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S.2.2 Coarse scale coastal vulnerability 
assessment  

 
Broadly speaking, the low lying central delta 
coast areas (e.g. Beira) are very vulnerable in 
terms of elevation (see Figure below). The 

highest occurrence of cyclones (very high 
hazard) is found along the central parts of 
Mozambique, tapering off to the south (from 
roughly Tofo) and also sharply to the north 
(from about Ilha de Mocambique).  

 
 
 

 
Coarse overview of hazards and vulnerability of Mozambican coast  

(See Figure 6.21 in Chapter 6) 
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S.2.3 Local / micro scale coastal 

vulnerability assessment 
 
Analyses were carried out to determine the 
vulnerability of key coastal cities and towns 
(identified by the INGC) to the impact of a 
range of biophysical change scenarios.   
 
The vulnerability to the forces from the sea of 
approximately 10 km of shoreline at each site 
was assessed by evaluating 14 abiotic 
parameters against an agreed to set of criteria 
(see Table 6.1 in Chapter 6). The vulnerability 
assessment was done with and without 

climate change factors, and also with and 
without the effect of cyclones. Total 
vulnerability maps are available for each of 
the study sites, for the 8 scenarios that 
include cyclones (i.e. C1 to D4).  
 
The figure below shows the detailed coastal 
vulnerability comparison of the 12 coastal 
study sites when the most likely future 
climate change scenario, C4, is used.  
(Scenario C4 considers a 1m sea-level rise by 
2100 and includes both the effects of cyclones 
and an increase in storminess due to climate 
change.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A comparison of the vulnerabilities of the 12 study sites under the most likely future case 
scenario (C4) (See Figure 6.36 in Chapter 6) 

 

  











 
 
 
 
 

 
 

 CSIR, March 2012, Pg xi 

 

CHAPTER 1: INTRODUCTION _______________________________________ 1 

CHAPTER 2: BACKGROUND ________________________________________ 3 

2.1 INTRODUCTION 3 
2.2 SOME RESULTS FROM THE INGC PHASE I STUDY 7 
2.3 CONCLUSION FROM THE INGC PHASE I STUDY 8 

CHAPTER 3: STUDY AREA _________________________________________ 9 

CHAPTER 4: APPROACH / METHODOLOGY __________________________ 11 

4.1 OVERVIEW OF THE APPROACH 11 
4.2 METHODOLOGY 11 

CHAPTER 5: DRIVERS OF RISK _____________________________________ 13 

5.1 INTRODUCTION 13 
5.2 IDENTIFICATION OF KEY ULTIMATE DRIVERS OF RISK 13 
5.3 EXTREME INSHORE SEA WATER LEVELS 16 
5.4 MOZAMBIQUE WAVE CLIMATE AND EXTREMES ANALYSES 20 

5.4.1 Mozambican Offshore Wave Analysis 20 
5.4.2 Trends in wave climate and future conditions 38 
5.4.3 Modelling cyclone wind-generated waves 42 

5.5 COASTAL FLOODING/I NUNDATION AND EROSION 54 
5.5.1 Basic concepts and approach 54 
5.5.2 Prediction of high inshore sea water levels 54 
5.5.3 Prediction of wave run-up 57 
5.5.4 Coastal erosion due to climate change 59 
5.5.5 Coastal Flooding/Inundation and Erosion Model 61 
5.5.6 Calculation of potential erosion due to SLR at Beira and Maputo 63 

5.6 QUANTIFICATION OF FLOODING LEVELS FOR MOZAMBICAN COASTAL TOWNS 67 



 
 
 
 
 

 
 

 CSIR, March 2012, Pg xii 

CHAPTER 6: COASTAL HAZARD ASSESSMENT ________________________ 73 

6.1 COASTAL HAZARD ASSESSMENT METHOD 73 
6.1.1 Introduction 73 
6.1.2 Methods of assessing vulnerability of coastal areas and developments 73 
6.1.3 Adaptation of suitable method for study area 73 

6.2 DETAIL ASSESSMENT OF FLOODING HAZARD AND QUANTIFICATION OF ELEVATION VULNERABILITY 79 
6.2.1 Sea water flooding hazard levels 79 
6.2.2 Elevation hazard 81 

6.3 COARSE VULNERABILITY ASSESSMENT FOR WHOLE MOZAMBICAN COAST 94 
6.4 DETAIL VULNERABILITY ASSESSMENT FOR SELECTED COASTAL TOWNS AND CITIES 100 

6.4.1 Application of the Coastal Hazard Assessment Method 100 
6.4.2 Scenarios assessed for coastal vulnerability 102 
6.4.3 Mapping of detail vulnerability assessment outputs 104 
6.4.4 Comparison of detail coastal vulnerability of 12 Mozambican areas 120 

CHAPTER 7: ADAPTATION OPTIONS _______________________________ 123 

7.1 STRATEGIC PRINCIPLES AND BEST PRACTICE GUIDELINES 123 
7.2 POTENTIAL ADAPTATION MEASURES/ COASTAL PROTECTION OPTIONS 127 

7.2.1 Range of potential solutions 127 
7.2.2 Listing and description of potential solutions 129 
7.2.3 Summary list of potential solutions 147 

7.3 EVALUATION CONSIDERATIONS AND CRITERIA 148 

CHAPTER 8: DISCUSSION ON POSSIBLE ADAPTATION OPTIONS PER 
STUDY SITE ________________________________________ 154 

8.1 SITE SPECIFIC ANALYSIS AND RECOMMENDED PRIORITIZED ADAPTATION ACTIONS 154 
8.1.1 Beira 154 
8.1.2 Maputo 162 
8.1.3 Inhambane & Maxixe 168 
8.1.4 Tofo and Barra 171 
8.1.5 Vilanculos 172 
8.1.6 Quelimane 175 
8.1.7 Ilha de Moçambique 177 
8.1.8 Nacala 177 
8.1.9 Pemba 179 

8.2 THE REHABILITATION OF MANGROVE AREAS (B3) TO FORM EFFECTIVE NATURAL BUFFER AREAS 
ALL ALONG THE INNER SHORELINE OF THE BAY SHOULD BE ENCOURAGED AND COULD BE AN 
EXCELLENT JOB CREATION OPPORTUNITY. CONCLUSION 181 

CHAPTER 9: INTERACTION WITH MUNICIPALITIES ___________________ 182 

9.1 PURPOSE 182 

9.2 KEY POINTS FOR CONSIDERATION 182 



 
 
 
 
 

 
 

 CSIR, March 2012, Pg xiii 

CHAPTER 10: SUMMARY, CONCLUSION AND RECOMMENDATIONS ______ 184 

10.1 BACKGROUND 184 
10.2 KEY CONSIDERATIONS AND FINDINGS 185 

10.2.1 Drivers of change 185 
10.2.2 Coarse scale coastal vulnerability assessment 188 
10.2.3 Local / micro scale coastal vulnerability assessment 189 
10.2.4 Appropriate adaptation measures 191 

10.3 KEY RECOMMENDATIONS 192 
10.3.1 Integrated coastal planning and management 192 
10.3.2 Site specific adaptation options 193 
10.3.3 Seek opportunities for public-private-partnerships (PPP) 194 
10.3.4 Continue active engagement and communication with stakeholder to disseminate the 

outputs and facilitate uptake 194 
10.4 MONITORING AND EVALUATION REQUIREMENTS 196 

10.4.1 Establish a baseline 196 
10.4.2 Ongoing monitoring, evaluation, dissemination and response 197 

CHAPTER 11: REFERENCES _______________________________________ 198 

CHAPTER 12: GLOSSARY OF TERMS  (DEAD & P, 2010) _________________ 204 

 
 
APPENDIX 1: SATELLITE REMOTE SENSING  FOR COASTAL CHANGE 210 
APPENDIX 2: THEME 2 MISSION TO INTERACT WITH MUNICIPALITIES 234 
APPENDIX 3: COASTAL PROTECTION: SCOPE OF WORK (PHASE 2) 245 
  



file:///F:/2012/2_February%202012/LBarwell/Mozambique%20report/Theme2%20Phase2%20Report%2004-03-12_REVISED.docx%23_Toc318709549
file:///F:/2012/2_February%202012/LBarwell/Mozambique%20report/Theme2%20Phase2%20Report%2004-03-12_REVISED.docx%23_Toc318709551
file:///F:/2012/2_February%202012/LBarwell/Mozambique%20report/Theme2%20Phase2%20Report%2004-03-12_REVISED.docx%23_Toc318709561
file:///F:/2012/2_February%202012/LBarwell/Mozambique%20report/Theme2%20Phase2%20Report%2004-03-12_REVISED.docx%23_Toc318709561
file:///F:/2012/2_February%202012/LBarwell/Mozambique%20report/Theme2%20Phase2%20Report%2004-03-12_REVISED.docx%23_Toc318709561








 
 
 
 
 

 
 

 CSIR, March 2012, Pg xviii 

Table 7.2:  Selection of shoreline management options based on assets at risk (adapted from the 
literature) 148 

Table 7.3: Summary of some adaptation option cost estimates 149 
Table 7.4:  Relative costs, life expectancy and potential environmental impacts associated with 

shoreline management options (adapted from SNH, 2000) 150 
Table 7.5: Comparative functionality/suitability of some potential adaptation measures 151 
Table 7.6: Priority adaptation/no-regret measures 153 
Table 8.1: Summary of some adaptation option costs for Beira - coastal construction capital cost 

estimates (2011). 163 
Table 8.2: Summary of some adaptation option costs for Maputo - coastal construction capital cost 

estimates (2011). 169 
  





 
 
 
 
 

 
 

 CSIR, March 2012, Pg 2 

In short, it can be said that the INGC wants to follow a pro-active approach to protect lives and 
infrastructure (Prevention is better than Cure). In addressing this task, the conservative/ 
precautionary principle should be applied, to find sustainable solutions that are durable and low 
cost to the Municipality and/or the State. 
 
Key points from the INGC Phase I study relating to the coastal environment are highlighted in 
Chapter 2 whilst Chapter 3 provides a brief overview of the study area and the study sites which 
form the focus of Theme 2. The research approach and methodologies are discussed in 
Chapter 4. 
 
The physical factors that influence the risk to coastal infrastructure and the lives and livelihoods 
of coastal communities in current and future climate scenarios are discussed in Chapter 5 under 
the heading of Drivers of Risk. An assessment of the coastal hazards associated with these drivers 
of risk is provided in Chapter 6. 
 
The results of research on adaptation strategies and measures along with associated coastal 
protection options are presented in Chapter 7 followed by a discussion and site specific 
recommendations in Chapter 8. The results of interaction with municipal and institutional leaders 
and technical officials at some of the study sites are provided in Chapter 9. The key conclusions 
with recommendations are summarised in Chapter 10. 
 
The underlying detail of selected sections is included in the Appendices. 
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Mozambique is therefore recognized as one of the countries in Africa that is most vulnerable to 
climate change (Tol, 2004). Hazards such as droughts and floods, variable rainfall and tropical 
cyclones already significantly affect Mozambique (e.g. Figure 2.1). The coastal zone of 
Mozambique is particularly vulnerable to the expected impacts of climate change (e.g. Table 2.1 
above extracted from IPCC 2001). Existing problems exacerbate the situation, for example, in 
2008, the Mozambican government announced that it needed US$18 million to resolve the 
problem of erosion in the coastal area of Maputo, according to newspaper reports (Notícias, 
2008). 
 
 

 
 

Figure 2.1:  Cyclone tracks during November to April in the south-western Indian Ocean from 1952 to 2007 
(Mavume et al., 2009) 

 
Contributing factors include vast low-lying coastal plains such as delta coasts; high population 
concentrations in close proximity to the sea; poverty; low capacity to defend infrastructure; 
susceptibility to cyclone activity; soft erodible coasts; and inadequate and ageing existing coastal 
defences (Theron et al. 2011). This situation is aggravated by direct exposure to high wave energy 
regimes in some parts, a potential increase in cyclone impacts, and impacted natural coastal 
defences (e.g. dunes, mangroves and coral reefs). Large numbers of the local populations also 
rely heavily on goods and services and economic benefits provided by the coastal zone (Theron et 
al. 2011). Many Mozambicans therefore live close to the sea (and coastal lagoons and lakes) to 
gain easy access to fishing, being the main sustenance sources for many poor people living along 
the coast.  
 
Mozambique also has numerous coastal lagoons/lakes separated from the sea only by a frontal 
dune. The joint effects of sea-level rise (SLR) and increased sea storminess could breach some of 
these dune barriers. Besides the resulting loss of some of these ecologically (and socially) 
important lagoon/lake systems, the presently sheltered inner shores would then be directly 
exposed to much more severe conditions (waves, winds & currents) leading to severe impacts 
such as shoreline erosion, etc. (Theron & Rossouw, 2008).  
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Mozambican examples of existing vulnerable coastal areas, likely to become more vulnerable due to climate 
change effects. 

 
The most vulnerable areas along the coast will almost invariably be located where problems are 
already being experienced at present. In most cases these are the areas where development has 
encroached too close to the high-water line, or at a too low elevation above mean sea level 
(Theron, 2007).  
 
Some examples of current problems in Mozambique are depicted in Figure 2.2. In some instances 
(especially in the more developed coastal towns/cities) some of the formal built infrastructure is 
at risk, while in most urban and rural coastal settlements there are informal settlements very 
close to the sea. 
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Mozambican examples of existing vulnerable coastal areas, likely to become more vulnerable due to climate 
change effects. 
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CHAPTER 3: STUDY AREA 
 

 
Figure 3.1:  The coastal zone of Mozambique (INGC, 2009) 
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As discussed in the previous chapter, the coastal zone of Mozambique (Figure 3.1) is particularly 
vulnerable to the expected impacts of climate change and the adaptive capacity is poor. 
Contributing factors include vast low-lying coastal plains such as delta coasts; high population 
concentrations in close proximity to the sea; poverty; and low capacity to defend infrastructure. 
This situation is aggravated by direct exposure to high wave energy regimes in some parts and a 
potential increase in cyclone impacts. Large numbers of the local populations also rely heavily on 
goods and services and economic benefits provided by the coastal zone and are therefore located 
close to the sea in vulnerable areas.  
 
