also shown in the CDFs where the TRMM and ARC2 

products are closer to the reference CDF compared with the CMORPH and RegCM4

products. The closeness of the TRMM and ARC2 products are also illustrated by the mean 

monthly precipitation values (Table 5.4).

5.3.2 Long-term analysis: Inter-comparison between SBREs products

Most studies, where a dense array of gauge stations exist, produce a gridded precipitation 

map of the stations for comparison against SBREs, in this study as a result of the poor spatial 

distribution of the gauge stations such a gridded map was not possible. Hence, a point-to-

pixel (previous section) and pixel-to-pixel analyses (this section) were performed. The mean 

monthly precipitation of the four SBREs is represented in Table 5.5. It shows that ARC2 has 

the lowest mean precipitation (54 mm) whilst CMORPH has the highest (76 mm). The 

TRMM products have similar precipitation values as expected. Table 5.6 shows the cross 

data CCs for all products. The TRMM products maintain high correlations of 0.89, 0.99, 

0.63, and 0.64 with the ARC2, themselves, CMORPH and RegCM4, respectively. This 

illustrates that the TRMM products performed the best amongst all SBREs. The correlation of 

each pixel amongst all SBREs against the ARC2 product is presented in Figure 5.3. For each 

SBRE product the pixels (65,856) were plots against the ARC2 product, except for the 

RegCM4 product that only has pixels (9,408) for the 2011. The TRMM products, as 

mentioned earlier, have the best correspondence with ARC2 (r = 0.89) but errors are large 

showing a considerable underestimation of precipitation. The CMORPH product shows an 

equally overestimation and underestimation of precipitation against the ARC2 product. A 

large portion of the underestimation is at higher rainfall amounts (< 300 mm). The RegCM4

product has the poorest correspondence (r = 0.55) and shows large errors of overestimation of 

precipitation for lower rainfall amounts (< 300 mm) and underestimation of precipitation for 
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amounts lower than 300 mm. Comparing the CDFs (Figure 5.3) all SBREs are quite closer to 

the ARC2 distribution whilst RegCM4 has the poorest correspondence with the reference 

CDF revealing a remarkable overestimation of rainfall by this product.

5.3.3 Seasonal analysis: Gauge stations versus SBREs products and 2011 RegCM4 simulation

The determination of the product and model simulation skill is crucial, hence intra-annual 

variation on a monthly to a seasonal period was analysed. Figure 5.4 and Figure 5.5 show the 

monthly and seasonal error statistics for the four gauge stations against all SBREs, 

respectively. 

For the Grootfontein station (Figure 5.4A), there is virtually no correspondence of CMORPH 

estimates with rain gauge data for February, March, and December (r < 0.4) while November 

is slightly better (r = 0.4 – 0.5). Errors (MAE and RMSE) exhibit a prominent intra-annual 

cycle with large values during the warm season. Using the mean monthly precipitation 

(Figure 5.4A6), precipitation is strongly underestimated (except for CMORPH) during the 

rainy season (October to April). Random errors became small in the dry winter months 

mainly as a result of small rainfall amounts recorded during this period (Figure 5.4A4). The 

correlation between the TRMM products and gauge data is relatively high (r > 0.6) except for 

March (0.51) and May (0.57 & 0.46) where 3B42 and 3B43 produced low values. The bias 

errors are low and negative from October to January while the random errors show a 

pronounced intra-annual variation with a maximum during the dry winter months and 

minimum during the rainy season of the year. While for RMSE the contrary is true: minimum 

during winter (JJA) and maximum during the rainy season. The MAE is less than 50% of the 

reference estimates for all months of the year with the exception of the summer months of 

January, February, March (CMORPH and 3B43), April, and November. All SBREs exhibit 

improved skill compared to the observational data especially for the months February to 

October even though the bias error turned to positive values in these months, indicating a 

systematic overestimation of precipitation. The skill (eff) is worst for January that is the peak 

of the summer rainfall months.

For the Okaukuejo station, the ARC2 product has no correspondence (negative) for January, 

May, November, and December (Figure 5.4C1), otherwise all SBREs follow a strong intra-

annual variation where the summer rainfall months have weaker correlation correspondences 

to the gauge rainfall except for the CMORPH product in January that reported a high 

correspondence (r = 0.86). As mention earlier, SBREs significantly overestimate rainfall in 

dry regions as well as during dry months, Figure 5.4C6 (mean monthly precipitation) 
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illustrates this trend, all SBREs overestimated mean monthly precipitation except for 

November when the TRMM products slightly underestimated mean monthly precipitation. 

Unlike, the previous station, the bias is positive for January and October but negative for 

April. It is similar to the previous station for November and December. MAE is less than 

50% of the reference estimates for all months of the year with the exception of the two wet 

summer months of January (CMORPH and ARC2) and February (3B42). The random errors 

show a pronounced intra-annual variation with minimum during the dry winter summer 

months of the year and maximum during the rainy season of the year. The efficiency 

coefficient (%) is relatively stable throughout the year with values above zero except for 

October (CMORPH, -80) and November (ARC2, -920).

For the Ondangwa station (Figure 5.4B), the correlation between SBREs and gauge data is 

relatively good (r > 0.6) and consistent for all months of the year with the exception of April, 

May, November, and December. The lowest correlation (r = -0.37) occurred in May is 

produced by the 3B43 product. The bias is similar to the Grootfontein station where the warm 

rainy months (January, February, November, and December) have to worst values. The 

TRMM products especially perform badly during these months (Figure 5.4B2). The random 

error follows a intra-annual pattern as discussed with the earlier stations. Again, MAE is less 

than 50% for all SBREs for all months with the exception of February and April (3B42). 

The SBREs show skill for most months during the year except for October when it becomes 

negative for all but CMORPH product. Unlike the Okaukuejo station, the mean monthly 

precipitation is underestimated during the first months of the rainy summer months while 

overestimated during the latter part of the year which also mark the beginning of the rainy 

season.

For the Rundu station (Figure 5.4D), correlation between SBREs and gauge are constantly 

high (r > 0.6) with the exception of July (CMORPH), September (all but ARC2), and 

November (CMORPH). Minimum bias throughout the year is also recorded but not for 

January (3B42), March (ARC2) and November (all except CMORPH). MAE is less than 

50% of the reference estimates for all months of the year with the exception of early warm 

summer months (October and November) for the CMORPH product. Random error also has 

an intra-annual variation for all SBREs but is pronounced for CMORPH. Mean monthly 

precipitation (Figure 5.4D6) shows overestimation for all SBREs throughout the year with 

CMORPH more pronounced for January, March, October, November, and December. The 

CMORPH again exhibits the worst skill for March, August, and September. Generally most 

SBREs do not show good skill for January and September.
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Figure 5-3: Scatterplots of TRMM 3B42 & 3B43, CMORPH and RegCM4 vs ARC2 as well as cumulative 
density functions (CDF) on a monthly time scale for rainfall on a 0.25o grid box template for the mixed 
time-space domain (84 months totals x 28 x 28 grid cells, 65,856 points per product) for the period from 
January 2008 – December 2014.

The errors from the comparisons between the SBREs and gauge data at seasonal scale are 

presented in Figure 5.5A-D for the four ground stations. The study area is located within a 

warm summer rainfall climate zone and receives no rainfall during the winter season (June, 

July,August [JJA]) hence most error statistics for this season are almost the same for all 
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SBREs, except for the CMORPH product that recorded small amounts of rainfall. For the 

Grootfontein station (Figure 5.5A), the best correspondence with gauge data in all seasons 

were shown by the TRMM products (r > 0.80) with the exception for the spring season when 

the correspondence decreased (r = 0.6 – 0.7). The CMORPH product performed the worst 

especially for the spring season (r = 0.4) and continued this trend for bias (>100), MAE 

(>120), RMSE (>250), eff (< -40) and overestimated precipitation for both the spring and 

summer seasonal precipitation against gauge data. Generally, correlations between SBREs 

and gauge data follow a distinct intra-annual variation with higher values during the summer 

and autumn but lower values during spring. All SBREs show negative bias for all seasons 

except for the CMORPH product that has a high bias for the spring season decreasing 

towards a low bias for the autumn. 

MAE is less than 40% for all seasons but again the CMORPH product has higher values (> 

60%) values whilst the random error has the same trend. The eff is positive and high (> 60%) 

for all seasons but negative for the spring season (CMORPH product). The CMORPH 

product is the only product that overestimated precipitation when compared to the mean 

seasonal gauge precipitation whilst the other products underestimate precipitation. 

For the Okaukuejo station (Figure 5.5C), the opposite trend in terms of intra-annual variation 

compared with the Grootfontein station is shown. The spring season has higher 

correspondence with reference data whilst the summer season has a lower correspondence. 

The autumn season also has a consistent higher correspondence across all SBREs. The bias is 

equally split between a positive bias for spring and summer seasons and a negative bias for 

autumn. The summer season has a poor error statistics trend with a high MAE (> 80%), high 

RMSE (> 250) and a significant overestimation of all SBREs for. The SBREs for spring and 

autumn have good MAE scores (< 50%), reasonable RSME scores and a slight 

overestimation of precipitation with reference gauge data. The efficiency coefficient is good 

for spring and increase slightly towards the autumn season but has negative values for the 

CMORPH product (spring) and 3B43 (autumn). This station, again as with the monthly 

analysis, is located in a low rainfall area of the study area and al SBREs overestimated 

rainfall with the overestimation worst during the summer rainfall season and least during 

autumn.
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Figure 5-4: Monthly values of error statistics, correlation coefficient, bias, MAE, RMSE, efficiency coefficient as 
well as monthly mean rainfall (785 pixels) for four SBREs (ARC2, CMORPH, 3B42 and 3B43) on a 0.25o gridded 
template for the period 2008 to 2014. Stations: A – Grootfontein, and B – Ondangwa.
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Figure 5 4 Continue: Monthly values of error statistics, correlation coefficient, bias, MAE, RMSE, efficiency 
coefficient as well as monthly mean rainfall (785 pixels) for four SBREs (ARC2, CMORPH, 3B42 and 3B43) 
on a 0.25o gridded template for the period 2008 to 2014. Stations: Ondangwa; C – Okaukuejo, and D – Rundu.
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The TRMM products have high efficiency coefficient (eff > 80%) for both spring and 

summer but poor values for autumn. The CMORPH product consistently performed the worst 

with its lowest values for spring, better values for summer and the best values for autumn. 

Using the mean seasonal precipitation the spring season has products overestimated 

(CMORPH and ARC2) the precipitation against the reference gauge precipitation data whilst 

others (TRMM products) underestimated precipitation. A similar trend is observed for the 

summer season even though the CMORPH product slightly underestimated the precipitation. 

All SBREs underestimated precipitation for the autumn season. 

The spring season for the Rundu station has a similar trend to the Grootfontein and 

Ondangwa stations with low correspondence (r < 0.7) with reference data except for the 

CMORPH station that has higher CC values (r > 0.8). The CMORPH product has also the 

lowest r values for these three stations compared with the other SBREs while the ARC2 

product have consistently higher correspondence values (r > 0.8). Only the 3B43 product 

continued the trend of negative bias for both spring (3B42) and summer whilst the other 

SBREs have all positive bias with CMORPH having the worst positive bias for spring but 

improved (decreases) significantly for the other seasons. MAE less than 40%, for this station, 

is only limited to spring and autumn with CMORPH product the exception for both seasons. 

The 3B43 product has poor MAE (> 150%) for the summer season, only the CMORPH 

product is a poor performer (> 160%). The random errors follow the same trend than MAE. 

ALL SBREs have good and positive efficiency coefficient values with the exception for 

spring (CMORPH product), summer (3B43) and autumn (both CMORPH and 3B42 

products). As with the Okaukuejo station all SBREs overestimated precipitation if compared 

against seasonal precipitation for gauge reference data. The CMORPH product significantly 

overestimated the spring and summer precipitation.

The brevity of climate records for the study area necessitates the evaluation of the capability 

of the five SBREs (RegCM4 only for 2011) to advance the analyses of climate-scale rainfall 

by using comparative analysis of the long-term seasonal and annual precipitation for the 7-

year period (2008–2014). Scatter plots of the long-term seasonal and annual precipitation for 

the SBREs versus gauge data are compared (Figure 5.6) while each product’s CC is also 

shown in the plots. As discussed earlier, the study area receives virtually no rainfall during 

the winter seasons (JJA) hence CC for this season has zero values for all SBREs against 

gauge precipitation with the exception of the RegCM4 product for the Okaukuejo (> 10 mm) 

and Ondangwa stations (> 10 mm). 
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Figure 5-5: Seasonal values of error statistics, correlation coefficient, bias, MAE, RMSE, efficiency coefficient as 
well as seasonal mean rainfall (785 pixels) for four SBREs (ARC2, CMORPH, 3B42 and 3B43) on a 0.25o gridded 
template for the period 2008 to 2014. Stations: A – Grootfontein; B – Ondangwa, and C – Okaukuejo..
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Figure 5 5 Continue: Seasonal values of error statistics, correlation coefficient, bias, MAE, RMSE, efficiency 
coefficient as well as seasonal mean rainfall (785 pixels) for four SBREs (ARC2, CMORPH, 3B42 and 3B43) 
on a 0.25o gridded template for the period 2008 to 2014. Stations: C – Okaukuejo, and D – Rundu.
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Other SBREs also recorded insignificant rainfall for these two stations, especially the 

CMORPH product that continues it overestimation of precipitation against reference data. 

ARC2 product record excellent skill for annual precipitation (r > 0.9) for all stations except 

for the Rundu station (r = 0.56) while this product has good performance for all SBREs and 

stations for the autumn and summer seasons (r > 0.8).The spring season produces the lowest 

skill for all stations and SBREs except for the Rundu station that has reasonable values (r > 

0.7) for all SBREs. The stations with the lowest long-term precipitation (Okaukuejo and 

Ondangwa) suffes from significant overestimation of annual precipitation while those have 

higher long-term precipitation (Grootfontein and Rundu) suffer from underestimation. Spring 

seasonal precipitation is underestimated for all SBREs and stations with the exception of the 

CMORPH product and occasionally the ARC2 product (Okaukuejo and Ondangwa stations) 

when the CC is the lowest (r = 0.1). The summer seasonal precipitation has a similar trend 

than the spring season for all SBREs and stations but the 3B43 product overestimated 

precipitation against the reference data especially for higher rainfall amounts (> 350 mm) for 

the drier part of the study area. For the autumn season stations located in the drier part of the 

study area (Okaukuejo and Ondangwa) have similar plots and they again emphasised 

underestimation of precipitation from all SBREs against high gauge precipitation (> 300 

mm). The autumn season for the other two stations have mixed results, precipitation has been 

underestimated for all SBREs except the CMORPH product for the Grootfontein station 

while the Rundu station having high correlation coefficient values (r > 0.8) show a slight 

underestimation for the ARC2 product and a minor overestimation for the CMORPH product.

5.3.4 Seasonal analysis: Inter-comparison between SBREs products

The inter-comparison analysis of the SBREs also includes the difference fields between three 

SBREs (ARC2, CMORPH and 3B43) and the commonly and operational TRMM 3B42 

product. The analysis was enhanced by including histograms of the number of pixels in 

various difference classes. In the absence of gridded gauge fields the performance of the 

SBREs was assessed against the results obtained for the previous sections. The TRMM 

products show an excellent difference map that confirm the fact that the 3B43 product, as 

mentioned earlier, has been calibrated with gauge but it overestimated precipitation (< 25 

mm) in northern part of the study area where rainfall is predominantly higher (Figure 5.7A). 

In contrast, the CMORPH product against the 3B42 product shows strong underestimation in 

the southern part of the study is as well as the mountainous (high rainfall) parts (Figure 5.7B). 
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Figure 5-6: Scatterplots of four SBREs (ARC2, CMORPH, 3B42 and 3B43) vs gauge data for the long-term mean 
seasonal and annual precipitation (period 2008 to 2014) at 0.25o gridded resolution. Correlation coefficient for 
each product is also indicated. Stations: A – Grootfontein and B – Ondangwa.
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Figure 5 6 Continue: Scatterplots of four SBREs (ARC2, CMORPH, 3B42 and 3B43) vs gauge data for the long-term 
mean seasonal and annual precipitation (period 2008 to 2014) at 0.25o gridded resolution. Correlation coefficient for 
each product is also indicated. Stations: C – Okaukuejo and D – Rundu.
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The differences field of precipitation between 50 and 75 mm is especially high. As expected, 

the operational ARC2 product performed better with many difference fields at zero and a 

slight underestimation of precipitation compared to the 3B42 product (Figure 5.7C).

The semi-arid dry parts (south western) of the study area shows overestimation, as discussed 

earlier, while the humid northern part shows underestimation of precipitation against the 

3B42 product. The ARC2 performed well against the 3B42 product over the mountainous 

(high rainfall) south eastern part of the study area.     

Figure 5.8 shows the long-term mean annual rainfall for gauge stations (Figure 5.8A) within 

and surrounding the study area (CRB) as well as satellite-based products: CMORPH (Figure

5.8B), ARC2 FEWS (Figure 5.8C), 3B42 (Figure 5.8D), and 3B43 (Figure 5.8E). The gauge 

stations precipitation map (Figure 5.8A) is based on more than 30 years of precipitation 

which was derived from monthly precipitation data from various sources for a period 

between 1960 and 1990 (Namibia Resource Consultants, 1999). The precipitation map (grid 

of 8 km by 8 km) was produced by applying a kriging algorithm adjusted with elevation data 

to fill in the missing rainfall data between gauge stations. This map was used to understand 

the long-term spatial distribution of precipitation within the study area as well as to visually 

compare the long-term mean annual precipitation of all SBREs against this high resolution 

gridded gauge precipitation map. The map also confirmed a latitudinal precipitation gradient 

from the north to the south as well as a strong gradient of decreasing precipitation from the 

north eastern corner of the map to the south eastern corner. It also highlights the orographic 

rainfall (National Reseach Consultants, 1999) around the Grootfontein rainfall station. 

Furthermore, the map also shows the dry patch surrounding the Okaukuejo rainfall station. 

Three of the SBRE precipitation maps (Figure 5.8B, 5.8D, 5.8E) replicate all these features 

whilst the ARC2 product do not highlight the dry patch but replicate the high rainfall within 

the north-eastern corner (CMORPH as well). The TRMM products however emphasised the 

source area where the Cuvelai basin receives its rainfall. These two products are also 

identical, as expected, and replicate all other precipitation features well.
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Figure 5-7: Difference fields (in mm and left) and histograms (right) of differences between three SBREs (3B43, 
ARC2 and CMORPH) and the 3B42 product data for the long-term mean annual precipitation (between 2008 
and 2014) at 0.25o grid resolution.
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Figure 5-8: The long-term mean annual rainfall based on: (A) gauge stations based on more than 30 years of 
precipitation (Namibia Resource Consultants , 1999)  as well as satellite-based products: (B) CMORPH 
(C)ARC2 FEWS (D) 3B42 (E) 3B43.
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5.4 Conclusions

The ability of four operational available SBREs products, as well as a RegCM4 simulation 

towards climate studies over semi-arid Cuvelai river basin, was assessed. To achieve this, an 

extensive comparison of gauge observations against SBREs of monthly, seasonal, and annual 

rainfall was conducted over an 8-year period on a 0.25o spatial scale whereas a RegCM4 

model was also simulated only for 2011.

The TMPA products (3B42 and 3B43) showed slight improvement, when compared with 

gauge data over the Cuvelai Basin. When comparing 3B43 with the 3B42 product, it showed 

slight improvement specially in decreasing both the random as well as the scatter of the 

estimates, even though rainfall was over-estimated, systematically. The TMPA products 

(3B43 and 3B42) performed well compared to the other SBREs products due to their merging 

methodology that include other satellite information in addition to rainfall gauge data. 

Generally, for all SBREs against gauge data, a clear intra-annual trend can be observed: for 

correlations – high during summer and autumn while it is lower for winter and spring rainfall 

whereas similar patters can be observed for random errors but quite discrete when compared 

to correlation.

Surprisingly, higher correlation values were accompanied by higher error values. On a 

monthly time scale, during the key rainy season from October to March, 3B43 outperformed 

the 3B42 product in all seasons, hence, as also suggested by others (e.g. Feidas, 2010) the 

3B43 product offers the best possibility for accurately estimating the mean climatological 

distribution and variability of precipitation at this high spatial resolution. 

The 2011 RegCM4 simulation performed poorly, in general, by over-estimating precipitation 

over the study area domain. It was especially poor in low rainfall areas as well as during the 

dry season while in the high precipitation areas, and less significantly during the wet season, 

it performed reasonably. Also significantly, it outperforms the SBREs in mountainous areas 

mainly due to its excellent skill (eff) to reproduce topographically induced characteristics of 

precipitation in such areas. The model performance can be related to boundary conditions 

(Park et al., 2013) or model dynamic and set-up. Each of the hydrostatic nature of the model, 

poor presentation of large-scale systems, low horizontal or vertical resolutions in addition to 

physical settings can be responsible for the model’s bad performance (Oh et al., 2014). Future 

work in terms of model evaluation will explore neighbourhood techniques compared to grid-

point validation of models (station values vs grid point value) that was use in this study. 

For this paper several general conclusions can be as follows:
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• Even though, the results underlined the supremacy of the 3B43 product over the other 

multi-sources satellite products examined in this study, the ARC2 product did not 

perform poorly.

• Systematic positive bias of the monthly 3B43 product have been induced due to the 

incorporation of gauge data

• Most SBREs accurately depicted the spatial and temporal variability of summer 

precipitation. 

• Small rainfall amounts resulted in large systematic and random errors 

• Sensitivity to seasonal changes are well captured by the random and systematic errors 
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Chapter 6 Assessment of Drainage Network extractions

Assessment of drainage network extractions in a low-relief area of the Cuvelai Basin

(Namibia) from multiple sources: LiDAR, topographic maps, and digital aerial 

orthophotographs

Persendt, F. C., & Gomez, C.

Abstract

Accurate delineation of drainage networksis crucial for hydrological or hydraulic modelling, 

and the comprehension of fluvial processes. This task presents challenging aspects in 

complex lowland terrains with subtle relief and particularly for data poor-areas like the 

Cuvelai river basin (CRB), Namibia, where the present study takes place. In the CRB 

standard methods of drainage network extraction from low resolution gridded DEMs are 

unsuitable, hence airborne LiDAR solutions have been utilised. However, LiDAR also 

presents challenges to large areal applications, especially with a surface roughness exceeding 

the capacity of numerous algorithms. Indeed, LiDAR-based DEMs (2 and 50m resolutions) 

need to be hydrologically corrected and smoothed to enable the extraction of scale-relevant 

geomorphologic features such as DNs. In the present contribution, channels from topographic 

maps (blue lines) were compared to those from hydrologically corrected and uncorrected 

LiDAR DEMs, heads-up digitised channels from high-resolution digital aerial 

orthophotographs, field-mapped channels and auxiliary data. The maximum gradient 

deterministic eight (D8) GIS algorithm was applied to the corrected and uncorrected LiDAR 

DEMs using two network extraction methods: area threshold support and curvature/drop 

analysis. Different progressive flow accumulation threshold values (12) were used to 

delineate channels with these methods. Validation was performed between the field-mapped 

channels, the modelled channels and those derived from multiple sources. In addition, spatial 

and quantitative analyses were performed on geomorphologic parameters and indices. The 

results have shown that hydrologically corrected LiDAR DEMs offer useful details for 

identifying low order stream segments in headwaters, while blue lines derived from the 

national hydrography datasets for watersheds, located in elevated and low-lying areas of the 

study area, underestimated total stream lengths for field-mapped channels by − 15.3% and −

88.5%, respectively. This study also confirmed that DNs can be extracted from complex low-

terrain areas with standard GIS algorithms and accurate field data. The results will aid 
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national mapping agencies in data-poor regions to modernise their national hydrography 

datasets and to account for changing land surface conditions that can affect channel spatial 

arrangements over time.

Material covered in Chapter 6 has previously been published in:

Persendt, F. C., & Gomez, C. (2016). Assessment of drainage network extractions in a low-

relief area ofthe Cuvelai Basin (Namibia) from multiple sources: LiDAR, topographic maps, 

and digital aerial orthophotographs. Geomorphology, 260, 32-50.

doi:10.1016/j.geomorph.2015.06.047
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6.1 Introduction

Precise delineation of drainage networks is essential for hydraulic and hydrologic modelling, 

water resource management, geomorphologic change of floodplains, flood risk management 

and surface water mapping (Poppenga et al., 2013, Ducey et al., 2012, Hohenthal et al., 2011, 

Poppenga et al., 2010a, Poppenga et al., 2010b, Jones et al., 2008, Sharon et al., 2008, Jones 

et al., 2007, Hollaus et al., 2005, Thoma et al., 2005, French, 2003; Moore et al., 1991). DNs 

play an important role in computing the routine of water flow, especially in areas where long 

time-series data are unavailable or stream-networks are ungauged, under-gauged, and 

drainage basins are extremely large and complex. The semi-arid Cuvelai river basin (CRB; 

Mendelsohn & Weber, 2011), located between Angola and Namibia (Figure 6.1), 

encompasses these and many other challenges related to flood risk management.

The CRB, where this research has taken place, displays a series of characteristics that hamper 

the accurate delineation of DNs, when using traditional manual delineation methods: (i) very 

low gradients that accentuate the relative importance of numerous hydraulic obstructions 

such as roads, bridges and culverts (Figure 6.2A, 6.2B, 6.2E); (ii) lack of well-defined flood 

channels, which are mostly broad and shallow (Figure 6.1, between Xangongo and Oshakati); 

(iii) the semi-arid climatic conditions result in very strong seasonal variations in channel 

water levels which often produce inaccurate DN datasets (ephemeral, intermittent, or 

perennial) and are only valid for the season when the topographic data have been recorded 

(Directorate of Survey and Mapping (DSM), 2013, Benstead & Leigh, 2012, Levick et al., 

2008; Stanley et al., 1997); (iv) numerous natural pans, lakes and holes that are caused, in 

some cases, by water resource and flood risk management practices, hamper the delineation 

of accurate DNs, Figure 6.2C, 6.2D, 6.2F); (v) the absence of riparian zones and depositional 

characteristics that can form as a result of in-channel migration, prevent the application of 

geomorphologic and vegetation-based traditional methods of channel delineation (Osterkamp 

& Hupp, 2010, Bendix & Hupp, 2000; Hupp & Osterkamp, 1996); (vi) the complex 

landscape of the CRB that resulted from in-land deltaic processes (Miller et al., 2010, 

Mendelsohn et al., 2000; Van der Waal, 1991); (vii) the scarcity of hydro-meteorological data 

caused by climatic conditions, lack of financial and human resources, and past war conflicts 

within the CRB, contributes towards the lack of accurate DNs (Zaman et al., 2012;

Gebremichael & Hossain, 2010; Hughes, 2006; Wilk et al., 2006); and (viii) inaccurate, 

outdated topographic maps (1:50,000) and aerial photographs (1:60,000) are unable to depict 

the seasonal dynamism of this drainage system (European Space Agency [ESA], 2016a;

Cazorzi et al., 2013).
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Figure 6-1: Locality map showing the Cuvelai river basin (CRB) along with its neighbouring catchments the 
Cubango/Okavango (west) and Kunene (east) river systems as well as the study area. The Etosha Pan is the 
topographic lowest area in the CRB.

