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ABSTRACT 
 

 

 

Tropical cyclones (TCs) are major natural hazards in the Indian Ocean region, particularly in 

the Comoros Islands, which are regularly hit by tropical cyclones, the latest of which was 

Cyclone Kenneth in April 2019. The intensity and extent of TCs and their impacts are likely to 

increase in the future due to climate change. It is therefore essential to carry out a proper cyclone 

risk assessment, create risk maps and to identify areas where TCs risks are relatively high to 

minimize potential losses caused by these cyclones. This study developed a multi-criteria 

spatial approach to map the levels of TCs risk using geospatial technologies to quantify the 

degree of risk in all the prefectures of the Comoros. A total of 14 spatial criteria covering three 

risk components vulnerability and exposure, hazard and mitigation capacity were taken into 

account. A spatial layer was then generated for each criterion with a weighted score using the 

Analytic Hierarchy Process (AHP) and ArcGIS. Map were then produced for all risk 

components, and a final cyclone risk map was produced considering vulnerability, hazard and 

mitigation capacity components. The maps obtained were then used to identify the spatial extent 

and levels of risk considering four levels (very high, high, moderate, low and very low). The 

results indicated that the prefecture of Ouani area was more vulnerable to TCs, due to its low 

altitude, low slopes, being close to the costs, large number of historical cyclone paths and the 

high population density. The methodological approach and results were then validated by a 

qualitative assessment carried out in the field. Finally, cyclone risk reduction strategies were 

suggested. This study has potential and valuable implications for experts and policymakers as 

it provides a solid basis for the development of national risk maps and mitigation strategies to 

reduce the disastrous impacts of TCs. 

 

Keywords: Tropical Cyclone Risk; Analytical Hierarchical Process (AHP); Cyclone 

Vulnerability; Cyclone Hazard; Geospatial Technologies; GIS; The Union of Comoros 
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RÉSUMÉ 
 

 

Les cyclones tropicaux (CT) sont des risques naturels majeurs dans la région de l'océan Indien, 

en particulier aux Comores, qui sont régulièrement frappées par des cyclones tropicaux, le 

dernier en date étant le cyclone Kenneth en avril 2019. L'intensité et l'étendue des cyclones 

tropicaux et leurs impacts sont susceptibles d'augmenter à l'avenir en raison du changement 

climatique. Il est donc essentiel de procéder à une évaluation correcte des risques liés aux 

cyclones afin de créer des cartes de risques et d'identifier les zones où les risques liés aux 

cyclones sont relativement élevés afin de minimiser les pertes potentielles causées par ces 

cyclones. Cette étude a donc développé une approche spatiale multicritère pour cartographier 

les niveaux de risque des cyclones tropicaux en utilisant les technologies géospatiales en vue 

de quantifier le degré de risque dans toutes les préfectures des Comores. Au total, 14 critères 

spatiaux couvrant trois composantes du risque (vulnérabilité et exposition, danger et capacité 

d'atténuation) ont été pris en compte. Une couche spatiale a ensuite été générée pour chaque 

critère, ainsi qu'un score pondéré calculé à l'aide du processus de hiérarchie analytique (AHP) 

et des techniques de superposition dans l'environnement ArcGIS. Une carte individuelle a 

ensuite été produite pour chaque composante du risque, et la carte finale du risque cyclonique 

a été produite sur la base de la carte de vulnérabilité, de l'aléa et de la capacité d'atténuation. 

Les cartes obtenues ont été utilisées pour identifier l'étendue spatiale et les niveaux de risque 

(très élevé, élevé, modéré, faible et très faible). Les résultats indiquent que la préfecture de 

Ouani est plus exposée aux cyclones tropicaux, car cette zone a une faible altitude, une faible 

pente, une proximité de zones côtières, un grand nombre de trajectoires cycloniques historiques 

et une forte densité de population. L'approche méthodologique et les résultats ont été validés 

par une évaluation qualitative réalisée sur le terrain. Enfin, des stratégies de réduction des 

risques cycloniques ont été proposées. Cette étude a des implications potentielles et précieuses 

pour les experts et les décideurs politiques et fournit une base solide pour le développement de 

stratégies nationales d'atténuation des risques visant à réduire les impacts des catastrophes 

cycloniques. 
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1 GENERAL INTRODUCTION  
 

1.1 Background 

 

Disasters, whether natural or man-made, are causing increasing concern around the world. 

Natural disasters such as cyclones, floods, earthquakes, landslides, tsunamis and volcanic 

eruptions occur every year and have a devastating impact on infrastructure and property, often 

resulting in the loss of human lives. Over time, the number of reported natural disasters has 

steadily increased due to climate change, resulting in a significant increase in the severity and 

impact of these disasters on the global economy and environment (Leroux, 2015). Due to the 

implementation of a global disaster management strategy, developed countries have 

considerably reduced the impact of natural disasters, but this is new in the developing countries. 

 

TCs are one of the main natural threats to many coastal regions around the world, including the 

Comoros, an archipelago in the western Indian Ocean. This extreme weather phenomenon often 

results in high winds, heavy rainfall and storm surges, causing significant damage to 

infrastructure, natural resources and people. These tropical cyclones occur over the warm 

waters of tropical oceans and can travel great distances, often causing damage to several coastal 

regions (Peduzzi et al., 2012). These storms are called TCs, typhoons or hurricanes, depending 

on their cyclone basin and region. The word "hurricane" owes its terminology to the ferocity of 

these storms. It is the name given by the Caribbean Indians to the god of evil and the underworld 

(Hurricane) (Leroux, 2015). 

 

The Indian Ocean cyclone basin is one of the main regions in the world where TCs form. The 

factors that favour the development of cyclones in this region include warm surface waters 

amplified by climate change (Knutson et al., 2010). As a result, many tropical cyclones form in 

this region of the Indian Ocean every year, causing widespread damage. Take the example of 

the damage caused by Cyclone Kenneth, which hit the Comoros in April 2019, probably 

amplified by the Comoros' geographical location and lack of mitigation capacity. The impact 

of this TC was considerable, with flooding, landslides, the loss of 6 people and 153 injured, as 

well as an influence on the Comoros economy (agriculture, construction, etc.) (DGSC-PNUD, 

2019). In 2008, another meteorological event, Ivan, caused numerous losses on the east coast 

of Madagascar due to its violent winds, heavy rain and storm surges (Leroux, 2015). More 

recently, on 15 January 2024, cyclone BELAL killed four people and affected 42,000 on the 

Indian Ocean Island of Réunion (Valerie, 2024). These few recent examples, among many 
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others, illustrate the need to assess the cyclone risk in the Comoros to anticipate potential 

damage. 

 

Careful assessment of the risk of TCs is of paramount importance in preventing, mitigating and 

reducing the potential impact on people and infrastructure (Ajim et al., 2019). It facilitates the 

detection of areas at greatest risk, the identification of specific risk factors and informed 

decisions on contingency planning and risk management. However, although this assessment 

is essential, there is a lack of in-depth research on cyclone risk assessment in the Comoros. In 

this context, the use of geospatial technology is proving to be a valuable method for assessing 

the risk of TCs in the Comoros. Geospatial technology includes various tools and methods that 

facilitate the collection, management, analysis and visualization of geographic and spatial data. 

These include GIS, satellite imagery and remote sensing techniques. Therefore, by combining 

the multi-decisional AHP method with spatial analysis, it will be possible to identify the most 

vulnerable regions, examine vulnerability factors such as population density, elevation and 

essential infrastructure and geographical features, and propose recommendations for cyclone 

risk management. 