As specified in the terms of reference and selected in conjunction with the INGC, research was 
focused on the following coastal towns and city areas shown in Figure 3.2: 
 
Maputo / Matola; Xai-Xai Beach; Maxixe; Inhambane / Tofo; Vilanculos; Beira; Quelimane; Ilha De 
Mozambique; Nacala; and Pemba.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.2:  Coastal study areas (Google Earth TM)  
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CHAPTER 4: APPROACH / METHODOLOGY 

4.1 �K�s���Z�s�/���t���K�&���d�,�������W�W�Z�K�����, 

Building onto the Phase I findings and using appropriate assessment techniques such as the use 
of remote sensing, aerial and field observations, high risk areas were identified (including 
hazardous areas of change), based on agreed criteria described in Chapter 6,  
 
A coastal vulnerability index was adapted from available techniques described in literature 
(Chapter 6) and the study sites assessed using maps, satellite data and in-situ observations. The 
results were incorporated into a Geographical Information System (GIS) which made it possible to 
produce vulnerability maps that include realistic scenarios of future coastal conditions 
(Chapter 6).  
 
By applying realistic scenarios of future coastal conditions (e.g. waves, extreme events and sea 
level rise -SLR) under climate change, and investigating the potential effects, specific adaptation 
measures and coastal protection options were developed for ten Mozambican towns to adapt to 
the physical impacts of climate change (Chapters 7 and 8). While some of these measures involve 
straightforward management options, others focus on soft engineering or restoration, and hard 
engineering or armouring as coastal defences. 
 
 

4.2 �D���d�,�K���K�>�K�'�z�� 

A list of the main tasks and studies that were conducted (in sequence) is presented below: 
 

1. Review literature & Phase 1 outputs and collation of available data relevant to Theme 2. 
(Chapters 2 & 3) 

2. Identify primary and secondary coastal hazard drivers and vulnerability parameters 
(Chapter 5). 

3. Generate realistic scenarios of future coastal conditions (Chapter 5). 

4. Analyse the offshore wave climate and undertake cyclone wave modelling (Chapter 5). 

5. Determine and  calculate: local tides, wind/wave and  hydrostatic set-up, future sea-level 
and wave run-up levels (Chapter 5). 

6. Develop and adapt suitable coastal vulnerability indexing methodology (Chapter 6). 

7. Conduct coarse coastal vulnerability assessment for the whole Mozambique coastline 
(Chapter 6). 

8. Undertake an aerial reconnaissance of the coast and in-situ investigation of specific sites; 
Inspect and assess local coastal processes, site characteristics, vulnerability, and current 
protection/adaptation options (Chapter 6). 

9. Undertake a detail coastal vulnerability analyses of 10 sites based on the methodology 
developed in (6) above. (This resulted in the assessment of 14 physical parameters and  5 
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leading to extreme inshore sea water levels (identifying the components of tide, 
barometric/hydrostatic setup, wind setup, wave setup, wave runup and sea level rise) is 
presented in Figure 5.3.   
 

 
Figure 5.3:  Definition sketch of the various components leading to extreme inshore sea water levels.   

 
 
According to surveyed elevations (Smith et al. 2010), maximum run-up levels on the open 
Kwazulu-Natal (KZN) coast near Durban during the March 2007 storm (which coincided with 
highest astronomical tide) reached up to about +10.5 m MSL. Note that wave set-up and run-up 
are both accounted for in these levels.  The maximum wave run-up alone during the 2007 KZN 
storm is estimated to have been up to about 7 m (vertical), resulting from significant nearshore 
wave heights of about 8.5 m. (The horizontal distance that the coastline retreated due to coastal 
erosion caused by this storm ranged from in the order of 0 m to 100 m resulting from local 
circumstances.) 
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Figure 5.4:  Measured and project sea level rise (Nicholls and Cazenave 2010). 

(The blue, green and red bars are projections from different authors.) 
 
 
Around southern Africa, including Mozambique, wave run-up is thus an important factor, which 
may be considerably exacerbated by tides and future SLR (Theron, et al. 2010). Wave climate, 
resulting wave run-up prediction and the combined impact of waves, tides and SLR/climate 
change effects are addressed in the following sections of this chapter. 
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5.4 �D�K�•���D���/�Y�h�����t���s�������>�/�D���d�������E�������y�d�Z���D���^�����E���>�z�^���^ 

5.4.1 Mozambican Offshore Wave Analysis 

Introduction 
 
This section presents a description of the wave climate derived for the Mozambican coast. Little 
recorded wave data are available for the Mozambican coast. Most of the wave analysis is based 
on the WaveWatch III information available from the National Centre for Environmental 
Prediction (NCEP), a division of NOAA, USA.  Information on the cyclone-generated waves are also 
inferred from Cyclone data and other references. 
 
Wind and Wave Climate Information 
 
Offshore Wave Data 
 
Data source 
 
Archived NCEP data were available from February 1997 to June 2009.  Data were extracted for 13 
locations along the coast, as presented in Figure 5.4.  The output includes three-hourly 
measurements of significant wave height (Hs), spectral peak wave period (Tp) and peak wave 
direction.  In addition, the wind speed and direction were extracted. 
 

 
Figure 5.4:   NCEP grid-point locations 

NCEP Positions
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The advantage of the NCEP data is that a data set of about 12 years is available.  However since 
the data is derived from the global WaveWatch III Model, which predicts the wave conditions at a 
resolution of 1 x 1.25 degree resolution (approximately 110 km x 125 km grid size), the dynamic 
characteristics and scale of cyclones appear to be under-estimated by the model.  A list of the 
grid-points used in this study is presented in Table 5.1. It is, however, worth noting that off the 
south coast of South Africa, the NCEP data compares well with measurements.  The good 
comparison can most probably be attributed to the different wave generation mechanisms, i.e. 
the large low pressure or frontal systems passing the South African coast that can be well defined 
in the numerical atmospheric models. 
 
 

Table 5.1: NCEP grid-points (as shown in Figure 5.4) 

NCEP ID Lat Long City/Town 
Deg Min Deg Min 

1302 26 0 33 45 Maputo 
1206 24 0 36 15 Maxixe 
1108 22 0 36 15 Vilanculos 
1011 20 0 37 30 Beira 
914 18 0 38 45 Pebane 
818 16 0 41 15 Angoche 
720 14 0 41 15 Memba 
622 12 0 41 15 Ilha Macaloe 
524 10 0 41 15 Mtwara 

 
Note that the output data are only representative of exposed offshore ocean waters with depths of 100m or greater  

 
 
The NCEP grid-points offshore of Maputo, Beira, Maxixe and Vilanculos are given in greater detail 
in Figures 5.5a to 5.5d. 
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Figure 5.5a:   NCEP 
grid-point location off 

Maputo 
  



 
 
 
 
 
 
 

 CSIR, March 2012, Pg 23 

1000 m
600 m200 m

2000 m

100 m

1000 m
600 m200 m

2000 m

100 m

Maxixe
 
 

Figure 5.5b:   NCEP 
grid-point location off 

Maxixe 
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Figure 5.5c:   NCEP grid-
point location off Vilanculos 
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Figure 5.5d: NCEP grid-point location off Beira 
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Table 5.2: General wave height statistics 

Station Lat Long City/Town NCEP ID Average Variance Min Max 0.01% 0.05% 0.10% 1% 5% 10% 25% 50% 75% 90% 
Deg Min Deg Min 

ML01 26 0 33 45 Maputo 1302 1.8 0.5 0.5 6.2 6.0 5.7 5.4 4.2 3.2 2.8 2.1 1.7 1.4 1.2 
ML03 24 0 36 15 Maxixe 1206 1.9 0.5 0.5 6.0 5.9 5.6 5.4 4.2 3.3 2.9 2.2 1.8 1.4 1.2 
ML04 22 0 36 15 Vilanculos 1108 1.7 0.5 0.4 5.4 5.3 5.0 4.9 3.9 3.0 2.6 2.0 1.5 1.2 1.0 
ML06 20 0 37 30 Beira 1011 1.6 0.5 0.4 5.3 5.3 4.9 4.8 3.8 3.0 2.6 1.9 1.4 1.1 0.9 
ML08 18 0 38 45 Pebane 914 1.4 0.4 0.3 5.3 5.2 4.8 4.6 3.6 2.8 2.3 1.7 1.3 1.0 0.8 
ML10 16 0 41 15 Angoche 818 1.4 0.4 0.3 5.3 5.2 4.7 4.3 3.4 2.5 2.2 1.6 1.2 1.0 0.8 
ML11 14 0 41 15 Memba 720 1.1 0.2 0.2 4.2 4.1 3.8 3.5 2.6 2.0 1.8 1.4 1.0 0.8 0.6 
ML12 12 0 41 15 Ilha Macaloe 622 1.1 0.2 0.2 4.2 4.1 3.7 3.6 2.6 2.0 1.8 1.4 1.0 0.8 0.6 
ML13 10 0 41 15 Mtwara 524 1.4 0.3 0.3 4.2 4.3 3.8 3.7 2.8 2.3 2.0 1.7 1.3 1.0 0.8 
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Figure 5.6: Mean and 
standard deviation of wave 

height as based on NCEP 
wave data  
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NCEP - 1302 (Offshore of Maputo):  Signficant wave height

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

H
m

o 
(m

)

Mean Standard deviation

NCEP - 1206 (Offshore of Maxixe):  Signficant wave height
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NCEP - 1108 (Offshore of Vilanculos):  Signficant wave height
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NCEP - 1101 (Offshore of Beira):  Signficant wave height
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NCEP - 914:  Signficant wave height
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NCEP - 818:  Signficant wave height
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NCEP - 720:  Signficant wave height
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NCEP - 622:  Signficant wave height
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NCEP - 524:  Signficant wave height
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Figure 5.8: Scatter-plot 
of Hmo versus Tp for 9 NCEP 

wave stations  
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The peak periods (Tp) of the smaller waves varies mostly between 3 s and about 20 s off the 
Mozambican coast. The period for the larger waves varies mostly between periods ranging from 
8 s to about 18 s. 
 
Cyclone Information 
 
The NCEP data are derived from the global Wavewatch III model.  Therefore, since tropical 
cyclones are fairly small and dynamic atmospheric phenomena, the cyclone-generated waves are 
not well represented by the NCEP data.  There is also little measured data to verify the cyclone-
generated wave data. It was therefore necessary to examine the available information on 
cyclones.  For this study, the Annual Tropical Reports from the Joint Typhoon Warning Centre 
(JTWC) were utilized (JTWC 1997, 2009). From these reports, four tropical cyclones were 
identified for inspection of the corresponding NCEP data.  During TC Eline (Feb 2000) with wind 
speeds of about 200 km/h, the closest grid-point off Beira indicated offshore waves of about 4 m.  
During TC Jahpet (March 2003), NCEP indicated waves of about 4 m offshore of Beira and about 3 
m offshore of Vilanculos.  TC Favio passed over the Vilanculos region with wind speeds of more 
than 150 km/h.  The offshore wave height was indicated to be in the order of 2 m.  Therefore, it 
appears the NCEP model may be under-estimating the magnitude of these waves. 
 
In this study, only cyclone information from 1997 onwards (as obtained from JTWC, 2009) was 
extracted, to coincide with the NCEP data.  An evaluation of the estimated cyclone tracks 
indicated that cyclones travelled through the Mozambican Channel during the period November 
to April.  Based on the period 1997 to 2008, approximately three cyclones had moved across the 
Mozambican Channel on an annual basis, which may have had an impact on the wave data. 
  
During this period a number of tropical cyclones of significance impacted on the Mozambican 
coast.  Tropical cyclones that made landfall since 1994, as summarised by INGC Climate Change 
Report (INGC Phase 1 Report, 2008), are presented in Table 5.3.  Unfortunately no wave data 
were readily available for these cyclones, except for the CSIR measurements made off Beira 
during TC Lisette in February 1997.  The wave buoy deployed in 20 m water depth, registered a 
peak of about 4 m (Hs) with a corresponding peak period of about 10 s. 
 

Table 5.3: Tropical cyclones , and tropical storms (TS) making landfall on the coast of Mozambique for the 
period 1994-2008 (source: INGC report, 2009)  

 

Year Category and 
Name Landfill Date Strength Wind speed 

1994 (Cat 4) Nadia North 24 March Cat 1 139 km/h 
1995 (TS) Fodah Central 22 Jan TD 37 km/h 
1996 (Cat 4) Bonita Central 14 Jan Cat 1 130 km/h 
1997 (Cat 1) Lisette Central 2 March TS 111 km/h 
1998 (TS) North 17 Jan TD 56 km/h 
2000 (Cat 4) Eline Central 22 Feb Cat 4 213 km/h 
2000 (Cat 4) Hudah Central 8 April Cat 1 148 km/h 
2003 (Cat 4) Japhet South 2 March Cat 2 167 km/h 
2003 (TS) Atang North 13 Nov TD 46 km/h 
2004 (TS) Delfina Central 1 Jan TS 93 km/h 
2007 (Cat 4) Favio South 22 Feb Cat 3 185 km/h 
2008 (Cat 4) Jokwe North 08 Mar Cat 3 180 km/h 
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It is worth noting that remote sensing satellite wave data are available for the area.  These 
satellites (e.g. Jason, Envisat) have fixed tracks (i.e. geo-orbiting).  Therefore, more detailed 
studies could be conducted to find the satellite-tracks that coincide with the occurrence of 
cyclones. 
 