As a result, different representations of the drainage network of the CRB have been used in 

studies that have tried to solve the environmental and water resource-related challenges of the 

CRB (Research and Information Services of Namibia [RAISON], 2012; Mendelsohn &

Weber, 2011; Miller et al., 2010; Mendelsohn et al., 2009; Bittner Water Consult [BIWAC], 

2006, 2004; Hipondoka, 2005; Mendelsohn et al., 2000, Cunningham et al., 1992; Ground 

Water Consulting Services, 1993). The accuracy and completeness of DNs used in the

abovementioned studies differ widely due to the data sources, the scale, the quality and the 
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absence of guidelines for manual and digital delineation of DNs. The most popular DN used 

in the CRB has been the Hydrological data and maps based on HydroSHEDS (Lehner &

Grill, 2013; Lehner et al., 2008; Lehner et al., 2006; World Wildlife Fund [WWF], 2008). 

Figure 6.1 shows the HydroSHEDS DN and the location of the CRB amongst its two 

neighbouring drainage systems (Mendelsohn et al., 2009).

Figure 6-2: Typical characteristics that can hamper the accurate delineation of drainage networks when using 
traditional manual or automatic delineation methods using DEMs in the study area. (A) and (B) illustrate the 
low-terrain areas of the study area with a stage gauge station (telemetry) within a typical broad dry shallow 
channel while (C) and (D- Mendelsohn et al., 2013, p. 86) show man-made depressions that represent water 
resource management practices and flood control measures. (E) shows an inundated low-terrain area partly 
cause by elevated hydraulic obstructions such as roads (Mendelsohn and Weber, 2011, p. 1) and lastly (F) shows 
the Ngandjela Pan (Google Earth; 18°34′12.00″S 15°15′36.00″E) in the CRB, an example of the numerous pans 
and lakes that hampers continuous downstream flow in this low-terrain area (Mendelsohn et al., 2013, p. 29).

Traditionally, drainage networks have been manually derived from topographic maps and 

optical satellite aerial imagery (Bird et al., 2010; Smith & Pain, 2009; Smith & Pavelsky, 

2008; Marcus & Fonstad, 2008; Smith, 1997; Mark, 1984; Fezer, 1971). This manual process 

resulted in different types of inherent errors due to the cartographer’s interpretation, 

scanning, vectorisation, digitiser accuracy, quality of the original surveys and map scale, and 

has proven inefficient and cost-prohibitive. Automated, high-resolution remotely sensed 
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DEMs and the associated new methods of extracting drainage networks have improved the 

accuracy of hydrographic datasets extracted (Poppenga et al., 2013; Sofia et al., 2013; Ducey 

et al., 2012; Passalacqua et al., 2010, Pirotti & Tarolli, 2010, Poppenga et al., 2010a; 

Poppenga et al., 2010b; Tarolli et al., 2009; Vogt et al., 2003; Martz & Garbrecht, 1992;

Band, 1986; O’Callaghan & Mark, 1984). These methods are robust, scalable and unbiased 

compared to manual methods. Furthermore, these new methods can be subjected to rigorous 

validation as well as applying refined algorithms in combination with high-resolution 

imagery.

Automatic delineation of drainage networks from DEMs is based on the inherent relationship 

between geomorphology, hydrologic and hydraulic characteristics (Moore et al., 1991). A set 

of morphometric properties to deterministically identify terrain features (Morris &

Heerdegen, 1988; Band, 1986; Peucker & Douglas, 1975) can be used as well as a set of rules 

to construct relationships between hydrological features and morphometric properties 

(Tarboton et al., 1992; Tarboton et al., 1991; Gardner et al., 1990; Band, 1986; Mark, 1984;

O’Callaghan & Mark, 1984). The former works well in high-terrain and steep slope 

landscapes where hydrological features such as channel banks, peaks, and ridges are more 

pronounced while the latter is for hydrological modelling application. However, many 

hydrologic studies have been unable to provide accurate results consistently, partly because 

of data sources, spatial resolution of DEMs, the adopted algorithms in analysing the data 

(McMaster, 2002; Gyasi-Agyei et al., 1995; Baker et al., 2006), unspecified flow 

accumulation area threshold (Chen et al., 2010), and subdued terrain with many depressions 

(Pan et al., 2012; Arnold, 2010).

LiDAR data have been used for process-scale studies of hillslope processes and valley 

network organisation (Roering et al., 2013). The extraction of hydrographic features such as 

drainage networks is very popular due to the possibility of LiDAR to detect minor changes on 

low-terrain areas. In theory, the highest resolution data should produce the most accurate 

drainage network delineation, and should therefore allow the extraction of small channels as 

well as the determination of channel heads, which are essential for accurate determination of 

accumulation threshold values (Gonga-Saholiariliva et al., 2011; Murphy et al., 2008; Barber 

& Shortridge, 2005; Adams & Chandler, 2002; Bian & Walsh, 1993). In addition, LiDAR-

derived DNs have been used to map hydrology flow lines to improve and update National 

Hydrography Datasets (NHD), since drainage change over time is affected by changing 

surface conditions caused by flooding (Poppenga et al., 2013). Studies that have used 

LiDAR-derived drainage networks compared to drainage networks derived from other 
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sources have reported better results. Clarke and Archer (2009) found that small grid sizes 

(LiDAR DEMs) produced a quantifiable increase in hydrographic features. While studying 

the horizontal accuracy and completeness of drainage networks derived from USGS DEMs 

and LiDAR, Colson (2006) showed that LiDAR-derived hydrographic features have better 

positional accuracy compared to DEM-derived features from the USGS. Garcia (2004) also 

found better accuracy for LiDAR extracted headwaters drainage networks compared to the 

USGA 7.5 minute DEM-derived drainage networks. Miller et al., (2004) compared 1 m 

LiDAR with 2.5 m InSAR LiDAR DEMs by extracting channel depth, width and cross-

sectional area and found that LiDAR DEMs performed better in extracting channel depth 

essential in shallow, broad channels such as those of the CRB.

However, most LiDAR DEMs need preparation such as creating a hydrologically corrected

DEM before applying geomorphometric analysis, especially in low-terrain environments 

where hydraulic obstructions such as road infrastructure are accentuated (Amatya et al., 2013;

Poppenga et al., 2013; Poppenga et al., 2010a; Poppenga et al., 2010b; Reuter et al., 2009;

Murphy et al., 2008; Vaze & Teng, 2007). Research has also shown that LiDAR DEMs need 

to be resampled to coarser resolution to be more useful for the extraction of scale-appropriate 

hydrographic and other geomorphic features due to limitation such as the computing 

facilities, model run time and large file sizes of the original LiDAR data (Metz et al., 2011;

Chen et al., 2010). However, with an increased coarseness of DEMs, the terrain becomes 

smoother, slope decreases, the length and the density of drainage networks decrease, the size 

of the watershed becomes larger and hydrologic response parameters decrease consistently 

(Chen et al., 2010, Liu & Lu, 2009; Wei et al., 2004). Many studies have used the D8 

algorithm successfully in low-terrain areas (Amatya et al., 2013, Lehner & Grill, 2013, 

Poppenga et al., 2013, Liu & Zhang, 2011; Callow et al., 2007). Some have used the 

algorithm with high-resolution LiDAR DEMs (Liu & Zhang, 2011), while Callow et al., 

(2007) have used different hydrologic corrections methods such as stream burning, AGREE 

and ANUDEM to assess their impact within a complex landscape similar to the CRB. 

Poppenga et al., (2013) have used the D8 algorithm in combination with a selective drainage 

method to update NHD. Amatya et al., (2013) used reconditioned culverts and bridges within 

LiDAR DEMs and used the reconditioned DEMs in combination with the D8 algorithm in a 

low-gradient coastal plain landscape. Some studies have also consistently recorded flaws with 

the drainage networks derived when the D8 algorithm is applied such as parallel flow paths in 

flat areas, high sensitivity to inherent DEM errors, and inaccurate flow direction on convex 

slopes (Paz et al., 2008; Wilson et al., 2007a; Jones, 2002; Jenson & Domingue, 1988). Other 
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studies have recommended the use of other algorithms in low-terrain areas such as multiple 

flow direction (MFD), deterministic-Infinity (D∞), random-eight neighbour (Rho8) and 

Digital Elevation Model Networks (DEMON) to address the abovementioned flaws (Wilson 

et al., 2007). This chapter does not address comparison between the effects of using different 

algorithms (SFD and MFD) to automatically delineate drainage networks from DEMs but 

seeks to find a framework that uses the D8 algorithm in combination with hydrological 

corrected LiDAR DEMs to accurately delineate drainage networks to help update NHD.

Research has shown that the most effective and efficient way to extract drainage networks is 

to start by locating the actual channel head locations which indicate the starting point of the 

channels (Montgomery & Dietrich, 1989; Mark, 1983). The three main approaches (Tarolli, 

2014) to identify the location of channel head locations, and therefore to delineate the 

drainage networks and catchment boundaries, are: (i) a constant critical support area or 

threshold support area (Tarboton, 1997, Tarboton et al., 1991, Band, 1986; O’Callaghan &

Mark, 1984); (ii) a slope-dependent critical support area or threshold slope–area values 

(Dietrich et al., 1993; Montgomery & Dietrich, 1992), and (ii) a threshold of local curvature 

or critical curvatures (Passalacqua et al., 2010, Heine et al., 2004; Rodriguez-Iturbe &

Rinaldo, 1997). Because of this, the current study has used the D8 algorithm with 

hydrologically corrected LiDAR DEMs as well as with the curvature/drop analysis method 

(Tarboton & Ames, 2001; Tarboton et al., 1991). The central aim of this study is to use 

hydrological corrected resampled LiDAR DEMs to derive accurate drainage networks of the 

study area, because traditional photogrammetric techniques have proven ineffective to 

accurately mapped time-relevant hydrography (new and updates) consistently. The main 

objective of the study can therefore be divided between the following objectives: (i) 

comparing blue lines (on topographic maps) with channels extracted from: hydrologically 

corrected and hydrologically uncorrected LiDAR DEMs, field-mapped, digitised and 

auxiliary data; (ii) calculating geomorphological parameters and indices such as number of 

streams, Strahler’s stream orders, stream lengths, watershed’s areas (km2), and watershed’s 

perimeters (km); and (iii) performing spatial accuracy assessments and statistical analysis on 

the geomorphic parameters; and finally, to provide a framework that will enable the 

improvement, updating and validation of drainage networks in data-poor regions using easily 

accessible data sources and methods.
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6.2 Study area

The CRB, also referred to as CRB also called the Cuvelai–Etosha river basin (Namibia), is 

part of the Owambo basin that was structural in origin and is an extension of the Kalahari 

Basin (Mendelsohn et al., 2013; Miller et al., 2010; Miller, 1997). It has an area of 167,600 

km2 and is located between 14° and 15° E longitude, and 15° and 20° S latitude. It originates 

in the tropical humid highlands of Angola and terminates in EP which forms part of the 

world-renowned ENP, Namibia, that is also the topographically lowest point (1080 m) within 

the Owambo basin (Figure 6.1) (Hipondoka et al., 2014).

The Cubango/Kavango and Kunene are the only two perennial rivers and form the borders of 

the CRB to the east and west, respectively (Figure 6.1). They originate in the Serra Encoco 

region of the Angolan highlands (Wellington, 1938). The Cuvelai River has two tributaries, 

the Mui-Mui and the Caundo Rivers, which also originate in Angola. These perennial 

tributaries have well defined channels that become diffused into a unique series of 

anastomosing temporary shallow channels from Ondjiva southwards (Figure 6.1). This web 

of shallow channels is called iishana (singular Oshana) in Namibia and mulolas in Angola 

(Mendelsohn & Weber, 2011; Mendelsohn et al., 2009; Mendelsohn et al., 2000;

Cunningham et al., 1992; Van der Waal, 1991).

Most studies (Mendelsohn et al., 2013; Miller et al., 2010; Cunningham et al., 1992) have 

emphasised the channels’ distinctive characteristics as: very low gradient (approximately 

1:5,300), no well-defined flood channel, covered with bushes and grasses, and meandering 

channels formed within a fluvial deltaic depositional system (inland). The meandering is 

ascribed to the topography that becomes gentler southwards, the basin effect, and frequent 

silting and re-routing of channels. Furthermore, due to the lack of well-defined channels, 

shallow depressions formed, once filled with rainfall, they connect and form broad undefined 

channels flowing slowly, southwards. This usually happens during a large flood known 

locally (Namibia) as efundja when rainfall occurred over the entire CRB (Mendelsohn et al., 

2013; Miller et al., 2010, Mendelsohn et al., 2009, Mendelsohn et al., 2000; Cunningham et 

al., 1992).

Different width and depth measurements have been reported for these channels, some studies 

reported between 1 and 7 m in depth and 100 to 500 m in width while others reported widths 

varying from 200 to 1,750 m and depths varying from 2 m and tracts of even 4 m deep 

(Miller et al., 2010; Hipondoka, 2005, Barnard, 1997; Wellington, 1938). These uncertainties 
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in the depth and width measurements greatly contribute towards the difficulty in accurately 

delineating major channels (thalweg).

Many attempts have been made to classify the CRB’s DN. Cunningham et al., (1992) 

reported five distinguished zones: western oshana zone (between Oshakati and Xangongo), 

central oshana zone (study area) with perennial headwaters (Cuvelai–Evale–Ondjiva–

Oshakati), dormant dry drainage lines – or river valleys (omurambas), (between 

Ondangwa/Eenhana and Tsumeb), Oponono/Ekuma zone (shallow lakes) and the Etosha Pan 

(Figure 6.1). The central and western oshana zones are broad and flat channels which flow 

more frequently even though the central oshanas have perennial headwaters in Angola. The 

western zones are narrow and densely spaced, mostly dormant channels that flow 

infrequently only under exceptional circumstances (extreme local rainfall). Most of these 

zones converge into the Omadhiya lakes that consist of interconnected, semi-permanent water 

bodies (Figure 6.1). From these lakes, water will follow within the Ekuma River, in a single, 

well defined channel, which connects these clusters of lakes and pans to the lowest area: EP

(1080 m.a.s.l., Hipondoka et al., 2014).

The CRB primary lies on sediments of silt, clay, limestone, and sandstone that was deposited 

by Cretaceous rivers while uplift in the Pliocene resulted in eroded sand that was washed into 

the basin and reworked into sand dunes during drier periods in the late Pleistocene (Miller et

al., 2010; Haddon, 2005; Miller, 1997). The relationship between sandy, well-drained to 

sodic-clay, poorly drained soils across toposequences in the megafan palaeotopography adds 

another layer to the complex geological/geomorphological history of the area (Hipondoka et 

al., 2014; Hipondoka, 2005). Elevated areas between channels consisted of Kalahari sands 

and support mopane scrub and various larger trees. These elevated areas support most of the 

crop production in the study area which is predominantly based on subsistence and rain-fed 

agriculture. The southern part of the CRB is composed of very low terrain area and flattens 

out into saline grassland underlain with a shallow layer of saline sand hence water for 

domestic consumption is being brought in through an open canal for processing. Poor 

structure, shallow depth, and high salinity of the soil prevent trees from growing in this low 

terrain area. The land use for this part (southern) of the catchment is mostly for grazing cattle 

during the rainy season. A variety of fish are delivered during periodic flows of the oshanas. 

The abundance of fish depends on the magnitude and duration of a flood event (Mendelsohn 

et al., 2000; Cunningham et al., 1992; Van der Waal, 1991).

The Angola–Namibia border divides the CRB into two parts: areas south and north of the 

border. The study area is location in the southern part that is a relatively flat area (Figure 6.1). 
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Within the study area, the steepest areas (approximately 1,102 m.a.s.l.) are located to the 

north while the low lying areas (1,089 m.a.s.l.) lie to the south (Figure 6.3). Three reasonable 

size watersheds within the study area (Watershed 1, 15; 2, 8.5 and 3, 13 km2, Fig. 6.3) were 

selected. Watershed 1 and Watershed 2 are located in the elevated parts whereas Watershed 3 

is located in the very low relief parts. The analyses described in this study were carried out 

separately on these three watersheds as well as the whole of the study area (see Figure 6.1 

and Figure 6.3).

The climate of the area can be described as semi-arid with rains falling in the austral summer 

months (December to April) when temperatures are the highest. The annual rainfall in the 

CRB is between 900 mm in the northern part to 400 mm in the south. Water enters the study 

area as rainfall or flowing surface water from northern Angola and evaporates rapidly or 

seeps into the sandy ground. Rainfall is highly variable in the amount that falls and when it 

falls within the rain season (Mendelsohn et al., 2009; Engert, 1997; Ground Water Consulting 

Services, 1993; Department of Water Affairs (DWA), 1990; Beyers & Katsiambirtas, 1987).
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Figure 6-3:  The study area with the “hydrologically corrected” 2 m resampled LiDAR DEM with a drainage 
network (Strahler Orders) that was produced using 0.9 km2 accumulation threshold. The three watersheds as 
well as three stage gauge stations are shown.
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6.3 Materials and methods

6.3.1 Data

This paper uses channels derived from five sources: field-mapped channels (FM), 

conventional hydrographic channels derived from aerial photograph interpretation (DOQ), 

heads-up (on-screen, HDZ) digitised channels derived from various sources such as Google 

Earth and ArcGIS web-based imagery, and channels modelled from hydrologically corrected 

and uncorrected 2 m resampled and 50 m LiDAR DEMs. These channels (Figure 6.4-I) were 

firstly field-mapped during two field study trips: the first was from October to November 

2012 and the second was from December 2013 to February 2014. A Trimble GeoExplorer®

6000 series handheld GPS (post-processed), printed aerial photographs (1:60,000) and 

topographic maps (1:50,000) were used to map major channels in the field. These channels 

were walked out in the field, upstream for as far as channelised flow continued. The collected 

data were post-processed to increase horizontal and vertical accuracies.

Figure 6-4:  Methodological flow-chart showing the five sections the study covers. The first section list the data 
used; second section shows how the data were prepared for terrain analysis; and the third section shows the 
procedures followed under terrain analysis (III) which has two main sections A and B. Section III-A was applied 
to data prepared under II-b (2 and 50 m) while Section III-B was applied on DEMs from II-c (2 and 50 m). HC: 
“hydrological Corrected”; DNs: drainage networks.
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The commonly used and relatively accurate channel networks are the hydrographic blue lines 

and are available from topographic maps at various map scales (Heine et al., 2004). In 

Namibia, the 1:50,000 topographic maps had been updated, for selected areas, using digital 

aerial orthophotographs derived from regional aerial surveys (DSM, 2013). These maps were 

used as the second data sources. Others’ research found that, however, blue lines grossly 

underestimate field-mapped channels (Heine et al., 2004, Montgomery & Foufoula-Georgiou, 

1993; Coates, 1958; Morisawa, 1957). Because of this heads-up (or on-screen) digitising 

techniques (Nardi et al., 2008 & Heine et al., 2004) were used to extract channels from digital 

aerial orthophotographs (DSM, 2007a) and digital aerial imagery from ArcGIS (or Google 

Earth) web mapping service available only for licenced ArcGIS products (Poppenga et al., 

2013); fourthly, LiDAR cloud points captured at 20 cm horizontal spacing and processed to 

distinguish canopy returns from ground returns were converted to gridded 50 cm ArcGIS 

format tiles (NHS, 2008). A mosaic was created from these gridded tiles that cover the study 

area and has a horizontal resolution of 0.5 m and a stated vertical accuracy of 2 cm (NHS, 

2008). This mosaic was resampled to a 2 m gridded LiDAR DEM; fifthly, accurate and 

reliable orthophotographs at sub-metre horizontal resolution had been produced by regional 

aerial surveys in northern Namibia between 2007 and 2008. One of the products of these 

surveys was the 50 m LiDAR DEM regional data that had been used to update topographical 

maps for northern Namibia (COWI, 2012, 2014; DSM, 2007b). Lastly, auxiliary data such as 

TerraSAR-X satellite (Centre for Satellite Based Crisis Information [CSBCI], within the 

German Space Agency [DLR]), (2009; Reuter et al., 2009) derived water mask consisting of 

polygons and captured during a major flood in the CRB during 2009 were also used for 

accuracy assessment of major flood lines.

6.3.2 Preparation of DEM data

Past-studies have recommended that DEMs be enhanced by applying DEM pre-processing 

(Figure 6.4-II) algorithms (smoothing) before land-surface parameters and objects are 

extracted (Reuter et al., 2009). Hence, the corrected and uncorrected 2 m resampled and 50 m 

LiDAR DEMs (Figure 6.4-IIb) were pre-processed by applying filtering and smoothing 

algorithms to remove typical DEM errors such as tile-boundary artefacts (.e.g., cut-line,

Figure 6.5C, D) and missing data (Haugerud, 2009). The pre-processing procedure was 

completed by an identification of sinks and filling these sinks.

Hard and soft techniques have been used together to correct DEMs hydrologically, in order to 

replicate known hydrological patterns (Nardi et al., 2008; Callow et al., 2007). Soft 
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techniques used algorithms to replicate known hydrology in flat terrain landscapes while hard 

techniques have used stream burning (hard technique) or surface reconditioning to physically 

change cell values. Both techniques were used for the research for this chapter. Stream 

burning burnt known main channels into the DEMs, as illustrated by Figure 6.4-II and Figure

6.6, while the D8 flow algorithm was applied afterwards, for both techniques, to extract the 

channels. Figure 6.4-III-B shows the curvature/drop analysis (soft) technique that was used to 

extract drainage networks from corrected and uncorrected 2 m resampled and 50 m LiDAR 

DEMs (Nardi et al., 2008, Tarboton & Ames, 2001; Tarboton et al., 1991).

The two hard techniques used have been: (1) breaching (Amatya et al., 2013; Martz & 

Garbrecht, 1999; Martz & Jong, 1988) or carving (Soille, 2004a; Soille, 2004b; Soille et al., 

2003) and (2) stream burning (Callow et al., 2007; Hellweger, 1997). Breaching was only 

applied on the 2 m resampled LiDAR DEM, because high-resolution LiDAR DEMs 

exaggerate man-made features, such as culverts/bridges and roads (Figure 6.5A). In addition, 

breaching was also used to remove the digital artefacts, like digital dams, (Figure 6.5A, 6.5B) 

that were created at the intersection of a stream and a road (bridge or culvert), when the Fill

process (Figure 6.4-IIb) was performed to create smoothed corrected and uncorrected LiDAR 

DEMs. Figure 6.6 shows the steps that were followed to produce HC corrected LiDAR 

DEMs (2 and 50 m):

• Firstly, breaching involves a culvert/bridge field survey as well as on-screen visual 

inspection using different data sources to identify, verify, and record these flow 

controlling features. Short polylines were added using heads-up digitising along the 

bridge/culverts that were aligned with the flow direction of these channels to allow 

flow to pass through these features (Figure 6.5A).

• Secondly, the conventional aerial photograph-interpreted hydrographic blue lines 

were added.

• Thirdly, these short polylines and blue lines were converted to stream rasters. The 

grid cell sizes of the 2 and 50 m LiDAR DEMs were used during the conversions. The 

stream rasters were superimposed on the LiDAR DEMs (2 m resampled and 50 m) by 

burning 7 and 100 m, respectively into pixels classified to represent blue lines and 

bridges/culverts. For the 2 m resampled and the 50 m LiDAR DEMs, different depths 

(2 m and 5, 10 and 30 m, respectively), were unsuccessfully experimented. Breaching 

was applied only to the 2 m resampled DEM because high-resolution of LiDAR 
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• DEMs exaggerate man-made features such culverts and bridges and also prevent 

continuous channel surface flow. This process replicates the effect of bridges and 

culverts (Figure 6.5B).

Figure 6-5: Artefacts that hamper continuous flow within the 2 m resampled LiDAR DEM. These 

artefacts such as digital dams (A, B), data voids (C, D), and title boundaries (E) are shown as well as the 

techniques to “correct” artefacts enabling continuous flow patterns within the Hydrologically Corrected 

(HC) LiDAR DEMs. The small holes (E) within the channels depict holes created after the 

implementation of flood risk and water resource management strategies in the study area
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Figure 6-6: .Procedures applied to produce “hydrologically corrected” LiDAR DEMs.  

Stream burning was applied very effectively in flatter areas such as in coastal Oregon, USA,

to improve spatial accuracy of streams and watershed boundaries (Clarke & Burnett, 2003) as 

well as in the Kent river catchment in southwest Western Australia in an ancient and very flat 

landscape (Callow et al., 2007). Garbrecht et al., (2001) observed that by and large newer 

DEMs are hydrologically corrected and would make flow accumulation algorithms more 

effective in complex landscapes such as the CRB (Murphy et al., 2008; Saunders, 1999). 

However, many researchers have reported limitations to the stream burning method. Saunders 

and Maidment (1996) found that hydrography-enhanced flow direction grids produce 

distortions in the delineation of watershed boundaries for drainage areas especially if 

headwater streams (lower Strahler orders streams) are used to enhance DEMs hydrologically. 

Because of this for this paper the corrected and uncorrected 2 m resampled and 50 m LiDAR 
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DEMs were used to extract these lower order channels (headwater streams) that are difficult 

to capture using traditional methods of delineation, by using principal (major) channels (blue 

lines, mapped, and digitised) (Murphy et al., 2008).

6.3.3 Extracting streams and drainage networks

The automatic delineation of drainage networks and watershed boundaries from DEMs is 

based on the inherent relationship between geomorphology, hydrologic, and hydraulic 

characteristics (Moore et al., 1991). The most common method of comparing automatically 

delineated networks and boundaries is against stream networks and boundaries that are 

manually delineated from topographic maps (Murphy et al., 2008; Heine et al., 2004). This 

study used the threshold support area and the threshold of local curvature methods on 

corrected and uncorrected LiDAR DEMs to extract drainage networks. The former used 

surface water flow accumulation while the latter used local identification of upwards 

curvature to extract drainage networks. These methods require the calculation of surface 

water flow direction using a single flow direction (SFD) algorithm based on the popular 

deterministic eight method (D8) algorithm. The accumulation flow threshold value (threshold 

support area) as well as the identified local upwards curvature cells are equivalent to the 

amount of cells that will contribute towards a given DN. Both can be calculated in square 

kilometres once the gridded horizontal scale is known. Research has shown that various 

threshold values have different effects on the extracted drainage networks (Chen et al., 2010;

Passalacqua et al., 2010; Tarboton & Ames, 2001).