 

1.2 Problem Statement  

Cyclones are one of the most destructive natural hazards on the planet and have a significant 

impact on lives and livelihoods worldwide, particularly in small island developing states (SIDS) 

(Leroux et al., 2023). Due to its geographical location, Comoros is among the countries most 

exposed to sea level variations and TCs amplified by climate change (Ministère de l'Agriculture, 

de la Pêche, de l'Environnement, 2021). With a vulnerability rate of over 82%, Comoros is 

particularly exposed to the effects of climate change (IRIS, 2019). A glaring lack of financial 

resources and the ongoing political instability compound this vulnerability. Winds, rain and 

storm surges associated with TCs cause severe losses. On average, TCs occur twice a year in 

Comoros (Legoff, 2010). Comoros' annual direct losses caused by earthquakes, floods and TCs 

are estimated at USD 3.6 million, 6% of which that are caused by TCs damage the commercial 

sector, while 77% damage the residential sector (GFDRR, 2017). The cost of climate-related 

impacts in Comoros was estimated in 2014 to be $836 million by 2050 or an average annual 

cost of $23 million (Ministère de l'Agriculture, de la Pêche, de l'Environnement, 2021). In 2019, 

cyclone KENNETH reached the coasts of the archipelago, particularly the island of La Grande 

Comore, with a wind speed of 166 km/h, causing damage to people and infrastructure. 

Extensive damage was reported on the islands, with several villages flooded and roads cut off. 
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The electricity network was damaged, leaving the majority of islanders without power. More 

than 10,000 homes were destroyed (United Nations, 2019). Cyclone Kenneth caused the loss 

of 63% of plantations, leading to food shortages and food price inflation in a predominantly 

agricultural economy. In addition, the water supply system is inoperative and many reservoirs 

were polluted with waste, increasing the risk of the spread of water-borne diseases (Croix-

Rouge Française, 2019). 

Around 10% of global cyclone activities are recorded in the Indian Ocean basin (Meetoo, 2014). 

Climate model forecasts have shown that TCs and rainfall will be more intense (Camargo & 

Wing, 2016; Sugi et al., 2017; Walsh et al., 2019). The population of the Comoros is extremely 

vulnerable, as most of them live in the coastal areas, which are highly exposed to storm surges 

and coastal flooding. Near the Comorian archipelago, satellite altimetry measurements revealed 

an average rate of sea level rise of 4 mm per year between 1992 and 2013 (Mahamoud, 2021). 

Malherbe et al. (2012) showed that in the latter part of the 21st century, rainfall has increased 

in the sub-area of the basin, between northern Mozambique and southern Tanzania. In addition, 

the Comorian Ministry of Rural Development projected that by 2050, 10% of the coastal 

population will need to be relocated (Ministère du Développement Rural, de la Pêche, 2006). 

Thus, the intensification of tropical cyclones and precipitation as a result of climate change is 

likely to increase the risk of coastal flooding, which will have very serious economic and 

environmental consequences, as coastal areas are very densely populated. 

With a greater impact on the abiotic and biotic components of the environment, TCs are one of 

the greatest atmospheric hazards (Xiao et al., 2011). Avoiding the adverse effects of such 

hazards is a difficult task. However, risk assessment and preparedness can reduce the severity 

of life and livelihood losses (Ali et al., 2020). It is therefore necessary to use geospatial tools to 

assess cyclone risk in Comoros islands. Although spatial analysis methods are considered 

effective for assessing the impacts and risks of cyclones (Mansour, 2019), studies examining 

multi-hazard vulnerability using GIS and AHP, particularly in Comoros, are limited. Therefore, 

this study will attempt to fill this gap by using geospatial techniques to assess the vulnerability 

and exposure risk, hazard risk and mitigation capacity of cyclones in the Union of the Comoros 

to provide a solid basis for the various stakeholders in cyclone risk management in the Comoros 

to develop national strategies to reduce the impact of cyclones. Figure 3 shows a TC event in 

Comoros in 24-25 April, 2019 (Fabrice Floc, 2019). 
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Figure 1. Pictures of tropical cyclone Kenneth in Comoros 

Source: https://la1ere.francetvinfo.fr/reunion/cyclone-kenneth-trois-blesses-aux-comores-il-

se-dirige-mozambique-703990.html 

                                                                     

https://la1ere.francetvinfo.fr/reunion/cyclone-kenneth-trois-blesses-aux-comores-il-se-dirige-mozambique-703990.html
https://la1ere.francetvinfo.fr/reunion/cyclone-kenneth-trois-blesses-aux-comores-il-se-dirige-mozambique-703990.html
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1.3  Research Objective 

The main objective of this work is to develop a GIS-based cyclone risk mapping in the 

Comoros, integrated with the analytical process hierarchical (AHP). To achieve this objective, 

the specific objectives of this work are: 

1. Identify, map and quantify cyclone risk causality criteria and associated weightings 

and rankings using the Analytical Hierarchy Process (AHP).                                               

2. Determine cyclone vulnerability and exposure, cyclone hazard, cyclone mitigation 

capacity and Tropical Cyclone risk in the study area. 

3. Validate the risk mapping method and develop cyclone risk reduction strategies for 

the Comoros. 

1.4 Research Questions 

1. What are the causality criteria for tropical cyclones in the study area and how can 

they be quantified for each component? 

2. Which zones are likely to be affected by the risk of TCs in the Comoros? 

3. What types of cyclone reductions strategies are needed to reduce TCs risk in the 

Comoros? 

1.5 Relevance of the Study 

Recently, many cities have become extremely risky places because of the fragility of their 

infrastructure and their vulnerability to natural hazards. Moreover, future scenarios show a rapid 

growth of cities and urban populations (Al-Darwish et al., 2018). Goal 11 "Sustainable cities 

and communities" of the SDGs calls for a focus on improving the quality of life in cities, making 

cities and human settlements inclusive, safe, resilient and sustainable (Nabiyeva et al., 2023). 

Thus, this study is of significant interest in the context of disaster management, climate 

resilience and sustainable development for the Comoros.  

TCs pose a serious threat to the Comoros islands, and it is essential to understand their risks 

and impacts in order to plan, respond and implement effective mitigation measures. GIS, remote 

sensing and spatial analysis, are essential for assessing and managing the risks associated with 

natural disasters such as TCs (Manfré et al., 2012). This study has wider implications for other 

cyclone-prone regions. The methodologies and approaches used in this research can be 

replicated and adapted to assess the risks and impacts of cyclones in other coastal zones facing 

similar challenges. This information is crucial for disaster management and urban planning, as 
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it will help decision-makers and authorities to make informed decisions on land use, 

infrastructure development and evacuation strategies. So this study is a valuable reference for 

researchers, practitioners and policy makers working in the field of disaster management and 

climate change adaptation. 

In conclusion, the study on the assessment of tropical cyclones in the Comoros using geospatial 

technologies is highly relevant because of its potential to improve the region's resilience to 

natural disasters. By providing a comprehensive analysis of risks, this research provides 

valuable data and knowledge that can inform evidence-based decision-making, ultimately 

leading to more effective disaster preparedness and response efforts in the face of the growing 

threat of TCs. 

1.6 Thesis Outline 

This master's thesis is divided into four chapters. The first chapter deals mainly with the general 

introduction, in which the detailed context of the study is presented, the literature review and 

the problem statement. The objectives of the study and the research questions are also presented 

in the first chapter, and the relevance of the study is highlighted. The second chapter describes 

the study area. The location of the study area and its physical and hydro geomorphological 

characteristics are presented in this chapter. The third chapter describes the methodology used 

in this research. This is a GIS-based multi-criteria decision-making approach to tropical cyclone 

risk assessment, based on the spatial integration of the three components of cyclone risk: 

vulnerability and exposure, hazard and mitigation capacity. The researcher was able to generate 

some of the thematic layers needed to create a cyclone risk map, such as the elevation layer, the 

slope layer, the population density layer, the coastal zone proximity layer, the cyclone path 

proximity layer, the land use layer, etc. The AHP hierarchical analytical process was chosen to 

weight the criteria, and these elements are described in this chapter. The procedure for 

producing and validating the cyclone risk map is also described. The fourth chapter presents 

the results and discussion, while the fifth chapter develops cyclone risk reduction strategies and 

provides a conclusion. 
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2.1 Tropical Cyclones 

Warming of the ocean’s surface due to global warming caused by the increase of greenhouse 

gases has intensified Tropical Cyclones (TCs) and increased their frequency and severity 

(categories 4 and 5) combined by extreme events such as storms, floods and extreme rainfall 

rates (Elsner et al., 2008; IPCC, 2023; Mester et al., 2022). TCs are fascinating because of their 

power, the conditions in which they develop and the way they move, making them one of the 

most devastating atmospheric phenomena. TCs are described by Redmond et al. (2014) as 

weather systems that form over warm tropical oceans close to the equator and occur on a 

synoptic scale, spanning hundreds of kilometers. TCs are also known as hurricanes and 

typhoons, depending on the region where they occur (Malherbe et al., 2012). From a physical 

point of view, TCs are characterized by a cloudless eye at the center, surrounded by the eyewall. 