Extreme Wave Analysis 
 
Introduction 
 
As the wave conditions are a primary driver of extreme sea water levels and potential 
flooding/inundation of areas, it is necessary to quantify the extreme wave conditions 
encountered around the coast. Two procedures were applied in this study to derive the extreme 
wave conditions.  The first procedure involved fitting a statistical distribution to the NCEP data, 
while the second procedure focussed on determining the wave height generated by the extreme 
cyclone wind conditions.  Both approaches were applied to the full Mozambican coast.  The 
sections below give an overview of the procedures and the results. (These results, in conjunction 
with other drivers of extreme inshore water levels, were considered in the assessment of coastal 
flooding in Sections 5.5, 5.6 and 6.2.) 
 
NCEP Extreme Wave Analysis 
 
The NCEP wave climate was analysed and appropriate statistical distributions (e.g. Fisher-Tippet 
and Weibull) were tested to find those most applicable to the Mozambican coast. (An article by 
Rossouw and Rossouw (1999) provides a description of these distributions and their application 
to wave statistics.) The final procedure was based on the POT method (Rossouw & Rossouw, 
1999) and by fitting Weibull and Gumbell statistical distributions to all directional data. A 
summary of the results are provided in Table 5.4. Note that the corresponding peak period (Tp) 
were based on the relationship of Tp2 versus wave height.  By determining the average wave 
period per wave height bin (of 0.5 m), a linear relationship could be assumed.  
 
The derived Tp for each extreme wave height is therefore an estimate of the corresponding 
period.  Since longer wave periods are indicated in the data (Figure 5.8) than presented in 
Table 5.4, more detailed analyses will be necessary when focussing on a particular site. The 
longer period waves will influence the wave energy that will arrive at the particular location. 
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Table 5.4: NCEP extreme wave analysis for 9 Locations off the Mozambican coast 

 
 
 

  

Site Dir Return period

Hm0 [m] Tp [s] Hm0 [m] Tp [s] Hm0 [m] Tp [s] Hm0 [m] Tp [s] Hm0 [m] Tp [s] Hm0 [m] Tp [s] Hm0 [m] Tp [s] Hm0 [m] Tp [s]
All 5.2 10.1 6.3 10.7 6.7 11.0 7.1 11.2 7.4 11.3 7.6 11.4 7.7 11.5 8.1 11.7
N 2.4 5.0 2.6 5.2 2.7 5.2 2.7 5.3 2.8 5.3 2.8 5.3 2.9 5.3 2.9 5.4
NE 2.4 5.5 2.5 5.6 2.6 5.6 2.7 5.7 2.8 5.7 2.8 5.7 2.8 5.7 2.9 5.8
E 3.8 10.1 4.6 10.8 4.9 11.0 5.3 11.3 5.5 11.4 5.6 11.5 5.7 11.6 6.1 11.9
SE 4.7 10.6 5.6 11.3 6.0 11.5 6.3 11.8 6.5 12.0 6.7 12.1 6.8 12.2 7.2 12.4
S 5.9 10.1 6.9 10.4 7.3 10.5 7.7 10.6 7.9 10.7 8.1 10.7 8.2 10.7 8.6 10.8
SW 4.0 - 4.7 - 5.0 - 5.3 - 5.4 - 5.6 - 5.6 - 5.9 -
W
NW 2.3 5.0 2.5 5.1 2.6 5.1 2.7 5.1 2.7 5.2 2.8 5.2 2.8 5.2 2.9 5.2
All 5.3 11.2 6.5 12.1 7.0 12.4 7.5 12.8 7.7 12.9 7.9 13.1 8.1 13.2 8.6 13.5
N 3.5 7.3 4.0 7.8 4.2 8.0 4.3 8.1 4.5 8.3 4.5 8.3 4.6 8.4 4.8 8.6
NE 3.6 8.3 4.2 8.9 4.4 9.2 4.7 9.4 4.8 9.5 4.9 9.6 5.0 9.7 5.3 9.9
E 4.5 9.2 5.5 9.7 5.9 9.9 6.3 10.2 6.6 10.3 6.8 10.4 6.9 10.4 7.4 10.7
SE 5.1 10.0 6.3 10.7 6.7 11.0 7.2 11.3 7.5 11.4 7.7 11.6 7.9 11.6 8.3 11.9
S 5.7 11.5 6.8 12.0 7.2 12.1 7.6 12.3 7.8 12.4 8.0 12.5 8.1 12.5 8.5 12.7
SW 4.7 12.7 5.4 12.7 5.7 12.7 6.0 12.7 6.2 12.7 6.3 12.7 6.4 12.7 6.7 12.7
W
NW
All 4.8 10.3 6.0 11.1 6.4 11.5 6.9 11.8 7.2 12.0 7.4 12.1 7.5 12.2 8.0 12.5
N 3.1 6.9 3.5 7.4 3.7 7.6 3.9 7.8 4.0 7.9 4.1 8.0 4.2 8.0 4.4 8.2
NE 3.3 7.4 3.9 7.9 4.2 8.2 4.4 8.4 4.6 8.5 4.7 8.6 4.8 8.6 5.0 8.8
E 3.8 9.0 4.5 9.7 4.8 10.0 5.1 10.3 5.3 10.4 5.4 10.5 5.5 10.6 5.8 10.9
SE 4.5 9.5 5.5 10.1 5.9 10.3 6.2 10.5 6.5 10.7 6.6 10.8 6.7 10.8 7.1 11.1
S 5.5 10.3 6.6 10.4 7.1 10.5 7.6 10.5 7.9 10.6 8.1 10.6 8.3 10.6 8.7 10.7
SW 3.5 - 4.2 - 4.5 - 4.7 - 4.9 - 5.0 - 5.1 - 5.4 -
W
NW
All 4.5 10.6 5.4 11.3 5.7 11.5 6.1 11.8 6.3 12.0 6.4 12.0 6.5 12.1 6.9 12.4
N 3.0 6.6 3.5 7.0 3.7 7.2 3.9 7.4 4.0 7.5 4.1 7.6 4.2 7.6 4.4 7.8
NE 3.3 9.0 3.9 9.9 4.2 10.3 4.5 10.6 4.7 10.8 4.8 10.9 4.9 11.0 5.1 11.4
E 3.3 7.2 3.8 7.7 4.0 7.8 4.3 8.0 4.4 8.1 4.5 8.2 4.6 8.3 4.8 8.5
SE 4.4 9.4 5.0 9.9 5.3 10.1 5.6 10.3 5.8 10.4 5.9 10.4 6.0 10.5 6.2 10.7
S 4.9 10.9 5.7 11.2 6.1 11.4 6.4 11.5 6.7 11.6 6.8 11.6 6.9 11.7 7.2 11.8
SW 4.1 - 5.0 - 5.4 - 5.8 - 6.1 - 6.2 - 6.4 - 6.8 -
W
NW
All 4.3 11.4 5.1 12.2 5.5 12.6 5.8 12.9 6.0 13.0 6.1 13.2 6.2 13.3 6.6 13.6
N 1.7 4.4 1.8 4.5 1.8 4.5 1.8 4.5 1.8 4.5 1.8 4.5 1.9 4.5 1.9 4.6
NE 2.6 6.4 3.0 6.8 3.2 6.9 3.3 7.0 3.4 7.1 3.5 7.2 3.5 7.2 3.7 7.3
E 2.8 7.5 3.3 8.2 3.6 8.5 3.8 8.7 4.0 8.9 4.1 9.0 4.2 9.0 4.4 9.3
SE 3.8 8.4 4.4 8.8 4.7 9.0 5.0 9.2 5.1 9.3 5.2 9.4 5.3 9.4 5.6 9.6
S 4.5 11.5 5.4 12.2 5.7 12.4 6.0 12.7 6.2 12.8 6.4 12.9 6.5 13.0 6.8 13.2
SW 3.9 - 4.9 - 5.3 - 5.8 - 6.0 - 6.2 - 6.3 - 6.8 -
W
NW
All 4.1 11.7 5.2 12.8 5.6 13.3 6.0 13.7 6.2 13.9 6.4 14.1 6.6 14.2 7.0 14.6
N 2.9 6.8 3.4 7.2 3.6 7.3 3.8 7.5 3.9 7.5 4.0 7.6 4.0 7.6 4.2 7.8
NE 2.6 6.2 3.0 6.5 3.2 6.6 3.4 6.7 3.5 6.7 3.5 6.8 3.6 6.8 3.8 6.9
E 3.1 7.2 3.7 7.7 4.0 7.9 4.3 8.1 4.5 8.2 4.6 8.3 4.7 8.4 5.0 8.5
SE 2.6 6.9 3.0 7.2 3.1 7.3 3.3 7.4 3.4 7.5 3.4 7.5 3.5 7.6 3.6 7.7
S 4.3 11.9 5.2 12.8 5.6 13.1 5.9 13.4 6.2 13.6 6.3 13.7 6.4 13.8 6.8 14.1
SW 3.4 12.8 4.0 12.8 4.2 12.9 4.5 12.9 4.6 12.9 4.7 12.9 4.8 12.9 5.1 12.9
W
NW
All 3.2 9.1 3.9 9.8 4.2 10.0 4.5 10.3 4.7 10.4 4.8 10.5 4.9 10.6 5.2 10.8
N 3.0 7.4 3.5 8.0 3.7 8.2 4.0 8.4 4.1 8.6 4.2 8.6 4.3 8.7 4.5 8.9
NE 2.0 6.8 2.3 7.0 2.4 7.1 2.6 7.2 2.6 7.3 2.7 7.3 2.7 7.3 2.8 7.4
E 2.6 7.4 3.2 8.0 3.4 8.2 3.7 8.4 3.8 8.5 4.0 8.6 4.0 8.7 4.3 8.9
SE 2.5 7.1 2.9 7.5 3.0 7.6 3.2 7.7 3.3 7.8 3.4 7.9 3.4 7.9 3.6 8.1
S 3.5 9.3 4.2 9.5 4.5 9.6 4.8 9.7 5.0 9.8 5.1 9.8 5.2 9.9 5.6 10.0
SW
W
NW
All 3.3 7.8 4.0 8.3 4.4 8.4 4.7 8.6 4.8 8.7 5.0 8.8 5.1 8.8 5.4 9.0
N 3.0 7.2 3.5 7.8 3.7 8.0 3.9 8.2 4.0 8.3 4.1 8.4 4.2 8.4 4.4 8.6
NE 2.0 7.8 2.4 8.2 2.6 8.3 2.8 8.5 2.8 8.6 2.9 8.7 3.0 8.7 3.1 8.9
E 2.1 8.0 2.6 8.3 2.9 8.4 3.1 8.6 3.3 8.7 3.4 8.7 3.5 8.8 3.8 8.9
SE 2.5 6.9 2.9 7.2 3.1 7.3 3.3 7.5 3.4 7.6 3.4 7.6 3.5 7.7 3.7 7.8
S 3.7 7.6 4.4 7.6 4.7 7.5 5.0 7.5 5.2 7.5 5.3 7.5 5.4 7.4 5.7 7.4
SW
W
NW
All 3.5 8.1 4.2 8.5 4.5 8.6 4.8 8.8 5.0 8.9 5.1 8.9 5.2 9.0 5.5 9.1
N 3.0 6.8 3.5 7.3 3.8 7.4 4.0 7.6 4.1 7.7 4.2 7.8 4.3 7.8 4.5 8.0
NE 2.3 8.1 2.7 8.5 2.8 8.6 3.0 8.8 3.1 8.9 3.2 8.9 3.2 9.0 3.4 9.1
E 2.5 9.2 2.8 9.5 2.9 9.6 3.0 9.7 3.1 9.7 3.1 9.8 3.2 9.8 3.3 9.9
SE 3.0 6.9 3.3 6.9 3.4 6.9 3.6 7.0 3.6 7.0 3.7 7.0 3.7 7.0 3.9 7.0
S 4.0 8.0 4.7 8.2 5.0 8.3 5.3 8.4 5.5 8.4 5.6 8.5 5.7 8.5 6.0 8.6
SW
W
NW
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As concluded from the discussion above, the NCEP data do not sufficiently represent or contain 
the cyclone-generated waves, less emphasis is placed on the results of the extreme analysis 
based on this data set (Table 5.4). 
 
Offshore wave heights corresponding to return periods from 1 to 100 years applicable to the 
various sectors of the Mozambican coast are also indicated in Table 5.4. For the deep sea off the 
Maputo and Beira areas, for example, the calculated return periods for various extreme wave 
heights can be depicted graphically as indicated in Figure 5.9. 
 
 

 
Figure 5.9: Extremes wave heights (NCEP wave data) versus return periods offshore of Maputo (left) and 

Beira (right)  
 
The norm for the engineering design of marine/coastal structures is the 1-in-100 year wave 
condition. It may be argued that residential dwellings or less important structures could be 
designed for a reduced design period of say 50 years. However, based on the calculated wave 
return periods (Figure 5.9) the 1-in-50 year condition is only 5% less than the 1-in-100 year 
condition for both Maputo and Beira. Therefore, the results for the 1-in-100 year wave height 
(the design norm) are applied further. 
 
Cyclone-generate Extreme Waves 
 
Information on the extreme wind intensity of tropical cyclones was obtained to estimate extreme 
cyclone generated waves, as a better alternative to focussing on the analysis of the NCEP wave 
data.  By deriving or estimating extreme wind intensities, the corresponding wave condition can 
be calculated. This procedure was also followed since no long-term measurements and no high 
resolution hindcast data were available along the Mozambican coast for this study. 
 