The procedures in Figure 6.4 (II, IIIA and IIIB) were followed to extract drainage networks

from the corrected and uncorrected 2 and 50 m LiDAR DEMs using the critical support area 

and threshold of local curvature methods. The single flow direction (D8) algorithm was 

applied to the products of these methods and drainage networks were extracted based on the 

following progressive accumulation area threshold values: 0.04, 0.1, 0.27, 0.45, 0.9, 2.7, 4.5, 

9, 18, 27, 45, and 54 km2. The automatic extraction of an accurate DN will include many 

uncertainties because of the usage of the accumulation area threshold parameter; and 

therefore nine values were selected for testing purposes to determine the optimum threshold 

value. The values were also selected because of the distinctive drainage networks they 

produced which had made comparison amongst them easier. Research has shown that 

different threshold values can be used to assess the accuracy of DEM-derived drainage 

networks when compared to NHD. NHD and field-mapped channels are amongst the most 

accurate, hence these channels were mimicked and the resultant flow accumulation threshold 
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value (0.9 km2) was used for comparison (Murphy et al., 2008; Heine et al., 2004). Other 

studies such as Saadat et al., (2008) have used three criteria to determine the threshold values: 

(i) 1% of the total accumulation cells which represent approximately 0.45 km2 (also Dobos &

Daroussin, 2005); (ii) the smallest practical area of any identifiable feature using a 

topographic map (1:25,000) represents 0.06 km2 (also Soil Survey Division Staff, 1993), and 

(iii) a threshold value of 4.5 km2 that are used on most NHD (also Poppenga & Worstell, 

2008). Liu and Zhang (2011) argued that 0.025 km2 (3 m LiDAR DEM) can be used on flat 

terrain landscapes while this paper used 0.9 km2 that corresponds to mimicking field-mapped 

and blue lines channels (Murphy et al., 2008; Poppenga & Worstell, 2008; Saadat et al., 

2008).

Drainage networks were derived from both 2 and 50 m LiDAR DEMs: soft, hard, and 

uncorrected. Figure 6.7 shows the results for corrected (soft and hard techniques) and 

uncorrected 2 m resampled LiDAR DEMs and Figure 6.8 shows the results for corrected (soft 

and hard techniques) and uncorrected 50 m LiDAR DEM for all 12 progressive flow 

accumulation threshold values for the study area.

6.3.4 Defining parameters for drainage networks

Parameters for drainage networks were derived from multiple sources such as topographic 

maps (DOQ), field-mapped (FM), heads-up digitised (HDZ), and 2 m resampled and 50 m 

LiDAR DEMs. Parameters values were also derived from streams that were extracted using 

the D8 flow direction algorithm from DEMs that were: (i) hydrologically corrected (HC), (ii) 

uncorrected (raw) and (iii) on which the drop/curvature method (curve) were applied. The 

geomorphologic parameters and indices used by this study were: channel (main) length, 

cumulative stream length, sinuosity, and the Strahler ranking order. The length and density of 

drainage networks are valuable parameters to statistically quantify the accuracy of drainage 

networks.

L   = � ��

�

���

 (6.1)

where li is the length of streams of Strahler’s order i.

The Strahler additive method was one of the geomorphic parameters that were calculated to 

assess the accuracy of the different LiDAR DEMs, providing a quantitative characterisation 

of its drainage network (Strahler, 1957). Sinuosity of the main stream (highest Strahler orders 

or principal streams of a watershed) was calculated and used for each of the three watersheds. 
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Sinuosity can be defined as the ratio of stream length to the straight-line distance between 

end-points (McCuen, 1998; U.S. Army Corps of Engineers [USACE], 1993; Schumm, 1963).

This definition can also be used to refer to the degree of meandering such as meandering 

length (Lm) to the straight-line distance (Ls). Sinuosity (S) can this be defined as:

S  = 
Lm

Ls    (6.2)

After a polyline (principal channel) was selected, Lm was calculated using the appropriate 

GIS polyline length function. Afterwards, Ls was calculated using the GIS distance function. 

The sinuosity was then derived from Eq. (2). Sinuosity values of more than 1.5 show high 

sinuosity and between 1 and 1.5 indicate moderate sinuosity while values equal to 1 or less 

than 1 indicate a straight line. Geomorphometric properties such as enclosed area or 

perimeter length are commonly used to measure accuracy in DEM-derived watersheds 

(Oksanen & Sarjakoski, 2005; Gardner et al., 1990; Morris & Heerdegen, 1988).
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Figure 6-7: Drainage networks for 2 m resampled LiDAR derived with flow accumulation area thresholds of: A 
(0.04), B (0.1), C (0.27), D (0.45), E (0.9), F (2.7), G (4.5), H (9), I (18), J (27), K (45) and L (54 km2). Using 
these threshold values, twelve networks were delineated by means of three methods: hard (stream burning), soft 
(local upwards curvature) and uncorrected.
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Figure 6-8:  Drainage networks for 50 m LiDAR DEM derived with flow accumulation areas thresholds of: A 
(0.04), B (0.1), C (0.27), D (0.45), E (0.9), F (2.7), G (4.5), H (9), I (18), J (27), K (45) and L (54 km2). Using 
these threshold values, twelve networks were delineated by means of three methods: hard (stream burning), soft 
(local upwards curvature) and uncorrected.
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6.3.5 Evaluating accuracy of the drainage networks and streams

Validation of spatial patterns against observations is a key issue for assessing model 

capabilities and uncertainties (Güntner et al., 2004). The objective of this chapter was to test 

the accuracy of several drainage networks derived using different methods and from different 

sources at a study area and watershed level. Figure 6.7 and Figure 6.8, respectively, show the 

resampled 2 and 50 m LiDAR DEMs (soft, hard, and uncorrected) that used 12 progressive 

flow accumulation thresholds to enable visualisation of the relation between the density of 

the modelled drainage networks and the corresponding flow accumulation threshold values.

At a watershed level, blue lines (DOQ) were compared against field-mapped (FM), heads-up 

digitised and LiDAR DEM-derived (2 and 50 m — hard, soft, and uncorrected) channels 

(Figure 6.4-IV). All these channels were compared visually, using a 2 m LiDAR-derived 

shaded relief map, to assess geo-locational accuracy using the blue lines and field-mapped 

channels as references (Figure 6.9) (Roering et al., 2013). For quantitative comparison, 

values for total stream length, sinuosity and Strahler Orders were used to quantify the success 

of different methods and the accuracy of the different modelled LiDAR-derived drainage 

networks. The visual inspection (Podobnikar, 2009) was also used to determine the spatial 

pattern and magnitude of changes caused by hydrological correction of the 2 and 50 m 

LiDAR DEMs. Lastly, polygons (water mask), from the 2009 (6 March) flood event in 

northern Namibia were derived from TerraSAR-X satellite data at a spatial resolution of 6.25 

m, and used as auxiliary data to assess the spatial accuracy of channels within the 2009 

flooded zones.
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Figure 6-9: Spatial comparison between blue lines (DOQ, topographic maps) and field-mapped channels (FM), 
heads-up digitized channels (HDZ), and hydrologically corrected (HC) and uncorrected (Raw) 2 m resampled (A) 
and 50 m LiDAR (B) derived channels. Watershed 1 is located in the higher elevations of the study area. 
Auxiliary data such as water mask TerraSAR-X satellite data from the 2009 flood event and pans/lakes from the 
topographic map (DOQ) are also shown.
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6.4 Results

6.4.1 Drainage networks in the study area

The drainage networks were delineated using various flow accumulation threshold values 

(Figure 6.7, Figure 6.8); an increase in these threshold values resulted in gradual decreases in 

channel density (Figure 6.7). Hence, there were significant differences amongst the extracted 

networks. Significant differences were visual in terms of the spatial accuracy amongst the 

hard, soft and uncorrected methods (Figure 6.7). Channels (first and second Strahler orders) 

derived from uncorrected DEMs did not match with those derived from hydrologically 

corrected DEMs although the main channels matched perfectly. Figure 6.7 also shows that 

the channels derived from uncorrected and soft methods were longer in length than those 

derived from the hard method, while the channels derived from the uncorrected and soft 

methods again matched well. The channels derived from uncorrected and soft methods 

consistently recorded flaws that are inherent with the D8 algorithm such as parallel flow 

paths in flat areas (Figure 6.7A, 6.7B).

The channel networks delineated from the 50 m LiDAR DEM (Figure 6.8) using the three 

methods mentioned above present numerous parallel flow paths in the flat area due to the 

coarse spatial resolution. Figure 6.8 also shows that the length of channels derived from the 

soft method were longer compared to channels derived from both uncorrected and hard while 

the magnitude of the spatial accuracy between all three 50 m LiDAR DEM modelled 

channels were larger compared to the drainage networks derived from the 2 m resampled 

LiDAR DEMs. When comparing Figure 6.7 and Figure 6.8 using the same progressive 

threshold accumulation values, the extracted channel networks and densities for different 

threshold accumulation values are not similar. Hence, extracting channel networks using 

DEMs with different spatial resolutions as well as flow-accumulation threshold values will 

result in channel networks with varying spatial inaccuracies.

To quantify these inaccuracies, three watersheds were selected on which various spatial and 

statistical analyses were performed. Figure 6.9, Figure 6.10, and Figure 6.11 show the spatial 

analyses of Watersheds 1 to 3 while Figure 6.12, Figure 6.13, and Figure 6.14 show the 

statistical analysis for various geomorphic parameters such as total length of channels, the 

main channels (meander and straight) and the number of streams per Strahler Order.



Assessment of Drainage Network extractions

156

Figure 6-10: Spatial comparison between blue lines (DOQ, topographic maps) and field-mapped channels (FM), 
heads-up digitized channels (HDZ), and hydrologically corrected (HC) and uncorrected (Raw) 2 m resampled 
(A) and 50 m (B) LiDAR DEM derived channels. Watershed 2 is located in the higher elevations of the study 
area. Auxiliary data such as water mask TerraSAR-X satellite data from the 2009 flood event and pans/lakes 
from the topographic map (DOQ) are also shown.
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Figure 6-11: Spatial comparison between blue lines (DOQ, topographic maps) and field-mapped channels (FM), 
heads-up digitized channels (HDZ), and hydrologically corrected (HC) and uncorrected (Raw) 2 m resampled 
(A) and 50 m (B) LiDAR DEM derived channels. Watershed 3 is located in the higher elevations of the study 
area. Auxiliary data such as water mask TerraSAR-X satellite data from the 2009 flood event and pans/lakes 
from the topographic map (DOQ) are also shown.
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Figure 6-12: Graph showing the total length of channels derived from multiple sources such as topographic 
maps (DOQ), field-mapped (FM), heads-up digitized (HDZ), and 2 m resampled and 50 m LiDAR DEMs. The 
channels were extracted using the D8 algorithm from DEMs that were: (i) hydrologically corrected (HC), (ii) 
uncorrected (raw) and (iii) applying the drop/curvature method (curve).

6.4.2 Watershed 1

The channel networks derived from various sources (FM, DOQ, and HDZ) along with both 

modelled channels from the 2 m resampled LiDAR DEM (left) and those modelled from the 

50 m LiDAR (right) for Watershed 1 have been drawn (Figure 6.9). The spatial comparison 

for the channels modelled from the 2 m resampled LiDAR shows once more that high-

resolution LiDAR DEMs outperformed the coarser resolution DEM (50 m). The channels 

modelled from the 50 m LiDAR DEM performed poorly when compared to the DOQ, FM,

and HDZ derived channels. Channels modelled using the curve methods were again longer in 

length. Figure 6.12 illustrates how the DOQ underestimated the modelled channels and those 

derived from other sources (FM and HDZ). The underestimation was the highest for the 

hydrologically corrected 2 m resampled LiDAR DEM (72%) and the smallest for FM 

channels, confirming that LiDAR-derived channels were more accurate. Channels modelled

from the raw (uncorrected) 50 m LiDAR DEM were the shortest in length for Watershed 1 

(Figure 6.12).

The length of the main channels modelled from the curve 2 m LiDAR DEM was the shortest 

due to the many upward curvature cells that resulted in many first-order channels (Figure 6.9, 

left) and hence shorter main channels while the length of the main channel for the raw 2 m 
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DEM was the longest. The sinuosity for the channels modelled from 2 m LiDAR DEM was 

surprisingly lower than those derived from the 50 m LiDAR DEM while the maximum 

Strahler Order for the 50 m regional LiDAR DEM was higher compared to the 2 m LiDAR 

DEM. This is due to the fact that the study area is located within the central oshana zone 

which is the major waterway for the CRB and it has perennial headwaters upstream.

The number of Strahler first-order streams for all three watersheds and channels derived from 

various sources and methods have been drawn (Figure 6.14). Channels modelled from the 

curve 2 m LiDAR DEM had the highest amount of headwater streams (1118) while the 

lowest were recorded from the raw 50 m LiDAR DEM.

Figure 6-13: Graph showing the main channels derived from multiple sources such as topographic maps (DOQ), 
field-mapped (FM), heads-up digitized (HDZ), and 2 m resampled and 50 m LiDAR DEMs. The channels were 
extracted using the D8 algorithm from DEMs that were: (i) hydrologically corrected (HC), (ii) uncorrected (raw) 
and (iii) applying the drop/curvature method (curve).

6.4.3 Watershed 2

Figure 6.10 shows the channel networks derived from various sources (FM, DOQ, and HDZ) 

along with modelled channels from both the 2 m resampled LiDAR DEM (left) and the 50 m 

LiDAR (right) for Watershed 2. The results are similar to Figure 6.9 in terms of spatial 

accuracy. The absence of DOQ channels in Watershed 2 resulted in limited comparisons 
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between channels from various sources and methods (Figure 6.11, Figure 6.12, Figure 6.13). 

However, a trend similar to Watershed 1 was observed in terms of the total channel length as 

well as the main channel length. Sinuosity was moderate (between 1.1 and 1.4) in Watershed 

2 while the curve 2 m LiDAR DEM produced the most Strahler first order streams (Figure

6.14) as expected.

Figure 6-14: Graph showing the number of first-order streams (Strahler) derived from two LiDAR DEMs 
sources: 2 m resampled and 50 m LiDAR DEMs. The streams (headwater) were extracted using the D8 
algorithm from DEMs that were: (i) hydrologically corrected (HC), (ii) uncorrected (raw) and (iii) based on the 
drop/curvature method (curve). These streams were extracted from Watersheds 1, 2 and 3. The values from the 
2 m resampled LiDAR DEM (Curve) is 10 times more.

6.4.4 Watershed 3

The channel networks that were derived from various sources (FM, DOQ, and HDZ) along 

with modelled channels from both the 2 m resampled LiDAR DEM (left) and those modelled 

from the 50 m LiDAR DEM (right) for Watershed 3. Whereas Watershed 1 was located in 

the higher elevated areas with broad channels, Watershed 3 is located in low-terrain area with 

no well-defined channels (Figure 6.3, Figure 6.11). Hydrologic obstructions such as roads are 

also visible in Watershed 3. When most channels were compared to DOQ, DOQ 

underestimated total length of channels in Watershed 3. For example, due to the accuracy of 

the HC 2 m LiDAR DEM derived channels, it recorded the highest value (124%) compared 
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with the DOQ channels. The HC and Raw 50 m LiDAR DEM derived channels 

overestimated (HC LiDAR 50 m, 4%) the total channel length when they were compared to 

DOQ. As in Watershed 1 and Watershed 2, the channels derived from 2 m LiDAR DEMs 

show the best spatial accuracy compared to channels derived from other sources. Also, as 

expected, the channels in Watershed 3 derived from uncorrected LiDAR DEMs performed 

the worst in terms of spatial accuracy. Furthermore, as anticipated, field-mapped channels 

(Figure 6.11, left–middle) did not match well as the channels derived from other sources due 

to the flow accumulation threshold value of 0.9 km2 that was used for this study. Figure 6.11 

(left) shows many more upward curvature cells due to the topography after using the curve 

method, even though the length of the main channels for all main channels derived from 50 m 

LiDAR DEMs were lower than that of the DOQ channels. As expected, Watershed 3 also had 

the highest number of Strahler first-order streams (2118) for channels derived from the curve 

2 m LiDAR DEM. Because Watershed 3 was located in the low-terrain areas where most of 

the streams converge, the highest maximum Strahler order numbers occurred in Watershed 3 

especially for the 2 m HC, 50 m Raw and curve 50 m LiDAR DEM derived channels. Hence, 

a gauge station is also located along the main channel in this watershed (Figure 6.3). Lastly, 

the high-resolution LiDAR DEM (2 m) delineated the most accurate channel network (Figure

6.13) compared to those from other sources and methods especially on low-relief landscapes 

as was also found by Liu and Zhang (2011).

6.5 Discussion

For the study area, Figure 6.7 and Figure 6.8 show the 12 progressive flow accumulation 

thresholds that were applied to the 2 and 50 m LiDAR DEMs using the hard, soft, and 

uncorrected methods. The channel networks produced from both DEMs seem similar except 

for the 50 m LiDAR DEM (Figure 6.8), which depicts how the soft method clearly delineated 

more first and second order channels compared to the hard and uncorrected methods. This is 

an encouraging result since this method using local upwards curvature cells identified more 

small channels (Figure 6.8A) in a low-terrain area using a courser 50 m LiDAR DEM. In 

contrast, the uncorrected method did not replicate accurately the channel networks, in fact, it 

highlighted the flaws mentioned earlier when the D8 algorithm is applied alone in low-terrain 

areas: parallel streams and unnaturally straight sections as well as angular features (Figure

6.8). For the 2 m LiDAR DEM, channel networks (Figure 6.7) were well replicated except 
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for the uncorrected method where the same channels did not match well with those from both 

the hard and soft methods.

The 12 progressive flow accumulation thresholds used were selected for testing purposes and 

also to understand the spatial distribution of the channel networks when applying the 

different progressive thresholds. This is beneficial for understanding how to update the NHD 

hydrology map, to create appropriate drainage densities for small, medium and large 

resolution scale topographic map features. This study used a threshold value of 0.9 km2

(Figure 6.7E and Figure 6.8E) and produced an accurate channel network compared to the 

0.025 km2 recommended by Liu and Zhang (2011) which would have created many false 

channels.

At watershed scale, when comparing channels derived from the 2 and 50 m LiDAR DEMs it 

was found that the curvature method, again, performs equally well on both DEMs, resulting 

in producing more channels upslope into the landscape compared to the HC and uncorrected 

derived channels especially in the low-terrain areas. The HC derived channels performed the 

best and are in better agreement with field-mapped channels as well as the conventionally 

derived channels (Figure 6.9, Figure 6.10 and Figure 6.11). These HC channels are more 

accurate (DOQ underestimated by 1% for Watershed 1) than those from other data sources 

and they also followed flow paths of floodwaters delineated from TerraSAR-X satellite data 

well.

Channels derived from the uncorrected 50 m LiDAR DEM produced spatially inaccurate 

channels, especially in the flat terrain areas (Figure 6.11), but the channels derived from the 2 

m LiDAR DEM were more accurate (Figure 6.11A). Obviously, this is due to the higher 

resolution and higher initial point density of the 2 m LiDAR DEM, which resulted in the 

extraction of topographic features as small as first-order stream channels. These differences 

have also been noted in previous studies (Liu & Zhang, 2011; Murphy et al., 2008; Moore, 

1996) conducted in low-terrain areas.

Although the conventional hydrographic channels represent similar patterns to the ones 

mapped in the field, digitised and modelled from the 2 and 50 m LiDAR DEMs, there were 

significant planform differences. The Strahler first-order channels were not detected with the 

conventionally derived channels and for the 50 m LiDAR DEM derived channels for all 

methods (Figure 6.14), while they were perfectly identified by the 2 m LiDAR DEM, but 

over-estimated with the curve method (Figure 6.14). Also, the length of the conventionally 

derived channels was underestimated considerably compared to the other channels.
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Both the curvature method (on all DEMs) and the 2 m LiDAR DEM (all methods) predicted 

channels that extended upslope further than those field-mapped and conventionally derived.

The HC method (all DEMs) and the 2 m LiDAR DEM (all methods) were closer to field-

mapped channels than the conventionally derived channels, although in other studies, it was 

found that high-resolution DEMs produced improved models of channel networks (Liu &

Zhang, 2011; Murphy et al., 2008).

Significantly, channel networks that are obstructed on the LiDAR DEMs by man-made 

features, such as culverts and roads, were successfully modelled by reconditioning the 

LiDAR DEMs. Since previous research (Murphy et al., 2008) have also found that LiDAR 

DEMs significantly capture topographic details which alters flow patterns; hence, this study 

have demonstrated that hydrologic effects can easily be integrated (Figure 6.11) into the 

modelling of hydrologic features such as channel networks.

In general, channel networks that were derived with the HC method were more accurate than 

those derived with other methods. This result is in line with the findings of Clarke and

Burnett (2003) as well as Murphy et al., (2008) that drainage reconditioning of DEMs leads 

to superior results in terms of spatial accuracy of the modelled channel networks, better than 

by resampling DEMs from finer to coarser spatial resolutions. Others, however, have 

recommended that the data used in hydrologic correction need to be accurate to avoid 

introducing artefacts; hence, this study has demonstrated that channels derived from different 

sources such as HDZ and FM performed equally well and sometimes better that those 

obtained from conventional topographic maps.

In contrast to Liu and Zhang (2011), reconditioning of LiDAR DEMs is needed (Murphy et 

al., 2008). This study concluded that LiDAR DEM data are not sufficiently accurate for the 

purpose of extracting hydrologic features such as channel networks, if reconditioning is not 

applied.

Overall, many studies have found that HC LiDAR DEMs improves the spatial accuracy of 

modelled channel networks (Callow et al., 2007; Clarke & Burnett, 2003). The results in the 

this study also confirmed that blue lines (DOQ) or NHD from national mapping agency 

underestimate channel data derived from other sources such as field-mapped, digitised and 

modelled channels using high-resolution LiDAR DEMs (Ducey et al., 2012; Murphy et al., 

2008; Heine et al., 2004; Coates, 1958; Morisawa, 1957). This study also showed that where 

DOQ channels are not available, field-mapped or channels digitised using online mapping 

services are equally good to assess the optimum flow accumulation threshold and extracted 

appropriate and accurate channel networks.
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Comparing the results of this study to those in the southern African region, most studies in 

the study area have been using drainage networks derived for global DEM (90 m) datasets 

that are too coarse and not appropriate to low-terrain areas (RAISON, 2012; Miller et al., 

2010; Mendelsohn et al., 2009). A new global DEM (SRTM, 30 m) is available and could be 

used in addition to techniques used in this study to improve these drainage networks. 

Strohbach (2008) used stream reconditioning methods such as stream burning with outdated 

and incomplete channel networks on the SRTM 90 m global DEM to delineate catchment 

boundaries and accurate continuous drainage networks. By using techniques presented in this 

study these drainage networks can be greatly improved. Lastly, a study in South Africa to 

update NHD has produced encouraging results using similar methods as this study but again 

the SRTM global DEM was used and it only covers the southern part of Namibia (Weepener 

et al., 2012) which excluded the current study area. They have also used flow accumulation 

threshold values appropriate to their NHD which are not available in Namibia.

These results will greatly contribute towards solving spatial inaccuracies with DEM-derived 

drainage networks and overcoming the limitations of extraction of drainage networks in low-

terrain environments for flood hazard mapping (Mendelsohn, 2013).

6.6 Conclusion

Accurate drainage networks are needed for many purposes such as analysing 

geomorphological change of floodplains, monitoring river corridors for natural hazard 

management, and water resource management and surface water mapping. Hence, time-

relevant mapped NHD can be extracted using the latest hydrologically corrected LiDAR 

DEMs that have the necessary spatial resolution and vertical accuracy. Even though many 

advanced algorithms are available (e.g., Passalacqua et al., 2010), their applications in 

regions where there are chronic shortages in human, financial, and computing resources are 

difficult. Standard terrain analysis that is available in most GIS applications can be used to 

develop a framework that will enable the accurate extraction of drainage networks in large 

low-terrain areas. This paper implemented such a framework that used the popular D8 single 

flow direction algorithm with hydrologically corrected LiDAR DEMs to produce an accurate 

drainage network.
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Chapter 7 Hydrologic evaluation 

Hydrological evaluation of satellite-based rainfall estimates (SBREs) over the SADS 

CRB, Namibia

Sustainable management of water resources as well as the mitigation of hydro-meteorological 

natural hazards such as flooding and drought requires the precise the understanding of the 

spatio-temporal distribution of water especially in SADS regions where data from various 

global datasets are used to compensate. Hydrologic modelling has traditionally been used to 

estimate water resources, but only infrequently in similar regions, although it also can be used 

to validate the global SBRE datasets to enhance their applications. The aim is to provide 

flood frequency of discharge using four SBREs (ARC 2, CMORPH, TRMM 3B42, and 

Precipitation Estimation from Remotely Sensed Information using Artificial Neutral 

Networks – Climate Data Record [PERSIANN-CDR]) to reduce uncertainty in the 

characteristics of surface water runoff such as discharge. A semi-distributed physical-based 

deterministic hydrological model was used to ingest the four SBRE data inputs. The TRMM 

3B42 product outperformed the other three SRBEs. As expected, large differences in the 

SBREs input data were smoothed out within the hydrological models. Based on the results 

the, it is recommend that input data be ingested in hydrological models especially if the data 

are to be used especially for water resources estimations and for understanding flood-

producing processes. Furthermore, that SBRE input data be ingested in hydrological models 

especially in regions with limited historic data for design flood estimation purposes. This 

proof-of-concept study will provide a better understanding of the different flood-producing 

processes that characterised sub-basin within the CRB, in the absence of sufficient creditable 

long-term gauge data (discharge and precipitation)

Submitted to  Geoenvironmental Hazards November 2016.
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7.1 Introduction:

Knowledge of the spatiotemporal distribution of water is of paramount importance for 

sustainable management of water resources and for mitigating water-related natural hazards 

such as flooding. Flood risk has many causes including rapid urbanisation, development in 

floodplains, removal of natural vegetation, artificial drainage as well as climate change that 

may all compound the intensity, extent, frequency and duration of flooding events (Also see 

Section 3.2; Field et al., 2012; Pall et al., 2011). SA is often threatened by extreme water-

related events such as drought (water scarcity) and floods (water abundance). These events 

negatively influenced sustainable management of water resources as well as disaster risk 

management strategies. Furthermore, exponential economic growth as well as population 

growth places more demands on water resources and for reliable estimations of water 

resources. Natural hazards, such as major flood events, are occurring with increasing 

frequency and inflicting cumulative levels of financial damages upon affected communities. 

The experience of such major flood events has brought a significant change in attitudes to 

flood-risk management, with a shift away from built engineering solutions alone towards 

more integrated approach. Traditionally, flood management approaches concentrated on flood 

defence with the aim of reducing the probability of flooding; however, it is now recognised 

that structural solutions (fighting floods) alone will not solve flooding problems (White, 

2013; Wilby & Keenan, 2012). 

Adaptation strategies are needed to quantitatively assessment environmental changes on river 

flows, broader sociophysical context of structural and non-structural choices, as well as the 

design of operational rules for their effective and efficient implementation. Hydrological 

models serve as important tools for providing these and other critical information (Wang et 

al., 2011). A variety of hydrological models have been developed in the past with various 

degrees of hydrological processes represented according to the intended application or 

availability of data that have been used in decision-making for flood modelling (Kauffeldt et 

al., 2016; Sood & Smakhtin, 2014; Trambauer et al., 2013; Mujumdar & Kumar, 2012; Plate, 

2009; Singh & Woolhiser, 2002; Singh, 1995; El-Hames & Richards, 1994). In the CRB a 

few models have been implemented to design infrastructure such as roads and bridges 

(Knight Piésold, 2011), structural flood mitigation measures (BAR Namibia, 2012; Muir, 

2012; UWP, 2009) as well as to simulate flood events using a large scale satellite-based 

rainfall-runoff modelling (Mufeti et al., 2013; Wu et al., 2012; Mabande, 2011). 