The most intense convection takes place in the eyewall, leading to intense thunderstorm 

activity. As a result, the fastest gusts of wind and the heaviest rainfall are seen inside the eyewall 

(Leroux et al., 2023). 

According to Knutson et al (2010), climate change has an impact on TCs because warmer 

oceans produce more energy for tropical cyclones. Over the last 40 years, the frequency and 

intensity of TCs have increased as a result of global warming (Mendelsohn et al., 2012). Most 

climate change scenarios predict a significant increase in the intensity and frequency of tropical 

cyclones (Hoque et al., 2018; Knutson et al., 2019; Knutson et al., 2010). Several studies (André 

et al., 2008; Henderson-Sellers et al., 1998; Knutson et al., 2010; Walsh et al., 2019) claim that 

climate change is likely to affect TCs by increasing ocean surface temperatures, a key factor 

influencing cyclone formation and behavior. Hoque et al. (2017) confirm that the cyclone risk 

zone would increase by 5-10% for each return period due to climate change. In addition, rising 

sea levels due to global warming will intensify the impact of TCs in the coastal regions, with 

adverse effects on the environment, the local economy and human health (Sarwar, 2013).  

TCs are perhaps the most destructive natural disasters because of their enormous economic and 

human losses (Henderson-Sellers et al., 1998; Meetoo, 2014). They are among the most 

catastrophic weather phenomena, causing numerous deaths and economic damages in many 

tropical and subtropical countries (Peduzzi et al., 2012; Wu et al., 2022). Every year, around 70 

to 80 tropical storms occur in all tropical regions (André et al., 2008). Between 1970 and 2019, 

almost 800,000 deaths have been recorded worldwide due to cyclones. Over the last decade, 

508 disasters caused by TCs have been recorded worldwide, a slight drop on the 534 disasters 
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that occurred ten years earlier. Economic losses due to cyclones have increased every decade 

for the past 50 years. Moreover, over the last fifty years, the number of TCs in the world has 

steadily increased (World Meteorological Organization, 2021). On average, around 26 billion 

US worth of damage is caused by cyclones worldwide every year (Hoque et al., 2019).The 

greatest damage was caused by Hurricane Katrina, which caused losses of 125 billion dollars 

in the United States in 2005 (Peduzzi et al., 2012). More than 8,000 people in the Philippines 

were killed by typhoon Haiyan in 2013 (Lüthi, 2019).  

In Africa, TCs have led to major humanitarian crises. The eastern region of Africa is the most 

exposed to TCs because of the cyclogenesis basin in the Indian Ocean. Recent examples include 

tropical cyclone Eline in Mozambique in 2002, which killed more than 700 people and affected 

the livelihoods of 2 million (Kai et al., 2021a). In 2019, Cyclone Idai hit East Africa, killing 

602 people in Mozambique and 344 people in Zimbabwe (Kai,  et al., 2021b). Tropical Cyclone 

Freddy hit Malawi on March 12, 2023, affecting 15 of the 28 districts. By 27 March 2023, 

approximately 2,267,458 people, or 11% of Malawi's population, had been affected by heavy 

rains, flooding and mudslides (Kangoma et al., 2023). Figure 1 shows the distribution of TCs. 

 

Figure 2. Location of Tropical Cyclone. 

Source: https://www.metoffice.gov.uk/weather/learn-about/weather/types-of-weather/hurricanes/location 

 

With 75 million km2, the Indian Ocean is the smallest of all oceans (Michel & Sticklor, 2012). 

There are around fifty islands, including Reunion Island, the Seychelles, Mauritius, Madagascar 

https://www.metoffice.gov.uk/weather/learn-about/weather/types-of-weather/hurricanes/location
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and the Comoros. The latter is located in the south-western intertropical region of the Indian 

Ocean, which is one of the seven most important cyclogenesis basins in the world (Mayer, 

1992). On average, the Indian Ocean experiences 5 to 6 cyclones per year. However, cyclone 

seasons can be influenced by climatic factors such as the Indian Ocean Oscillation and the El 

Niño phenomenon (Leroux, 2015). Most of the widespread heavy rainfall events that occur 

across the eastern sections of southern Africa are actually caused by TCs that originate from 

the SWIO (Malherbe et al., 2012). TCs on land generally manifest themselves through strong 

winds, higher storm surges and heavy rainfall, causing material and immaterial losses (Akter & 

Dayem, 2021). As shown by cyclones Kenneth in 2019, Figure 2, TCs with wind speeds over 

67 Km/s caused flooding in the countries of south-east Africa, particularly Mozambique and 

Madagascar (Mohamed, 2021). In addition, on February 22, 2013, tropical cyclone HARUNA 

arrived on the south-west coast of Madagascar, in the Morombe district, at around 6 AM local 

time and caused severe flooding and a spread of disease in south-west Madagascar 

(Andrizakanirina, 2014). 

 

 

Figure 3. Tracks of Cyclone Kenneth in East Africa and Indian Ocean 

Source: https://old.lejournaldemayotte.fr/2019/04/29/cyclone-kenneth-un-bilan-terrible-aux-comores-

et-au-mozambique/?doing_wp_cron=1709293665.9127020835876464843750 

The Union of Comoros is not immune to TCs that are formed in the Indian Ocean basin. The 

frequency of extreme climatic and meteorological events such as tropical cyclone, floods, heat 

https://old.lejournaldemayotte.fr/2019/04/29/cyclone-kenneth-un-bilan-terrible-aux-comores-et-au-mozambique/?doing_wp_cron=1709293665.9127020835876464843750
https://old.lejournaldemayotte.fr/2019/04/29/cyclone-kenneth-un-bilan-terrible-aux-comores-et-au-mozambique/?doing_wp_cron=1709293665.9127020835876464843750
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waves and droughts has increased slightly and are the main hazards affecting the Union of the 

Comoros (Ministère du Development Rural, de la Pêche, 2006). The inherent vulnerability of 

the Comorian population is due to exposure to natural disasters and human pressure on natural 

resources. This vulnerability is further exacerbated by climate change (UNDP, 2023). The risk 

of cyclones in the Comoros is high, and it is estimated to increase by more than 20% over the 

next 10 years (Think Hazard, 2021). TCs are usually formed in the Southern Indian Ocean 

between the end of October and May, with peak activities in February and March (Hirsch, 

2014). Comoros is also affected by rainfall and flooding caused by cyclones, as well as coastal 

flooding in windy coastal areas (Ministère du Développement Rural, de la Pêche, 2006). 