Rossouw (1999) used data obtained from JTWC and applied Monte Carlo techniques to derive the 
number and average maximum intensity of tropical cyclones to be expected in a 100 years.  
Estimates of the extreme wind conditions were derived for the entire Mozambican coast, as a 
function of latitude.  These estimates are presented in Table 5.5. 
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For the purposes of this study, the forward celerity (Vf) was taken as 7 m/s.  This value was based 
on Rossouw (1999) and a review of the cyclone tracks obtained from the JTWC reports. The 
results of this procedure are presented in Table 5.6.  The 100-year wave conditions, represent the 
offshore wave condition in the same areas as presented in Table 5.1.  A summary of the wave 
conditions is schematically presented in Figure 5.10, giving the wave height and period along the 
Mozambican coast. For example, based on the wind speed expected to occur only once in a 100 
years as result of the presence of a tropical cyclone, the estimated wave height offshore of Beira 
would be in the order of 8.7 m.  The corresponding wave period is estimated to be 12 s. 
 
 

Table 5.6: Estimated offshore and nearshore 100-year wave condition 

 

Onshore 
City/Town 

Latitude 
(deg) 

100-year wave 
condition 

Water depth = 14 m (from 200 m); Slope = 1:50 
0�q (orthogonal) 45�q (orthogonal) 

Hs Tp Hs Dir L Hs Dir L 
Maputo 26.0 8.2 11 7.8 0.0 122.0 7.0 27.0 122.0 
Maxixe 24.0 8.6 12 8.4 0.0 135.0 7.4 25.0 135.0 
Vilanculos 22.0 9.0 12 8.8 0.0 135.0 7.8 25.0 135.0 
Beira 19.8 8.7 12 8.5 0.0 135.0 7.5 25.0 135.0 
Pebane 17.3 9.3 12 9.1 0.0 135.0 8.0 25.0 135.0 
Angoche 16.2 9.1 12 8.9 0.0 135.0 7.9 25.0 135.0 
Memba 14.2 9.0 12 8.4 0.0 135.0 7.8 25.0 135.0 
Ilha Macaloe 12.0 9.2 12 9.0 0.0 135.0 8.0 25.0 135.0 
Mtwara 10.3 8.4 11 8.0 0.0 122.0 7.2 27.0 122.0 

 
 
Furthermore, since the derived waves represent deep water conditions, a linear wave 
transformation was applied to estimate the wave height in a water depth of 15 m.  Two wave 
heights were determined.  The wave height was determined assuming the waves approach the 
coast orthogonally as well as from a 45° angle.  These results are also presented in Table 5.6. 
Thus, the offshore 100-year wave condition ranges in height from 8.2 m to 9.3 m with a mean of 
8.8 m. It is interesting to note that the largest deviation from the mean is only about 7%.   These 
estimated extreme wave conditions were applied in the rest of the study, except where 
superseded by wave modelling, as discussed in Section 5.4.3. 
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Figure 5.10: 100-year wave condition along Mozambican coast  

 
 

5.4.2 Trends in wave climate and future conditions 

Preliminary findings indicate that there may be long-term trends in regional marine weather 
(metocean) climates, while sea level rise alone will greatly increase the risks and impacts 
associated with extreme sea-storm events (Theron 2007). The regional variation in the global 
wave climate was demonstrated by Mori et al. (2010), who predicted that the mean wave height 
might generally increase in the regions of the mid-latitudes (both hemispheres) and the Antarctic 
ocean, while decreasing at the equator.  Their study was based on simulating future trends.  
Further evidence of a general wave height increase in the northern Atlantic, along the North 
American East coast was provided by Wang et al. (2004).  Komar and Allan (2008) also found an 
increase in the wave height generated by hurricanes along the East coast of the United States 
using wave data from the National Data Buoy Center (NDBC) wave buoy data.  Investigations 
done by Ruggerio et al. (2010) with buoy data also indicate increasing storm intensities along 
both the West and East coast of Northern America. Such changes in the regional metocean 
climates are expected to have significant impacts on local coastal areas. It is therefore important 
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If the recorded increase is indeed indicative of a trend, storminess (in terms of intensity) may be 
on the increase. (A number of aspects need further study though, including reviewing the trends 
in energy flux and not just the wave height.) An extrapolation into the future of the previous 0.5 m 
wave height increase over 14 years, is however considered to be unrealistically high. To some 
extent it could be said that an increasing trend (as possibly indicated by the SA wave data) is 
supported by the model predictions of Mori et al. (2010), which appear to show an increase for 
the southern Indian Ocean of roughly 6% (at exceedance probability < 10^-5) (Figure 5.12).  
 
 

 
 

Figure 5.12: Future wave climate changes from model predictions by Mori et al. (2010) 
 
In lieu of a sufficiently long record of wave data and consequently on wave climate trends, the 
main driver of the waves, namely the ocean winds, can be examined to derive possible trends. 
Wave climate and conditions are determined by ocean winds (through parameters such as, e.g. 
velocity, duration, fetch, occurrence, decay, depth), as indicated in Figure 5.13. Modelling of the 
southern African metocean climate i.t.o. present versus future wind conditions and barometrics, 
is currently being conducted (by CSIR). Analyses of the outputs (i.t.o. factors such as ocean wind 
statistics and trends) are still required to inform future projections of oceanic weather and 
resultant wave conditions. 
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modelling. (If better wave data becomes available for the Mozambique region, it may be 
warranted to re-evaluate this issue.)  
 

5.4.3 Modelling cyclone wind-generated waves 

Approach and cyclone wave modelling background  
 
Numerical wave modelling is powerful tool to understand and determine the wave conditions in 
an area where no data are available.  The CSIR has been using the SWAN model for many years 
now to simulate the evolution of a wave field from the offshore area to the coast (the shore).  
This includes the development of the CSIR Virtual Buoy System, which is operational in Table Bay 
and Saldanha Bay (Rossouw et al., 2005). SWAN is the acronym for Simulating WAves Nearshore 
(Booij et al. 1999). SWAN also has the ability to take the local wind into account by generating the 
waves over the model domain.  Furthermore, SWAN allows spatial and temporal variability of the 
wind.  
 
In this part of the study the focus was on the varying wind field and propagation due to cyclones 
and the resulting wave generation and propagation towards the shoreline. Therefore, using the 
estimated 100 year extreme winds, the corresponding wave conditions could be derived for 
specific locations along the coast. The application of SWAN in this study is described below. 
 
Background on SWAN numerical wave model 
 
The SWAN model is based on the discrete spectral action balance equation and is fully spectral (in 
all directions and frequencies).  More detail can be found in Deltares (2010).  Being a spectral 
model, it implies that short-crested random wave fields can be simulated.  These wave fields 
propagate simultaneously from different directions (e.g. a wind sea with super-imposed swell). 
Note that the SWAN model represents the processes of wave generation by wind, dissipation due 
to white-capping, bottom friction and depth-induced wave breaking and non-linear wave-wave 
interactions. 
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Verification of cyclone wave modelling 
 
To evaluate and verify the cyclone wind-wave modelling ability, a test case was set up, where an 
actual tropical cyclone was modelled.  The CSIR collected wave data with wave buoys off Beira in 
1997 at the time that Tropical Cyclone (TC) Lizette passed over the area.  This event gave a unique 
opportunity to simulate the cyclone-generated waves and to compare the results to measured 
data.  The locations of the two wave buoys are shown in Figure 5.14. 
 

 
 

Figure 5.14: Location of wave buoys off Beira, Mozambique 
 
Although sufficient wave information was available at the two buoys, little detail information on 
TC Lizette, was available.  The most useful information was obtained from the 1997 Annual 
Tropical Cyclone report of the Joint Typhoon Warning Center (JTWC, 1997).  This center uses 
observations and satellite imagery to estimate the magnitude and tracks of cyclones.  The track of 
TC Lizette over Mozambique is shown in Figure 5.15.  The estimated maximum wind speed 
intensity of the cyclone was 39 m/s, which represented in the 1 min average speed. 
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An image of the Scatterometer onboard the ERS-2 satellite of TC Lizette on the morning of 27 
February 1997 in the Mozambican channel, is shown in Figure 5.16.  The Scatterometer provides 
information on the wind speed and direction.  The structure of the cyclone is shown; in particular 
one can note the sensitivity of each Scatterometer's antenna to the wind direction. The eye of the 
cyclone, where the wind speed falls dramatically is clearly illustrated by the wind vectors. 
 
 

 
 

Figure 5.15:  Track of TC Lizette over Mozambique (JTWC, 1997).   
 

TC Lizette
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Figure 5.16: ERS-2 Scatterometer image of TC Lizette showing the cyclonic wind vectors  
(Source:  ESA) 

 
In order to represent the cyclone (or wind field) in time and space in the SWAN model, a wind 
field was generated with a MatLab procedure over the entire model domain. A schematized wind 
distribution was used to describe TC Lizette, based on what little information about the structure 
of the cyclone could be obtained. The wind field was generated on a 30 minute time-step over a 
period of about 2 days.  Examples of these wind fields, at certain time-steps, are presented in 
Table 5.7.  These wind fields follow the trajectory of the cyclone over time.  Note that a separate 
MatLab procedure was developed to generate the cyclone trajectory.   

  

Cyclone Lizette
27 February 1997 (07:25:06 UTC)
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Figure 5.18: Example of cyclone wind-generated wave fields showing wave 
height in the Mozambique Channel and near Beira at particular time-steps. Note, 

the locations where wave data were collected are also shown. 
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Figure 5.20: Example of wave modelling to derive inshore conditions at Maputo  
(east-north-easterly cyclone direction) 
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Figure 5.21a, b & c: Example of wave modelling to derive inshore conditions at Beira  
(south-easterly cyclone direction) 
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Figure 5.22a and b: Example wave 
cyclone modelling output for Pemba; (a) 
easterly offshore cyclone direction; (b) 

cyclone on land / over bay 
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It is perhaps worth noting that the derivation of the nearshore waves using a numerical model,  
provides a more realistic estimation of the extreme waves than merely deriving the nearshore 
wave from the estimated offshore extreme wave using a simple refraction/shoaling equation.  
The mild bathymetric slopes/features have a significant impact on wave dissipation (e.g. through 
frication and shoaling) which can be better estimated with a numerical model.  
 
Following the SWAN simulations, the relevant wave parameters were extracted at a number of 
positions for each of the three areas.  These parameters were incorporated in the derivation of 
the coastal inundation and erosion levels for particular areas. The derivation 
approach/methodologies and results are described in the following section. 
 
 

5.5 ���K���^�d���>���&�>�K�K���/�E�'�l�/�E�h�E�����d�/�K�E�����E�������Z�K�^�/�K�E 

5.5.1 Basic concepts and approach 

As found in the literature review, probably the most significant driver of deleterious impacts in 
the Mozambican coast is sea storms (e.g. due to cyclones) combined with high water levels 
(Section 5.2). Thus, the remainder of this chapter is focussed on the quantification of these 
specific aspects/drivers of coastal hazard. Process based models are now applied to these specific 
drivers which have greatest effect on the coastal impacts.  
 
The shoreline response and flooding impact is influenced by coastal parameters/processes such 
as: topography, geology, inshore wave action, sea level rise, bathymetry and foredune volume. To 
be of more use in hazard quantification and ultimately in finding ways of reducing risks, it is 
necessary to be able to predict or forecast the coastal response and severity of impacts. This is 
addressed in the following sections. 
 

5.5.2 Prediction of high inshore sea water levels 

As mentioned, significant drivers of high inshore sea water levels are tides, wind set-up, 
hydrostatics set-up, wave set-up and, in future, sea-level rise (SLR, due to climate change). These 
drivers all affect the still-water level at the shoreline. The drivers/components of extreme inshore 
sea water levels most significant to the southern African context are the tides, potential SLR, and 
wave run-up. Refer to Figure 5.3 for a schematic definition of the various components referred to 
below. 
 
Tides 
 
Spring tides reach up to about 3.7 m above mean sea level (MSL) in Mozambique. The tidal levels 
at locations along the Mozambican coast are given in Table below. 
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Table 5.9: Tidal levels based on UK Hydrographic Office (2007). 

Location 
(south to north) 

Mean high water spring level  
(m to MSL) 

Richards Bay 1.1 
Maputo 1.5 
Inhambane 1.4 
Bazaruto 1.9 
Beira 2.9 
Chinde 1.8 
Quelimane 2.1 
Maquivale 2.2 
Pebane 1.9 
Moma 1.4 
Port Angoche 1.9 
Port Mozambique 1.8 
Nacala 3.3 
Pemba 3.3 
Mocimboa da praia 3.7 
Palma 3.2 

 
 
Wind and wave set-up 
 
Wind set-up is usually a smaller component of combined extreme inshore sea water levels, and 
along open coasts it can be insignificant (the amount is dependent on the shape of the coast). It is 
also difficult to separate out the wind set-up from the usually more dominant wave set-up and 
especially the wave run-up. Various authors do not clearly distinguish between the wind set-up 
and other wave related set-ups and some assume that the combined determination/calculation 
of wave set-up and wave run-up includes the often smaller component of wind set-up. If specific 
additional allowance is made for wind set-up, the combined total set-up tends to be somewhat 
over estimated. For these reasons the wind set-up is included in the calculation of wave run-up as 
discussed in Section 5.5.3. 
 
Various guidelines are provided in the literature to estimate the amount of wave set-up at the 
coast. According to FEMA (2000) the set-up is 10-20% of the breaker wave height. Karsten (2008) 
puts the set-up at 20% of the offshore wave height (Hmo). WMO (1988) states that: "As a general 
rule of thumb, wave set-up at the coast is about fifteen to twenty per cent of the incident root-
mean square wave height." The wave set-up factor (Ws), which is a function of the wave height, 
period and direction, can also be estimated using an approach presented by Goda (2000) for the 
following wave period range: 
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al. (2001); Guza and Thornton (1982); and Stockdon et al. (2006). Of the more empirical 
formulations, Nielsen and Hanslow (1991) and Ruggiero et al. (2001) appear to be most suitable; 
with the former being easier to apply. The Nielsen and Hanslow (1991) model requires the wave 
height and period, beach slope and water level. Their set of formulations was therefore used in 
the compilation of a computer routine, which was then verified and tested against an available 
set of southern African field data. The results are considered surprisingly good (R2 = 0.79) if the 
relatively few parameters included in the formulation are kept in mind. (Most recently a 
promising formulation for SA has been proposed by Mather et al. (2011), but this was not 
available at the time when the Mozambican modelling was conducted.)  
 