In addition, these models can also be used to validate global SBRE datasets to enhance their 

applications, even though many input data uncertainties have been reported when using 
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SBRE data. Hydrological models have also been driven by SBRE when ground observation 

data are unavailable (Velpuri et al., 2012) but resulted in many uncertainties due to the 

physical sensor limitations, limited space-time coverage and spatial resolution (Yong et al., 

2014; Prigent, 2010). These uncertainties lead to critical judgements on the applicability of 

SBREs in water resource estimation and flood hazard risk frequency analysis (Meng et al., 

2014; Hughes, 2006). Furthermore, other studies have been analysing the impacts of different 

SBREs in hydrological modelling (Sun et al., 2015; Gebregioris et al., 2012; Bitew & 

Gebremichael, 2011; Khan et al., 2011a, 2011b; Milzow et al., 2011; Stisen & Sandholt, 

2010; Yilmaz et al. 2010; Sawunyama & Hughes, 2008; Stisen et al., 2008; Hughes, 2006;

Wilk et al., 2006) but few have used the unconventional method followed in this study by 

using only SBRE data.

Other challenges with hydrologic models are model structure complexities and the difficulty 

in selecting an appropriate model in SADS regions to estimate water resources and to 

determine flood risk. Hydro-meteorological infrastructure is another challenge in these 

regions since they are mostly out-dated and sparsely distributed across vast regions. 

Furthermore, these challenges have contributed towards the limited flood-producing 

processes knowledge in SADS regions such in the CRB (Ndomba et al., 2008; Bormann & 

Diekkruger, 2003; Pilgrim et al., 1988). 

In addition to the above challenges, the Cuvelai river basin, located at the border between 

Angola and Namibia, has experienced several damaging floods during the last decade, which 

necessitates the implementation of structural and non-structural strategies as mitigating 

measures against flood risk. Several structural measures, using hydrologic modelling, have 

been implemented within the CRB (Nakatana, 2015; Brandt, 2014; Al-Handasah, 2012, 2013; 

BAR Namibia, 2012; Enviro Dynamics, 2012; UWP, 2009). These structural measures needs 

constant monitoring and further assessments due to: (i) the likely grow in flood risk as a 

result of changing demographics, land use changes, climate variability and change, urban 

expansion and infrastructure construction in flood-prone areas and (ii) increasing 

improvement of models and accessibility of appropriate data (Di Baldassarre & Uhlenbrook, 

2012; UN-ISDR Scientific and Technical Committee, 2009; Jonkman, 2005).

Implementing and monitoring structural measures require sufficient (> 30 years) of hydro-

meteorological data which are mostly unavailable in SADS regions such as the CRB 

(Awadallah & Tabet, 2015; Persendt et al., 2015 – Chapter 4; Shifidi, 2015; Filali-Meknassi

et al., 2014). Consequently, various datasets derived from remotely sensing sensors have been 

used to compensate for ground observation hydro-meteorological data which is in-line with 
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the research agenda of the International Association of Hydrological Sciences that seeks to 

prioritise prediction of discharge and other hydrological characteristics of ungauged basins 

(Sivapalan et al., 2003a, 2003b; Sections 2.1 and 3.6). Globally, the availability of remote 

sensing data also signals a shift from a data-sparse to a data-rich environment for flood 

modelling (Bates, 2004). Regionalisation using available land-based observational discharge 

data has also been used to address these challenges but no single regionalisation procedure 

has been developed that yields universally acceptable results (Ramachandra Rao & Srinivas, 

2003). Furthermore, all regionalisation methods require reliable and long-term data series, 

especially in semi-arid regions in southern Africa (Cloete et al., 2014; Haile, 2011; Bormann 

& Diekkruger, 2003; Mazvimavi, 2003; Nyabeze, 2002; Mkhandi et al., 2000; Kovacs, 

1988). This is mainly due to the high inter-annual and intra-annual variability in runoff as 

well as many ephemeral tributary catchments in semi-arid regions (Love et al., 2011; Love et 

al., 2010; Nyabeze, 2002).

The purpose of this study is to perform hydrologic evaluation using four forcing SBREs in a 

SADS region to provide a better understanding of the unknown flood producing processes 

and their variability in space and time. These surface processes that generate flood discharge 

is poorly understood in most SADS regions (Di Baldasarre & Uhlenbrook, 2012). Most 

studies have shown that these runoff generation processes are well described in different 

environments (Beven, 2006; El-Hames & Richards, 1994; Anderson & Burt, 1990; Kirkby, 

1978) but still recommended that detailed investigations be conducted to enable the 

dominating processes to be predicted confidently. This proof-of-concept study would help 

reduced the large variability and uncertainty of input variables (rainfall and energy) as well as 

other physical properties that are inevitability cause by several unpredictable non-linear 

processes (Uhlenbrook, 2007). This study therefore contributes towards quantifying these 

uncertainties especially in the light of the concept of the uniqueness-of-place (Beven, 2000).

These errors are traditionally minimised and reduced by calibrating and validating modelled 

discharge data against long-term land-based observational discharge or stage (water level) 

records. In this study such historic records are unavailable; hence the aim of the study is to 

obtain quantitative values to better understand data uncertainty using four SBREs. These 

values were derived from implementing the Coupled Routing and Excess STorage model 

(CREST) semi-distributed model and applying flood frequency analysis (FFA) on the 

modelled discharge data. Validation was performed using statistical indices and metrics on 

the modelled CREST and satellite-based discharge data.
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The objectives of this study are: 

i. To generate discharge using four SBREs forcing data for four sub-basins within the 

CRB 

ii. To perform hydrological model evaluation using statistical indices and metrics such 

as bias, CC, MAE, RMSE, and Nash-Sutcliffe Coefficient of model Efficiency 

(NSCE)

iii. To understand the underlying characteristics of the flood producing processes in the 

SADS CRB.

7.2 Study Area:

The CRB is located between 14o – 21o S latitude and 14o – 20o E longitude. It covers an area 

of approximately 167,600 km2 and can be divided between Angola (53,300 km2) and 

Namibia (114,300 km2). It also extends over 500 kilometres from north and south. It is 

bordered by the Kunene and Okavango rivers to the west and east, respectively (Figure 7.1; 

Wolf et al., 1999; Also see Chapter 2). The study area has a semi-arid climate in the southern 

part (Namibia) and a sub-tropical climate in the northern part (Angola) (Mendelsohn & 

Weber, 2011; Also see Chapter 2). The climate of the study area is defined by its position in 

the subtropics and its location between the South Atlantic (cold Benguela current) and Indian 

(warm Agulhas current) oceans. Rainfall over most of the study area is strongly seasonal 

(Mason & Tyson, 1992; Also see Chapter 2) as well as highly variable and falls in the austral 

summer (October to April) mainly due to the seasonal north-south movement of the ITCZ 

that brings moist air south. This translates into two regional-scale rainfall gradients, high 

rainfall in the north and drier conditions in the south. The topographically elevated areas in 

the south-east (> 1,600 m) as well as northern (> 1,400 m) areas of the study area enhance 

rainfall compared to the low-terrain central and south western (1,100 m) areas which 

experience drier conditions. The rainfall in the study area can be divided into four zones: the 

wettest zone is in the north (> 900 mm), a drier South (400 mm), a high rainfall northeast (> 

600 mm) and a very drier west (< 200 mm; Mendelsohn et al., 2013; Mendelsohn & Weber, 

2011; Tyson & Preston-Whyte, 2000), causing an unequal distribution of extreme drought 

and flood disaster events (Williams, 2007). Hence climate variability and rainfall extremes 

are of particular concern in the study area. Also, during the summer, maximum daily 

temperatures can range between 35o – 40o C while evaporation and evapotranspiration rates 

are also the highest (Mendelsohn & Weber, 2011; Mendelsohn et al., 2013; Also see Chapter 

2).
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The CRB is part of the geological Owambo Basin and it is drained by the Cuvelai River and 

all its tributaries (Miller et al., 2010; Miller, 1997; Also see Chapter 2 and Chapter 6). Two of 

the major river systems: the Okavango (east) and Kunene (west) surround the CRB (Figure 

7.1). In Angola, the CRB is drained by the perennial streams of the Cuvelai river system and 

has a surface area of approximately 50,000 km2 (Mendelsohn et al., 2000). This system is 

virtually a maze of shallow water courses, called iishana (singular oshana), funnelling 

towards the Etosha Pan, the topographically lowest point (1080 m.a.s.l.) in the CRB (Figure

7.1). The central Angolan highlands (Serra Encoco), where the highest rainfall (> 800 mm) 

occurs in the CRB, are the origin of most of the perennial tributaries (Hipondoka, 2005; 

Bittner & Plöthner, 2001; Mendelsohn et al., 2000; Stengel, 1963; Wellington, 1938). 

The geology and geomorphology of the CRB have been described by others (See Chapter 6; 

Persendt & Gomez, 2016; Mendelsohn et al. 2013; Hipondoka, 2005; Miller et al., 1997, 

2010; Wellington, 1938) and five distinctive drainage network zones have been described in 

detail from which three major sub-basins are used in this study (Figure 7.1). The sub-basins 

were delineated using the HydroSHEDS (Lehner et al., 2006) data and GIS hydrologic terrain 

analysis functions. 

The three major sub-basins consist of: (i) a western (from Opuwo to Etosha Pan), (ii) main 

(from Xangongo to EP) and (iii) the eastern sub-basin (from Caunda to EP; Figure 7.1). The 

western sub-basin has only one recognised river (Omurambo Ovaiso) as a result of a 

multitude of pans occurring in the area and formed part of the western oshana zone. The main 

sub-basin comprised of Etaka Canal and Gwashuui Rivers (originally classified under the 

western oshana zone (See Chapter 6; Persendt & Gomez, 2016) and also has major rivers 

(Cuvelai, Mui Mui, Caundo, and Calemo) that constitute the central oshana zone. These 

rivers have most of their perennial headwater streams in the Angolan highlands. This sub-

basin has also been identified by Miller et al., (2010, p. 311) as part of the paleo-Cuvelai 

drainage system. The Main sub-basin contains most of the stage gauge stations in the CRB 

while the Shanalumono gauge station has the best stage time series compared with the other 

stations. Hence, a separate sub-basin (fourth) was delineated within the Main sub-basin. 

Most major rivers of the Eastern sub-basin (Oshigambo, Tchimporo, Covate, Cumbati, 

Ondila, Nipele, and Oshihangula) are classified as dominant dry drainage lines zone or river 

valleys (omurambas), as are, the Omuthiya and Omuramba Owambo Rivers, which are 

located to the south-eastern corner (Figure 7.1). The rivers in the Main sub-basin drain 

towards the Omadhiya Lakes before it flow along the Ekuma River and empties into the EP 

(Stengel, 1963; Hipondoka, 2005; Figure 7.1).
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Figure 7-1: Locality map showing the Cuvelai river basin (CRB) along with its neighbouring river basins: 
Kunene (east) and Okavango (west). The three major sub-basins (western, main, eastern) and the 
Shanalumono sub-basin (part of the Main sub-basin). Also shown are the stage gauge stations.

Accurate sub-basins are very important because they are precipitation collectors that 

ultimately can help determine how much rainfall over a small sub-basin could lead to 

potential flooding in that sub-basin. Hence, the sub-basins used in this study were produced 

from the HydroSHEDS (Lehner et al., 2006) dataset after applying hydrologic terrain analysis 

GIS functions. Other sub-basin used in the CRB, is the Hydro1K (USGS, 2007) (Figure 7.3) 

which is one of many globally available drainage basins that are being used in Namibia. Also, 
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recently, the HydroSHEDS (Lehner et al., 2006) dataset was also used to produce 

hydrological basins (Figure 7.4) for hydraulic and hydrologic modelling for structural flood 

preventative strategies (long dike and diversion channel construction) in the CRB (Goormans 

et al., 2015; BAR Namibia, 2012). 

Figure 7-2: Show the three major sub-basins (Eastern, Main and the Western) as well as the Shanalumono is an 
up-stream sub-basin of the Main sub-basin. All the stage gauge stations as well as the satellite-based flood 
monitoring areas are also shown. Source: Satellite-based flood monitoring areas (GDACS, 2016) & Satellite-
based proxy discharge gauge – Site 1240 (Darthmouth Flood Observatory [DFO], 2011)
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Figure 7-3: The Hydro1D sub-basins derived from 1 km DEM and include the common derivative products used in 
hydrologic analysis. 
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Figure 7-4: Shows the Sub-basins used by Goormans et al., 2015, Mendelsohn et al., 2013 & BAR 
Namibia (2012) for hydrologic and hydraulic modelling within the CRB.

7.3 Data and Methods 

7.3.1 Methods

The methodology of this study is divided into five sections (Figure 7.5). One of the aims of a 

hydrological model is to provide stream-flow (discharge) and hydrographs for several return 
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periods. The CREST hydrological model, was implemented during the first step for the CRB

and four SBREs data and proxy (satellite-based - Site 1240) discharge data wee used. Four 

pour points were used to create the four sub-basins while HydroSHEDS DEM (30 m) was 

used as the topographical surface. The second step used the output from the CREST model 

for each sub-basin to produce flood hydrographs. 

Figure 7-5: Flowchart illustrating the methodology used in this study. It shows the forcing data used for the 
semi-distributed model (CREST). The forcing data consists of the FEWS NET potential evapotranspiration 
(PET) daily data and four SBREs (TRMM 3B42, CMORPH, ARC 2 & PERSIANN).

The hydrographs were produced from the CREST model outputs: discharge data and basin 

averaged rainfall. The third step involved two procedures: (i) performing flood frequency 

analysis (FFA) and (ii) calculating the Index flood (QMED) using a formula by Haile (2011). 

The Index Flood value was then added to the flood hydrograph. The annual flood series was 

calculated for each of the seven years of the modelled discharge data time series. In the final

and fourth component, historical data (observed extreme flood hazard events) were used to 

validate the modelled discharge data for a few flood return periods (e.g. 10, 25, 50, and 100 –

year)
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7.3.1.1 CREST - Hydrologic Model Descriptions:

The CREST model forms part of the Ensemble Framework for Flash Flood Forecasting (EF5) 

which is a C++ based framework for conducting research and operational distributed 

hydrologic simulations. EF5 (Figure 7.6A) contains two main water balance components and 

two routing methods that may be mixed and matched. CREST distributed hydrologic model 

(Figure 7.6A – Surface Runoff) is one of the water balance components of the EF5 while the 

SCA-SMA hydrologic model is the other (UO, 2016; Clark et al., 2015). The CREST (Figure 

7.6B) was jointly developed by the University of Oklahoma and NASA SERVIR (Flamig & 

Katjizeu, 2013; Khan et al., 2011a, 2011b; Wang et al., 2011; Khan et al., 2010). It is a 

distributed hydrological model developed to simulate the spatial and temporal variation of 

land surface, and subsurface water fluxes and storages by cell-to-cell simulation. CREST’s 

distinguishing characteristics include: (1) distributed rainfall–runoff generation and cell-to-

cell routing; (2) coupled runoff generation and routing via three feedback mechanisms; and 

(3) representation of sub-grid cell variability of soil moisture storage capacity and sub-grid 

cell routing (via linear reservoirs).

The coupling between the runoff generation and routing mechanisms allows detailed and 

realistic treatment of hydrological variables such as soil moisture. Furthermore, the 

representation of soil moisture variability and routing processes at the sub-grid scale enables 

the CREST model to be readily scalable to multi-scale modelling research (Wang et al., 

2011). A hybrid modelling strategy that maintains a balance between the degree of physical 

realism and data requirements, so as to provide reliable simulations under a variety of 

settings, seems to be advantageous. CREST distributed hydrological model (Figure 7.6B) 

represents a hybrid modelling strategy (Wang et al., 2011).

The coupling of the runoff generation with the routing mechanisms allows detailed and

realistic treatment of hydrological variables such as soil moisture. Furthermore, the 

representation of soil moisture variability and routing processes at the sub-grid scale enables 

the CREST model to be readily scalable to multi-scale modelling research (Wang et al 2011).  

A hybrid modelling strategy that maintains a balance between the degree of physical realism 

and data requirements, so as to provide reliable simulations under a variety of settings, seems 

to be advantageous. The CREST distributed hydrological model represents a hybrid 

modelling strategy (Wang et al., 2011).
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A B

Figure 7-6: A. The Ensemble Framework For Flash Flood Forecasting (EF5) is a C++ based framework 
for conducting research and operational distributed hydrologic simulations. It was developed by the 
University of Oklahoma (UO, 2016). B. Main components of CREST: (a) vertical profile of a cell 
including rainfall–runoff generation, evapotranspiration, sub-grid cell routing and feedbacks from 
routing; (b) variable infiltration curve of a cell; (c) plan view of cells and flow directions; and (d) vertical 
profile along several cells including sub-grid cell routing, downstream routing, and subsurface runoff 
redistribution from a cell to its downstream cells (Wang et al., 2011). 

The representation of the primary water fluxes, such as infiltration and routing, are closely 

related to the spatially-variable landscape characteristics (i.e. vegetation, soil type, and 

topography). The runoff generation component and routing scheme are coupled, thus 

providing realistic interactions between atmospheric, land surface and subsurface water 

(Wang et al., 2011). A sequential description of the CREST model (Figure 7.6B(a)) following 

the flow of water: (i) water entering a cell as rainfall from the atmosphere above; (ii) 

interception by the canopy layer and subsequent redistribution back to the atmosphere via 

evapotranspiration; (iii) division of rainfall reaching the soil surface into infiltration and 

surface runoff components; (iv) sub-grid routing, routing of overland, channel, and 

subsurface components downstream; and, (v) finally, feedbacks between routing and runoff 

generation components (Wang et al., 2011).
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The input data (Figure 7.5, Figure 7.6A) were precipitation (four SBREs) and 

evapotranspiration while the HydroSHEDS data set was used for the surface topography. 

Three pour points were selected manually to delineate the three major sub-basins while the 

Shanalumono gauge point was used. The delineated sub-basins were visually compared to 

those derived by Miller et al., (2010) for accuracy.

7.3.1.2 Flood hydrographs, FFA and Index Flood

The flood hydrographs were constructed, the FFA was performed on the modelled discharge 

data and the Index flood was calculated as follows:

(i) the four forcing SBRE products were ingested into the EF5 framework using the CREST 

distributed hydrologic model to derive surface runoff. Satellite-based discharge data from 

Site 1240 was used to calibrate the model. Discharge (m3/sec) and the basin average rainfall 

(mm/day) data were obtained for the four sub-basins; (ii) the hydrograph of river discharge 

(flow) synthesis the flood hydrology of a river basin , hence they were created by ploting the 

modelled discharge data against the basin average rainfall for all four sub-basins and four 

forcing SBREs (iii) annual flood series was calculated that consisted of the maximum 

discharge values from each sub-basin for each of the 11-year modelled time series, with one 

peak recorded for each year; (iv) flood frequency analysis using the Log-Pearson 3 

distribution function was performed from the annual flood series (11 years) for each sub-

basin. Modelled discharge for different return periods (1, 5, 10, 50, 100, and 200 years) were 

calculated from the annual flood series; (v) flood frequency curves using the results of the 

flood frequency analysis were plotted showing modelled discharge values against recurrence 

interval years; (vi) Probability density function curve showing the probability of a flood 

(using modelled annual discharge maxima values or annual flood series) against probability 

of a flood exceeding a particular discharge value for each sub-basin were also produced; (vii) 

the mean annual flood values, which is the arithmetic mean of all values in the annual flood 

series, were calculated for each sub-basin and (viii) Index Flood values for all four basins 

were also computed using a regionaliisation formula (Eq. 7.1) for the median index flood 

(Haile, 2011). Discharge values higher than the QMED values for each basin were also selected 

as extreme flood events. The selected flood events supplemented the flood archive (See 

Chapter 4; Persendt et al., 2015). 
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Q  = 0.0371(�)�.��  (7.1)              

where A = the upstream drainage area and Q = the discharge (Haile , 2011).

7.3.2 Data

7.3.2.1 Gauge stage (Water level):

Eleven stage (water level) gauge stations are shown in Figure 7.2 which are managed by the 

NHS (within the Ministry of Agriculture, Water and Forestry). The precise location of the 

gauges were not available, therefore a database created using a Trimble GeoExplorer® 6000 

handheld device as well as a GPS Pathfinder ProXH receiver during an extensive field trip 

between December 2013 and February 2014. All the data were post-processed to increase 

their locational (vertical and horizontal) accuracy (< 50 cm). The Shanalumono stage gauge 

station, was used to delineate the Shanalumono sub-basin, because both its data (from 2009 to 

2011) and additional data (from daily flood bulletins for all stations) are available online from 

the Namibia Flood Dashboard (Open Cloud Consortium and the Open Science Data Cloud

[OSDC], 2016; Shifidi, 2015; Hardy and Clark, 2014; Handy, 2013; Mandl et al., 2012, 

2013;).

7.3.2.2 Satellite-based rainfall Estimation Products

Four SBREs were used for this study: (i) the TMPA standard climate daily products (3B42), 

(ii) ARC2, (iii) CMORPH as well as (iv) the PERSIANN-CDR, all have high spatial (0.25°) 

resolutions except the ARC2 which has a higher spatial resolution (0.1o). The above products 

were selected because they have been used operationally in many applications. This study 

used the above data for a period between 2003 and 2014 (11 years). A summary of the 

various SBREs used is given in Table 7.1, while detailed descriptions for each product were 

provided in Chapter 5, except for the PERSIANN-CDR product for which details is provided 

in this section.
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Table 7-1: Satellite-based rainfall products used in this study.

Product Temporal 
resolution

Spatial 
resolution

Coverage Starting date

FEWS ARC 2.0 Daily 0.1o Africa: 
Latitude: 40oN-40oS, 
Longitude: 20oW-55oE

January 1983 – present

TRMM 3B42 Daily 0.25o Latitude: 40oN-40 o S
Longitude: 0o-360oE

January 1998 – present

CMORPH Daily 0.25o Latitude: 59.875oN -59.875oS 
Longitude: 0o- 360oE

17 Dec 2002 - present

PERSIANN-CDR Daily 0.25o Latitude: 60oS – 60oN 
Longitude: 0o – 360oE

1983 - present

7.3.2.2.1 TRMM 3B42 daily climate rainfall product

See Section 5.2.1.1 and Summary (Table 7.1)

7.3.2.2.2 Africa Rainfall Climatology version 2 (ARC 2.0)

See Section 5.2.1.1 and Summary (Table 7.1)

7.3.2.2.3 The CMORPH product

See Section 5.2.1.1 and Summary (Table 7.1)

7.3.2.2.4 PERSIANN-CDR

A new retrospective satellite-based precipitation dataset is constructed as a climate data 

record for hydrological and climate studies. PERSIANN-CDR (Ashouri et al., 2015) provides 

daily and 0.25o rainfall estimates for the latitude band 60o S - 60o N for the period of 1 

January 1983 to delayed present. PERSIANN-CDR is aimed at addressing the need for a 

consistent, long-term, high-resolution, and global precipitation dataset for studying the 

changes and trends in daily precipitation, especially extreme precipitation events, due to 

climate change and natural variability. PERSIANN-CDR is generated from the PERSIANN

algorithm using GridSat-B1 infrared data. It is adjusted using the Global Precipitation 

Climatology Project (GPCP) monthly product (Adler et al., 2003) to maintain consistency of 

the two datasets at 2.5o monthly scale throughout the entire record. Three case studies for 

testing the efficacy of the dataset against available observations and satellite products are 

reported. A verification study (over Hurricane Katrina, 2005) shows that PERSIANN-CDR 

has good agreement with the stage IV RADAR data, noting that PERSIANN-CDR has more 

complete spatial coverage than the radar data. In addition, the comparison of PERSIANN-



Hydrologic evaluation

182

CDR against gauge observations during the 1986 Sydney flood in Australia reaffirms the 

capability of PERSIANN-CDR to provide reasonably accurate rainfall estimates. Moreover, 

the probability density function (PDF) of PERSIANN-CDR over the contiguous United 

States exhibits good agreement with the PDFs of the CPC gridded gauge data and the TMPA 

product. The results indicate high potential for using PERSIANN-CDR for long-term hydro-

climate studies in regional and global scales.

7.3.2.3 Satellite-based hydrologic data � HydroSHEDS

HydroSHEDS (Lehner et al., 2006; also see Section 3.6.5) is a mapping product that provides 

hydrographic information for regional and global-scale applications in a consistent format. It 

offers a suite of geo-referenced data sets (vector and raster) at various scales, including 

hydrologically-conditioned DEMs, river networks, watershed boundaries, drainage 

directions, and flow accumulations. HydroSHEDS is based on high-resolution elevation data 

obtained during a Space Shuttle flight for NASA’s SRTM. 

7.3.2.4 Satellite-based proxy discharge data and flood monitoring 

The CRB does not have any official discharge (stream-flow) records. In Section 3.6.3.1 an 

overview is provided how remotely sensed data in conjunction with traditional methods (e.g. 

rating curves) have been used to calculate discharge. 

The proxy discharge data used in this study are derived from satellite microwave sensors that 

provide global coverage of the Earth’s land surface on a daily basis without major 

interference from cloud cover. Hence, daily proxy discharge data are possible. The method 

used to derive the discharge is based on a strategy first developed for wide-area optical 

sensors (Brakenridge et al., 2005). Building on this strategy, the proxy discharge used for this 

study used multi-sensors (e.g. AMSR-E, AMSR-2, TRMM, and GPM) that can measure river 

discharge changes. This technique relates changes in brightness temperature between wet 

measurement pixels (M) centred over rivers and dry calibration pixels (C) that are not 

affected by the river. As rivers rise and discharge increases, water area within single-pixel 

satellite gauging sites (parcels of floodplain land 10 x 10 km) also rises (Brakenridge et al., 

2012; Brakenridge et al., 2007). An AMSR-E (~37 GHz) image pixel of these dimensions 

centred over a river is commonly mixed; it includes both water (low emission), and land 

(much higher emission). As the proportion of water area rises, the bulk emitted radiation 

declines. The microwave signal (proxy discharge) is thereby sensitive to flow width changes. 

Data (version 1) were downloaded from the DFO (2011) and was a joint activity of Global 
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Flood Detection System (GFDS) and DFO. The data were calibrated with the Dahlia Control 

Section (1491210; Global Runoff Data Centre [GRDC], 2016). The AMSR-E sensor failed 

after over nine years and was replaced with multi-sensors (Brakenridge et al., 2012). 

7.3.2.5 Satellite-based evapotranspiration data

The global average potential evapotranspiration (PET) from the FEWS NET were 

downloaded from USAID (2016). The data are available from 2001 and have a spatial and 

temporal resolution of 1o and daily, respectively.

7.3.3 Hydrologic Evaluation:

The CC, bias, RMSE, MAE, and NSCE are the most common deterministic measures of 

model accuracy that were used to assess the performance of the CREST model (Franz & 

Hogue, 2011). They can be calculated as follows:
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where Si represent the modelled discharge data values while Gi represent, as reference, the 

satellite-based proxy discharge values (Version 1 – Site 1240). In addition, σS and σG

represent the standard deviations for the modelled discharge and satellite-based discharge 

values. Lastly, n represent the number of data pairs between the modelled discharge and 

satellite-based discharge values.