Between 1950 and 2007, the Comoros archipelago was hit by more than a dozen of cyclones, 

as shown in Table 1, the most violent of which were the 1950 cyclone, which killed 524 people, 

and the 2004 cyclone (Gafilo), which sank the boat Sam-son, taking more than a hundred 

Comorians with it (MENESR, 2008). During the night of 24 to 25 April 2019, tropical cyclone 

Kenneth hit the Comoros archipelago. Kenneth caused major flooding, mainly on the island of 

Grande Comore and to a lesser extent on Anjouan and Mohéli. The cyclone was less than 50 

km off the coast of Grande Comore (Croix-Rouge Française, 2019). Kenneth affected 185,000 

people, 6 had been killed, 200 got injured, 4,854 houses were damaged, agricultural and 

livestock production suffered significant damage, jeopardizing food security and local 

livelihoods (DGSC-PNUD, 2019). International organizations such as the UNDP took the 

situation of the Comoros seriously by creating a disaster risk index that places the Comoros 

archipelago among the ten regions of the world most likely to experience tropical cyclones 

(Ratter et al., 2016). 
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Table 1. Tropical Cyclones affecting the Comoros and their impacts 

Sources: Assessing the impact of Cyclone Kenneth and Recovery and Reconstruction Plan (DGS-PNUD, 2019) 

 
Year/ Cyclone  Affected 

area/city 

Impacts  

1950 Grande Comore;  

Anjouan and 

Moheli 

All three islands affected 

-524 dead and 75,000 coconut trees uprooted in the Grand 

Comore 

-Destruction of entire villages 

1959 Grande Comore 

Island 

TCs in Grande Comore, particularly affecting the north-

NDJEMA shipwreck in the port of Moroni and death of the 

commander 

1983/ ELINAH Anjouan; Moheli - Anjouan: 3 dead and 30 missing, 52 injured, 5,000 people 

affected,  

- 805 houses and buildings affected.  

- In the villages of MOYA, KONI, DJIMLIME and POMONI: 

60% of homes destroyed. ---SIMA-POMONI road: completely 

damaged  

- Mohéli: 80% of huts and 90% of farmland damaged,  

- Around 20,000 people affected  

- Total: 33 dead, 30052 people affected 

1984 / KAMISKY Grande Comore;  

Anjouan and 

Moheli 

Cyclone KAMISKY: 35,000 people affected on the 3 islands 

1986 / FELISKA  No data No data 

1987 Grande Comore;  

Anjouan and 

Moheli 

24 dead and over 50,000 people affected 

1990 / HANTA  No data No data 

1994 / NADIA No data Sinking of the dhow ZAZAKELI 2 

1996 / DOLORESSE Moheli 67 dead in Moheli and sinking of the dhow NYATISOIFA 

2002 / KESENY No data Severe storms: 2 dead and 15 injured 

2004 / GAFILO Grande Comore;  

Anjouan and 

Moheli 

Sinking of the Sam Son ferry and 

Destruction of several bridges on the 3 islands 

1 Deaths in POMONI Anjouan 

2007 / GAMEDE No data Mudflows (Lahars) 

2019 / KENNETH Grande Comore;  

Anjouan and 

Moheli 

Cyclone Kenneth: 6 dead, 153 injured, 345,131 people 

affected, 185,879 people in high priority zone, 146,251 in 

moderate zone 13,001 people in low-priority areas, 11,969 

people displaced, 4,854 houses totally destroyed and 7,013 

partially damaged, 147 water tanks destroyed and affected, 527 

businesses affected. 
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2.2  Analytical Hierarchical Process (AHP) 

 

The Analytic Hierarchy Process (AHP) technique was developed by Saaty (1980) , which is a 

common multi-criteria decision-making method (MCDM) that is based on theoretical authority. 

Multi-criteria analysis is a mathematical method that helps decision-makers to solve complex 

problem using several qualitative and quantitative criteria (Navalho et al., 2019; Rakotoarison 

et al., 2021). It is exceptionally capable of solving complex problems throughout the decision-

making process (Rostampoor, 2023). Since its creation, AHP has been used by many 

researchers and decision-makers and has become one of the most popular multiple criteria 

decision-making tools. Many important works have been influenced by AHP. As a result, GIS-

based multi-criteria analysis is used in a variety of decision-making and management situations, 

such as ecological management, urban and regional planning, forestry, hydrology, transport, 

agriculture, natural risk management, etc. (Vahidnia et al., 2008). AHP is the most effective 

method for integrating the multi-criteria assessment of each risk component and combining the 

risks in a spatial decision-making process for tropical cyclone mapping (Hoque et al., 2018, 

2019, 2021). 

Ranking and rating are the two main used methods in multicriteria analysis. Ranking means the 

degree of importance that each element of a decision gives to the decision taken, while rating 

is a bit like raking, but with a numerical score (Ogato et al., 2020). To integrate multi-criteria 

risk components into the risk assessment process, spatial decision-making processes, weighting 

and ranking are required (Roy & Blaschke, 2013). Therefore, the hierarchical structure of AHP 

is used to assign weights and rankings to multi-criteria layers supported by experts and users 

(Hoque et al., 2019; Roy & Blaschke, 2013). The scale of relative importance ranges from one 

to nine, where one corresponds to equal importance and nine to extreme importance (Ogato et 

al., 2020). AHP has been successfully used to map hazards, vulnerability and risks of natural 

disasters such as floods, landslides and earthquakes, and is therefore considered appropriate for 

tropical cyclone risk assessment (Chen et al., 2015; Vahidnia et al., 2008; Vaidya & Kumar, 

2006).  

Research investigations by ¨Hoque et al., (2018), in Sarankhola Upazilaa in Bagerhat District, 

Bangladesh, showed that using a multi-criteria spatial approach and the AHP method was 

efficient to measure tropical cyclone impact risk levels. The resulting identified cyclone-prone 

areas are classified by Hoque et al. (2018) into five categories from very high to very low. The 

results of a comparable study, implemented in India by Ajim et al. (2019) on cyclone risk 
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analysis using multi-criteria decision-making technique and AHP method, in Sundarbans 

Biosphere Reserve, revealed that the Gosaba and Kultali blocks located in the southern parts 

and near the coast have more cyclone risk, while those located further from the coast in the 

central and northern parts have low cyclone risk. However, many studies have ignored socio-

economic factors when assessing cyclone risk. 

AHP has been used to assess flood and drought risks in several African countries. Although 

some African countries such as Malawi, Seychelles, Zimbabwe, Mozambique, Tanzania, Cape 

Verde and Mauritius are highly vulnerable to TCs, limited studies have been conducted to 

assess or analyze cyclones using the AHP in these countries. Rakotoarison et al (2021) used a 

multi-criteria spatial analysis approach and AHP to assess the risks and vulnerability of 

different hazards (drought, flood and tropical cyclone) in Madagascar in order to increase the 

Madagascar population's capacity for resiliency. The results showed that the north-east and east 

coast were the most affected by cyclones, as cyclones forming in the eastern Indian Ocean most 

often pass Madagascar. Even though TCs are frequent in the Comoros Islands too, few studies 

have been conducted on cyclone risk assessment, cyclone preparedness or cyclone risk 

reduction capacity. Based on the literature, this study is the first to use AHP to assess natural 

hazards in the Comoros, particularly TCs risk. 

2.3 Risk Mapping 

Risk assessment is a step in mitigating the risks associated with landing TCs. It involves 

analyzing a situation and determining the likelihood of a hazard occurring. The other aspect of 

risk assessment is to evaluate the vulnerability of an area of interest, that means to determine 

exactly what can be lost if a hazard occurs (National Societies of Red Cross Red Crescent, 

2017). According to Mohamed (2013), risk mapping is a process of determining the likelihood 

of loss by analyzing potential risks and assessing existing conditions of vulnerability that could 

pose a threat to property, people, livelihoods and the environment on which they depend. In 

addition, remote sensing and spatial analysis are useful and accurate tools for determining the 

information needed to assess the risks associated with TCs (Hoque et al., 2018; Mansour, 2019). 

Using geographic information systems (GIS) and spatial analysis, a number of studies have 

been carried out around the world to map hazards, vulnerability and risks of different natural 

disasters (Akter & Dayem, 2021; Hoque et al, 2018; Hoque et al, 2021; Rumpf et al, 2009; 

Saxena et al, 2012). Moreover, remote sensing and spatial analysis can also be used to facilitate 

risk management by estimating cyclonic hazards, assessing and modelling vulnerability and 
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mitigation capacity under likely future climate conditions (Mondal et al., 2021).  