 

 
Figure 5.23: Description of (part of) the Nielsen and Hanslow (1991) coastal wave run-up model 

 
Having found the Nielsen and Hanslow (1991) model to be sufficiently valid and applicable to 
local conditions, the same methodology was applied to investigate the impact of SLR on run-up 
return periods and occurrences.  
 
To clearly illustrate the large effect that SLR has, a low SLR value is first applied. The mean value 
of the IPCC Fourth Assessment Report SLR predictions is about 0.4 m by 2100 (AR4 Report, IPCC 
2007). Using this prediction of future sea levels it was found that the same extreme wave run-up 
elevations as occurred during the extreme 2007 KZN storm in South Africa, would be reached by 
waves 10% lower (Hm0) than those recorded during the peak of the 2007 storm. This means that, 
based on the calculated return period of the 2007 storm (and assuming that the statistical 
distribution of extreme waves remains about the same over the next 100 years), the return 
period for the same extreme run-up heights is effectively halved. In other words, the probability 
of such extreme conditions occurring again is basically doubled, or statistically, such situations are 
likely to occur about twice as often over the long term for a SLR of only 0.4 m. (Note, that as 
discussed in the next paragraph, SLR of 0.4 m is not considered to be a suitable scenario for 
planning in this report.) 
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Figure 5.24: Schematic illustration of the Bruun model of profile response to rise in sea level showing erosion 
of the upper beach and nearshore deposition. (From Davidson-Arnott, 2005). 

 
The Bruun rule is sensitive to the chosen values of the input parameters and the values of these 
parameters are also sometimes difficult to determine (Theron 1994; Theiler et al. 2000). Many 
other factors besides the amount of sea level rise and the slope of the nearshore need to be 
taken into account to accurately predict future coastal evolution on longer time and space scales. 
Site specific aspects such as local geology, hydrology and sedimentology, near and offshore 
bathymetry, exposure to waves, currents and general climatology, and local geographical 
features as well as human influences should all be considered. The Bruun rule remains, however, 
generally useful for coasts with little data or information about past morphological change and 
can be used as a useful spatial indicator of where future impacts may be a problem.  
 
 
Effects of climate change on sediment transport 
 
Wave energy is proportional to the square of the wave height (which in itself, in the fully 
developed state, is proportional to the square of the wind stress factor). The wave power is 
proportional to the wave energy and the wave period. Therefore, with the wave period directly 
proportional to the wind stress factor, an increase of only 10% in wind speed can mean as much 
as an 80% increase in wave power (Theron, 2007). (In lieu of more comprehensive site specific 
sediment transport calculations or modelling, wave power or wave energy can provide a rough 
indication of sediment transport potential.) This means that a modest 10% increase in wind speed 
could also result in a potential significant increase in coastal sediment transport rates and 
consequently impacts to the shoreline. (Coastal sediment transport rates are especially sensitive 
to changes in wave/storm direction.) The response (increase) of wave height versus wind velocity 
increase, and the resultant non-linear (power law) increase in wave energy and even further 
accelerated wave power, are illustrated in Figure 5.25. 
 
In lieu of more complex/sophisticated sediment transport and/or beach morphology modelling, 
wave energy can be calculated to give an indication of coastal erosion potential. Thus, it can for 



 
 
 
 
 
 
 

 CSIR, March 2012, Pg 61 

example, be determined for the different wave return period conditions (Section 5.4), that the 1-
in-1 and 1-in-50 year waves have respectively about 10 and 20 times the energy of the mean 
wave. In other words, the wave erosion potential of 1-in-1 and 1-in-50 year waves is respectively 
in the order of 10- of 20 times greater than for the mean condition, which is a significant change. 
 
Since the current coastal geomorphology (of especially the soft coasts) is a direct result of the 
long term coastal processes (i.e. the mean condition over time) a change in the wave erosion 
potential can significantly alter the coastal configuration. 
 

 
 

Figure 5.25: Example of proportional wave height growth versus wind velocity increase, also indicating 
resultant non-linear increase in wave energy and power (Kamphuis model). 

 
 

5.5.5 Coastal Flooding/Inundation and Erosion Model 

A conceptual description of the combined coastal flooding/inundation and SLR erosion model 
which explains the functional relationships between components of the model is presented in 
Figure 5.26 below. (Note, the figure relates to processes related to Climate Change and does not 
include any consideration of long term beach erosion and/or short term storm erosion. These are 
also important and such allowance is made in the setback line discussion for Beira and Maputo in 
Section 5.5.6.)  
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Figure 5.26: Conceptual description of the combined coastal flooding/inundation and SLR erosion model with 
functional relationships between components. (SLR = Sea Level Rise; DEM = Digital Elevation Model) 

(Note, the figure relates to Climate Change and excludes other erosion drivers.  
These should also be allowed for in setback lines.) 

 
Having determined the inshore wave conditions, the wave run-up and SLR coastal erosion models 
(as described in Sections 5.5.2 and 5.5.3) can be employed to quantify specific coastal impacts. 
Thus, for example, wave run-up elevations can be calculated at each coastal point along the coast 
for various tidal levels combined with different wave heights. Spring high tides (see Section 5.5.2) 
occur once every 14 days along the southern and eastern African coast and are therefore 
selected as a realistic scenario to consider in conjunction with selected sea storms. The same 
methods can be employed to predict and assess the conditions and impacts in the future by 
including climate change effects, in this case sea level rise and/or increased storminess. The 
extreme wave climate off Mozambique has been forecast to increase by about 6% by 2100, as 
discussed in Section 5.4, while the best estimate for SLR is 1 m by 2100 (Section 5.5.2). 
 
An example of the calculated amount of wave run-up at each location point along the Beira 
shoreline is presented in Figure 5.27. These are the predicted amounts of wave run-up for the 
modelled inshore cyclone wave conditions. 
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Figure 5.27: Example of predicted run-up amounts at Beira 

 
From the figure it can be seen that the wave run-up amounts range from about 1 m to 4 m. The 
alongshore variations in predicted run-up heights are mainly related to the differing wave 
exposure and slope of each location. (Note, however, that where the beach slopes were found to 
be flatter than 0.1, they were taken to be 0.1. This was done for two reasons: (1) It has been 
found that the Nielsen and Hanslow model is less reliable for slopes flatter than 0.1, and (2) more 
importantly, extreme run-up occurs during storms, which means that the beach profiles are also 
subject to erosion at the same time. The effect is that the beach slopes will in fact steepen during 
the storm, leading to higher run-up on the steeper profile. Thus, it is assumed that the milder 
profile slopes (< 0.1) are likely to be steeper during a storm than at present, which is a 
conservative assumption.  
 
Similar run-up predictions were made for Maputo and Pemba (thus incorporating a wide variety 
of cyclone wave conditions and shoreline characteristics). It was found that wave run-up amounts 
range from about 1 m to 6 m.  Taking all three areas into account (and rounding up to the nearest 
decimetre), it was found that for most of the input conditions at most of the coastal point 
locations, the run-up in fact ranges between about 1.5 m to 3 m. (At first hand this may appear to 
be lower run-up amounts than expected, but the wave modelling shows that this is due to the 
dampening effect of the wide shallow inshore areas, as found in many parts of Mozambique.) 
 
Appropriate combinations of present and future components of extreme inshore water levels 
(including wave run-up) are discussed in detail in Section 5.5.6. 
 

5.5.6 Calculation of potential erosion due to SLR at Beira and Maputo 

The focus here is on Maputo and Beira as they are the two major coastal cities in Mozambique 
with by far the most extensive infrastructure and development within the coastal zone 
potentially subject to climate change impacts. (They are also both major sources of income for 
the government and contain the main Mozambican ports.) For each of the two cities, and for 
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each of the scenarios and input conditions, the SLR coastal erosion model (Section 5.5.4) was also 
employed to quantify the potential erosion due solely to SLR. To allow for normal shoreline 
variability (e.g. erosion during storms and accretion recovery thereafter) an additional setback 
distance of 40 m is added to derive an acceptable total setback distance, as indicated in the last 
row of the table.  
 
Detailed and comprehensive investigations are sometimes conducted to better determine 
setbacks required for local shoreline variations, but then only for small study areas and where 
extensive input data is available. On large scale studies (such as this project), it is not practical or 
affordable to conduct many such detailed local setback investigations. The 40 m distance is based 
on extensive experience in southern Africa and adapted for average Mozambican conditions. This 
is also the distance specified in some Australian and US states. An example of the calculated 
potential erosion and setback line recommended at each location along the Beira shoreline, is 
given in Table 5.10. Some of the results for predicted erosion potential (due to SLR) shown in this 
example (Table 5.10) are very low (Points 2451 to 2455). These results are correct however, and 
are due to these points being located on non-erodible (rocks or hard structures) and/or very 
steeply sloped sections of the Beira coast. Where the coast cannot erode, the high-water line 
simply moves directly up and landward with the slope according to the amount of SLR; the Bruun 
rule is not applicable at these locations. 
 
 

Table 5.10: Example of quantification of erosion potential and erosion setback for SLR 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

POINT 

BEIRA - SUMMARY 
Sea level rise 

(SLR) 
(m) 

Erosion due to SLR 
(m) 

Erosion setback 
including SLR (m) 

2440 0 0 40 
2440 0.5 130 170 
2440 1 260 300 
2440 2 530 570 
2444.5 0 0 40 
2444.5 0.5 50 90 
2444.5 1 110 150 
2444.5 2 120 260 
2450 0 0 40 
2450 0.5 110 150 
2450 1 220 260 
2450 2 450 490 
2451 to 2455 0 0 40 
2451 to 2455 0.5 10 50 
2451 to 2455 1 20 60 
2451 to 2455 2 30 70 
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Figure 5.30:  Map of potential erosion and setback line for SLR - Maputo 
 
The potential erosion and setback lines indicate in the foregoing maps do, however, not explicitly 
make allowance for coastal flooding/inundation. The areas subject to extreme flooding events 
could in several instances extend significantly further landward than the potential setback lines 
indicated in the foregoing maps (despite these being considerable distances in some locations 
due to the potential erosion indicated by the Bruun rule). Areas/locations subject to coastal 
flooding/inundation should also be an important consideration in identifying vulnerable areas 
and in planning coastal developments (and ICZM). For each of the 10 towns / cities the areas that 
are vulnerable to coastal flooding/inundation are identified and discussed in detail in Section 6.4. 
 

5.6 �Y�h���E�d�/�&�/�����d�/�K�E�� �K�&�� �&�>�K�K���/�E�'���>���s���>�^�� �&�K�Z�� �D�K�•���D���/�����E�� ���K���^�d���>��
�d�K�t�E� ̂

To illustrate how the components of the inshore sea water levels have been calculated for each 
location, Beira is used as an example in Figure 5.31 below. 
 
 

�x  Potential erosion due to 
2 m SLR by 2100 
�x  Potential erosion due to 
SLR + 40m setback 
�x  Possible detail terrain 
adjustment of setback line 

N 
�X 
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Figure 5.32:  Maputo coastal flooding and wave run-up levels 

 

Worst case scenario for fully exposed shorelines 

Intermediate risk case - partially exposed shorelines 

Low risk case - sheltered shorelines 
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Figure 5.33:  Pemba coastal flooding and wave run-up levels 

  

Worst case scenario for fully exposed shorelines 

Intermediate risk case - partially exposed shorelines 

Low risk case - sheltered shorelines 
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The results of the calculated sea water flooding levels of all of the coastal towns are summarised 
and compared in Section 6.2.1 (and Figure 6.3), where the implications are also discussed. 
 
From the discussion above it is concluded that:  
 

1. The physical conditions (wave heights, direction and sea water level) that occur at the 
coast during a cyclone was determined by the setting up of a cyclone model which was 
calibrated using data measured at Beira during Tropical Cyclone Lizette in March 1997. 

 
2. The storm wave conditions that are predicted to prevail offshore of Mozambique were 

determined for current conditions and also with expected climate change factors taken 
into account. An appropriate technique was used to derive the expected wave height and 
wave direction distribution off each of the study sites.   

 
3. Due to the geographical location and local bathymetry at each of study sites, the tide 

levels are different. The influence of a rise in sea level on the high tide levels is therefore 
also different in different areas along the coast.  

 
4. Using the results of the above studies and calculation of wave run-up heights, the High, 

Medium and Low sea water flooding hazard levels for three selected scenarios were 
determined. 

 
The values of these parameters are incorporated into the coastal hazard assessment discussed in 
Chapter 6. 
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CHAPTER 6: COASTAL HAZARD ASSESSMENT  

6.1 ���K���^�d���>���,���•���Z�������^�^���^�^�D���E�d���D���d�,�K�� 

6.1.1 Introduction 

In this chapter an overview of hazard assessment along the coast, as well as possible trends 
reflected in the regional data is provided. A relatively coarse level of assessment, based on a 
comprehensive set of hazard drivers and vulnerability modification factors, is further provided for 
the Mozambican coastline. A more detailed level of assessment, focussing on better 
quantification of the primary hazards is also given for the selected coastal cities and towns. 
 