The joint distribution of the observations and simulations is commonly evaluated through 

correlation measures or graphically. In the deterministic approach, scatter plots and the CC 
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are used to assess the correlation between the modelled and the observation data. This 

approach is similar to using a scatter plot. The accuracy refers to a measure of error in the 

simulation (modelled) when compared to the observation (satellite-based proxy) discharge. 

CC measures the horizontal displacement between the two time series (proxy satellite-based 

discharge and the modelled discharge). It also measures the agreement between the two time 

series and is measures on a -1 to 1 scale, where 1 is desirable and -1 is not desirable. In 

addition, CC values cause a horizontal displacement (side-to-side) of the hydrograph and 

generally correspond to the routing parameters and the timing of the hydrograph.

The bias in this study is used to determine the systematic component of the error while the 

RMSE to establish the random component of the error. Bias values can cause the hydrograph 

to shift vertically (up and down). Conditional bias (< 0) is when the original (satellite-based 

discharge) values are higher than the modelled values resulting in a higher bias. When bias > 

0, the modelled values are too high, on average while a bias of 0% is desirable. Negative 

(positive) values means the model results are generally too low (high) and the water balance 

parameters in the hydrological model needs to be adjusted to improve the bias values.  

The RMSE is not standardised, but is expressed in terms of the original variables which make 

it difficult to assess the RMSE independently when assessing model performance. Generally, 

the magnitude of the RMSE can be compared with the MAE: the closer RMSE is to the MAE 

the better the performance of the model. The differences between the observed values and the 

corresponding modelled values are squared and then averaged over the sample, and the root 

is calculated. Since the errors are squared before they are averaged, the RMSE gives a 

relatively high weight to large errors and this is most useful when large errors are particularly 

undesirable. The following criteria were used to determine the accuracy of the validation of 

the error statistics: for random errors, less than 50%, represented a reliable estimate (Adeyew 

& Nakamura, 2003)

NSCE value of 1 indicates a perfect agreement between observed simulated discharge. When 

the <0 it indicates that the mean of the observations is a better predictor than the simulated 

values. Negative values indicate that the observed mean discharge is a better predictor than 

the model simulated discharge. Values between 0.9 and 1 indicate that the model performs 

extremely well and performance decrease as values decrease. Values between 0.6 and 0.8 

indicate that the model performs reasonably well (Legates & McCabe 1999; Nash & 

Sutcliffe, 1970). Generally, on a hydrograph NSCE can be visualised as the amount of space 

or distance between the simulation and the observation. NSCE values might improve to 

desirable levels when the hydrological model is calibrated.
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7.4 Results and Discussion

A river flood hydrograph is the plot of discharge or water-surface elevation against time 

during a flood event and defines the shape of the flood wave at the location. Hydrographs at 

successive locations can be used to define the changing shape of the flood wave as it moves 

down valley. Flood hydrographs were constructed using the basin average rainfall and the 

modelled discharge. The rainfall is plotted at the top while the modelled discharge is at the 

bottom of the flood hydrograph. Also the Index flood value was added to all four sub-basins 

(Figure 7.5, Step 2). Using a hydrograph, visual comparison is possible to compare when 

rainfall started and when the peak of the discharge occurs. 

Since the Eastern sub-basin was delineated using the Site 1240, it is the only basin with 

reference proxy discharge and the modelled discharge (Figure 7.7). As a result, the Eastern 

sub-basin also displays the results of calculated indices and metrics while the Western, 

Shanalumono and Main sub-basins lack of observational or proxy discharge data, and 

therefore do not have these results displayed. Instead, a graph comparing the CC values of the 

TRMM forced discharge against ARC2, CMORPH, and PERSIANN-CDR were compiled for 

the four sub-basins (Figure 7.9).

Figure 7.7 and Figure 7.8 show the hydrographs the four SBREs and the four sub-basins 

while the inter-comparison of CC is shown in Figure 7.9. Figure 7.10 shows the annual flood 

series that consists of the maximum modelled discharge values from a sub-basin for each year 

of record, with one peak recorded for each year as well as the mean annual flood for the 

period from 2004 to 2014 (Figure 7.5). In addition, the Index Flood derived from the 

regionalisation formula of Haile (2011) was plotted to help in the identification of major, 

medium and small floods events. QMED enabled an accuracy assessment of the modelled 

discharge data allowing for the identification of the important flood hazard events that 

occurred within the CRB. Figure 7.11 shows the flood frequency curve that presents annual 

flood magnitudes for 11 years plotted against recurrence interval while Figure 7.12 shows the 

probability density function which is a statistical statement of the probability that an annual 

flood of a given magnitude will be equalled or exceeded. 

Generally, semi-arid regions, such as the CRB, are deficient in vegetation and this promotes 

runoff, with the effect that the rising limb of the flood hydrograph is steeper compared to 

humid area (Figure 7.7, Figure 7.8). Rainfall in such areas fails to infiltrate into the sediment 

and quickly becomes overland flow which flows unchecked by vegetation. A flood 

hydrograph (with a steep rising limb) is generally associated with flash floods in semi-arid 

regions. In such regions other types of flood such as single and multiple peak floods can also 
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occur in semi-arid areas (Figure 7.7, Figure 7.8). The flood hydrographs also display 

triangular representations whereby the apex of the triangle is the peak discharge and the other 

corners represent the times of zero discharge (Schick, 1971).

Figure 7-7: The hydrographs for the Easter and Main sub-basins illustrating the basin average rainfall 
and the modelled discharge against the satellite-based discharge values. 

This is especially true for single peak floods that are longer than flash floods and it duration 

is from a few hours to many days (for example, Figure 7.7, - TRMM – Eastern sub-basin for 
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31 March 2009 and Main sub-basin also 31 March 2009). Multiple peak floods can result 

from multiple precipitation events that have stalled over a particular region and can be brief 

or last for several days or even weeks (Ward, 1978). Figure 7.7 and Figure 7.8 depicted many 

examples of multiple flood peaks such as Figure 7.7: TRMM – Eastern sub-basin on the 31 

March 2011 and Main sub-basin both on the 31 March 2011 and also 31 March 2012. Many 

multiple peak floods were recorded for the 2011 flood event, which provides a partial 

explanation as to why it was one of the most devastating floods within the CRB.

Other characteristics of the flood hydrographs can be highlighted by the statistical indices and 

metrics. For the Eastern basin, high modelled discharge values was produced by the 

CMORPH, TRMM, ARC2, and PERSIANN (decreasing order) when visually assessing the 

hydrographs in Figure 7.7. This corresponds to the bias measurements (-18.94, -69.86, -

75.93, -84.1) of the SBRESs, respectively, as the bias values can caused the hydrograph to 

shift vertically to matched the reference discharge (satellite-based). Hence, a bias value closer 

to 0 is desirable because it will match the reference discharge. The CMORPH is the most 

accurate product followed by the TRMM product even though the negative values means the 

model results are generally too low and it also means that the water balance parameters in the 

CREST model need to be adjusted to improve the bias values. The RMSE values (93.3, 94.8, 

96.6, 99.0) confirm the order of accuracy amongst the forcing SBREs (CMORPH, TRMM, 

ARC2, and PERSIANN). MAE values (67.2, 94.1, 100.2, 110.4) also endorsed the order of 

accuracy of the SBREs however, when the magnitude of the RMSE values are compared with 

the MAE values using the criteria that the closer RMSE values are to the MAE values the 

better the performance of the model, the TRMM and ARC2 performed better than the 

PERSIANN and CMORPH products. MAE and RMSE values are generally too high (> 67) 

because values less than 50 less represented a reliable estimate (Adeyew & Nakamura, 2003). 

The CC values (r = 0.52 – 0.53) for all SBREs are almost the same and indicated that the 

horizontal displacement between the two time series (proxy satellite-based discharge and the 

modelled discharge) which refers to the timing, is in the acceptable range of accuracy. The 

CC also indicates that generally the routing parameters in the CREST model should be 

adjusted to improve the timing between the reference and simulated peaks. The NSCE values 

(-0.45, -0.60, 0.20, -0.83) of the SBREs (TRMM, ARC2, CMORPH and PERSIANN), 

respectively, were all less than zero which indicates that the mean of the observations 

(satellite-based discharge) is a better predictor than the simulated (modelled discharge) 

values. The CMORPH product (0.20) is an exception but is still less than values between 0.6 
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and 0.8 which indicate that a model performs reasonably well (Nash & Sutcliffe 1970;

Legates & McCabe, 1999).

Figure 7-8: The hydrographs for the Western and Shanalumono sub-basins illustrating the basin average 
rainfall and the modelled discharge against the satellite-based discharge values.

Because no land-based discharge data were used in the above accuracy assessment, the 

results for the Eastern sub-basin are promising and met most of the goals of this study to 

quantify accuracy assessment and to identify which SBREs perform the best (CMORPH and 

TRMM). Furthermore, most of the hydrological studies performed in the CRB used different 
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hydrological basins and mixed methods to derive precipitation making discharge comparison 

difficult. When using the observed flood events as identified by Mendelsohn et al., (2013) the 

results also look promising. 

To further identify which SBRE performed better than the others, Figure 7.9 compares the 

CC values for all SBREs against TRMM forcing for all sub-basins. The PERSIANN product 

consistently performed the best when the hydrological model is forced by the TRMM product 

(reference) and compared to the other SBRE products. The high CC values (r > 0.8) were 

recorded for all sub-basins. Generally, amongst all the SREs, the TRMM forcing data can be 

used to force the CREST model because it scored high CC values (r > 0.7) against most 

SBREs in all sub-basins, except when compared against the CMORPH product which 

produce low CC values (r < 0.6) for most sub-basins.  

Figure 7-9: Shows a bar graph depicting the CC values derived from modelled discharge values using 
TRMM forced discharge as reference from the four sub-basins (Eastern, Main, Western and Shanalumo) 
sub-basins.

Another goal of this study was to assess whether satellite-based forcing data can accurately

identify the major and medium flood events in the CRB. The Index Flood was calculated for 

each sub-basin and plotted with the discharge data from the SBREs. The annual modelled 

discharge maxima for each SBRE as well as for the four sub-basins are shown in Figure 7.10. 

A list of the annual discharge maxima including the date and the discharge amount is listed in 
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Table 7.2. The TRMM and the PERSIANN products consistently identified the 2009 flood 

event as severe and most importantly the SBREs predicted the major flood events (2008 and 

2009) in the Main sub-basin where most of the flood events were observed. The 2011 was 

only excluded for the PERSIANN product while the 2004, 2006, 2010, and 2012 flood events 

were also predicted.

Table 7-2: List all the major flood events above the Index Flood (QMED) for all four forcing SBREs as well as for 
the four sub-basins. Flood events in bold are the same as those identified by Mendelsohn et al., (2013). 
Discharge values are measured in m3/sec.

East Main West Shana
TRMM Three Flood Events:

24 Feb 2009 = 313.22
28 Mar 2006 = 231.3
11 Feb 2011 = 93.4

Five Flood events:
6 Mar 2009 = 999.9
1 April 2011 = 378.4
26 Jan 2012 = 285.0
29 Mar 2006 = 310.4
24 Mar 2008 = 281.5

Four Flood Events:
3 Mar 2009 = 503.93
2 April 2011 = 242.73
26 Mar 2008 = 194.29
27 Mar 2006 = 183.1

Three Flood Events:
29 Feb 2009 = 349.4
1 March 2006 = 232.1 
15 April 2011 = 104.18

ARC2 Four Flood Events:
02 Feb 2006 = 276.1
18 Feb 2008 = 150.1
08 Mar 2009 = 111.5
19 Mar 2011 = 89.97

Five Flood Events:
12 Mar 2011 = 424.5 
28 Jan 2012  = 221
09 Mar 2009 = 395
21 Mar 2008 = 201.9
9 Feb 2006 = 227.2

One Flood Event:
15 Mar 2011 = 325.86

Three Flood Events:
7 Feb 2006 = 331.9
10 Mar 2009 = 180.2
1 April 2011 = 155.8

CMORPH Four Flood Events:
1 March 2012 = 491.5
12 Feb 2011= 443.2
10 Mar 2004 = 439.79
23 Feb 2009 = 409..24

Seven Flood Events:
9 Mar 2009 = 900.5
29 Mar 2011 = 780
12 Apr 2010 = 606.7
24 Mar 2008 = 494
25 Jan 2004 = 466.4 
19 Mar 2012 = 396.4
2 Apr 2014 = 249.4

Eight Flood Events:
27 Jan 2004 = 580.73
2 April 2011 = 549.55
26 Nov 2010 = 32.16
24 Mar 2008 = 458.14
10 mar 2009 = 431.71
31 Mar 2014 = 341.44
13 Mar 2007 = 335.43

Four Flood Events:
28 Mar 2011 = 253.8
16 Apr 2010 =  193.8
9 March 2009 = 177.65
19 April 2004 = 182.9

PERSIANN Three Flood Events:
10 Mar 2009 = 205.3
28 Mar 2006 = 156.2
30 April 2011 = 38.5

Three Flood Events:
7 Mar 2009 = 380
28 Mar 2008 = 285.5
6 April 2006 = 212.3

One Flood Event:
5 Mar 2009 = 242.63 

One Flood Event:
6 March 2009 = 175.47

The geomorphologic literature abounds with references to the special characteristics of 

discharges with particular frequencies. Although the most commonly mentioned special 

discharges, the mean annual flood, bank-full flow, and the 100-year flood, may have some 

usefulness in humid regions, this utility does not extend to semi-arid rivers (Graff, 1988a). 

Extensions of generalisations based on these parameters to semi-arid rivers are not likely to 

be successful according to Graff (1988b) and Ward (1978). The mean annual flood is the 

arithmetic mean of all the values in the annual flood series (11 years) which is short for 

hydrologic analysis since the minimum amount is more than 20 years of discharge and/or 

stage data. Traditionally, the mean annual flood has the recurrence value of 2.33 years when 

this probability density function represents the annual flood series. In line with the 
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abovementioned studies, when Figure 7.10 and Figure 7.11 are examined closely, the mean 

annual flood has almost no practical or theoretical significance in semi-arid rivers even 

though it may be identified easily, because of the extreme variability of flow in such rivers. In 

addition, arid and semi-arid areas channels may not experience flow for several years so that 

the concept of an annual flow is nearly valueless for theory construction (Graff, 1988; Ward, 

1978).

Figure 7-10: Shows the annual flood series for the period from 2004 to 2014 that consists of the maximum 
modelled discharge values from a sub-basin for each year of record, with one peak recorded for each 
year. The average represents the mean annual flood for the abovementioned period. All graphs have the 
forcing SBREs (TRMM, ARC 2, CMORPH, and PERSIANN) as well as the Index Flood (QMED) derived 
from the regionalization formula of Haile (2011). A. Eastern sub-basin B. Main sub-basin.; C. Western 
sub-basin and D. Shanalumono sub-basin.

Wolman and Leopold (1957) suggested that the return interval for bank-full discharge for a 

wide range of streams is 1 – 2 years. Dury et al., (1963) maintained that bank-full frequency 

was 1.58 years, a proposition supported by data from a range of American streams (Dury, 

1973). Using a link between bank-full discharge, frequency, sediment transport and flood-

plain processes, the concept of a dominant discharge can be developed, but conditions in 

semi-arid rivers preclude the effort. Pickup and Reiger (1979) point out that simple 

relationships of the form, where a morphologic variable is a simple function of a discharge,

are successful only for streams clearly in regime or for some definable steady state semi-arid 

rivers seem to defy this assumption. Graff (1988b) further argued that complications develop



Hydrologic evaluation

192

in the attempted application of the 1.58 year discharge as a theoretically useful bank-full 

discharge for semi-arid rivers, because field definition of bank-full is difficult in many 

environments (see also Woodyer, 1968), but especially in semi-arid channels that are 

frequently incised, excessively broad and braided, or developed on bedrock (Lange & 

Leinbundgut, 2003; Lange et al., 2000). Finally, Williams (1978) showed that although the 

mean frequency of bank-full discharge is close to the traditional 1.5 years, the range of values 

is from 1.01 to 32.0 years. The bank-full discharge therefore is not likely to be the 

geomorphologically most significant flow in channel dynamics. 

The 100-year flood has important implications for planning agencies that need some 

reference discharge for the definition of flood hazard areas. The 100-year flood is difficult to 

define in many semi-arid rivers because of lack of long-term records. It does not seem to be 

correlated with any particular site of geomorphologic features and so is difficult to deduce 

from the physical evidence. Hence, most values vary widely, as observed in Figure 7.11. 

Figure 7.12 also illustrates the probability (e.g. 0.1) that an annual flood of a given magnitude 

will be equalled or exceeded varied greatly with Figure 7.12A and Figure 12C showing the 

biggest variation while Figure 7.12B & 7.12D shows closer estimations amongst the SBREs. 

The TRMM product performs consistently better compared to the other SBREs while the 

CMORPH has the highest values.

Figure 7-11: Shows the flood frequency curve that presents annual flood magnitudes plotted against 
recurrence interval. A. Eastern sub-basin; B. Main sub-basin.; C. Western sub-basin and D. 
Shanalumono sub-basin.
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Figure 7-12: Shows the probability density function which is a statistical statement of the probability that 
an annual flood of a given magnitude will be equalled or exceeded.  A. Eastern sub-basin; B. Main sub-
basin.; C. Western sub-basin and D. Shanalumono sub-basin.

7.5 Conclusions

The results in this chapter complement the records found earlier (see Chapter 4; (Persendt et 

al., 2015), especially within the last decade. Similarly, as in Chapter 4 as well as originally 

suggested by Mendelsohn et al., (2013) the reported flood events were classified based on the 

observed magnitude under high flows: 2004, 2008, 2009, and 2011 and medium flows 2005, 

2006, 2010, and 2012. The occurrence of these flood events were confirmed by the results 

obtained in this chapter. Moreover, the flood-producing processes were described and 

identified in a typical semi-arid such as the CRB.

The shortage of substantial floods is just one of several factors which limit the scope of 

statistical flood frequency analysis in semi-arid basins. Another aspect of the lack of data is 

that many floods in semi-arid areas occur on ungauged drainage basins, some of which are 

dry valleys for much of the time. In addition, flood may be caused by a combination of many 

factors, making the analysis of them difficult. This study used satellite-based data only to 

force a distributed hydrologic model as well as to provide boundary condition to the model. 

The study illustrated that both the model and the remote sensing are accurately capturing 
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high, medium, and low discharge values that corresponds well with reported flood hazard 

events in the Cuvelai river basin.

This work represents significant progress towards accurate, consistent, and timely data 

towards flood frequency analysis in semi-arid regions and show that remotely sensed data can 

supplement and/or substitute data in data-scarce regions. Future work might run an ensemble 

of hydrologic model predictions to develop a range of possible scenarios. The ensemble can 

be constructed from combinations of perturbations to rainfall forcing and hydrological model 

parameters and may be based on local knowledge and experience. 
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Chapter 8 Flood inundation modelling

Flood inundation modelling using multi-spectral and multi-spatial satellite-

based data in the Cuvelai Basin, Namibia

Abstract

The mapping of spatial inundation patterns during flood events is important for 

environmental management and disaster monitoring. Flood risk analysis, typically requires 

the implementation of a hydrodynamic (HD) model that uses in situ observations (e.g. rain 

gauges and stream gauges). HD models are difficult to apply in SADS regions. Because of 

this, remote sensing technologies provide an affordable means of capturing flood extent with 

reasonable spatial and temporal coverage for flood monitoring. Satellite remote sensing data 

have emerged as a viable alternative or supplement to the in situ observations due to its 

availability over vast ungauged regions. The focus of this study is to detect and compare the 

spatial extent of flood inundation at or near the peak of three major flood events (2008, 2009 

and 2011) using numerous RS imagery at multiple spatial scales in the CRB. The study 

follows a multi-spectral and multi-sensor approach to identify the flood inundation for a flood 

event at or near peak modelled discharge. Water indices such as the Normalised Differential 

Water Index (NDWI) as well as the modified Normalised Differential Water Index (mNDWI) 

were used to identify water bodies and to produce flood inundation maps from the surface 

spectral reflectance. The MODIS and Landsat TM were used as input data for these indices. 

To evaluate these index-derived flood inundation maps, a visual comparison method was 

used to compare the flood inundation maps at multiple spatial scales against the auxiliary 

data. The auxiliary data consisted of water masks of high resolution multispectral imagery 

such as the SPOT-5 and Synthetic Aperture Radar (SAR) sensor products such as TerraSAR-

X, Environmental Satellite (ENVISAT), ASAR, Wide Swath Mode (WSM) and 

RADARSAT-2. The deterministic binary map analysis (wet/dry) showed the value of 

reflectance satellite products to delineate flood inundation in SADS regions. The 

quantification of flooding spatial extent can help to provide valuable information to FHA and 

thereby potentially improve hydrologic prediction and flood management strategies in 

ungauged catchments. Furthermore, given the globally availability of satellite-based

precipitation and river discharges, this proof-of-concept study can have substantial 

implications on flood monitoring and forecasting in ungauged basins in SADS regions.
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8.1 Introduction

Worldwide, floods are amongst the most recurring and devastating natural hazards, having an 

impact human lives and causing severe economic damage. Flood inundation maps are used 

for regulation of future developments, establishing flood insurance premium rates, and 

identifying areas having unique natural and beneficial functions (Ticehurst et al., 2015; 

Mizuochi et al., 2014). Moreover, it is reported that flood risks will not subside in the future 

and, with the onset of climate change, flood intensity and frequency will threaten many 

regions of the world (Kundzewicz et al., 2014; Jonkman, 2005; McCarthy, 2001; Section 

3.4.6). The current trend and future scenarios of flood risks demand accurate spatial and 

temporal information on flood inundation extent.

Globally the sparse in situ hydro-meteorological networks are the main source for 

quantitative water resource management. In situ gauge data are the backbone of the current 

understanding of surface water dynamics (Alsdorf et al., 2007), and have been essential for 

fundamental flood research. Over the past half-century hydrologic analysis such as flood risk 

analysis are dependent on these in situ data. Hydrologic or land surface models are driven by 

these (stream-flow and rainfall) observations to predict hydrologic extremes. For this reason, 

adequate ground based observations on hydrologic variables play a critical role in water 

resources planning and management. Unfortunately, most areas of the Earth’s surface lack in 

situ observations that intricate quantification of the water budget. Many nations are ungauged 

or sparsely gauged, and in some countries existing measurement networks are declining (Di 

Baldassarre et al., 2011; Alsdorf et al., 2007; Calmant & Seyler, 2006; Alsdorf & 

Lettenmaier, 2003; Sivapalan, 2003a, 2003b; Shiklomanov, Lammers & Vorosmarty, 2002; 

Vörösmarty et al., 2001; Stokstad, 1999). Clearly, the lack of, or inadequate, gauged 

observations challenges the implementation of HD models for flood risk analysis that 

includes early warning and decision-making systems.

Although river discharge data have been used for flood frequency analysis (and flood risk 

analysis) in many studies (Seckin et al., 2011; Shi et al., 2010; Saf, 2009), and have strengths 

in quantifying the temporal pattern of water movement (e.g. discharge) within river and 

stream channels, they provide comparatively little information about the spatial dynamics of 

surface water extent in floodplains and wetlands during periods of flood inundation (Papa et 

al., 2008). Research needs have been requiring a move beyond the point-based observations 

provided by gauges to basin-wide measurements of water distributions, especially when the 

assumption that all the runoff generated upstream flows past a single downstream point is not 
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always true in multiple, intertwined channel environments such the CRB (See also Sections 

3.4.7 and 3.48; Persendt & Gomez, 2016; Alsdorf & Lettenmaier, 2003). 

Several studies (Karim et al., 2013, 2016; Bates et al., 2010, 2012; Dutta et al., 2007; Frank et 

al., 2001) have used HD models to estimate the dynamics of surface water for small areas 

based on observed gauge data. Some also have developed HD models to map flood 

inundation at large scale or even global scale (Westerhoff et al., 2013; Neal et al., 2012; 

Pappenberger et al., 2012; Paiva et al., 2011; Paz et al., 2011; Yamazaki et al., 2011; 

Biancamaria, Bates, Boone, & Mognard, 2009; Milzow et al., 2009; Wilson et al., 2007b) 

using low resolution DEMs. However, difficulties in modelling inundation across large areas

may be encountered due to data scarcity and the complexity of establishing spatial 

connections between main channel and floodplain (Section 3.4.8). In addition, the 

computational cost is high for fine time step or long term period analysis. Furthermore, the 

calibration of HD models is traditionally based on local observational data collected at 

discharge gauge stations (Domeneghetti et al., 2014), and therefore, the sparseness or absence 

of adequate discharge gauge networks, together with data sharing problems among 

neighbouring countries (Hossain & Katiyar, 2006), hamper the modelling of large trans-

boundary river systems (Biancamaria, Hossain, & Lettenmaier, 2011; Siddique-E-Akbor, 

Hossain, Lee & Shum, 2011; Vörösmarty et al., 2001).

To address the limited data availability issue in ungauged regions, research efforts such as the 

PUB initiative was launched in 2003 by the Internation Assocation of Hydrological Sciences 

(IAHS). One of the PUB science questions is to integrate remote sensing data into hydrologic 

models (Montanari et al., 2013; Lakshmi, 2004; Sivapalan et al., 2003a, 2003b). More 

recently, several efforts have been directed to use the widely available satellite remote 

sensing data to complement in situ hydrologic data over vast ungauged regions. 

The increasing availability of distributed remote sensing data has led to a sudden shift from a 

data-sparse to a data-rich environment for inundation modelling (Di Baldassarre & 

Uhlenbrook, 2012). The advantage of these datasets is the global availability over regions 

where ground networks are non-existent. Remote sensing techniques have demonstrated 

advanced capabilities to map surface water features and to monitor surface water dynamics 

(Huang et al., 2014; Ji et al., 2009). Also, inundation extent derived from remote sensing has 

been proven to be closely correlated with ground measurements of river discharge (Frazier & 

Page, 2009; Overton, 2005; Frazier et al., 2003; Smith, 1997; Vörösmarty et al., 1996). These 

studies suggest that the combination of gauge observations and remotely sensed detection 

could offer a practical way to map spatial and temporal inundation dynamics in broad areas 
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such as large river basins. Lastly, techniques utilising satellite remote sensing data can 

provide objective information that may help to detect and monitor the spatio-temporal 

evolution of floods (Huang et al., 2014; Brakenridge, Carlos & Anderson, 2002; Brivio et al., 

2002; Smith, 1997). 

There are two types of remote sensors that are suitable for flood inundation detection and 

mapping: microwave and optical. Images from these sensors can also be characterised by 

different spatial resolutions which, relative to the typical length scales of physical flow 

process during floods, can be broadly defined as: high (1–2 m); fine/medium (10–25 m) or 

coarse/low (about 100 m or more) (Di Baldassarre et al., 2011).