In this research, GIS is used to evaluate the four components of risk assessment (hazard, 

exposure, vulnerability and mitigation). Because of their effectiveness and simplicity, several 

researchers confirm that GIS and remote sensing techniques have been widely used to model 

cyclone risk (Akter & Dayem, 2021). Around the world, several studies have been conducted 

on cyclone vulnerability, risk assessment and evaluation using GIS and remote sensing (Hoque 

et al., 2017; Mansour, 2019; Mondal et al., 2021; Rumpf et al., 2009; Xi et al., 2020), as national 

authorities, international organizations and research institutes have focused on developing 

disaster management plans, including hazard preparedness, relief and response and mitigation. 

It has therefore become essential to use remote sensing and GIS in this field. 

Using four distinct elements hazard, exposure, vulnerability and mitigation, Saravanan et al. 

(2023) created a cyclone risk map for the Coast of Tamil Nadu, India. Taking into account 16 

spatial variables, they calculated an integrated risk index using GIS and AHP technique. 

According to the results of the risk maps, low-lying regions near the coast, which account for 

around 3%, are considered to have the adaptive capacity to reduce disasters and are exposed to 

an increased risk of cyclones for the population and property. Saravanan et al (2023) used 

numerical modelling and geospatial technology to create a comprehensive and detailed cyclone 

risk map for Port Blair in the Andaman Islands region. The study showed that 13% of the study 

area is classified as very low risk, 21% as low risk and 22% as medium risk. Many areas of the 

study region are classified as high risk (34%), while 10% are classified as extremely high risk. 

Based on the literature review, limited research has been performed on cyclone risk mapping 

in the Comoros Islands. Mahamoud (2021) used hazard mapping and the Coastal Vulnerability 

Index (CVI) method to assess the damage caused by storm surges and sea level rise in the 

coastal areas of the island of Ngazidja in the Comoros. Furthermore, according to the GFDRR 

analysis study, (2017) on cyclonic risk in Comoros, the regions most exposed to winds are the 

north-eastern and south-eastern extremities of the island of Anjouan. The islands of Moheli and 

Anjouan are the most exposed to flooding following cyclones and the south-eastern and eastern 

coasts of Comoros are the most exposed to storm surges. 
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3 STUDY AREA 
 

3.1 Location of the Study Area  

 

The Comoros archipelago is located at the northern entrance to the Mozambique Channel, 

between Madagascar and the east coast of Africa (Figure 4). It is made up of four islands: 

Grande Comore, Anjouan, Mohéli and Mayotte. Only three of these islands (Grande Comore, 

Anjouan and Mohéli) currently make up the Union of the Comoros, with a surface area of 1862 

km². The surface area of Grande Comore (Ngazidja) is 1148km2, 424 km² for Anjouan 

(Ndzuwani) 424 km² and 290 km² for Mohéli (Mwali). Mayotte (Maore), which remains under 

French administration, has an area of 374 km2. The Comoros Archipelago is located in the 

Indian Ocean, between 11°20' and 13°04' south latitude and 43°11' and 45°19' east longitude, 

300 km east of Mozambique and east of Mozambique and 320 km north-west of Madagascar. 

These volcanic islands are around 30 to 40 km apart. Due to their location, the Comoros occupy 

a strategic position, as they are on the main maritime route of the Indian Ocean along the 

African coast. This maritime route, which carries a high risk of pollution, is used by giant 

tankers carrying crude oil from the Middle East to Europe and America. 

 

 

Figure 4. Location map of the study area. 
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3.2 Geological and Biodiversity contexts 

 

The Comoros archipelago is of exclusively volcanic origin. In geochronological terms, the most 

recent ages obtained for the islands are 1.49, 0.48 and 0.36 million years for Mayotte, Mohéli 

and Anjouan respectively, and 0.13 million years  for Grande-Comore (Ministère du 

Développement Rural, de la Pêche, 2006). 

The volcanoes that make up the islands of Moheli and Anjouan have reached a more advanced 

stage of maturation and are deeply eroded. However, Grande Comore is made up of two shield 

volcanoes, the Grille massif to the north and the Karthala massif to the south. The most recent 

eruption took place in November 2005 (UNDP, 2015). The three islands are affected by a 

double fracturing system, running North-west/South-east and North-South. Locally, as in 

Anjouan and Mohéli, there are signs of subsidence in Foumbouni and Malé in the south-east, 

the oldest emerged part of Grande-Comore. Near Mitsamiouli to the north-west of Grande-

Comore and Malé, the reef is splitting to form an embryonic barrier reef (Mansourou, 2013). 

 

The Comoros, with its recent volcanism, small size and multi-insularity, has a great deal of 

originality, which is reflected in the diversity of its landscapes and the richness of its 

biodiversity (flora and fauna). The variety of coastal and marine ecosystems encountered 

(mangroves, coral reefs, beaches, sea grass beds) represents a potential that needs to be 

protected and enhanced. On a global scale, the Comoros are one of 20 islands or archipelagos 

characterised by their endemic diversity. The country boasts a wide variety of plants and a high 

level of endemism, making it a high priority for global biodiversity conservation (Ministère du 

Développement Rural, de la Pêche, 2006). The Comoros is home to the largest nesting site for 

marine turtles in the Indian Ocean and the tenth largest in the world. 

3.3 Climate Context 

The climate of the Comoros is defined as humid tropical with an oceanic influence. This climate 

is characterized by two main seasons: a hot, humid season (austral summer) and a dry, cool 

season (austral winter). There are major local variations depending on the degree of exposure 

to the prevailing winds and altitude (PNUD-DGSC, 2014). 

 The austral summer, from November to March-April, is a hot and humid season 

(average temperatures range from 24°C to 27.8°C), with high rainfall and even 

maximum rainfall from December to March. The north to north-west monsoon winds, 
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known as "kashkazi", generally blow variably and lightly, with more vigour during the 

dry season. with more vigour in January and February (the hottest month) 

 The austral winter, from April-May to October, is a dry and cooler season. Average 

temperatures range from 23.2°C to 27°C, with lows of 14°C and 15°C on the higher 

ground. The south-easterly trade winds, known as "kussi", blow locally from the south-

west and originate in the Mozambique Channel. These winds blow from May to August 

(the coolest month) (Mansourou, 2013). 

As well as the Kashkazi and the Kussi, there are two other wind regimes in the Comoros: the 

south/south-easterly "matulay" in July, August and September and the north-easterly 

"mnyombeni" in October and November. In terms of average temperatures, there is little 

difference between the hottest and coolest months (3°C to 4°C). The decrease in temperature 

with altitude is of the order of 0.6°C on average per 100 m of altitude. The temperature range 

at the summit of Karthala (2361 m) is 35°C, varying from 0°C to 35°C. Rainfall varies between 

1,500 to 5,000 mm on average. Within each island, there are microclimates resulting from 

factors such as rainfall, exposure to prevailing winds, altitude and topography.  (PNUD-DGSC, 

2014). 

The island of Grande Comore, at the same altitude, receives the most rainfall of the three islands 

in the Comoros archipelago. The western slopes and coasts receive the most rainfall (1,500 

mm/year to 2,500 mm/year), while the eastern coastal region is dry. In Moheli, average rainfall 

ranges from 1,187 mm in the capital Fomboni (15 m above sea level) to 3,063 mm in Saint-

Antoine (697 m above sea level), while in Anjouan it varies from 1,371 mm in M'Remani to 

over 3,000 mm in the central part of the island (Abdou, 2014) 

3.4 Geomorphology and Hydrology Context 

Grande Comore is the largest island, with a width varying from 15 to 24 km depending on the 

region and a coastline 170 km long. The island is naturally divided into three (3) parts (the 

Mbadjini peninsula in the south Mbadjini, the Karthala Massif in the centre, culminating at 

2,361 m, and the Grille Massif in the north). Despite favourable rainfall, Grande Comore's soils 

are very permeable. Due to the high porosity of the basaltic rock that covers almost the entire 

island, there is no hydrographic network on the island (Mansourou, 2013). Anjouan has the 

most rugged terrain of the Comoros Islands. It is shaped like an equilateral triangle. The three 

main ridges meet in the centre of the island at Mount N'Tringui (1,595 m). The island's dense 

hydrographic network has carved out numerous deep, narrow valleys. At the three (3) ends of 



 

20 

 

the island, cliffs dominate the coastline. Forty-five perennial rivers were recorded in 1950 in 

Anjouan, 30 in 1982 and 10 in 2011 (Trantringa, Ajoho, Gegé, Trondroni, etc.)(Mansourou, 

2013). The most heavily drained regions are Vassy, Pomoni, Moya, Hajoho, Domoni and 

Bimbini (UNDP, 2015) 

The oval-shaped island of Moheli has a basalt plateau to the east (the Djando plateau) and rises 

to 765m to the west at Mount Mze Koukoulé. The densest and most active rivers are located in 

the region of Wallah, Miringoni, Hoani, Mbatsé, Fomboni and Hamavouna (Ministère du 

Développement Rural, de la Pêche, 2006). 