 
6.1.2 Methods of assessing vulnerability of coastal areas and developments 

Breetzke et al. (2008), although not providing a vulnerability assessment method per se, contains 
information and guidelines on risks and response to coastal erosion that is particularly relevant to 
the southern African scenario. The coastal vulnerability index (CVI) devised by the US Geological 
Survey and founded on six physical variables is found to be useful to assess the vulnerability of 
the coastline to climate change (Theiler & Hammar-Klose 2000). These six variables are: 
geomorphology; coastal slope; relative sea level change; shoreline erosion/accretion rate; tidal 
range; and wave height. Another indicator, the coastal social vulnerability index (CoSVI) 
developed by Boruff et al. (2005), is used to determine social-economic vulnerability of coastal 
areas to sea level rise (SLR). These indices can also be combined to give an overall vulnerability 
index, which appears to be a viable approach to the southern African situation. The methods of 
Dutrieux et al. (2000) are considered to be more useful for integrated coastal zone management 
aimed at sustainability and protection/management of the natural environment, and are 
particularly useful for guidance on more detailed vulnerability mapping of smaller areas (e.g. 
islands). 
 
The methods recently developed and applied in Portugal and Spain have a practical approach and 
are well-suited to the southern African and Mozambican context. Jimenez et al. (2009) have 
developed good coastal storm vulnerability assessment methods, but the input data 
requirements are considered to be too onerous for wide scale application in the African context. 
Jimenez (2008) provides a good description of how coastal vulnerabilities can be assessed for 
multiple hazards.  
 
However from the literature study it was concluded that the set of parameters included in the 
method developed by Coelho et al. (2006) would be pragmatic and most relevant for application 
to the study area. 
 

6.1.3 Adaptation of suitable method for study area 

The first part of the Coelho et al. (2006) method is to assess the degree of exposure and 
vulnerability to coastal processes using the following nine indicators as the basis: foreshore 
elevation; distance (e.g. infrastructure) to shore; tidal range; offshore wave height; historical 
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Figure 6.6:  Estimated contours for Ponto Do Ouro 

 
Ponto Do Ouro is fully exposed to ocean waves, but high tides are lower than most of the 
Mozambican coast. The intermediate flooding level is +5.9 m MSL, while the extreme flooding 
scenario is +8.4 m MSL. 
 
 

 
Figure 6.7:  Estimated contours for Xai-Xai Beach  
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Xai-Xai Beach is also fully exposed with relatively lower tides, giving rise to flooding levels of +5.9 
m MSL and +8.4 m MSL for the intermediate and extreme flooding scenarios respectively. (The 
Xai-Xai town centre is located about 10 km inland from the shore, in a north-westerly direction 
from the coastal area shown in Figure 6.7. Therefore the town itself is not vulnerable to hazards 
from the sea, other than cyclone winds and possibly flooding from rainfall.) 
 
 

 
Figure 6.8:  Estimated contours for Tofo / Barra (overlain on Google Earth  image) 

 
 
Most of the Tofo area is fully exposed (Figure 6.8). The northern shore  at Barra is generally less 
exposed to wave action, but  this area is directly exposed to cyclone waves approaching from the 
NE. Thus, flooding levels of +6.4 m MSL and +8.9 m MSL are applicable for the intermediate and 
extreme flooding scenarios respectively. The coastal topography is relatively steep with high 
ground relatively close to the sea, expect for two extensive low-lying wetland areas which are 
susceptible to flooding from the sea. 
 
 

+10 m MSL 
+ 8 m MSL 
+ 5 m MSL 
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Figure 6.10:  Estimated contours for Vilankulos 

 
Despite some shallow sandbanks and a small island to the east, Vilankulos is relatively exposed 
(to cyclones from the east), with flooding levels of 6.4 m and 8.9 m MSL for intermediate and 
extreme flooding scenarios respectively. 
 

 
Figure 6.11:  Estimated contours for Quelimane 
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 Quelimane is located inland and is not exposed to wave effects. From a coastal/marine flooding 
perspective alone (i.e. not considering river floods), the intermediate flooding level is the same as 
the low flooding level at +5.1 m MSL. Only critical infrastructure need consider the extreme 
scenario of 2 m SLR by 2100, thus giving a flooding level of +6.1 m MSL. 
 

 
Figure 6.12:  Estimated contours for Ilha De Mozambique 

 
 
While Ilha De Mozambique is semi protected by some islands, it is exposed to specific cyclone 
wave approach directions. This island is very narrow, and flood wash-over from the seaward side 
is possible in the low lying areas during extreme events. Thus, flooding levels of 6.3 m and 8.8 m 
MSL for intermediate and extreme flooding scenarios are respectively applicable to the whole 
island. 
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shorelines of Nacala and Minguri (Figure 6.14) show that for a 1m sea level rise (by 2100) plus 
spring high tides and limited local raising of water levels (through barometrics and wind), that 
areas below the +6.3 m contour will be in danger of being flooded. The intermediate flooding 
level of +6.5 m MSL (rounded up from +6.3 m MSL) is appropriate for planning and management 
of infrastructure along the bay shoreline with a design life of less than 50 years. Taking a 
conservative and precautionary approach, the extreme scenario of 2 m SLR by 2100 should be 
considered for critical infrastructure. Thus, the safe hazard level for important infrastructure 
inside the bay such as the port (Figure 6.13) and airport with a design life of more than 50 years is 
+7.5 m MSL. As for Maputo and Beira ports, this recommendation should not be interpreted as 
meaning that the port should be relocated to landward of the +7.5 m MSL contour lines, which 
would render it inoperable. The recommendation is for the Nacala port infrastructure to be 
upgraded to deal with CC risks in its present location, including raising the infrastructure in stages, 
eventually to above the level of +7.5 m MSL in this case. 
 
Only the shoreline outside of the bay (to the north of Fernao Veloso, Figure 6.14) is relatively 
exposed to cyclone waves approaching from the north-east or north. Here, the intermediate 
flooding level of +8 m MSL is appropriate for planning and management of infrastructure with a 
design life of less than 50 years (allowing for the scenario of a +1 m sea level rise along with a 1.5 
m storm run-up level during cyclones). 
 

 
Figure 6.15:  Estimated contours for Pemba 
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Figure 6.17:  Baseline typology mapping of Mozambican geology 
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An overview of the baseline typology mapping of Mozambican geomorphology is presented in 
Figure 6.19. 
 

 
Figure 6.19: Baseline typology mapping of Mozambican geomorphology 
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A coarse overview of hazards and vulnerability of Mozambican coast is summarised in Figure 
6.21, in terms of tidal range, offshore wave height, cyclone threat (i.t.o. occurrence, category and 
inversely weighted by distance from shore), and elevation vulnerability. 
 

Figure 6.21:  Coarse overview of hazards and vulnerability of Mozambican coast 
 
Conclusion on the hazard and vulnerability of the whole coastline 
 
Broadly speaking, the low lying central delta coast areas (e.g. Beira) are very vulnerable in terms 
of elevation. The highest occurrence of cyclones (very high hazard) is found along the central  
parts of Mozambique, tapering off to the south (from roughly Tofo) and also sharply to the north 
(from about Ilha de Mocambique). In terms of wave height, based on the NCEP data and 
excluding cyclones, the hazard increases slightly from north to south, with most of the coast 
subject to moderate offshore wave attack. Due to the particular bathymetry off Mozambique and 
(amongst others) the location of tidal nodes, the northern coast (e.g. Nacala and Pemba) as well 
as parts of the central coast (e.g. Beira) face the highest tidal hazard ( note that the hazard here is 
still rated as moderate relative to coastlines in some other parts of the world where tidal 
extremes are much higher).  
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Although the coarse hazard assessment is useful in comparing vulnerability on a more regional 
level, and does give a coarse indication of how some important hazards are spatially distributed, a 
much more detailed assessment is required to identify appropriate adaptation measures at the 
local level, as described in Section 6.4. 
 

6.4 �����d���/�>�� �s�h�>�E���Z�����/�>�/�d�z�����^�^���^�^�D���E�d�� �&�K�Z�� �^���>�����d������ ���K���^�d���>�� �d�K�t�E�^��
���E�������/�d�/���^ 

6.4.1 Application of the Coastal Hazard Assessment Method 

A relatively coarse level of assessment for the Mozambican coastline, is provided in the previous 
section. A more detailed level of assessment, based on a comprehensive set of hazard drivers and 
vulnerability modification factors, and focussing on better quantification of the primary hazards is 
also given for selected areas. The focus is on the abiotic physical coastal aspects which include 
factors linked to climate change. 
 
Coastal points were defined along the whole Mozambican coast at 1 km intervals as indicated in 
the Maputo example area in Figure 6.22 below. The results of all the coastal risk assessments 
were determined at each of about 10 points (i.e. 10 km) at each of the study sites. 
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Figure 6.22:  Maputo example - Location of Coastal Points (1 km intervals) 

 
Based on the coastal hazard/risk evaluation method as described in Section 6.1, a coastal 
vulnerability assessment was conducted for each of the study sites. Data were obtained or 
derived for each of the 14 parameters at each of the coastal points. Important inputs were 
gleaned from low elevation aerial reconnaissance of the entire Mozambican coast (May 2010) 
and complemented by a site investigation of 10 sites. 
 
These observations and inspections were conducted to assess local coastal processes, site 
characteristics, coastal vulnerability, existing protection/adaptation methods and were used to 
derive appropriate response options. Other inputs were collated from remote sensing data and 
GIS layers and information made available through the Mozambican colleagues on the project 
team. 
 
The input data values were then scored according to the vulnerability classification for each 
parameter as defined in Table 6.1. An example of the scoring for the Ponto Do Ouro study area 
for Scenario A1, for example, is show in Table 6.2.The individual scores were then added and 
normalised to calculate the overall vulnerability score or rating for each coastal point.  
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(a) 
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(b) 
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(c) 
Figure 6.23 a to c: Beira vulnerability mapping showing all 14 parameters for 3 of the 16 scenarios. 

(Vulnerability is measured on a scale of 1- 5 with 1= lowest vulnerability and 5 = highest vulnerability as depicted in Table 6.1)) 
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Figure 6.24a:  Beira detail vulnerability mapping: Scenarios A & B  

(showing overall vulnerability rating when the 14 parameters in Table 6.1 are combined). 
  

Location Key 
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Figure 6.24b:  Beira detail vulnerability mapping: Scenarios C & D  

(showing overall vulnerability rating when the 14 parameters in Table 6.1 are combined). 
  

Location Key 
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Similar total vulnerability maps for each of the other study sites, for the 8 scenarios that include cyclones (i.e. C1 to D4), are summarised in the maps 
depicted below in Figures 6.25 to 6.34.  

 
Figure 6.25:  Ponto Do Ouro detail vulnerability mapping: Scenarios C & D 
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Figure 6.26:  Maputo (and Matola) detail vulnerability mapping: Scenarios C & D 

  

Location Key 
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Figure 6.27:  Xai-Xai Beach detail vulnerability mapping: Scenarios C & D 
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Figure 6.28:  Tofo and Bara detail vulnerability mapping: Scenarios C & D 
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Figure 6.29:  Imhambane and Maxixe detail vulnerability mapping: Scenarios C & D 

  

Location Key 
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Figure 6.30:  Villancoulos detail vulnerability mapping: Scenarios C & D 
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Figure 6.31:  Quelimane detail vulnerability mapping: Scenarios C & D 

 

Location Key 
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Figure 6.32:  Ilha de Mozambique detail vulnerability mapping: Scenarios C & D 

  

Location Key 



 
 
 
 

 CSIR, March 2012, Pg 118 

 
Figure 6.33:  Nacala detail vulnerability mapping: Scenarios C & D 

  

Location Key 
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Figure 6.34:  Pemba detail vulnerability mapping: Scenarios C & D 

Location Key 
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6.4.4 Comparison of detail coastal vulnerability of 12 Mozambican areas 

A comparison of the vulnerabilities of each of the 12 towns and cities for the A3 scenario with 
existing wave climate including cyclones (i.e. present day, no climate change effects) is presented 
in Figure 6.35.  
 
 

 
Figure 6.35:  A comparison of the vulnerabilities of each of the 12 towns and cities (from south to north) for 

the present case scenario (A3)  
 
In this study the vulnerability was typically assessed over an area of about 10 km total for each 
town/city. The vulnerability was then assessed in detail per alongshore section of coast, typically 
per 1 km alongshore sections, although in some areas the sections were shorter. The green bars 
in Figure 6.35 indicate the lowest vulnerability score per section within the total length of 
shoreline assessed for a particular town. The yellow bars indicate the average vulnerability score 
over the total length of shoreline assessed for a particular town. The red bars indicate the highest 
individual vulnerability score within the total length of shoreline assessed for a particular town. In 
general for the present day scenario (A3), the most vulnerable towns are Ponta du Uoro, Maputo, 
Tofo, Villancoulos, Beira and Pemba.  
 
The least vulnerable towns for the present day scenario (A3), are generally XaiXai Beach, Maxixe, 
Quelimane and Nacala. As indicated by the yellow bars, all of the  towns assessed have medium  
vulnerability on average to the impacts of climate change. At present (Scenario A3) Beira is the 
most vulnerable city in terms of all three categories (least vulnerable, average and most 
vulnerable section). (Note, other socio-economic factors such as population density are not 
accounted for in this relative comparison of abiotic physical vulnerability to coastal/marine & CC 
threats.) 
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A comparison of the vulnerabilities of each of the 12 towns and cities for the most likely future 
case scenario (C4) is presented in Figure 6.36 (The most likely future case scenario, C4, includes 
SLR of 1 m by 2100, vulnerability to cyclones and an increase in storminess.)   
 
 

 
Figure 6.36:  A comparison of the vulnerabilities of each of the 12 towns and cities for the most likely future 

case scenario (C4)  
 
 
In general for the most likely future case scenario (C4), the most vulnerable towns are again 
Ponta du Uoro, Maputo, Tofo, Villancoulos, Beira and Pemba, but now also joined by XaiXai 
Beach. The least vulnerable towns for the most likely future case scenario (C4), are generally 
Maxixe, Quelimane and Nacala. As indicated by the yellow bars, some of the towns assessed now 
have high vulnerability (score 3 to 4) on average to the impacts of climate change, while, as 
indicated by the red bar, every town assessed has at least some location that is highly vulnerable 
to the impacts of climate change. In the most likely future (Scenario C4), Beira is again the most 
vulnerable city.  
 