8.1.1 Multi-spectral remote sensing

The application of satellite imagery from optical sensors for flood inundation mapping began 

with the use of Landsat TM and Multi-Spectral Scanner (MSS), the SPOT (Mueller et al., 

2016; Yamazaki, Trigg & Ikeshim, 2015; Ryu et al., 2002; Wang, Colby & Mulcahy 2002; 

Blasco, Bellan & Chaudhury, 1992; Blasco et al., 1992; Watson, 1991; France & Hedges, 

1986; Jensen et al., 1986; Bhavsar, 1984; Rango & Salomonson, 1974), the Advanced Very 

High Resolution Radiometer (AVHRR), (Jain et al., 20116; Sandholt et al., 2003; Xiao et al., 

2001; Islam & Sado, 2000a, 2000b; Rasid & Pramanik, 1993; Bainbridge & Gale, 1990;

Barton & Bathols, 1989), ASTER, MODIS, and Landsat-7 sensors, (Skakun et al., 2014; 

Chen et al., 2013b; Kwak et al., 2011; Brakenridge et al., 2010; 2016; Islam et al., 2009, 

2010; Brakenridge & Anderson, 2006; Stancalie et al., 2006; Wang, 2004; Brakenridge et al., 

2002, 2003; Ryu et al., 2002; Wang et al., 2002). Imagery derived from these sensors are

frequently contaminated by cloud cover but their merit lies in their higher temporal spatial 

resolutions (Huang et al., 2014). These qualities make them well-suited to spatio-temporal 

analysis on flood inundation for large river basins (Huang et al., 2012a, 2012b; Li et al., 

2011; Westra & De Wulf, 2009; Sakamoto et al., 2007; Gumbricht et al., 2004). For the past 

decade, noticeable efforts have been made to investigate the potential to use flood inundation 

extent derived from optical sensors as a tool and also to validate the performance of 

hydrologic models in sparsely or unguaged basins (Khan et al., 2011b, 2012, Brakenridge et 

al., 2007; Brakenridge, 2006). For optical sensors such as MODIS, the basis for open water 

delineation is to make use of their infrared bands, because these bands are strongly absorbed 

by water while highly reflected by vegetation and dry soils. MODIS data have been widely 

used for mapping surface water (Huang et al., 2014; Mizuochi et al., 2014; Chen et al., 

2013b, 2014; Auynirundronkool et al., 2012; Islam et al., 2010; Brakenridge & Anderson 
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2006; Mantas & Pereira, 2013), and while its spatial resolution may not be ideal for mapping 

small water features such as narrow river channels, the spatial and temporal consistency can 

still be of great value in detecting general changes in water movement. In contrast, Landsat 

imagery (25 m horizontal resolution) can provide the appropriate spatial detail for many 

water mapping applications (Ryu et al., 2002; Frazier & Page, 2000), but its temporal 

frequency of 16 days is not suited to capturing the spatial dynamics of many flood events 

(Ticehurst at el., 2015). Sakamoto et al., (2007) investigated the temporal changes in annual 

flood inundation extent within the Mekong Delta, using MODIS time-series imagery. Islam et 

al., (2010) studied spatio-temporal variations of inundation extent in 2004 and 2007 in 

Bangladesh. Pulvirenti et al., (2011) useded multi-temporal radar images to map flood 

inundation dynamics in Northern Italy. Thomas et al., (2011) mapped flood inundation 

frequency in the Macquarie Marshes of Australia over 28 years using Landsat images. 

Globally, MODIS imagery has been used operationally for inundation mapping and 

monitoring. This is demonstrated by flood events archive hosted by DFO (2016) as well as 

the follow-up work by the NASA Goddard’s Office of Applied Science that has introduced 

an automated global daily (as well as 2-day, 3-day and 14-day composites since 2013) flood 

and surface water mapping service (NASA, 2015).

Furthermore, global efforts to map inland surface water (Carroll et al., 2009) have relied 

primarily on coarse-resolution satellite data (e.g. MODIS), but most inland water bodies are 

too small to be mapped at these resolutions (Verpoorter et al., 2014). Complementarily, 

Landsat TM and Enhanced Thematic Mapper Plus (ETM+) imagery provide a long-term 

record of multispectral measurements at 30 m spatial resolution. Landsat has enabled high-

resolution mapping of small water bodies at the national and global extents (Feng et al 2016;

Palmer et al., 2015; Liao et al., 2014; Slayback, et al., 2012; Qi et al., 2009; Wulder et al., 

2003; Townshend & Justice, 1988), and a recent global inventory focused on lakes was based 

on Landsat images (Verpoorter et al., 2014). However, these mapping procedures have 

required heavy human input and are therefore impractical for repeated global mapping (Feng 

et al., 2016; Liao et al., 2014).

8.1.2 Microwave remote sensing

Microwave sensor satellite data can also be effectively be used for flood monitoring through 

the cloud cover but its spatial resolution is relatively coarse for flood mapping at around 10

km grid scale, for example AMSR-E PMW data. AMSR-E presents a potential for flood and 

waterlogging monitoring and soil moisture estimation because of the ability of the MW signal 
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to penetrate through cloud and provide an all-day data and its sensitivity to surface water 

(Temimi, et al., 2007). Furthermore, PMW sensors have also been used to measured change 

in surface water flow as the bank-full river discharge (de Groeve, 2010; Brakenridge et al., 

2007). 

Satellite Synthetic Aperture Radar (SAR) imagery, at high to fine spatial resolution, has 

proved invaluable in mapping flood extent (Long et al., 2014; Kussul et al., 2009; Schumann 

et al., 2009; Schumann et al., 2007; Horritt & Bates, 2002; Horritt, 2000; Aplin et al., 1999;

Ormsby et al., 1985). In fact, RADAR wavelengths, which can penetrate clouds and enable 

data acquisition during day and night, are reflected by smooth open water bodies, and hence 

mapping of water surfaces becomes relatively straightforward. For example, flood extent 

maps derived from SAR sensors have been used to validate HD models (Long et al., 2014;

Pricope, 2013; Di Baldassare, 2012; Di Baldassarre et al., 2011; Milzow et al. 2011;

Prestininzi et al., 2011; Schumann & Di Baldassare, 2010; Di Baldassarre et al., 2009; Horritt 

et al., 2007; Matgen et al., 2007). However, limitations of the SAR include inability to detect 

flooding in urban areas, inaccurate image calibration that leads to geometric and radiometric 

distortions, difficulties for data processing, and more prohibitively, low temporal resolution 

of the current radar satellites with a revisit time of 35 days (Schumann et al., 2007). 

Successful use of coarser-resolution SAR data to delineate flood edges in floodplain 

inundations and supporting flood modelling have recently being demonstrated (International 

Disaster Charter [IDC], 2016; Long et al., 2014; Di Baldassarre et al., 2009, 2011; Schumann 

et al., 2009, 2010; Kussul et al., 2008; Blyth, 1997). Globally, a few SAR-based operational 

services are available, such as the Fast Access to Imagery for Rapid Exploitation (FAIRE) 

service which is part of the European Space Agency’s (ESA) Grid Processing on Demand (G-

POD) system (ESA, 2016b). Westerhoff et al., (2013) derived inundation probabilities from 

globally acquired ESA’s ENVISAT ASAR WSM data with the prospect of global systematic 

data acquisitions. Another, global service for both optical as well as integrating SAR data is 

the SensorWeb. Data for most of these services are acquired and archived during crisis 

situations (Frye, 2013; Frye et al., 2013; Mandl et al., 2013; Auynirundronkool et al., 2012;

ICSMD, 2008, 2009, 2011).

Comprehensive reviews on extraction of flood extent and surface water level from various 

satellite sensors are available (Klemas, 2015; Musa et al., 2015; Schumann et al., 2009; 

Marcus & Fonstad, 2008; Overton, 2005; Tralli et al., 2005; Alsdorf et al., 2003, 2007; Puech 

& Raclot, 2002; Townsend, & Walsh, 1998; Smith, 1997).
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Despite several global inundation/flood extent products (e.g. DFO) the dynamics of 

seasonally inundation are not well quantified through ground or satellite or modelling. 

Uncertainty remains because of an inability to measure or model non-linear inundation 

dynamics in remote basins at fine spatial and temporal resolutions. A combination of satellite 

observations of inundation extent and ground-based observations (such as water level data) 

have the potential to provide a solution even though, PMW instruments have good temporal 

but limited spatial resolution (0.25° pixels) (Hamilton et al., 2002) or SAR data have good 

spatial resolution (25 m pixels) but limited temporal coverage (Hess et al., 2003). 

Previous studies have shown that flood inundation maps as well as inland surface water 

extent derived from various remotely sensed images always contain errors due to a variety of 

factors including image quality, image processing method, the algorithms used to detect 

inundation, and the spatial and temporal scales applied. In order to wisely use the derived 

inundation maps (and relate it to extreme discharge) and the accompanying resource 

statistics, the errors contained in the inundation maps produced from these products need to 

be quantitatively explained by means of accuracy assessment with remotely sensed data 

(Chen et al., 2014). 

8.1.3 Objectives

The objective of the study, therefore, is to compare flood inundation maps produced from 

ASTER, Landsat TM5, and MODIS imagery against auxiliary data (TerraSAR-X, ENVISAT 

ASAR WSM, RADARSAT) for selected flood events (2008, 2009, and 2011) in the CRB, 

northern Namibia. The evaluation specifically focuses on addressing two questions:

• How does the estimate of flood inundation area vary when applying water-based indices 

on high resolution surface reflectance imagery compared to the auxiliary data? 

• How accurate can multispectral flood inundation maps represent ground-truth compared 

to the fine or coarse resolution auxiliary data (SAR) products? 

By answering these questions through this investigation the study will contribute to the goal 

of effectively and accurately mapping flood inundated floodplain areas for HD modelling 

applications in terms of credibility and reliability, as well as providing insight into the 

variability and uncertainty in using different spatial and temporal resolutions and different 

sensors for flood inundation mapping.

8.2 Study Area:

The CRB is located between 14o – 21o S latitude and 14o – 20o E longitude. It covers an area 

of approximately 167,600 km2 and can be divided between Angola (53,300 km2) and 
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Namibia (114,300 km2). It also extends over 500 kilometres from north and south. It is 

bordered by the Kunene and Okavango rivers to the west and east, respectively (Figure 8.1; 

Wolf et al., 1999; also see Chapter 2). The study area has a semi-arid climate in the southern 

part (Namibia) and a sub-tropical climate in the northern part (Angola) (Mendelsohn & 

Weber, 2011; also see Chapter 2). The climate of the study area is defined by its position in 

the subtropics and its location between the South Atlantic (cold Benguela current) and Indian 

(warm Agulhas current) oceans. Rainfall over most of the study area is strongly seasonal 

(Mason and Tyson, 1992; also see Chapter 2) as well as highly variable and falls in the 

austral summer (October to April) mainly due to the seasonal north-south movement of the 

ITCZ that brings moist air south. This translates into two regional-scale rainfall gradients, 

high rainfall in the north and drier conditions in the south. The topographically elevated areas 

in the south-east (> 1,600 m) as well as northern (> 1400 m) areas of the study area enhance

rainfall compared to the low-terrain central and south western (1,100 m) areas which 

experience drier conditions. The rainfall in the study area can be divided into four zones: the 

wettest zone is in the north (> 900 mm), a drier south (400 mm), a high rainfall northeast (> 

600 mm) and a very drier west (< 200 mm; Tyson and Preston-Whyte, 2000; Mendelsohn & 

Weber, 2011; Mendelsohn et al., 2013), causing an unequal distribution of extreme drought 

and flood disaster events (Williams, 2007). Because of this climate variability and rainfall 

extremes are of particular concern in the study area. In addition, during the summer, 

maximum daily temperatures can range between 35o – 40o C while evaporation and 

evapotranspiration rates are also the highest (Mendelsohn et al., 2013; Mendelsohn & Weber, 

2011; also see Chapter 2).

The CRB is part of the geological Owambo Basin and it is drained by the Cuvelai River and 

all its tributaries (Miller et al., 2010; Miller, 1997; Chapter 2 & 6). Two of the major river 

systems: the Okavango (east) and Kunene (west) surround the CRB (Figure 8.1). In Angola, 

the CRB is drained by the perennial streams of the Cuvelai river system and has a surface 

area of approximately 50,000 km2 (Mendelsohn et al., 2000). This system is virtually a maze 

of shallow water courses, called iishana (singular oshana) funnelling towards the Etosha Pan, 

the topographically lowest point (1,080 m.a.s.l.) in the CRB (Figure 8.1). The central 

Angolan highlands (Serra Encoco), where the highest rainfall (> 800 mm) occurs in the CRB, 

are the origin of most of the perennial tributaries (Hipondoka, 2005; Bittner & Plöthner, 

2001; Mendelsohn et al., 2000; Stengel, 1963). 

The geology and geomorphology of the CRB have been described by others (See Chapter 6; 

Persendt & Gomez, 2016; Mendelsohn et al. 2013; Hipondoka, 2005; Miller et al., 1997, 
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2010; Wellington, 1938) and five distinctive drainage network zones have been described in 

detail from which four major sub-basins are used in this study (Figure 8.1). The sub-basins 

were delineated using the HydroSHEDS (Lehner et al., 2006) data and GIS hydrologic terrain 

analysis functions. 

The three major sub-basins consist of: (i) a western (from Opuwo to EP), (ii) main (from 

Xangongo to EP) and (iii) the eastern sub-basin (from Caunda to EP; Figure 8.1). The 

western sub-basin has only one recognised river (Omurambo Ovaiso) as a result of a 

multitude of pans occurring in the area and formed part of the western oshana zone. The main 

sub-basin comprised of Etaka Canal and Gwashuui Rivers (originally classified under the 

western oshana zone), (See Chapter 6; Persendt & Gomez, 2016) and also has major rivers 

(Cuvelai, Mui Mui, Caundo and Calemo) that constitute the central oshana zone. These rivers 

have most of their perennial headwater streams in the Angolan highlands. This sub-basin has 

also been identified by Miller et al., (2010 p. 311) as part of the paleo- Cuvelai drainage 

system. The Main sub-basin contains most of the stage gauge stations in the CRB while the 

Shanalumono gauge station has the best stage time series compared with the other stations. 

Hence, a separate sub-basin (fourth) was delineated within the Main sub-basin. 

Most major rivers of the Eastern sub-basin (Oshigambo, Tchimporo, Covate, Cumbati, 

Ondila, Nipele, and Oshihangula) are classified as dominant dry drainage lines zone or river 

valleys (omurambas), as are, the Omuthiya and Omuramba Owambo Rivers, which are 

located to the south-eastern corner (Figure 8.1). The rivers in the Main sub-basin drain 

towards the Omadhiya Lakes before it flow along the Ekuma River and empties into the EP 

(Hipondoka, 2005; Stengel, 1963; Figure 8.1).

Accurate sub-basins are very important because they are precipitation collectors that 

ultimately can help determine how much rainfall over a small sub-basin could lead to 

potential flooding in that sub-basin. And because of this, the sub-basins used in this study 

were produced from the HydroSHEDS (Lehner et al., 2006) dataset after applying hydrologic 

terrain analysis GIS functions. The other sub-basin used in the CRB, is the Hydro1K (USGS, 

2007, Figure 8.3) which is one of many globally available drainage basins that are being used 

in Namibia. Also, recently, the HydroSHEDS (Lehner et al., 2006) dataset was also used to 

produce hydrological basins (Figure 8.4) for hydraulic and hydrologic modelling for 

structural flood preventative strategies (long dike and diversion channel construction) in the 

CRB (Goormans et al., 2015; BAR Namibia, 2012). 
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8.3 Data

The data used were: (i) ground-based stage, (ii) modelled discharge data, (iii) satellite based 

passive and active sensors data, and (iv) auxiliary data.

8.3.1  Stage and modelled discharge data

8.3.1.1 Stage gauge station data � Shanalumono 

Stage data from the Shanalumono station for the 2009, 2010, and 2011 flood events were 

downloaded from Namibia Flood Early Warning Project (NFEWP, 2016; Mandl et al., 2012). 

The NFEWP (2016) is a collaborative effort of the Open Cloud Consortium and the Open

Science Data Cloud, the Namibia Ministry of Agriculture Water and Forestry (MAWF) 

Department of Water Affairs, NASA, the Committee on Earth Observing Satellites (CEOS) 

Working Group on Information Systems and Services (WGISS), and the United Nations 

Platform for Space-based Information for Disaster Management and Emergency Response 

(UN-SPIDER). The peak stage and the duration of each flood event were derived from this

data. The data are incomplete as some stations were destroyed during flood events. More 

hydrological data such as flood warning bulletins are also available from NFEWP (2016). 

8.3.1.2 CREST  modelled discharge data

In Chapter 5, the discharge for four sub-basins was simulated using CREST distributed 

hydrological model including the Main sub-basin used in this study. The model was forced 

with SBRE products (TRMM, CMORPH, FEWS, ARC2, and PERSIANN). The peak 

discharge (the maximum volume flow rate passing a gauge or pour point) was simulated for 

the hydrological years 2004 to 2014. River floods are generally caused by flow peaks. 

Because of this, the analysis on flow peaks is also called flood frequency analysis. Flood 

frequency analysis was conducted using annual flood series method (Chapter 7) because this 

method retains only the largest peak for each year (Page & McElroy, 1981), which ensured at 

least one peak (Main sub-basin) in each single water year for annual flood inundation 

analysis. An annual flood is defined as the highest peak discharge in a water year. Table 8.1 

shows the peak annual discharge for the Main sub-basin. Flood frequency analysis was 

applied to the discharge peaks (11 discharge maxima), then the discharge peaks were 

arranged according to the flood events as reported by Mendelsohn et al., (2013) into major 

and medium flood events. The flood events used in this study are in bold.
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Figure 8-1: Locality map showing the Cuvelai river basin (CRB) along with its neighbouring river 
basins: Kunene (east) and Okavango (west). The three major sub-basins (western, main, eastern) and the 
Shanalumono sub-basin (part of the Main sub-basin). Also shown are the stage gauge stations
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Table 8-1: Discharge values were simulated with the CREST distributed model and forced with four 
SBREs for the Main sub-basin for 11 years (2004 – 2014). The annual maximum series was calculated and 
the major and medium flood events were identified. These flood events corresponded to those identified 
by Mendelsohn et al., (2013). Modelled discharge values greater than the Index Flood (134 m3/sec; 
Chapter 7) used as another criteria for selecting extreme flood events. The three flood events used in this 
study are in bold. Discharge values are measured in m3/sec. AEP = Annual Exceedance Probability; ARI 
= Average Return Interval; Major flood events (2004, 2008, 2009 & 2011) &  Medium (2005, 2005, 2010 & 
2012).

SBREs 
Products 

Peak Discharge 
(m3/s)

Major Flood Events 
Date

AEP (%) & 
ARI (years)

Amount of major & medium  
flood events 

TRMM 999.87
380.84
315.8
312.19
287

06 March 2009
02 April 2011
04 April 2006
29 March 2008
27 January 2012

8.3 & 12
16.7 & 6
25 & 4

33.3 & 3
41.7 & 2.4

3 Major  & 2 Medium

ARC2 424.49
395
227.16
221.31
203.18

12 March 2011
09 March 2009
09 February 2006
28 January 2012
18 March 2008

8.3 & 12
16.7 & 6
25 & 4

33.3 & 3
41.7 & 2.4

3 Major & 2 Medium

CMORPH 925.49
792.12
606.71
495.31
466.4
397.36
382.88
315.49
293.34
249.37
140.76

07 March 2009
30 March 2011
12 April 2010
25 March 2008
25 January 2004
20 March 2012
18 April 2005
16 March 2007
27 April 2006
02 April 2014
19 January 2013

8.3 & 12
16.7 & 6
25 & 4

33.3 & 3
41.7 & 2.4
50.0 & 2

58.3 & 1.7
66.7 & 1.5
75 &  1.33
83.3 & 1.2
91.6 & 1

4 Major & 4 Medium                                        

PERSIANN 380.02
285.53
212.28

07 March 2009
29 March 2008
06 April 2006

8.3 & 12
16.7 & 6
25 & 4

2 Major & 1 Medium

8.3.2 Satellite data: Multi-spectral and GFDS   

This section provides more detail on the following data: Multi-spectral data (Landsat and 

MODIS) and GFDS data.

8.3.2.1 Moderate Imaging Spectroradiometer (MODIS)

The MODIS (Table 8.2) instruments have been in operation since 2000 (Terra) and 2002 

(Aqua). The NASA’s Aqua (afternoon overpass) and Terra (morning overpass) satellites 

together provide near global observations of the Earth surface in daylight conditions twice 

each day with a spatial resolution between 250 m and 1,000 m. NASA’s Goddard Space 

Flight Centre (GSFC), through the Rapid Response System, processes and displays images in 

near real time within 2 to 4 hours of retrieval. MODIS Rapid Response data (Land 
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Atmosphere Near real-time Capacity for EOS - LANCE; 2016) are available from Terra and 

Aqua in near real time. This system, initially developed for fire hazard detection and 

monitoring, can be utilised for flood detection across the globe. Generally, the MODIS data 

are provided as single images from individual sensors, or composites that provide a single 

image by combining the best pixels from multiple scenes over an 8 or 16 day span to help 

reduce artefacts and atmospheric effects. MODIS data are geometrically accurate to ±50 m, 

and temporal images over the same area are well registered (Brakenridge & Anderson, 2006). 

For this study, the daily MODIS surface reflectance (MOD09GA) was used and downloaded 

from NASA (2016a). MOD09GA provides Bands 1-7 in a daily gridded L2G product in the 

Sinusoidal projection, including 500 m reflectance values and 1-km observation and 

geolocation statistics. 500 m Science Data Sets provided for this product include reflectance 

for Bands 1-7, a quality rating, observation coverage, observation number, and 250 m scan 

information. 1 km Science Data Sets provided include number of observations, quality state, 

sensor angles, solar angles, geolocation flags, and orbit pointers. Version-5 MODIS/Terra 

Surface Reflectance products are Validated Stage 2, meaning that accuracy has been assessed 

over a widely distributed set of locations and time periods via several ground-truth and 

validation efforts (NASA, 2016a).

8.3.2.2 Landsat TM5

The Landsat program is the longest running enterprise for acquisition of satellite imagery of 

Earth. The Landsat TM (Table 8.2), used in this study, is a multispectral scanning radiometer 

that was carried on board Landsats 4 and 5. The TM sensors have provided nearly continuous 

coverage from July 1982 to present. The Landsat ETM was introduced with Landsat 7. The 

Landsat Project is a joint initiative of the USGS and the NASA. Landsat’s Global Survey 

Mission is to establish and execute a data acquisition strategy that ensures repetitive 

acquisition of observations over the Earth’s land mass, coastal boundaries, and coral reefs. 

Moreover, NASA’s view is that “For our main aim of quantifying surface water extent 

dynamics during a period of high hydro-climatic variability, Landsat was the only satellite 

archive to meet all our criteria” (2016b).

The status of the Landsat satellites: (i) Landsat-5 (01 March 1984 – 05 June 2013 – end of 

operations), (ii) Landsat-6 (05 October 1993 – did not active orbit and lastly Landsat-7 (15 

April 1999 – 31 May 2003 (Scan Line Corrector - SLC failure; USGS, 2015). The images 

from the Landsat-5 (TM sensor) have a repeat cycle of 16 days and a 15 m panchromatic as 

well as a 30 m multispectral spatial resolution. Landsat TM5 data were downloaded from 

USGS (2016a). 
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8.3.2.3 Global flood detection system (GFDS) data

The GFDS (version 2; GFDS, 2016a) monitors floods worldwide using near-real time 

satellite data. Surface water extent is observed using PMW remote sensing (AMSR-E and

TRMM sensors). When surface water increases significantly (anomalies with probability of 

less than 99.5%), the system flags it as a flood. Time series are calculated in more than 

10,000 monitoring areas, along with small scale flood maps and animations. The GFDS is 

collaboration between the Joint Research Centre (JTC) of the European Commission and 

DFO (2016) and is also part of the Global Disaster Alert and Coordination System (GDACS). 

GFDS is implemented on an automatic operational basis (de Groeve, 2010; Kugler & de 

Groeve, 2007). It provides an alternative to in situ gauging stations in remote areas with 

accurate time series of flood surface variations. The technique uses PMW data of two 

satellites (AMSR-E and TRMM), which are sensitive to water surface changes. The sensor 

revisits every place on Earth once per day and can therefore provide a daily temporal 

resolution (De Groeve & Riva, 2009).

Thresholding the signal of water surface change allows the detection of riverine inundation 

events. In collaboration with national governments, including Namibia, Haiti, and Brazil, 

GFDS is being integrated within operations of flood forecasting centres and international aid 

organisations. The monitoring areas include 23 in Namibia (Figure 8.1; GFDS, 2016) and 13 

in Angola. Flood magnitude data for the period 2008 to 2011 for Site 14965 (Ekuma 

Midstream) were used and downloaded from GFDS (2016b). The flood magnitude (unit-less) 

is a measure of the size of the flood. Since lower signals generally accounts for increased 

water coverage, extreme events, or major floods, should represent negative anomalies in the 

time series of a given site.
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Table 8-2: A comparison between the band numbers, spectrum range and spatial resolution of the ASTER, 
Landsat TM5 and MODIS products.

MODIS
Band No.

Spectrum Range 
(nm)

Spatial Resolution 
(m)

Landsat TM
Band No.

Spectrum Range 
(µm)

Spatial 
Resolution 
(m)

VNIR 1 – Red 620– 670 250 1- Blue 0.45-0.62 30

2 – NIR 841–876 2- Green 0.52-0.60
3 – Blue 459–479 500 3-Red 0.63-0.69

4 – Green 545–565 4-NIR 0.77-0.90
SWIR 5 – SWIR 1230-1250 5-SWIR (1) 1.55-1.75

6 – SWIR 1628–1652 7-SWIR (2) 2.09-2.35

7 – SWIR 2105-2155

TIR 8 - 36 6-TIR 10.40-12.50 120/60

VNIR = Visible Near-Infrared; SWIR = Shortwave-Infrared; TIR = Thermal Infrared; NIR = near-Infrared 
Source: ASTER (NASA DAAC, 2016); Landsat (Feng et al., 2016b); MODIS (NASA, 2016c)

The reference value for normal flow is calculated as the average signal for the site since June 

2002. Flood magnitude is defined as the number of standard deviations above the mean (de 

Groeve, 2010; De Groeve & Riva, 2009; Brakenridge et al., 2007; Kugler & de Groeve, 

2007). Brakenridge et al., (n.d), however, noted various errors: 1) in some cases, heavy cloud 

cover can cause interference, 2) there are intermittent sensor noise values, and 3) certain 

forms of agricultural irrigation produce surface water and affect the signal. Additional sensor 

data input can help reduce error sources, and any ground-based information can also for 

validation as well as incorporated into site rating curves to improve their accuracy.

8.3.3 Auxiliary data:

8.3.3.1 Water masks

Water masks were derived from high and coarse resolution SAR data. In addition, high 

resolution multispectral SPOT-5 (10 m) data were captured during rapid flood mapping 

activities during the 2008, 2009, and 2011 flood events in the CRB (Figure 8.2). The high to 

medium resolution SAR products were: TerraSAR-X (8.25 m), RADARSAT-2 (25 m) and 

Advanced Land Observing Satellite Phased Array L-band Synthetic Aperture Radar (ALOS 

PALSAR; 30 m) while the coarse resolution SAR: ENVISAT ASAR WSM (150 m). These 

data sets do not possess systematic data acquisition capabilities but need to be programmed to 

capture data over a defined Area of Interest (AOI). Data acquisitions are triggered when 
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disaster management authorities request the service of rapid mapping entities or mechanisms, 

such as the ICSMD (2008, 2009, 2011; Figure 8.2). Data are in a polygon ESRI shapefile 

format and represents areas of surface water which were automatically derived by image 

segmentation, classification (thresholding) and post-classification filtering. 