3.5 Demographic and economic context 

The Comoros archipelago is densely populated. The population was estimated at 758,316 in 

2017, with an average annual growth rate of 1.8% and a population density of 407 inhabitants 

per km² for a total area of 2,612 km². The population is unevenly distributed between the 

islands: Ngazidja is the most populous with 379,367 inhabitants, followed by Anjouan with 

327,382 inhabitants and Mohéli with 51,567 inhabitants. The majority of the population lives 

in rural areas (69.8% compared with 31.1% in urban areas). The average age of the population 

is 21, with an estimated 53% aged under 20 (World Bank, 2020). 

With a gross national income per capita of $1,360, the Union of the Comoros has joined the 

group of lower middle-income countries, according to the latest World Bank ranking for 2019. 

The primary sector (agriculture, fisheries and livestock) accounts for 46% of GDP, compared 

with 12.4% for the secondary sector, and provides 57% of total employment, 62.7% of which 

is held by women, and 90% of operating revenue (Ministère de l’Agriculture, de la pêche, de 

l’Environnement, 2021) 

3.6 Climate Change Context 

Like all other Small Island Developing States (SIDS), the Comoros are particularly vulnerable 

to climate change. Analyses of meteorological data have shown the existence of climate 

disruption, manifested by a gradual decrease in rainfall, an upward trend in annual temperature, 

a rise in sea level, and an increase in aridity and drought. At the same time, there has been a 

slight increase in the frequency of extreme weather and climate events such as tropical cyclone, 

floods, heat waves and droughts, which constitute the main risk for the Union of the Comoros 

(Ministère de l’Agriculture, de la pêche, de l’Environnement, 2021; Ministère du 

Développement Rural, de la Pêche, 2006; UNDP, 2015). 
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4 METERIALS AND METHODS 
 

4.1 Materials 

- ArcGIS 10.3: ArcGIS is the main software on which the study is based. In this study the 

ArcGIS environment was used to process several analyses of the study, such as the pre-

processing of the different cyclone risk criteria, the classification and weighting of the criteria 

as well as the generation of thematic maps, etc. 

- Google Earth pro: Google Earth Pro was used to visualize the reality on the ground in the 

classification of land use and land cover. It was also used to examine topographical features 

and to prepare the coastal zone layer. 

- Microsoft Excel: This software proved useful throughout the research, allowing us to use it 

for various calculations such as rainfall analysis and other statistical analyses. 

4.1.1 Data Type and Data Sources 

Tropical cyclones are a natural threat to the atmosphere. Meteorological data (rainfall and wind 

speed) are therefore essential. Dynamic criteria have also been selected for cyclone risk 

assessment in this study. We used a wide range of data from various sources to create spatial 

criteria layers using spatial analysis and remote sensing techniques. These data were collected 

from national institutions and in the field. Field validation data was collected in February 2024 

on the three islands (Grande Comore; Anjouan and Moheli). Table 2 details the characteristics 

of the datasets used in this study. 
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Table 2. Data type and sources used for tropical cyclone risk assessment. 

Data Type Sources Period 
Mapping 

Output 

Administrative 

boundary map 
Directorate-General for Civil Protection 2023 

Study Area 

map 

Sentinel – 2 image 

data ( 10m resolution 

)  

 

USGS Earth Explorer (https://earthexplorer. 

usgs.gov) 

Seven 

Sentinel -2 

images 

(19/08/2023) 

Normalized 

diference 

vegetation 

index map 

Sentinel – 2 image 

data ( 10m resolution 

)  

 

USGS Earth Explorer (https://earthexplorer. 

usgs.gov) 

Seven 

Sentinel -2 

images 

(19/08/ 2023) 

Land use and 

land cover 

map 

Digital Elevation 

Model (DEM) Or 

SRTM 

 

USGS Earth Explorer (https://earthexplorer. 
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4.2 Methodology  

 

4.2.1 Overview of the Methodology 

 

In this study, a multi-criteria assessment was used as a basis for the spatial evaluation of 

vulnerability, exposure and hazard to tropical cyclones and their mitigation. The use of multi-

criteria evaluation for cyclone risk assessment is a fundamental decision-making process, 

which is associated with the identification, quantification, ranking and weighting of criteria 

(Mondal et al., 2021).Reasonable factors (considered as decision criteria) associated with 

cyclone vulnerability and exposure, hazard assessment and risk mitigation were considered. 

The weight of each selected factor was calculated using AHP as recommended by Saaty 

(1980). For spatial analysis and visualization, the geographic databases of all the factors were 

designed in the GIS environment. They were then simultaneously reclassified and weighted 

overlay analysis was performed to join the spatial database to analyze the cyclone risk in 

Comoros. Finally, based on the review of existing literature, the following risk equation was 

considered for the assessment of tropical cyclone risk in this study. 

 Risk =   
𝑽𝒖𝒍𝒏𝒆𝒓𝒂𝒃𝒊𝒍𝒊𝒕𝒚 ×𝑬𝒙𝒑𝒐𝒔𝒖𝒓𝒆 × 𝑯𝒂𝒛𝒂𝒓𝒅 

𝑴𝒊𝒕𝒊𝒈𝒂𝒕𝒊𝒐𝒏 𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚
 ………………..……………………. (1) 

Figure 5 below summarizes the different stages of the methodology used in this study. 
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4.2.2 Selection of Relevant Factors for Cyclone Risk Assessment and Mapping 

Risk assessment and analysis involve selecting the appropriate factors/criteria, classifying 

them in a different category and relating them to the various components of the risk (Yin et al., 

2010). The decision-making criteria or factors involved must be relevant to the objective of 

the study and easy to understand and analyses (Hoque et al., 2018). After a thorough review of 

the literature and taking into account the accessibility and relevance of the data and their 

influence in terms of tropical cyclone risk, the criteria and alternatives for this study were 

selected. The alternatives selected for each criterion were then mapped and converted into 

spatial thematic layers. For the risk components of vulnerability and exposure, hazard and 

mitigation capacity, 14 thematic spatial criteria layers were created in a GIS environment. 

ArcGIS (version 10.3) remote sensing and spatial analysis software was used to process and 

prepare all the criteria layers. The UTM 38° S zone and the World Geodetic System (WGS)-

1984 as the projection system were used for the geo-referencing of all the raster layers with a 

resolution of 10 m. To carry out this study, we took into account the following 15 decision 

criteria: land elevation, slope, proximity to Cyclone track, distance from coastline, LULC, 

population density, precipitation intensity, cyclone frequency, wind speed, soil types, distance 

to health infrastructure, Road Network, NDVI, cyclone warming system. 

4.2.3 Development of Criteria for Vulnerability and Exposure Mapping 

In the field of risks and disasters, vulnerability is defined as the relationship that people have 

with their environment, and the social and cultural norms that support and challenge them. 

Therefore, vulnerability is a term that refers to the exposure of populations, the resources at risk 

and the degree of loss to which human habitations and the environment are likely to be affected 

by a disaster (Sarwar et al., 2013). 