A comparison of the vulnerabilities of each of the 12 towns and cities for the worst case scenario 
(D4) is presented in Figure 6.37 (The worst case scenario, D4, includes SLR of 2 m by 2100, 
vulnerability to cyclones and an increase in storminess.)   
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Figure 6.37:  A comparison of the vulnerabilities of each of the 12 towns and cities for the worst case scenario 

(D4)  
 
 
In general for the worst future case scenario (D4), the most vulnerable towns are now XaiXai 
Beach, Tofo, Beira, Ilha De Mozambique and Pemba. The least vulnerable towns for the worst 
future case scenario (D4), generally remain Maxixe, Quelimane and Nacala. As indicated by the 
red bar, under this scenario, every town assessed has at least some location that is either highly 
or very highly vulnerable to the impacts of climate change. In the worst case future (Scenario D4), 
Beira remains the most vulnerable city, in terms of average vulnerability. 
 
In the above three figures (6.35 to 6.37), for Scenarios A3, C4 and D4 (present, most likely future 
and worsts case future respectively), the y-axis has purposefully been kept at the same start and 
end points, so that the three figures can be directly compared. The big increases in vulnerability 
to climate change, from present to most likely future to worst case future scenarios respectively, 
are thus clearly observed. For example, the most vulnerable locations in XaiXai Beach, Tofo, Beira 
and Pemba all increase from medium vulnerability under present conditions (A3) to very high 
vulnerability for the worst future case scenario (D4). 
 
The results of the vulnerability assessment were used to determine suitable adaptation options 
and also to prioritise the recommended actions. These aspects are discussed in the next chapter. 
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Table 7.1: Examples of potential implications and possible adaptation measures  

(adapted from UNCTAD, 2008) 
 

 

CLIMATE CHANGE FACTOR POTENTIAL IMPLICATIONS ADAPTATION MEASURES 

Rising sea levels 
�x Flooding and inundation 
�x Erosion of coastal areas 

�x Damage to infrastructure, 
equipment and cargo (coastal 
infrastructure, port-related 
structures, hinterland 
connections) 

�x Increased construction and 
maintenance costs, erosion and 
sedimentation 

�x Relocation and migration of 
people and business, labour 
shortage and shipyard closure 

�x Variation in demand for and 
supply of shipping and port 
services (e.g. relocating) 

�x Changes in water levels in 
harbours 

�x Relocation, redesign and 
construction of coastal 
protection schemes (e.g.  levees, 
seawalls, dikes, infrastructure 
elevation) 

�x Insurance 
�x Raising of existing breakwater-

structure to counter additional 
overtopping 

�x Raising of existing quay and 
wharf levels 

Extreme weather conditions 
�x Tropical cyclones 
�x Storms 
�x Floods 
�x Wind 
 

�x Damage to infrastructure, 
equipment and cargo (coastal 
infrastructure, port-related 
structures, hinterland 
connections) 

�x Increased damage to ships as a 
result of wave current 
interaction 

�x Erosion and sedimentation, 
subsidence and landslide 

�x Relocation and migration of 
people and business 

�x Reduced safety and sailing 
conditions, challenge to service 
reliability 

�x Modal shift, variation in demand 
for and supply of shipping and 
port services 

�x Change in trade structure and 
direction 

�x Change in wave climate (swell 
and long period waves) in 
harbours 

 

�x Set up barriers and protection 
structures 

�x Relocate infrastructure, ensure 
the functioning of alternative 
routes 

�x Raising of existing breakwater-
structure to counter additional 
overtopping 

�x Increase monitoring of 
infrastructure Conditions (e.g. 
CSIR breakwater monitoring 
programme) 

�x Restrict development and 
settlement in low-lying areas 

�x Strengthen foundations, raising 
dock and wharf levels 

�x Smart technologies for abnormal 
events detection 

�x New design for sturdier ship 
�x Designing new ports 
�x Revising dredging maintenance 

programmes, amended beach 
nourishment programmes 

�x Revision in ship mooring 
operations and equipment in 
ports 

�x Alterations to ports to 
compensate for additional wave 
action (swell induced or long 
period waves) 
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B2 Managed (vegetated and/or reinforced) dune. Construct/reinstate and/or manage 

vegetated dune buffer areas. Where appropriate, it can be crucial to maintain an 
affordable and effective soft-engineering coastal defence mechanism that preserves 
the ecosystem services that protect natural backdune areas and man-made 
development against the forces of the sea. 

 
Rock protection or gabions can be placed underneath a (normally vegetated) dune. 
During a storm the dune will be eroded, but the rock/gabion will prevent excessive 
erosion. After the storm the dune could recover naturally, but in some instances may 
require active restoration and management.  

 
Dunes are usually the soft coast's natural protective buffer against storm seas and high 
spring tides. Sand trapped in a dune system is stored and can be returned to the beach, 
thus preventing beach erosion. Vegetated dunes protect houses, roads and 
recreational facilities against corrosive sea spray, sand blasting and inundation by sand 
blown inland from the beach, as the vegetated dune functions as a natural sand trap. 
The dunes should have a crest height of approximately +6 m to +10 m to MSL 
(depending on local circumstances), while the base width should ideally be at least 60 
m. In terms of the cross section, the seaward slope of the dune should be 
approximately 1:6. The estimated total cost of a dune, including reinforcement, is in the 
order of $ 240 000 per 100 m alongshore. The dune would be aligned approximately 
parallel to the shoreline. 

 
The estimated cost of constructing a non-reinforced dune is in the order of $ 1400 /m. 
The following items should be allowed for in costing: site establishment, bulk 
earthworks, shaping and trimming, irrigation system, fertilizers, mulching, harvesting of 
pioneer species, planting of dune vegetation, fencing, footpaths, signage and limited 
consultation. Estimated cost of placed rock reinforcement is about $ 100/m3, with 
additional costs relating to the reinforcement, estimated at about 75 % of the cost of 
the rock. Such reinforcement would only be required if there were very important 
reasons to reduce the shoreline variability in a specific location. The use of local labour 
in labour intensive projects could reduce the cost of building or maintaining dune 
systems. 
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Figure 7.4:  Example of 
a vegetated dune at Beira 
with sufficient volume and 

height to protect landwards 
areas from storm erosion or 

coastal flooding. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Vegetation (e.g. grass planting), thatching and fencing can be installed to hold or trap 
beach sand. In some instances, vegetation can reduce erosion by holding the sand. 
Casuarina trees have been planted in some coastal locations in Mozambique (e.g. Tofo, 
Maputo). However, these Casuarina trees have not been effective in preventing local 
soil erosion. The use of proper dune vegetation and appropriate grasses can be more 
effective. Suitable dune vegetation and grasses typically have a fine root system that 
goes over 2 meters deep, is tolerant to salt and cannot be easily uprooted. The 
vegetation is typically capable of tolerating sand-blasting and traps windblown sand, 
thereby contributing to dune development. By planting this vegetation strategically and 
fixing large volumes of sand in calm periods, a buffer can be created over a number of 
years that can erode in the stormy periods, thereby reducing erosion of the backshore 
areas.  

 
The use of non-invasive dune vegetation above other alternatives can be advantageous 
because it is cheaper and can have a higher aesthetic value. Further, it does not have 
negative effects on the adjacent coast, as many engineering structures do. It can 
therefore be used if there are limited financial resources available and could be 
undertaken by the owners of the property along the beach. Thus, it is a relatively 
"cheap" low environmental impact quasi-natural intervention to promote natural dune 
volume growth. 

 
On the other hand, it is difficult to be certain that the degree of protection is adequate 
for more than low erosion rates, particularly cyclones that can recur frequently result in 
relatively high erosion rates.  It does not provide immediate protection and requires 
some maintenance to establish. Thus, it often has small potential for making a big 
difference, especially if used in isolation and not in conjunction with other 
management actions/interventions or protective measures. In general it can be 
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concluded that grass planting, thatching and fencing are relatively "cheap" low 
environmental impact quasi-natural intervention to promote natural dune volume 
growth, but sometimes have small potential for making a big difference. 

 
B3 Mangroves, corals and wetlands 

Mangroves are not only ecologically important (especially for fisheries), but if they 
occur in sufficiently dense stands of sufficient cross-shore extent, they also structurally 
behave like a semi-permeable barrier (mostly due to their root system, much of which 
is above ground level). Energy is dissipated and sediments can even accumulate under 
suitable circumstances, thus reducing the flooding/erosion potential of waves/cyclones 
and proving some shore protection to landward areas. Wetlands can have a similar 
dampening effect and if of sufficient extent can help to dissipate flood waters and wave 
impacts on landward areas. Properly planned restoration of damaged mangrove areas 
are practical and can be used as a local job creation initiative, often in collaboration 
with private enterprise.  

 
Storm waves approaching the coast (e.g. resulting from cyclones) are affected by 
bottom topography, and shallow coral reefs that cause wave breaking dissipate much 
of the incident wave energy. However, as the sea level rises, existing topographic 
features including coral reefs will be located in deeper water and will have a reduced 
effect on waves approaching the coast. Areas landward of the reef breaker zone will 
experience an amplified wave climate compared to the present. At low rates of eustatic 
sea level rise, healthy corals can grow to match the rate of SLR, thereby retaining their 
protective effect. Deeper water features including coral reefs may deepen to the 
degree that their effect on the wave energy impacting on the shoreline is negligible.  
 
However, the coral reef areas of Mozambique are very vulnerable to CC impacts, 
through coral bleaching (e.g. Obura 2005), in terms of direct effect on the biota as well 
as on the important linked socio-economic sectors (e.g. tourism). As mentioned, the 
coral reefs serve other important functions, such as sheltering the coast from wave 
action and by providing beach building materials. Thus, loss of coral due to CC will also 
negatively impact these functions with detrimental impacts on the coast (e.g. erosion). 
 
Similarly, fringing reefs are found along some areas in Mozambique. These reefs 
comprise tough, algal-clad intertidal bars composed largely of coral rubble, and provide 
protection from wave attack to the inshore areas and beach sands that are susceptible 
to erosion (Arthurton 2003). If the coast is subjected to the predicted sea-level rise, the 
protective role of the reef bars will be diminished if their upward growth fails to keep 
pace (Theron and Rossouw, 2008). 
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and can mitigate coastal climate change impacts to some degree. The opportunities 
therefore lie in protecting and managing these natural defences, or indeed in 
enhancing/expanding their positive effects by increasing such areas where practical 
or reintroducing such natural systems where they have been lost or impacted. 
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Figure 7.6:  Example of a rock revetment protecting houses (South Africa) 

 
 
C2 Dikes, similarly to C1, act as a distinctive alongshore barrier between the land and the 

water, but are often massive sloped (even landscaped and vegetated) loose standing 
sand or earthen mound constructions. They can be armoured (e.g. by a revetment) on 
the seaward side, or left unarmoured, but might then require significant maintenance 
or restoration after large storms. Their massive nature and large space requirements 
also make this an expensive option and difficult to apply in congested or very built up 
areas. However, they can be an option where absolutely necessary to protect current, 
immobile, vital infrastructure (e.g., potentially appropriate areas associated with the 
ports and cities of Beira and Maputo provided that sufficient space can be made 
available), but the development of new infrastructure directly adjacent to the dike 
should generally be avoided. To be effective against flooding, they have to be 
continuous or linked to other defences. It is essential to also plan for dispersing of 
floodwaters trapped inside the dike resulting from rainfall runoff or river flooding. 
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Figure 7.8: Perched beach with partially submerged retaining structure 

 
 
 

A lack of good rock foundation conditions would make this an even more expensive 
construction. Some structures are designed to support the near-coast profile seaward 
of where it would otherwise be. Successful prototypes of such low structures, when 
designed to retain an artificial "perched" beach, are rare. The two main disadvantages 
are perhaps that the perched beach can easily lead to dangerous bathing conditions 
(due to e.g. the presence of a hard structure in the surf zone, the sudden drop-off and 
potential generation up rip currents), and a local intervention (i.e. small project area) 
would not address possible existing much wider background coastal erosion problems. 

 
C4 Shore-parallel structures (e.g. artificial surf zone reefs, detached breakwaters, rock 

berms, etc.). These structures are normally built parallel to the shoreline and some are 
not connected to the shoreline. The structures are mainly designed to induce wave 
breaking and can either be submerged or above the water. (This could also include tidal 
pools, with or without beaches, as multi-functional structures.) These types of 
structures are usually expensive to place, require heavy plant and access roads and 
might need to transport both construction plant and rock material over long distances 
if it is not locally available (as in some parts of Mozambique), all of which can make this 
an expensive option.  
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Figure 7.9  Example of erosion mitigation through shore-parallel structures (Anglin, et al. 2001) 
 

 
Figure 7.10:  Example of beach accretion through submerged artificial reefs 
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C5 Groynes (straight, curved, T, L etc.). Groynes constructed perpendicularly or at an angle 
to the shoreline, can trap sediment and provide protection.  

 
Groynes can trap sand and aid the formation of a beach at the foot of the groyne. In general, a 
larger beach will tend to accrete on the updrift side of the groyne, with a smaller beach directly 
on the downdrift side in the lee of the groyne. A localised erosion area usually forms slightly 
further downdrift of the groyne. Lengthening of the groyne up to the outer surf zone will increase 
the beach area, but at a much greater cost. Groynes create very complex current and wave 
patterns. The orientation, length, height, permeability, and spacing of the groynes determine, 
under given natural conditions, the actual effects on breaking wave conditions, local currents, 
sand transport and changes in the bottom configuration. Problems sometimes arise with groynes 
due to cross-shore sand losses during storms or the formation of strong rip currents parallel to 
the structure. 