8.3.3.2 Global Raster Water Mask (MOD44W)

In order to enable the distinction between persistent water bodies and flooded areas, several 

global water body data sets are available, such as the SRTM water body data (SWBD) (Slater 

et al., 2006), the Global Lakes and Wetlands Data (GLWD) (Lehner & Döll, 2004), the latest 

250 m MODIS water mask (MOD44W) (Carrol et al., 2009) and the new high spatial 

resolution Global Water Bodies (GLOWABO) data set (Verpoorter et al., 2014). These data 

sets are static products, representing a status at a certain point or period in time, and do not 

allow analyses of inundation or water body dynamics (De Groeve et al., 2013). But they can 

be used to compare the inundation extent of flood events in a specific time as well as to 

provide an excellent reference to distinguish permanent water bodies to a specific flood 

event. 

The GLWD data has three levels at 1 km spatial resolution and can be downloaded from 

World Wildlife Fund (WWF)  (2016) while the MOD44W is primary created with three 

different data inputs: (i) the SRTM Water Body Dataset (SWBD); (ii) the MOD44C, a non-

public, 250 m global 16-day composite collection based on 8+ years of Terra MODIS data, 

and 6+ years of Aqua MODIS data and (iii) the MODIS–based Mosaic of Antarctica (MOA), 

which is a 250 m MODIS level-1b mosaic for Antarctica (USGS, 2016b). The MOD44W tile 

(h19v10) was downloaded from USGS (2016b).

8.4 Methodology

The multi-sensor multi-scale flood inundation methodology is given in Figure 8.2. The 

methodology consisted of four components: (i) the flood event identification using 

hydrological and other data, (ii) the selection of satellite imagery (MODIS, Landsat TM, and 

ASTER) for the selected flood events, (iii) using water indices to produce flood inundation 

extent maps, (iii) the selection and processing of auxiliary data which are used as reference 

data and lastly (iv) the application of evaluation indices to validate the flood inundation 

maps.

First, flood events were selected using data from stage (water level), CREST model simulated 

discharge and GFDS data (Figure 8.2A). Second, satellite imagery from the MODIS, 

Landsat, and ASTER products were identified for the selected flood events. Flood inundation 
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maps were computed using water indices and a combination of different bands (Figure 8.2B). 

Thirdly, water masks (auxiliary data) were prepared and used as reference for inland water 

bodies to distinguish them from flood inundation (Figure 8.2C); and finally, flood inundation 

maps were evaluated against the reference flood inundation water masks (auxiliary data) 

maps using evaluation matrices (Figure 8.2D). 

Figure 8-2: The study methodology which consist of four stages to derive flood inundation maps using a 
HD model and multiple satellite-based data as well as to evaluate these maps using different evaluation 
metrics. AEP = Annual Exceedance Probability. 
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8.4.1 Flood events identification

Four methods were used to identify flood events; (a) the stage (water level) ground 

observation gauge station (Shanalumono); (b) global flood event databases, because they use 

a wide variety of data sources such as news and governmental to identify flood events; (c) 

flood discharge data (CREST model) for the Main sub-basin and (d) GFDS flood magnitude 

data.

8.4.1.1 Flood events identification using stage, global disaster databases, modelled discharge and GFDS 

flood magnitude data

The Shanalumono gauge station was installed after the 2008 flood event. The gauge station 

was damaged during the 2009 and 2011 flood events and therefore no dates are available as 

to when these floods ended. Flood frequency analysis was not performed because of 

insufficient long-term stage data, but the duration of the three floods (start and end dates), 

their peak stage measurement and dates are shown in Table 8.3. The dates when the peak 

stage occurred for the 2009 and 2011 flood events were: 07 March 2009 and 22 March 2011.

Table 8-3: The flood duration and peak stage levels for the Shanalumono gauge station stage as well as 
the GFDS flood magnitude values for the 2008, 2009, 2010 and 2011 flood events. Peak stage (in 
metres)/DOY. In bold, are the dates used in this study.

Flood 
(year)

Start date End Peak date and 
measurement (m)

GFDS Flood Magnitude 
(Date/Magnitude)

2008 - - - 31 March  - 4.7

2009 25 January - 07 March (1.23)/66 21 March –7.9

2010 05 January (1st peak)
09 February (2nd peak)

05 February 
-

21 January (0.41)/21
01 April (0.81)/91

21 April –4.3

2011 05 January (1st peak)
04 February (2nd peak)

02 February
-

23 January (0.29)/23
22 March (1.48)/81

18 April –6.97

(-) Recording instruments for the Shanalumono gauge station was damaged during 2009 flood event for the 
second flood peaks during the 2009 and 2011 flood events hence there are no end dates.

There are several global flood event databases available to identify and verify the occurrences 

of flood events in globally. The EM-DAT (2016a) and Global Identifier Number 

(GLIDEnumber, 2016) are the most common (Smith 2013; Adhikari et al., 2010; Tschoegl, 

Below & Guha-Sapir, 2006) and were used to identify flood events. Three flood events: 
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2008, 2009, and 2011 were identified using these two global flood event databases (Table 

8.4).

Table 8-4: Floods declared by international disaster organizations such as DFO (2016), EM-DAT (2016a) 
and GLIDEnumber (2016).

Register 
No.

Annual 
DFO 
No.

Glide no. Country Begin End Duration
(days)

3265 14 FL-2008-000004-NAM Namibia 31 Jan 2008 23 April 2008 84

3462 31 FL-2009-000063-AGO      
FL-2009-000062-NAM

Angola & 
Namibia

1 Mar 2009 19 Mar 2009 19

- - FL-2011-000007-NAM Namibia 20 Jan 2011
101 Feb 2011

-
12 May 2011

-

FL= Floods; AGO = Angola; NAM = Namibia; - = no data available 
1Reliefweb (2016)

CREST modelled discharge data were forced using four different SBREs for the Main sub-

basin and were used to identify extreme flood events. Frequency analysis was performed on 

the 11 year annual maximum discharge peaks. The modelled peak discharge occurred during 

the following periods: (i) 18 to 29 March, 2008 event; (ii) 06 to 10 March, 2009 event and 

(iii) 12 March to 02 April, 2011 event. 

Lastly, dates corresponding to the peak GFDS flood magnitude values were identified: (i) 31 

March 2008, (ii) 20/21 March 2009 (two identical values for both days) and (iii) 18 April 

2011. The flood peak using stage measurements and the modelled discharge data for the 2009 

and 2011 flood events coincided, in contrast to the GFDS flood magnitude data that reported 

late flood peaks.  

8.4.1.2 Selecting the most suitable satellite imagery based on the peak flood dates 

Numerous factors influence the selection of satellite-based data such as cloud cover and time 

of acquisition relative to the peak flow/stage. This section analysed the corresponding date of 

acquisition of the auxiliary data water masks to the days of peak discharge/stage. The water 

masks were derived from weather-independent SAR satellite imagery which can provide 

alternative images as reference imagery where extensive cloud cover eliminated (or obstructs 

acquisition of) optical satellite images. In contrast, the low reflectance of the water bodies 

makes the detection flood inundation extent using optical satellite remote sensing (such as 
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ASTER, Landsat TM5, and MODIS) possible. However, the major difficulty is to find cloud-

free images during the flood events or as close as possible from the flood event.

Consequently, the water masks (auxiliary data) were used as the primary selection criteria. 

The following criteria were used to select satellite imagery: (i) auxiliary data water masks, 

(ii) stage data, (iii) discharge data, (iv) GFDS data and lastly, (v) flood event databases.

It should be noted that the areal coverage of the auxiliary data water masks depends on the 

type of SAR sensor (fine, medium, or high) (Di Baldassarre et al., 2011; See also Section 8.1) 

used to capture for the flood events. 

To select the appropriate dates that best matched all the data sets, a graphic depiction of all 

the data sets: the modelled discharge (four forcing SBREs), the GFDS flood magnitude data, 

the dates (points) when peak discharge\stage was reached and the dates of the satellite images 

(vertical solid line) are shown in Figure 8.3. 

Imagery (auxiliary data) for only two flood events were available. The following were 

selected to the 2008 and 2009 flood events:

• For the 2008 flood event: (i) the ENVISAT ASAR - 19 March; (ii) RADAR-1 - 20 

March; DMC - 25 March and SPOT-5 - 24 March, were selected (1st vertical line). 

• For the 2009 flood event: (a) TerraSAT-X - 07 March and (b) ALOS PALSAR - 02 

March, were selected. 

• For the 2011 flood event: auxiliary data imagery was not available due to copyright 

issues. 

These selected auxiliary data will be validated against freely available Landsat and MODIS 

images at similar times. 
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Figure 8-3: Summary of the CREST modelled discharge forced using four SBREs as well as the GFDS 
flood magnitude for the period 2008 to 2011. The peak discharge and stage are also shown. The vertical 
black lines denote the approximate peak on the: (i) 31 March for the 2008 flood event using GFDS data 
(1st line), the 07 March for 2009 flood event using Shanalumono stage gauge station data (2nd line) and 22 
March for the 2011 flood event also using the gauge station data (3rd). 

A more detailed list of the imagery (auxiliary data) that was captured during the three flood 

events are shown in Figure 8.4 while a detail list all imagery available in the CRB are shown 

in Appendices C, D & E.

Figure 8-4: A summary of all the auxiliary data used during the 2008, 2009 and 2011 flood events over the 
CRB. Source: ICSMD 2008, 2009, 2011
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8.4.2 Computing of spectral indices

8.4.2.1 Methods used in other studies

There are a number of common methods used to detect inundation extent in remote sensing 

imagery. According to the literature (Smith, 1997 & Bwangoya et al., 2010), the basic 

methods for inundation mapping using optical remote sensing have not changed much since 

the 1970s, despite improvements in spatial resolution, temporal frequency, image availability,

and image quality. 

Three approaches are widely use: (i) Density slicing is one of the simplest methods (Green et 

al., 1998; Frazier et al., 2003; Frazier & Page, 2000), where a single threshold value is chosen 

such that all values above that threshold are water, and below are non-water. (ii) Another 

well-known approach is multi-band classification which integrates information from all 

available bands, and classifies an image into dominant classes, including water (Hudson & 

Colditz 2003; MacAlister & Mahaxay 2009). (iii) Band ratios or indices, such as Normalised 

Difference Vegetation Index (NDVI) (Zhu et al., 2011; Peng et al., 2005; Huete et al., 2002), 

NDWI (Weiss & Crabtree, 2011; Hui et al., 2008; Xiao et al., 2005; Gao, 1996; McFeeters, 

1996), mNDWI (Xu 2006; Ordoyne & Friedl, 2008; Michishita et al., 2012). Band ratios 

have the advantage of combining different water information from multi-spectral bands, 

which normalise the data and help to reduce unwanted information such as atmospheric 

effects. Among them, mNDWI seems to be the most popular water index reported in the 

literature (Chen et al., 2014). A threshold of 0 is generally used to delineate water bodies. 

However, it is believed that manual adjustment on the threshold is always needed to achieve 

more accurate results (Ji et al., 2009). 

MODIS bands 1 (Red) and 2 (NIR), at 250 m pixel size, have been used to capture large 

global flood events (DFO; Brakenridge & Anderson, 2006), as well as environmental 

monitoring of seasonal flood patterns on floodplains (Ward et al., 2013). However, given that 

there is a strong sensitivity of the SWIR (short wave infrared) wavelength to water content 

(Gao 1996; Jackson et al., 2004; Rogers & Kearney 2004; Tong et al., 2004), the MODIS 

SWIR bands (500 m pixel size) have also been utilised for inundation mapping particularly 

through the use of indices such as the NDVI and the NDWI (Ticehurst et al., 2015; Mizuochi 

et al., 2014; Chen et al., 2013b; Li et al., 2013; Weiss & Crabtree, 2011; Ji et al., 2009; Xiao 

et al., 2005).
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8.4.2.2 Calculation of the mNDWI 

We used two spectral water index methods, McFeeters’s NDWI and Xu’s NDWI, to find 

which NDWI model of the Landsat TM5 and MODIS data is the best indicator of land 

surface water (LSW) or flood inundation mapping. The foundation of the spectral water index 

method is that a water body has a strong absorbability and low radiation from visible 

wavelengths to infrared wavelengths. The division of operations of the spectral water index 

method not only enhances the spectral signals by contrasting the reflectance between 

different wavelengths but also cancels out a large portion of the noise components that are 

common in different wavelength regions (Li et al., 2013).

NDWI (McFeeters et al., 1996; Eq. 8.1) is defined as:

NDWI =
� � ���

� + ���

 
 (8.1)

mNDWI =
� � ����

� + ����

 
 (8.2)

where G is the surface reflectance in the MODIS (Green band - 545 to 565 nm) and Landsat 

TM (Green - 0.52 – 0.60 µm) and NIR MODIS (NIR band - 841 to 876 nm) and Landsat TM 

(NIR - 0.52 – 0.60 µm) and SWIR MODIS is the reflectance in the (SWIR - 2105 to 2155 nm) 

and Landsat TM (SWIR - 1.55 – 1.75). 

NDWI is designed to (1) maximise the reflectance of a water body by using green 

wavelengths, (2) minimise the low reflectance in NIR of water bodies, and (3) take advantage 

of the high reflectance in NIR of vegetation and soil features. As a result, the water body 

information will be enhanced and the background (vegetation and soil features) information 

will be restricted in NDWI images. This means that the water bodies can be identified by 

applying a threshold to NDWI images. NDWI can enhance information about water bodies 

and restrict information about vegetation and soil features, but it cannot completely 

distinguish built-up features from water bodies.

mNDWI (Xu et al., 2006; Eq. 8.2) was developed to address this problem. mNDWI can 

enhance open-water features while efficiently suppressing and even removing built-up 

features as well as vegetation and soil features.

Table 8.5 provides an overview of all the data as well as the indices used in this study.
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Table 8-5: Characteristics of the satellite and auxiliary data utilized in this study.

Product Frequency Spatial resolution Dates acquired Bands used Index
MODIS -
MOD09GA1 
version 5

Daily 500 m 24 March 2008 Bands 1, 3, 4 & 
7

Bands 7-2-1 
composite, 
NDWI & 
mNDWI

Landsat TM5 16-day 30 m 21 March 2008 Bands 2, 4 & 5 True colour 
composite, 
NDWI & 
mNDWI

Auxiliary data

SPOT-5 Daily
(Selected 
Flood events)

10 m 24 March 2008 Vector -

Radarsat-1 Daily 
(Selected 
Flood events)

25 m 20 March 2008 Vector -

ENVISAT ASAR 
WSM

Daily
(Selected 
Flood events)

150 m 19 March 2008 Vector -

TerraSAR-X Daily
(Selected 
Flood events)

8.25 & 16 m 22 March 2008
03 March 2009
07 March 2009

Vector -

MOD44W Daily 250 m 24 March 2008 Vector -

GFDS Daily 25 km 31 March 2008 Flood 
magnitude 
values

-

PALSAR ALOS Daily 02 March 2009 Vector

8.4.3 Flood inundation evaluation  

The accuracy of satellite-derived water body extraction (flood inundation) at high resolution 

is typical assessed by visual inspection, comparing with ground truth maps that are based on 

LiDAR data. The uncertainty of flood extent maps derived from satellite imagery is another 

example of observation uncertainty. Indeed, the derivation of flood extent can be relevantly 

uncertain because of many sources of inaccuracies, such as misclassification errors induced 

by the image-processing algorithm, which is significant when low-resolution satellite 

imagery is used to derive flood extents (Schumann et al., 2009), or shadow effects produced 

by buildings in urban areas (Mason et al., 2010). This indicates the essential role of suitable 

ground-truth data that are often not available at the right time from the right location. In 

addition, the spatial resolution and repeat cycles of satellite data can be problematic in 

particular in operational flood management. The derived data can be too coarse if high-
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resolution data is too costly in a given case, or too infrequent and the high spatio-temporal 

dynamics of floods cannot be observed (i.e. mismatch of process and observation time scale)  

(Di Baldassarre & Uhlenbrook, 2012).

Finally, this study only used visual comparison to compare the MODIS and Landsat TM5 

derived NDWI and mNDWI for the auxiliary data maps.

8.5 Results and Discussion

Satellite-based products such as auxiliary data, Landsat TM5 and MODIS products can be 

used for: (1) a quick view of the flooding; (2) maps with flood extent delineation; (3) 

demonstration of the runoff; and (4) a measurement of the flood level\evidence for surface 

that are inundated owing to backwater effect due to hydrologic obstruction such as roads. 

Different flood detection characteristics of these products can be used. They are attributed to 

the different sensors and resolutions they are using for detecting the water surface boundaries. 

The MOD44W is a static representation of permanent water and it is not identified clearly 

(too small) and therefore it was not included in the analysis. The main reason is because of 

the semi-arid nature of the CRB permanent surface water is not present throughout a year and 

hence it is displayed as the flood inundation when the MODIS sensors captured their static 

imagery on a particular day.

The auxiliary data flood products are based on passive and active microwave sensing of water 

surfaces, while the Landsat, MODIS, and SPOT products use optical imagery that can 

potentially be affected by cloud cover leading to missed flood cases. However, the Landsat 

and MODIS products have higher spatial resolutions (30 and 500 m) while the spatial 

resolution of the auxiliary data products (including SPOT) varied (from less than 8.25 to 150 

m). The former, in the absence of clouds, captures finer details of the surface water change 

while the latter has cost implications for similar finer resolutions (Revilla-Romera et al., 

2015).

As a result of the data-scarcity in the study area this comparative study helps to evaluate the 

2008 flood event (most imagery available) in terms of flood inundation extent amongst the 

different available imagery as well as providing visual quantitative assessment for flood 

forecasting and monitoring activities.

8.5.1 Landsat TM5 vs AD

Three AD imagery were selected: (i) ENVISAT ASAR WSM captured on the 19th March 

2008; (ii) RADAR-1 captured on the 20th March 2008; (iii) SPOT-5 captured on the 24th

March 2008; (iv) DMC image captured on the 25th March 2008 and lastly, (v) TerraSAR-X 
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captured on the 2nd April 2008. Landsat TM image captured on the 21st March 2008 was also 

analysis. Two indices were calculated from this image: (i) NDWI (McGeers et al., 1996) and 

(ii) NDWI (Xu et al., 2006).

Figure 8.5 shows the true colour composite for the Landsat TM5 image. In the image the 

braided channels as well as dry land and build areas can clearly be distinguished. The 2 m 

LiDAR border is marked by a black border which was used to help with the visual 

assessment of the different imagery analysis (indices).

Figure 8.6 shows all the auxiliary data maps as well as the two Landsat TM5 NDWI indices. 

Streams (blue lines) also are shown to enhance the comparison between imagery. The 

MODIS true colour composite captured on the 24 March 2008 (DOY: 2008084) is shown in 

Figure 8.7. A red box is the area of interest that will be shown in the next figure (Figure 8.7). 

This figure shows two auxiliary data (Figure 8.7A & B) maps and two NDWI-derived 

MODIS 500 m maps (C & D). 

Figure 8.6 depicts the 2008 flood event as it progressed using the auxiliary data maps from 

the 19th March (A), 20th March (B), 24th March (C), 25th March (D) and the 2nd April (E). The 

Landsat TM5 image was captured just after the auxiliary data map B on the 21st March. 

Because no water level data are available for the 2008 flood event, the GDFS data were used 

to approximate the peak flood magnitude (31st March 2008;Figure 8.4 – 1st vertical black 

line).  

The maps (Figure 8.6A to D) show an increase in the amount of flood inundation areas 

detected by the different sensors near the peak discharge date (31 March). Due to the coarse 

spatial resolution of the ASAR imagery (Fig, 8.6A) the small (width) streams west of the 15o

44’ E longitude line are not detected. The best performing auxiliary data product is the SPOT 

multispectral product (Figure 8.6C) with its fine spatial resolution as well as the DMC 

product (Figure 8.6D) also detected the small and large channels that were inundated well. 

Both products captured the inundation near the peak discharge. The Landsat MT5 product 

also did well in delineating the flood inundation areas, the two indices used: NDWI and 

mNDWI, performed as expected. The NDWI struggled to distinguish between water and non-

water areas while the mNDWI clearly detect the water more consistently. MDWI also 

produced a more accurate map, using the visual inspection method, when using the true 

colour composite (Figure 8.5) to identified the different land-cover and land-uses such as 

build areas, natural channel with muddy water, roads, dry land without vegetation cover, and 

dry land with vegetation cover.
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The overall accuracy for all maps are the best when detecting flood extent for the wide 

channels areas east of the 15o 44’ E longitude line. 

In general, the auxiliary data (SAR) water masks were compared with auxiliary data (SPOT 

and DMC) multispectral high resolution water masks of approximately a similar date. The 

water mask from ENVISAT ASAR has lower accuracies compared to the other auxiliary 

data. This is mainly due to the lower radiometric resolution leading to very coarse water 

masks compared with those derived high spatial resolution. Even though, the advantage of 

coarse auxiliary data (e.g ENVISAT) is their large spatial coverage; one auxiliary data water 

mask (ENVISAT ASAR) scene in wide swath mode with 150 m spatial resolution can cover 

and give overview of the flood situation of the entire CRB. Researchers have used this 

advantage for automated calibration of hydrodynamic flood models (Gsaiger et al., 2012;

Dung et al., 2010).

Because floods are a wave phenomenon, different flood levels are present on a satellite image 

or auxiliary data water masks (Figure 8.6) for different days before and after peak discharge. 

Therefore, the date and time of data acquisition are of great importance for flood 

investigations based on satellite data. When examining the exact dates of the highest flood 

levels and the acquisition date of the remotely sensed data, it is obvious that the acquisition of 

the satellite data has some delay in regard to the flood peak (Figure 8.6). This delay is mainly 

due to the time it takes for a request to be registered with the satellite product operator, then 

the satellite sensor needs to be programmed and lastly, the sensor captured the scenes. 
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Figure 8-5: The Landsat TM5 true colour composite captured on the 21st March 2008 (DOY: 2008081). 
The 2 m LiDAR border is marked by a black line.
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Figure 8-6: Shows a visual comparison amongst the AD (A to D) and the two NDWI-derived Landsat TM 
maps (E &F). A. AD map derived from ENVISAT ASAR WSM captured on the 19th March 2008; B. AD 
map derived from RADAR-1 captured on the 20th March 2008; C. AD map derived from SPOT-5 
captured on the 24th March 2008; D.  AD map derived from DMC image captured on the 25th March 2008 
and lastly, E: AD map derived from TerraSAR-X captured on the 2nd April 2008 while E. NDWI 
(McGeers et al., 1996)-derived Landsat TM5 image captured on the 21st March 2008 and Lastly, F. 
NDWI (Xu et al., 2006)-derived Landsat TM5 image captured on the 21st March 2008. AD: auxiliary data

8.5.2 MODIS vs AD

Figure 8.7 shows the MODIS 7-2-1combination composite captured on the 24th March 2008 

(DOY: 2008084). A red box depicted a smaller area within the CRB that are mainly affected 
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by flooding. Deep blue depicts water depth and green vegetation cover in Figure 8.7. Figure 

8.8 shows a visual comparison amongst two auxiliary data maps (A & B) and the two NDWI-

derived MODIS 500 m maps (E &F). auxiliary data map (Figure 8.8A) was derived from 

ENVISAT ASAR WSM captured on the 19th March 2008 while auxiliary data map (Figure

8.8B) was derived from MODIS Auqua captured on the 25 March 2008. The map (Figure

8.8B) was derived from multiclass analysis which can involve many classes. The two index-

derived maps, NDWI (McGeers et al., 1996)-derived MODIS map (Figure 8.8C) was 

captured on the 24th March 2008 as well as the NDWI (Xu et al., 2006)-derived MODIS map 

(Figure 8.8D) captured. 

The MODIS estimated inundation extent is less accurate due to its large pixel size (500 m) 

except for the multi-class analysis product (Figure 8.8B) that might include more classes that 

might not be water. In addition MODIS and ASAR images do not capture small patches of 

flood inundation nor inundation in narrow shallow channels (Chen et al., 2013b). The large 

pixel footprint change the total flood inundation extent areas significantly since it creates 

uncertainty along the edges of streams, pans and shallow channels.

In contrast, Landsat TM5 and the other auxiliary data products perform better due to their 

higher spatial resolution and can resolve the finer details of flood inundation over large areas. 

In general, the MODIS and ASAR coarse resolution images have provide high accurate 

spatio-temporal coverage of flood inundation and their overall shape and pattern of the water 

surface boundaries is reasonable well represent.
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Figure 8-7: The MODIS 7-2-1combination composite captured on the 24th March 2008 (DOY: 2008084). The 
red box is the area of interest that will be shown in the next figures. The deep blue depicts water depth and green 
vegetation cover.
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Figure 8-8: Shows a visual comparison amongst the AD (A & B) and the two NDWI-derived MODIS 500 m 
maps (E &F). A. AD map derived from ENVISAT ASAR WSM captured on the 19th March 2008; B. AD map 
derived from MODIS Auqua captured on the 25th March 2008 and derived from multiclass analysis; C 
NDWI (McGeers et al., 1996)-derived MODIS image captured on the 24th March 2008 and Lastly, F. NDWI 
(Xu et al., 2006)-derived MODIS image captured on the 24th March 2008. AD: auxiliary data
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Both, the auxilary maps and GFDS data (flood magnitude data) can also be used to calculate 

the delay after which the peak discharge has passed. The acquisition dates and the resulting 

decrease of the flood level are observed in most of the maps from auxiliary data. The maps 

also indicate the wave propagation during the time of data collection and demonstrate at what 

situation the auxiliary maps capture the flooding (see also Figure 8.9). In general, the time 

aspect for data collection and production of remotely sensed data are important factor. 

Figure 8-9: Shows a visual comparison amongst the AD maps. A. The 2 m LiDAR shaded hill model; B. 
AD map derived from PALSAR ALOS captured on the 02 March 2009; C. AD map derived from 
TerraSAR-X captured on the 03 March 2009; D. C. AD map derived from TerraSAR-X captured on the 
07 March 2009. AD: auxiliary data

A B

C
D
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Studies based on the extraction of water surface bodies and areal extent has found similar 

results. Weiss and Crabtree (2011) used 16-day MODIS data for producing water fractions 

and compared it to a Landsat equivalent. Their results revealed the medium to weak 

agreement between Landsat TM and MODIS. Guerschman et al. (2011) found the 

disagreement between MODIS and Landsat TM to be less than 6%. Van Leer and

Galantowicz (2011) analysed the performance of the MODIS satellite imagery to produce an 

accurate estimate of flood affected area according to the ground truth Landsat TM estimate. 

They also found MODIS estimates a smaller flood affected area than the Landsat TM data. 

They thought this corresponds to the larger flood area seen with the Landsat data. The 

inclusion of smaller channels, lakes, and rivers would increase the inundated area 

significantly. Furthermore, Mizuochi et al., (2014) also used mNDWI in the CRB and found 

due to the land-use and land-cover in the CRB determining a threshold for both the NDWI 

and mNDWI seems difficult due to the wetlands and soil types. They developed a mNDWI 

model with an appropriate threshold that was able to calculate probability of water presence 

(PWP) maps for the rainy season and the whole year. With these maps they achieve their 

objective to delineate potential suitable rice cultivation areas in the CRB. 