Vulnerability and exposure to tropical cyclones are controlled by certain factors, which have 

been selected as criteria for this analysis. A total of six criteria have been selected, classified 

according to vulnerability and exposure. Vulnerability is determined by Land elevation, slope, 

proximity to cyclone track and distance from coastline. Physical vulnerability is the main factor 

associated with these elements. The characteristics of the exposure analysis are LULC and 

population density. 
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4.2.3.1 Land elevation and slope 

Surface elevation and slope are considered important factors in vulnerability assessment 

(Varikkodan et al., 2023). For this study, the SRTM digital elevation model was used for the 

slope and elevation maps. Low elevation and low slope areas are considered to be highly 

vulnerable to tropical cyclones and storm surges, while high slope and high elevation areas are 

considered to be less vulnerable to cyclonic storm surges (Ajim et al., 2019; Mansour, 2019) . 

The elevation and slope layer were generated from the digital elevation model (30 m) of the 

study area, obtained from the United State Geological Service Shuttle Radar Topography 

Mission (USGS SRTM), using the WGS84 datum. 

4.2.3.2 Proximity to cyclone track and distance from coastline 

 

In general, vulnerability to TCs is higher for lives and properties located close to the track of 

past cyclones and the coastline than for areas located inland (Mansour, 2019; Saravanan et al., 

2023). Thus, these two factors (proximity to cyclone paths and coastline) were also considered 

in assessing tropical cyclone vulnerability in the present study. 

 

Data from NOAA's International Best Track Archive for Climate Stewardship (IBTrAC) were 

exported into the GIS environment to assess physical vulnerability to tropical cyclones by 

developing buffer zones and mapping distance to cyclone tracks. A proximal analysis was 

carried out simultaneously to create groups at a certain distance. In total, around thirty spatial 

trajectories of category 1 to 4 cyclones were found over the study area between 1904 and 2023. 

 

Data relating to proximity to the coast were obtained by measuring the distance between the 

study area and the coastline using Google Earth Pro. The spatial layer for proximity to the 

coast was then created using this data and the Euclidean distance method in the ArcGIS 

environment. 

 

4.2.3.3 LULC and population density 

Land use and land cover (LULC) is a valuable exposure and indicator for assessing 

vulnerability to tropical cyclones, as some land cover types are highly sensitive to tropical 

cyclones (Hoque et al., 2018). In this study, seven Sentinel-2 images obtained from the USGS 

with a spatial resolution of 10 m were used to generate the LULC spatial layer. Unsupervised 

classification was first applied to identify probable classes, and then a maximum likelihood 
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algorithm was used as part of the supervised classification technique. Very high resolution 

imagery from Google Earth (2023) was used to generate 50 random points to assess the 

accuracy of the land cover map. The imagery is then classified into 7 land use classes for the 

study area, which are trees, water, flooded vegetation, crops, built area, bare ground and 

rangeland. The land use is validated by a rigorous field survey and the assistance of experts, 

local people and others with in-depth knowledge of the study area. 

The Comoros is experiencing rapid demographic growth, which has led to an increase in the 

coastal population, intensifying its exposure to tropical cyclones (UNDP, 2015; Mansourou, 

2013). Devastating coastal hazards such as tropical cyclones are therefore becoming a major 

concern for coastal populations. Spatial variation in population concentration and density has 

a considerable influence on levels of vulnerability (Hoque et al., 2021). Population density 

affects evacuation decision and cyclone preparedness. The higher the population density in 

exposed coastal areas, the greater the risk of cyclone impact (Mansour, 2019) . Then the higher 

the population density in a given area, the greater the likelihood of loss of life and property. In 

this study, the population density layer was prepared in ArcGIS software based on 2017 

population census data. 

Pop. Den =  
𝑷𝑶𝑷

𝑨𝒓𝒆𝒂
 ……………………………………………………………………….. (2) 

  

4.2.4 Development of Criteria for Hazard Mapping 

Danger is any source of possible destruction, damage, harm or adverse effects to something or 

someone (Akter & Dayem, 2021). The hazardous effects of tropical cyclones are estimated 

based on historical data and current experience. In addition, the probability of occurrence of a 

tropical cyclone is calculated by analyzing its previous location, meteorological conditions, 

intensity, frequency and several environmental factors (Hoque et al., 2021) for this study, we 

selected four criteria, namely rainfall intensity, cyclone frequency, cyclonic wind speed and 

soil types, for risk assessment. These variables were generated spatially in the form of layers to 

detect the potential danger of a cyclone in the study area. 
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4.2.4.1 Precipitation Intensity 

 TCs are associated with heavy rainfall. They are atmospheric disturbances that bring extreme 

rainfall with devastating effects (Ali et al., 2020)). They cause extreme precipitation, which 

ultimately intensifies flooding in the affected area. Consequently, the rate of rainfall in the study 

area is of great importance in intensifying the impacts of a tropical cyclone (Knutson et al., 

2019; Mansour, 2019; Rakotoarison et al., 2021). We were unable to collect spatial rainfall data 

relating to the arrival of tropical cyclones in the study area. Consequently, monthly rainfall data 

(1981-2020) collected from the National Civil Aviation and Meteorology Agency (Comoros) 

were used to prepare the rainfall intensity map. Due to the insufficient number of stations in the 

study area, the study also considered corrected data from the Climate Research Unit (CRU) to 

extract the rainfall data points. First, the database in Microsoft Excel was prepared by 

combining and calculating the annual mean. Then, an annual rainfall intensity map was 

generated by interpolating all the rainfall data from the 3 meteorological stations and the CRU 

covering the Comoros. For the interpolation, a kriging interpolation technique was applied 

using ArcGIS. 

4.2.4.2 Cyclone frequency 

The frequency of cyclones influences the intensity of the hazard for a given area, because 

compared with occasional or rare hazards, frequent cyclonic hazards present the greatest 

probability of affecting an area (Hoque et al., 2018). Cyclone frequency is therefore, the 

number of cyclones over time, and cyclone frequency also makes it possible to predict the 

likely time interval between the formation of a tropical cyclone and its landfall (Akter & 

Dayem, 2021). To prepare a spatial layer of cyclone frequency, historical data on cyclones and 

their tracks over the period 1950-2023 and their impacts on the study area have been taken into 

account in this study. Past data indicates that different parts of the study area have experienced 

between 1 and 12 TCs in the last 73 years. Cyclone tracks and the opinions of the local 

population were used to estimate the frequency of cyclones in the different regions and 

prefectures of the Comoros. The spatial analysis tool ArcGIS (version 10.3) was used to 

convert the cyclone frequency data into a spatial layer. 

4.2.4.3 Cyclonic wind speed 

Wind speed determines the intensity of the cyclone, which means the extent of destruction or 

damage it can cause to infrastructure and natural and human resources in a given region (Ali 

et al., 2020). In this study, a cyclonic wind speed spatial layer was generated using wind speed 
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distribution data from past cyclones in the Comoros. These data were obtained from the 

National Oceanic and Atmospheric Administration (NOAA) and from the literature review. 

The available data were collected in Kn units (knots), which were then converted into km units 

(1 knot equals 1.852 km) for ease of understanding. The IDW interpolation technique was then 

applied in the ArcGIS environment to evaluate the wind speed distribution of previous 

cyclones in the Comoros. 

4.2.4.4 Soil type 

In some areas, surface soils may be exposed to erosion caused by tropical cyclone, resulting in 

the emergence of soil layers less suitable for agriculture. In addition, a given region can be 

highly exposed to the danger of cyclones when it has sensitive soil characteristics and soil 

types. The type of soil in an area determines the rate of rainfall infiltration and erosion caused 

by the tropical cyclone (Mansour, 2019). The soil map of the study area was cut from the 

Digital Soil Map of the World (DSMW), and attribute tables for the soil textures and 

hydrological soil groups of the study area were obtained from the Food and Agriculture 

Organization of the United Nations (FAO). Various soil science experts were consulted and a 

literature review was carried out to reclassify soil types according to their influence on flooding 

and erosion. This information was used to generate the soil type map in the ArcGIS 

environment. 