 
Figure 7.11:  Existing groynes along Maputo shoreline 

 

 
Figure 7.12:  Groynes protecting Richards Bay entrance channel shoreline, South Africa (Photograph S Pillay) 
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deep mud/silt deposits. For these reasons, this option is considered to be largely unsuitable for 
practical application in Mozambique. 
 
In low to moderate wave energy environments: 
 
C9 Closely spaced piles or wave fences to dissipate wave energy. 
 
Such structures can be successful in dissipating wave energy in low to moderate wave energy 
environments. However, they have no effect on rising sea levels, and coastal areas will still be 
subject to increased risk from flooding due to SLR. Thus, this is generally considered to be an 
unsuitable adaptation measure for the purposes of this investigation. 
 

 
 

Figure 7.13:  Piles driven to form a wave fence (about 50 % reflective - PIANC, 2008) 
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D Combined options 
 
A combination of two or more of the identified solution options may be required. 
 

7.3 ���s���>�h���d�/�K�E�����K�E�^�/�����Z���d�/�K�E�^�����E�������Z�/�d���Z�/�� 

The considerations or criteria used to evaluate the different options focus mainly on the practical 
and technical aspects. The main technical consideration is whether the solution will adequately 
address the project aims. Another critical aspect is the expected cost. Further practical aspects 
include issues such as that the recommended solution should ideally address possible existing 
background coastal erosion problems. The solutions should also be as environmentally friendly as 
possible. However, ecological considerations (that is, impacts on the fauna and flora) must be 
taken into account; similarly social issues must be properly accounted for. Also, aesthetic impacts 
should be considered. Thus, the main considerations in choosing between the options are 
effectiveness in adapting to expected climate change impacts (e.g. increasing beach width), 
environmental aspects, costs, and possibly whether the option has a dual purpose in also 
addressing possible existing background coastal erosion problems. Impaired beach (and possible 
inter-tidal rocky area) usage and aesthetic impacts should also be assessed. 
 
Useful guidelines have been published (SNH, 2000) that aid the decision making process 
regarding the approach to follow, as summarized in Table 7.2 below:  
 

Table 7.2:  Selection of shoreline management options based on assets at risk (adapted from the literature) 

Asset Recommended approaches: 
Replaceable (e.g. caravans, 
golf tees/green, car parks, 
amenity buildings, etc) 

�x Move or rebuild assets inland (adaptive management), plus minor temporary 
works to delay the onset of the move (i.e. fencing, planting, beach re-cycling, 
sand bag or gabion revetments). Total costs typically range from very low to  
$ 90 000 per 100 m alongshore. 

Moderate economic value or 
medium residual life (5-25 
years*) (Low density housing, 
roads, large caravan sites, 
military installations, etc) 

�x Series of nearshore breakwaters 
�x Rock groynes (on mixed sediment beaches where littoral drift is active and 

downdrift erosion is not an issue)  
�x Beach nourishment (with future top-ups, and possibly buried rock revetment)  
�x Rock revetment 
�x Total costs typically range from $ 150 000 to $ 750 000 per 100 m alongshore. 
�x However, it is emphasised that if the erosion is long-term, backshore assets 

should not be enhanced or replaced, thereby allowing for ultimate 
abandonment. 

*Note: These useful guidelines have been adapted from the literature, which includes a suite of responses including 
short lifespan options, although the main planning period considered in this report is generally 50 to 100 years.  

 
 
A critical consideration in evaluating the different options is the expected cost. Some costs have 
been estimated as summarized in the table below. (These estimates are mainly adapted from 
South African experience, but are supplemented by some experience in other African countries 
and limited international inputs.) 
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Table 7.3: Summary of some adaptation option cost estimates 

 
 
A significant proportion of the costs for most coast protection materials is in the transport and 
placement. Work on dune systems can impose additional costs due to concerns over destruction 
of landforms and habitats, and the problems of working in locations lacking access. Delivery from 
the sea of bulk materials (rock or beach sediment) is often preferred as backshore damage is 
minimised, although land access will still have to be provided for plant, labour and additional 
materials. Parts of the Mozambican coast are very exposed or have very shallow in-shore areas; 
thus sea access is also very difficult (expensive and risky). Haul roads will have to be built across 
the dunes unless access can be provided from an existing route. (Rock supply, plant availability 
and access are big cost factors especially relevant to parts of Mozambique.) Thus, there are many 
local factors and other details such as local supplier pricing, which will have a big impact on 
project costs. (This is why the band between minimum and maximum cost estimates in Table 7.3 
is so wide, to ensure as far as can be foreseen that the actual costs should be between these 
limits.) These can only be assessed properly at the detail design stage of specific projects. Besides 
direct capital costs it is critical to consider maintenance costs and life expectancy of the option. 
Solutions MUST be sustainable, which means the recommended options must also be durable 
and affordable to the Municipality and/or State (or responsible authority). 
 
In choosing adaptation options it is also very important to consider the impacts to habitat, 
landform, landscape, coastal processes, etc. Consideration should be given to the full life 
environmental impacts of proposed management intervention/operations. The 
manager/responsible authority must consider not only the local short-term impact of a scheme, 
but also the following aspects (adapted from literature):  
 

�x the impact on the source area for materials (offshore dredging areas, rock quarry, etc)  
�x the impact of transport to the site (road congestion and surface damage, noise levels, risk 

of accidents at sea or on roads, access through dunes, etc)  

DESCRIPTION 

Approximate 
Minimum 

Costs (excl tax) 
for 1km 

Approximate 
Maximum 

Costs (excl tax) 
for 1km 

Approximate 
Minimum 

Costs (excl tax) 
for 10km 

Approximate 
Maximum 

Costs (excl tax) 
for 10km 

Sand feeding (beach nourishment) new 
@ rate of 300 000 m3/a for 10 yrs) 

$4 000 000 $60 000 000 $40 000 000 $600 000 000 

Sand feeding (beach nourishment) maintenance $400 000? $7 780 000?   
Revetments & walls (permeable) $2 300 000 $24 000 000 $23 000 000 $240 000 000 
Vegetated dune $750 000 $7 200 000 $7 500 000 $72 000 000 
Geotextile sand containers, Geobags (semi-
sheltered location) 

$1 100 000 $23 000 000 $11 000 000 $230 000 000 

Gabions (semi-sheltered location) $600 000 $7 000 000 $6 000 000 $70 000 000 
Rock groynes $1 000 000 $29 200 000 $10 000 000 $292 000 000 
Wave Fence (semi-sheltered location) $2 300 000 $40 000 000 $23 000 000 $400 000 000 
Floating pontoons (semi-sheltered location) $2 250 000 $31 600 000 $22 500 000 $316 000 000 
Rubble-mound breakwater structure land based $1 500 000 $15 100 000 $15 000 000 $151 000 000 
Rubble-mound breakwater: marine based $2 900 000 $42 800 000 $29 000 000 $428 000 000 
Sheet piling seawall (shore parallel) $2 700 000 $36 000 000 $27 000 000 $360 000 000 
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�x the impact of damaged or life expired materials on the shoreline (synthetic fencing 
materials, geotextile sand bags, gabion baskets and rock fill, timber, concrete, rock, etc).  

�x the long term evolution of the beach and dunes and the effectiveness of structures over 
their full life.  

 
Management plans should allow for these environmental impacts during the decision process, 
particularly where costs are being passed on to future generations. Mitigation measures and 
good working practices to minimise impacts should be built into designs, agreed with contractors 
and monitored rigorously during initial and ongoing operations. 
 
A pertinent comparison and assessment of most of the options has been reported in the 
literature, as summarised in Table 7.4, below. 
 

Table 7.4:  Relative costs, life expectancy and potential environmental impacts associated with shoreline 
management options (adapted from SNH, 2000) 

(* = low, *****  = high) 

Option 
Impacts (1) Costs(5)  

Habitat Landform Landscape Processes Capital Maintenance(2) Life 
Expectancy(3) 

Adaptive management **  **  **  *  Dependant 
on assets *  *****  

Grass planting, Thatching, 
Dune fencing *  *  *  *  *  ***  *  

Sandbag structures **  **  **  **  **  *  **  
Beach drainage *  *  *  **  ***  **  *  
Beach nourishment **  *  *  *  ***  ***  **  

Gabion revetments (4) ***  ***  ***  ***  ***  **  ***  

Artificial headlands **  **  ***  ***  ***  *  ***  
Artificial reefs **  **  ***  ***  ***  *  ***  

Nearshore breakwaters ** *  **  ****  ***  ***  *  ***  

Groynes ***  ***  ***  ***  ***  *  ***  
Rock revetments (4) ****  ****  *****  ****  ****  *  *****  

Timber revetments (4) ***  ***  ****  ***  ****  *  ***  

Impermeable 
revetments/seawalls ****  *****  *****  ****  *****  *  ****  

 
1. Impacts over full life-cycle of option  
2. Maintenance cost relative to capital cost (to retain design benefits)  
3. Life expectancy of benefits without maintenance  
4. If buried into the dune face the impacts associated with these approaches are lowered and the life 

expectancy increased; capital costs may be higher but maintenance costs lower. 
5. These cost indications are more applicable to Europe and possibly less so for Mozambique 
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Table 7.6: Priority adaptation/no-regret measures 

 
Key:  
(Note, a high CBA (Cost/Benefit Assessment) is taken as a positive indicator, meaning in fact that the benefits outweigh the costs, and could thus perhaps be stated more logically as BCA 
(Benefit/Cost Assessment) in terms of a positive metric. However, to remain consistent with the terminology used in the other themes, CBA is retained here.) 
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It has also been recently announced that the port is to be upgraded in the near future and this 
will most likely also entail dredging more areas of the channel. The suitable sand fraction of the 
material dredged during the maintenance work as well as for any future expansion could be 
placed along the beachfront by suitable means (Option B1), thereby restoring the natural 
sediment feeding process. (Much of the dredged material is reportedly very fine sediment, which 
might be unsuitable for beach nourishment (Achimo, pers. com. 2012.) However, selective 
utilization of the suitable sediment fraction or deposition areas still leave this as an attractive 
option, that should be investigated in detail.) An alternative reservoir of suitable sand might be 
the area adjacent to Xefina Island. However, not being a dredging requirement for port access, 
this option would probably be more expensive. (Considering the volumes of sand required for 
beach nourishment, delivery by mean of trucks is considered impractical in terms of road 
congestion, road damage/maintenance, etc.). Combining the sand feeding option with the active 
management of the dunes (Option B2) will restore the natural buffer in the area.    
 

 
Figure 8.9 :  Sediment transport patterns at Maputo (A Mather, pers com 2009) 
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planning and management of infrastructure along the shoreline with a design life of less than 50 
years. The low hazard risk level for important infrastructure such as airports is +9 m MSL as the 
extreme scenario of a +2 m sea level rise along with a 3 m storm run-up level during cyclones.   
 
 

 
Figure 8.13a: Vilanculos. Recommended adaptation /coastal protection options 
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Beira coastal flooding and wave run-up levels (see Figure 5.32 in Chapter 5). 

 
 
 
 
These three flooding level scenarios were calculated for each of the study towns and cities as 
depicted in the figure below (the 3 bars for each town). 
 
 
 

Low risk case for sheltered shorelines 

Intermediate risk case for partially exposed shorelines 

Worst case scenario for fully exposed shorelines 
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Coastal flooding levels for 11 towns/cities (see Figure 6.3 in Chapter 6) 

 
 
 

10.2.2 Coarse scale coastal vulnerability assessment  

Broadly speaking, the low lying central delta coast areas (e.g. Beira) are very vulnerable in terms 
of elevation (see figure below). The highest occurrence of cyclones (very high hazard) is found 
along the central parts of Mozambique, tapering off to the south (from roughly Tofo) and also 
sharply to the north (from about Ilha de Mocambique).  
 
In terms of wave height (excluding cyclones) the hazard increases slightly from north to south, 
with most of the coast subject to moderate offshore wave attack. Due to the particular 
bathymetry off Mozambique and (amongst others) the location of tidal nodes, the northern coast 
(e.g. Nacala and Pemba) as well as parts of the central coast (e.g. Beira) face the highest tidal 
hazard (note that the hazard here is still rated as moderate relative to coastlines in some other 
parts of the world where tidal extremes are much higher).  
 
The coarse hazard assessment is useful in comparing vulnerability on a more regional level, and 
does give an indication of how some important hazards are spatially distributed.  
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Coarse overview of hazards and vulnerability of Mozambican coast  

(See Figure 6.21 in Chapter 6) 

 
10.2.3 Local / micro scale coastal vulnerability assessment 

Analyses were carried out to determine the vulnerability of key coastal cities and towns 
(identified by the INGC) to the impact of a range of biophysical change scenarios.   
 
The vulnerability to the forces from the sea of approximately 10 km of shoreline at each site was 
assessed by evaluating 14 abiotic parameters against an agreed to set of criteria (see Table 6.1 in 
Chapter 6). The vulnerability assessment was done with and without climate change factors, and 
also with and without the effect of cyclones. 
 
The figure below summarises the results of the micro scale assessment for 1km coastline 
stretches at Beira under the various scenarios (C1 to C4 and D1 to D4) showing overall 
vulnerability rating when the 14 parameters in Table 6.1 are combined. 
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Beira detail vulnerability mapping: Scenarios C & D (See Figure 6.24b in Chapter 6) 

 
Similar total vulnerability maps are available for each of the other study sites, for the 8 scenarios 
that include cyclones (i.e. C1 to D4). The figure below shows the detailed coastal vulnerability 
comparison of the 12 coastal study sites when the most likely future climate change scenario, C4, 
is used.  (Scenario C4 considers a 1m sea-level rise by 2100 and includes both the effects of 
cyclones and an increase in storminess due to climate change.  
 
 




















































































