8.6 Conclusion

Future work would involve analysing more MODIS and Landsat TM/ETM+ images for 

comparison to the auxiliary data maps to create a comprehensive catalogue of inundation 

maps for the CRB in order to analysis and verify flood characteristics better. The limitations 

of using MODIS are its pixel size. Studies have found that flood inundation is less likely to 

be detected in very shallow and narrow channels which occur in the CRB (Chen et el., 2013).
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Chapter 9 Discussion, Conclusion and Future work

9.1 Summary:
Remote sensing has made tremendous inroads into helping semi-arid and data-scarce regions 

around the world. Remote sensing has become a common tool for many hydrologic 

investigations where no data exist and where large and extensive areas prevented the 

collection of suitable data sets. Even though this advancement of remote sensing, and that it 

has infiltrated mainstream hydrologic, it is not implemented sufficiently in SADS regions due 

to insufficient long-term ground observational data to validate remotely sensed data. Hence, 

this proof-of-concept study was implemented in a scientific way, to use remote sensing data 

in a framework in SADS regions. 

The study for the PhD covered the following:

• It developed a systematic framework that has quantify the inherent as well as other 

uncertainties that are associated with the hydrological cycle that preclude the development of 

flood risk management strategies in SADS regions. The framework is based on free and open 

data and software that is available online. The framework can be used as a benchmark for the 

development of flood risk management policies that will enable SADS regions to mitigate the 

severe effect hydro-meteorological disasters in the Anthropocene. The FHAF developed for 

this study consists of two steps: (a) preliminary analysis that develops a hydro-meteorological 

(floods and droughts) archive using different data sources as well as identifying where more 

analyses are needed to reduce uncertainty and (b) hazard estimation.

• The first step in the FHAF was to develop a database (archive). An up-to-date and 

broad analysis of the trends of hydro-meteorological events using extreme daily precipitation 

indices, daily precipitation data, regionally averaged climatologies, archived disasters by 

global disaster databases, published disaster events in literature as well as observed flood 

events for the SADS CRB were performed. Missing data and data gaps within the observed 

flood events database were systematically identified and later chapters filled in these data 

gaps by using multiple remote sensed data sources and hydrologic modelling. 

• Satellite-derived global precipitation products, which are critically important in the 

many parts of the globe where in situ networks are sparse, are now produced routinely. 

Hence, four commonly used operational rainfall products were rigorously validated and inter-

compared on monthly, seasonal and annual timescales. Rainfall data from gauged stations 

were compared against SBREs as well as simulated data from a RegCM4 model. Point-to-

nearest-pixel method was used to validate high spatial resolution (0.25o) SBREs data against 
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the gauge data for a period from 2008 to 2014. Pair-wise comparison of point-to-pixel (gauge 

versus SBREs) and inter-comparison between SBREs (and RegCM4) using pixel-to-pixel 

data were performed. Validation was performed and the results indicated good statistical 

relationships between the ground-based gauge stations for some SBREs. The TRMM 

products performed the best amongst all the satellite-based products over all spatial and 

temporal scales. These results will help analysts to expand our understanding of the 

climatologies within this SADS region and will also provide valuable information on the 

error structures of SBRE products that might be ingested into hydrologic models for water 

resource management. The results also quantify the improvements (bias correction) that are 

needed for these SBRE products to be useful for water resource and risk management 

applications.

• The understanding of the drainage network is imperative to determine flood 

inundation extent (as an important component of hazards) and to determine flood risk. The 

study area (CRB) has complex lowland terrains with subtle relief which make detecting and 

delineating flood inundation extent difficult. Furthermore, standard methods of drainage 

network extraction from low resolution gridded digital elevation models (DEMs) are 

unsuitable, hence airborne LiDAR solutions have been utilised. But, LiDAR also presents 

challenges to large areal applications, especially with a surface roughness exceeding the 

capacity of numerous algorithms. In this Chapter 4, channels from topographic maps (blue 

lines) were compared to those from hydrologically corrected and uncorrected LiDAR DEMs, 

heads-up digitised channels from high-resolution digital aerial orthophotographs, field-

mapped channels and auxiliary data. Validation was performed between the field-mapped 

channels, the modelled channels and those derived from multiple sources. This study 

confirmed that drainage networks can be extracted from complex low-terrain areas with 

standard GIS algorithms and accurate field data. The results will aid national mapping 

agencies in SADS regions to modernise their national hydrography datasets and to account 

for changing land surface conditions that can affect channel spatial arrangements over time. 

In addition, expert knowledge about dominant processes and their magnitude were collected 

during the fieldwork study and from local experts in the field. Expert knowledge is often an 

underrated source of information in data-poor regions of the world. Its value is perhaps not 

quantifiable, but it is in fact, an observation just like any other. Future work would include 

testing expert knowledge by introduction of fuzzy measures in the optimisation process 

(Seibert & McDonnell, 2002).



Discussion, Conclusion and Future work

232

• The second step within the FHAF: risk estimation involved the estimation of the 

essential parameters for flood risk analysis. An important component (hydrologic cycle) is 

the amount, frequency and magnitude of surface water runoff (discharge). River discharge 

estimated solely by remote sensing remains an elusive goal, although several studies leverage 

geomorphological theory using satellite retrievals of river width, and can under some 

conditions produce plausible estimates of river discharge. River discharge is important for 

sustainable management of water resources as well as mitigating hydro-meteorological 

natural hazards such as flooding. Furthermore, with discharge data an understanding of the 

spatio-temporal distribution of water is possible especially in SADS regions where data from 

various global datasets are used to compensate. Traditionally, hydrologic modelling has been 

used to estimate water resources, but only infrequently in SADS regions. It, however, has 

also been used to validate the global SBRE datasets to enhance their applications. Chapter 5

provided flood frequency of discharge using four SBREs to reduce uncertainty in the 

characteristics of surface water runoff such as discharge. A semi-distributed physical-based 

deterministic hydrological model was used to ingest the four SBRE data inputs. Based on the 

results, it is recommended that input data be ingested in hydrological models especially if the 

remotely sensed data is only to be used to help reduced the many non-linear uncertainties 

inherent in the hydrological cycle. This is especially useful for water resources estimations 

and for understanding flood-producing processes in SADS regions.

• Surface water extent and distribution is essential in flood risk analysis, hence the 

mapping of spatial inundation patterns during flood events is important for environmental 

management and disaster monitoring. A hydrodynamic (HD) model that uses in situ

observations (e.g. rain gauges and stream gauges) is traditionally been used. However, HD 

models are difficult to apply in SADS regions. Hence, remote sensing technologies provide 

an affordable means of capturing flood extent with reasonable spatial and temporal coverage 

for flood monitoring. This study detected and compared the spatial extent of flood inundation 

at or near the peak of a flood event in the CRB. The study follows a multi-spectral and multi-

sensor approach to identify the flood inundation pre-flood, during, or post-flood event. Water 

indices were calculated and analysed: NDWI and mNDWI. They were used to identify water 

bodies and to produce flood inundation maps from the surface spectral reflectance of the 

MODIS and Landsat Thematic Mapper (TM) products. The evaluation was performed using 

visual inspection of the inundation maps and auxiliary data (AD maps). The AD consisted of 

water masks of high resolution multispectral imagery (SPOT-5) and SAR sensor products. 

Chapter 8 concluded that the quantification of flooding spatial extent can help to provide 
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valuable information to FHAs and hence potentially improve hydrologic prediction and flood 

management strategies in ungauged (complex terrain) catchments. 

10.2 Limitations and Discussion:
a) The identification of hydro-meteorological hazards is novel for this study area due to 

the data paucity and scarcity issues. This new classification scheme offers a means to 

chronological address hydro-meteorological hazards within the study area and provides a 

detailed account of their occurrence. However, the major limitation of Chapter 4 was that it 

did not include more physical or field-based methods that can help identify historical flood

events. These methods are records of physical signs of water levels on old buildings, 

memories of old citizens, historical scientific as well as other documents, newspaper reports,

and archive reports from national bodies (hydrology, meteorology, and geological survey). 

Other hydrological studies such as river flow regionalisation studies using nearby river flow 

gauge stations was also a limitation. In addition, paleo-hydrological studies could also have 

added valuable data to supplement both flood magnitude and frequency.

b) Chapter 5 on the validation of SBREs was reviewed by reviewers of the Atmospheric 

Journal and will be re-submitted. The reviewers highlighted many limitations that will be 

addressed in the future work section. These limitations include: limited number of rainfall 

gauge stations, lack of long-term data to validate the result adequately, and the methods used 

to validate the SBREs. The pair-wise comparison of point-to-pixel method was questioned as 

the reviewers did not see a relation between rainfall point data and a pixel for the SBREs. 

This method is, however, used in many studies, especially where gauge stations 

measurements are too sparse to be interpolated into a gridded product (Dembélé & Zwart, 

2016, Cohen Liechti et al., 2012; Thiemig et al., 2012). The use of point data results in a 

demanding validation process; the variance of satellite estimates is fundamentally smoother 

in space and time as they represent spatial averages over grid cells, and some systematic 

differences between the point observations and pixel estimates are to be expected (Dembélé 

& Zwart, 2016; Toté et al. 2015). Another limitation, also mentioned by the reviewers, was 

that the results and conclusions reached by using only four rainfall gauge stations will not be 

accurate enough. Most of the results and conclusions in this thesis, match those mentioned in 

the study area, where the characteristics of the CRB are described. This section also 

contributes to the FHAF, proposed in this thesis. The framework envisaged that traditional 

methods cannot be applied due to the many challenges SADS regions are facing. Therefore, 

the results should be viewed holistically, by including all the chapters within this thesis. In 
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that light, Chapter 5 significantly contributes towards improving the process understanding in 

the CRB.

c) In Chapter 6, drainage networks were delineated from multiple data sources. LiDAR 

coverage was limited to a small geographical area within the CRB. In general, comparison 

studies between LiDAR and other globally available DEMs have been complex since these 

products are not similar. This is mainly because LiDAR products are available where 

vegetation is removed whereas with SRTM products, complicated algorithms are required to 

perform that task. These global available DEMs also present challenges to large areal 

applications, especially with a surface roughness exceeding the capacity of numerous 

algorithms. Therefore, the extraction of drainage networks from global DEMs in complex-

terrain and low-terrain regions are challenging making this study essential to those regions by 

offering alternative practical methods. The popular maximum gradient deterministic eight 

(D8) GIS algorithm was applied using two network extraction methods: area threshold 

support and curvature/drop analysis. Other algorithms (for example, D∞) which can resolve 

low-terrain environments as well as complex landscape needs also to be considered. 

Furthermore, more robust spatial and quantitative analysis on geomorphologic parameters 

and indices are available that are also easier to implement and replicate. However, for the 

current the FHAF, methods implemented in Chapter 6 are appropriate and would enhance 

time-relevant mapped national hydrography datasets in regions where chronic shortages in

human, financial, and computing resources are present.

d) Hydrologic modelling has traditionally been used to estimate water resources, but 

only infrequently in similar regions, although it also can be used to validate the global SBRE 

datasets to enhance their applications. Even though four SBREs were used to reduce 

uncertainty in the characteristics of surface water runoff such as discharge, observed river 

flow data is still essential for calibration and validation. The semi-distributed physical-based 

deterministic hydrological model used was calibrated with satellite-based discharge hence the 

parameters’ values are not reliable. More uncertainty analysis is needed to select appropriate 

parameters that can be related to field-based observations. The model used in this study is 

appropriate since it is based on satellite-based input and alternative data input sources (for 

better results) are available that can also be implemented. This was a proof-of-concept study 

that provided a better understanding of the different flood-producing processes that 

characterised sub-basin within the CRB, especially under the environment where there is an 

absence of sufficient creditable long-term gauge data (discharge and precipitation).
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e) HD modelling has traditionally been used to map floodplain inundation for flood 

studies and it would have provided excellent reference inundation maps for comparison. 

HEC-RAS is one of the many models that can easily be use to this purpose. However, it has 

its advantages and also its drawbacks. It operates only with one-dimensional flow, although 

tools allow it to approximate multi-dimensional flow. Some stability issues have been 

experienced. In addition, it is sensitive to the quality of input variables; if the input data is 

poor or insufficient, HEC-RAS will not output realistic results. As for the model outputs, 

there is not enough data to properly calibrate it. For example, the model would output a flow 

value twice as high as what was personally observed under similar conditions. Satellite-based 

inundation mapping provides the best spatio-temporal characterisation of water surface 

extent. In Sections 3.4.7 and 3.4.8 many factors were cited why HD modelling would be 

difficult to implement in SADS regions. However, the current study also has many 

limitations; too short a temporal record used for MODIS and Landsat TM5, for example. The 

inclusion of other freely available multispectral and passive microwave products (ASTER & 

AMSR-E) is also essential. Furthermore, the use of standard band combination and water 

classification techniques would also add value to the study and evaluation of alternative 

methods for water surface boundary extraction. 

10.3 Future Work:
When limitations described in the previous section are addressed, a hydrologic model that 

permits the prediction of the peak discharge can be converted into maximum area of flooding, 

can be implemented. This enables the mapping of the spatial distribution of the flood 

sometimes three months in advance of the flood maximum, if needed. The model can be 

calibrated using maximum areas of seasonal inundation extracted from satellite imagery 

covering a long period of 1985–current (due to the availability of multi-spectral data). It can 

also be correlated with satellite-corrected rainfall and modelled total flood discharge. This 

technique can be then developed to translate the modelled flood area into a flood map 

(Gumbricht et al., 2004). 

Hence, essential components to such a model would need the following:

• Reliable hydrological data sets

• The data sets will allow guidelines for sub-dividing a catchment into sufficient 

smaller sub-catchments that represents key points in the system. These might include existing 
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and future major dams as well as other sites where reliable observed flow data are available 

from existing flow gauging stations 

• The collection and collation of key data:

o observed rainfall data from gauging stations should be well distributed 

throughout each sub-catchment. The WeatherNet is a good example of an on-going 

project that will provide the needed observed rainfall data. Furthermore, more stations 

from Angola (Pombo et al., 2015) will be added to increase the amount of stations for 

SBREs validation. These rainfall data are also the main input to a rainfall runoff 

simulation model,

o observed data from stream flow gauges (stage), preferably for each sub-

catchment are essential and an implementation plan in the CRB, is needed. Stream 

flow gauges can be a combination of purpose built gauging stations and dams.

o This study used satellite-based global evaporation data which are coarse in 

spatial resolution and it is derived using many techniques sometimes not suitable for 

semi-arid region. Hence, observed evaporation data are need for each sub-catchment 

(Class A-pan and Symonspan),

o water use data, which typically include irrigation, urban, industrial, mining, 

domestic, forestation, transmission losses, and environmental requirements are not 

freely available and quantification will enable for better hydrologic modelling.

10.4 Future data projects
The pending (2020) launch of the U.S.-French SWOT mission is expected make available 

surface slope, elevation, and width for large rivers, wider than 100 m. SWOT data will also 

foster accelerated interest in hydrologic data assimilation for combination of SWOT 

observations with hydrologic and hydrodynamic models.

Surface water storage (lakes, wetlands, and reservoirs) is an evolving area where even the 

magnitude of the signal over large areas is not well known. Novel uses of existing satellite 

altimeters (designed primarily for oceanographic purposes) combined with MODIS-based 

estimates of surface area variations have produced some of the first multiyear estimates of 

reservoir storage variations. Less work has been done on lakes, although some progress has 

been feasible with existing satellite records; a notable exception is the work of Cretaux et al.,

(2011). However, when SWOT data become available, a quantum leap (from the ability to 

observe a maximum of less than about 20% of global lake and reservoir storage to as much as 

2/3) will become possible, and this is expected to be an area of great research interest in the 
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coming decade. Many of the limitations of current generation altimeters with respect to the 

size of surface water bodies measured and revisit times will be relaxed by the planned SWOT 

mission (Alsdorf & Lettenmaier, 2003; Alsdorf et al., 2007). Exploratory results for this 

strategy using synthetic data have been encouraging (Lee et al., 2008). Earth scientists and 

other researchers are optimistic about the SWOT missions and its application in hydrologic 

science and water resource management throughout the globe.

By cross calibrating the data from different sensors, the objectives of frequent temporal 

sampling and accurate discharge estimation can be reached. It is also possible to design 

autonomous sensorweb systems of linked sensors, wherein sensors capable of detecting 

surface water changes are programmed to notify, without human intervention, higher spatial 

or spectral resolution sensors which then obtain and deliver the new data (Chien et al., 2004). 

This could allow focused data collection over areas subjected to flood or drought. 

(Brakenridge et al., 2005). 

NASA and NASDA have recently approved a new joint mission, called the Global 

Precipitation Mission, aiming at measuring precipitation on a global basis with sufficient 

quality, Earth coverage, and sampling to improve prediction of the Earth’s climate, weather, 

and specific components of the global water cycle. GPM will consist of two components: an 

improved TRMM-like satellite (called core) inclined at about 65°, and a constellation of 

several (up to eight) drone satellites in sun synchronous orbits, carrying PMW radiometers to 

provide global rainfall coverage at 3-h intervals (depending on latitude). The mission, which 

should be launched on the 27th February 2014, is in fact a multinational satellite project for 

NASA and NASDA will provide the core satellite and two drones, but are envisioning 

international cooperation for other drones. The objectives of the mission will be 

accomplished by making substantive improvements, with respect with the present-day 

combined TRMM and SSM/I observations, in global precipitation observations: specifically, 

improvements in measurement accuracy, precision, sampling frequency, spatial coverage, 

and spatial resolution.

Thus, the main requirements of the mission can be summarised as follows:

• Global spatial coverage with a rainfall accuracy estimation better than that available 

by using current SSM/I radiometers aboard DMSP satellites.

• Temporal sampling less or equal to 3 hours in order to improve NWP models, data 

assimilation models and hydrological models and, possibly, to help flash flood forecast.

• Lifetime sufficiently long in order to monitor and understand potential long-term 

changes in the global distribution and frequency of precipitation and related latent heating.
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Appendix A: Parameters used in the CREST model.
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Appendix B: Selected Flood events for 2008. LA = LiDAR area; CS = Current Study; AD = 
Auxiliary Data; CC = Cloud Cover, and (34) = Day of the year - DOY

Date (DOY) Type of Imagery Raster/ 
Vector

Spatial 
resolution

Description

15 January Landsat TM 5 Raster 30 m CS: Path 179 Row 73 & 73 CC = 

16 February Landsat TM5 Raster 30 m CS: Path 179 Row 72& 73 CC= 65.4 
& 36.6%

3 February 
(34)

MODIS Terra 721 Raster 250 m CS & AD

05 February ALOS PALSAR Vector 30 m AD

24 February SPOT-5 Map 10 m Six maps: (1) Okalongo; (2)Engela; 
(3) Oshikuku; (4) Ongwediva; (5) ; (6) 
Ondangwa

03 March Landsat Raster 30 m CS: Path 179 Row 72 $ 73 CC= 65.4 
& 38.6%

04 March (64) Terra and Aqua MODIS Raster 250 m/pixel AD: 20 Nov 2007- Pre-flood water 
bodies
20 Feb 2008 - 04 March 2008 -
MODIS
01 – 29 Feb 2008 – TRMM

10 March Landsat TM5 Raster 30 m CS: Path 180 Row 72 CC= 86.2%

15 March (75) MODIS Terra 721 Raster 500m CS & AD: NASA Comparing 15 
March to 03 Feb

16 March (76) TerraSAR-X Vector 8.5 m AD: Overview Omusati region. 3 
Sheets: Ombulantu, Okalongo & 
Ongandjera

19 March (79) ENVISAT ASAR WSM 
& 
MODIS
LandsatTM5

Raster 150 & 250 m 
/pixel

30 m

AD: Oshana, Omusati, Ohangwena 
and Oshikoto regions 
CS: Path 179 Row 72 & 73 CC= 84.8 
& 0%

20 March (80)
21 March (81)

RADARSAT-1 Vector 25 m/pixel AD: Southern Angola (LA)
AD

22 March (82) TerraSAR-X Vector 16 m AD: Regions: Omusati, Oshana & 
Ohangwena
AD: 4 Sheets: Obimbwa, Onanghulo, 
Oshakati & Oshikuku

24 March  (84) SPOT-5
MODIS

Raster 10 m/pixel 
multispectral 
& 2.5 m pan-
sharpened
500m MODIS

AD: Ongwediva, Ondangwa, 
Oshakati, Ompundja, Okaku, Elim, 
Edola, Etayi, Engela, Okatana & 
Uukwiyu

mNDWI (Mizuochi et al 2014)
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25 March (85) MODIS Terra 721
DMC 

Vector/
Raster

250 &  m CS & AD
AD 

26 March (86) Landsat TM 5 Optical Raster 30 m Landsat imagery used for flood study 
by Awadallah & Tabet (2015) 

CS: Path 180 Row 72 CC= 0%

02 April TerraSAR-X Raster 8.5 m AD: raster geotiff 

11 April Landsat TM Raster 30 m CS: Path 180 Row 72 CC= 0%

20 April Landsat TM Raster 30 m CS: Path 179 Row 73 CC= 0%

27 April Landsat TM Raster 30 m CS: Path 180 Row 72 CC= 0%
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Appendix C: Selected Flood events for 2009. LA = LiDAR area; CS = Current Study; AD 

= Auxiliary Data; CC = Cloud Cover and (14) = Day of the year - DOY

Date (DOY) Images retrieved
Type of Imagery

Raster/ 
Vector

Spatial 
resolution

Description

14 January (14) MODIS Terra 721 Raster 250 m

25 Jan Landsat Raster 30 m Path 179 Row 73 CC=84%
10 Feb Landsat Raster 30 m Path 179 Row 73 CC=73%
^20 February 
(51)

TerraSAR-X Vector 8.25m Northern & southern regions

*24 February 
(55)

TerraSAR-X Vector 8.25 m Regions: Omusati, Oshana & 
Ohangwena
Sheets: Ombulantu, Okalongo, 
Oshikuku, Likango & Otamanzi

#02 March (61) ALOS PALSAR Vector 100 m Regions: Omusati, Oshana & 
Ohangwena

03 March  (62) TerraSAR-X Vector 8.25 m Regions: Omusati, Oshana & 
Ohangwena
Sheets: 6, 7, 8, 9, 10 & 11

04 March  (63) ENVISAT ASAR Vector 150 m Omusati region

05 March (64) ASAR - DLR  150 m

^06 March  (65) Radarsat-2 Vector 6.25 m Northern & southern regions

07 March ENVISAT ASA Raster 150 m CS: Raw image

13 March (72) TerraSAR-X Vector 16 m Oshakati & western Ongwediva

14 March (73) TerraSAR-X DLR
ASTER
Landsat

Vector
Raster
Raster

3 m
15 m
30 m

Ohangwena region in two parts: 
northern and southern
Lakes; Path 179/Row 73; CC:66%
Path 179 Row 73 CC=27%

20 March
Quickbird Maps 0.6 m Areas 1, 2 (Okalongo), 3 

(Shashipanda) &  4 (Oshikuku)

21 March (80) MODIS Terra 721
Landsat ETM+ 
LandsatTM

Raster 500m
30m

Landsat (Mizuochi et al., 2014) to 
ground truth surface water (path 180, 
row 072)
Landsat imagery used for flood study 
by Awadallah & Tabet (2015) 
Path 180 Row 72 CC=71%

22 March LandsatTM
Quickbird

Raster
Map

30 m
0.6 m

Path 179 Row 72 & 73 CC=0%
Map Areas 5 & 6 (Oshikango)
Map Area 7 & 8 (Engela)

23 March  (82) MODIS Terra 721 Raster 250 m

24 March RADARSAT Vector

28 March  (87) Terra SAR Vector 16 m
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ASTER 2 Raster 15 m Path 179/Row 73; CC:0 & 1%

30 March LandsatTM Raster 30 m Path 179 Row 73 CC=1%
Path 179 Row 72 CC=0%
Landsat imagery used for flood study 
by Awadallah & Tabet (2015) 

11 April TerraX-SAR (TSX) Vector 16 m

22 April Landsat Raster 30 m Path 180 Row 72 CC=10%

29 April (119) Terra SAR
LandsatTM

Raster 30 m Path 180 Row 72 CC=0%

*The water masks were generated from analysis of TerraSAR-X radar satellite imagery. 
^Compare 09 March and 20 Feb flood extents – TerraSAR-X vs RADARSAT
# The water masks were generated from analysis of ALOS PALSAR radar satellite imagery.

The results are superimposed on Landsat ETM satellite imagery from July 2000/May 2000/July 2000/May 
2002
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Appendix D: Selected Flood events for 2011. LA = LiDAR area; CS = Current Study; 

AD = Auxiliary Data; CC = Cloud Cover and (68) = Day of the year - DOY

Events
(Year)

Images retrieved
Type of Imagery

Raster/ 
Vector

Spatial 
resolution

Description

16 Feb Landsat Raster 30 m Path 179 Row 073 Stripes error

04 March Landsat Raster 30 m Path 179 Row 073 Stripes error

09 March (68) MODIS Raster 250 & 500 
m

Compare 09 March vs 10 March 
2010

10 March MODIS Raster 250 m Flood map

11 March (70) MODIS Raster 500 m AD & CS

17 March  (76) MODIS Terra 721 Raster 250 m AD & CS

20 March  (79) MODIS Terra 721
Landsat

Raster 250 m
30 m

Compare 20 March vs 17 March 
2011
NASA Earth Observatory
Landsat image errors 
Path 179 Row 73

21 March Landsat TM Raster 30 m Flood map

24 March (83) MODIS
RADARSAT

Raster
Vector

500 m
25 m

CRB

30 March  (89) Landsat vs EO-1 
EO-1

Raster 30 m EO-1 imagery used for flood study by 
Awadallah & Tabet (2015) - Partial 
covered of CRB

05 April
07 April

Landsat & SPOT-5
DigitalGloble
JAXA Radar

Raster
Vector

30 
10 m

Landsat image errors Path 179 Row 
73 & Oshakati + Onhangwena 
(SPOT5)
Oshikuku (0.31 m) & Oshakati 
(JAXA)

11April 
12 April

TerraSAR-X
Formosat

Vector
Vector

16 m
2 m

CRB
Oshakati & surroundings (2m)

13 April Landsat TM Raster 30 m Flood map

14 April
15 April

GeoEye & Envisat 
RADAR
WorldView

Vector 0.31 & 150 
m
0.31 m

Oshikango Town centre

21 April ASTER Raster 15 m Path 179/Row 72/73; CC:1 & 19%

28 April Landsat 
ASTER

Raster 30 m
15 m`

Landsat imagery used for flood study 
by Awadallah & Tabet (2015)
Path 180 Row 72Row
Path 180/Row 72; CC:0%

03 May EO-1 Raster 30 m EO-1 imagery used for flood study by 
Awadallah & Tabet (2015) - Partial 
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covered of CRB

16 May EO-1 Raster 30 m EO-1 imagery used for flood study by 
Awadallah & Tabet (2015) - Partial 
covered of CRB