4.2.5 Development of Criteria for mitigation capacity mapping 

Adaptive capacity refers to the ability of people, organizations and systems to manage the 

effects of disasters using available skills and resources (Hoque et al., 2018). Mitigation 

capacity indicates that key initiatives are planned and implemented to minimize the impact of 

natural disasters. There are several types of risk mitigation measures. However, based on the 

availability of data, four criteria have been selected as mitigation initiatives, namely distance 

to health facilities, road network, NDVI index and cyclone warning systems to reduce cyclone 

impact in Comoros. 

4.2.5.1 Distance to health infrastructure 

During a natural disaster, access to healthcare and local hospitals provides emergency medical 

services and primary care to the people affected, enabling them to live in good conditions. The 

location of health facilities has therefore been chosen as a mitigating factor. This means that 

human settlements that are the least distant from health services are less vulnerable, and that 
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greater distance indicates greater vulnerability (Hoque et al., 2019). Data on health facilities 

were obtained from the Ministry of Health. For this study, a spatial layer of health 

infrastructures, in particular hospitals, union health center and functional community clinics, 

was produced. In the ArcGIS environment, the Euclidean distance technique was used to 

measure the distances between health facilities in order to generate the Distance health 

infrastructures. 

4.2.5.2 Road network 

The availability of transportation networks, including main district roads, state roads, and 

national roads, is critical because they facilitate the provision of relief, rescue, and other 

management activities prior to, during, and following tropical cyclones (Hoque et al., 2021). 

Data on the Comoros road network were obtained from the Directorate-General for Civil 

Protection. The spatial map of the road network was produced in ArcGIS using the Euclidean 

distance tool. 

4.2.5.3 Normalized Difference Vegetation Index (NDVI) 

High winds and storm surges are lessened by vegetation cover, which serves as a strong barrier 

for persons and property (Ali et al., 2020). This means that lower vegetation cover indicates 

greater vulnerability to CT-related hazards. To generate the NDVI map, Sentinel-2 satellite 

imagery was downloaded and ArcGIS software was used to map and identify the different 

areas of vegetation cover using band 4 and 5 imagery (red and near infrared). The following 

formula was used to calculate NDVI.                                    

NDVI = 
𝑵𝑰𝑹−𝑽𝑰𝑺

𝑵𝑰𝑹+𝑽𝑰𝑺
  ………………………………………..………………….. ……. (3) 

Where NIR is the near-infrared and VIS is the visible red band. 

4.2.5.4 Cyclone warning system 

An appropriate warning system is essential to provide up-to-date information on the disasters 

associated with the approach of a cyclone. An effective warning system plays a vital role in 

evacuating people and their property in order to reduce the effects of cyclones (Hoque et al., 

2018). Data on cyclone warning systems, based on the structure of the warning system, 

communication, equipment and the experts involved, was obtained from the Directorate-

General for Civil Protection and through field visits and interviews with the local population. 
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The data was then analysed and classified into three categories: effective, moderate and 

ineffective warning systems. These data were then converted into a raster layer in ArcGIS to 

spatially represent the effectiveness of the early warning system in all the prefectures of the 

Comoros. Table 3 below shows the description of the criteria selected, the calculation methods 

used and the justification for the risks associated with cyclones and their mitigation. 

Table 3. Description of the selected criteria, methods of calculation, and rationale for cyclone 

risks and mitigation. 

Criteria 

 

Method  Rationale to cyclone vulnerability, hazard and mitigation 

Vulnerability criteria   

Land elevation Elevation = Natural break 

classification of DEM values 

(Spatial analysis) 

Spatial variations in terrain, topography and surface elevation 

directly influence the risk of tropical cyclones. High-altitude areas 

are less vulnerable to cyclones than low-altitude areas. 

Slope Slope = change in x / change in y     

(Spatial analysis)                

This is the measurement in degrees 

of the vertical elevation in relation 

to the horizontal elevation. 

Contributes significantly to the assessment of cyclonic vulnerability. 

The lower the slopes, the greater the vulnerability and exposure to 

cyclone-induced storm surges. 

Proximity to cyclone 

track 

Euclidean distance from cyclone 

track 

The destructive effects of cyclones increase towards the path of the 

cyclone. Areas close to a cyclone's track are exposed to stronger 

winds and more intense rainfall. 

Proximity to coastline Euclidean distance from coastline 

which is calculated based 

on:     𝑑(𝑥, 𝑦) = √∑ (Yi − Xi )² 𝒏
𝒊=𝟏  

Areas along coasts, coastlines and islands are more vulnerable to TCs 

risk than inland areas. 

LULC Classification of the land use and 

land cover in the study area 

Some cover or land are more vulnerable to TCs 

Population density Pop.Den = population of zone s / 

total area of zone s 

The higher the population density in a given area, the greater the risk 

of cyclone impact. 

Hazard Criteria   

Precipitation intensity Classification of natural breaks 

(Jenks) in the interpolated 

precipitation grid for the study 

area. 

Rainfall intensity is one of the components of cyclone risk. Areas that 

are characterized by heavier rainfall are associated with greater risk 

and damage 

Cyclone frequency classification of cyclone numbers 

in the study area 

The frequency of cyclones influences the intensity of the hazard in a 

given area. Frequent cyclone hazards in a region have the highest 

probability of being affected by TCs. 
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Wind speed Classification of wind speeds in 

the study area using interpolation 

method 

Wind speed is closely linked to the extent of damage and destruction 

caused by cyclones. 

Soil type Classification of soil types in the 

study area 

The impact of cyclonic flooding on soil varies according to the 

properties and types of soil. 

Mitigation Criteria   

Distance to health 

infrastructure 

Euclidean distance from health 

facilities 

Short distances and increased accessibility to hospitals and health 

facilities are seen as effective cyclone risk mitigation 

Road network Multiple ring buffer from network The closer the area is to the road network, the greater the likelihood 

of risk reduction and mitigation. 

NDVI 

 

Object based Raster calculation      

NDVI       = 
𝑁𝐼𝑅−𝑉𝐼𝑆

𝑁𝐼𝑅+𝑉𝐼𝑆
 

Dense vegetation plays an important role in intercepting cyclonic 

winds, rainfall and flooding. 

Cyclone warming 

system 

Classification of early warning 

system in the study area 

An effective warning system plays a vital role in evacuating people 

and their property in order to reduce the effects of cyclones. 

 

4.2.6 Alternative Ranking and Standardization of Criteria Layers. 

Each layer of spatial criteria represents a mapped alternative that has been ranked into five risk 

levels, with a risk level of 1 to 5 where rank 1 means very low risk and rank 5 means very high 

risk (table 4). The contribution to risk and the Analytical Hierarchy Method (AHP) were used 

to rank the alternatives. Next, each layer of the criteria map is transformed into a raster layer 

of 30m pixels in order to apply the weighted overlay method based on the raster data. Next, 

the linear scale transformation equation was used to normalize these spatial criteria raster 

layers to a common scale of 0 to 1. This procedure enabled all the criteria layers to be prepared 

in the same scale unit to perform the multi-criteria overlay. 

                                P = 
𝒙−𝒎𝒊𝒏

𝒎𝒂𝒙 −𝒎𝒊𝒏
…………………………..……………..…….. (4) 

Where P is the standardized score; min and max are the minimum and maximum values for 

each dataset, and x is the value of a single cell in the dataset. 
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Table 4. Alternative ranking scheme based on the contribution to the risk of tropical cyclone 

disaster 

Components Criteria                              Ranking based on Tropical cyclone Risk. 

 Very Low (1)  Low (2) Moderate (3)  High (4)  Very High (5) 

Vulnerability

/ Exposure 
Land elevation >1,601 1,020 - 1,601 606 - 1,020 270 - 606 < 270 

 Slope > 36.27 23.89 - 36.27 15.04 - 23.89 7.96 - 15.04 < 7.96 

 Proximity to 

cyclone track 

> 16 12 - 16 8 - 12 4 - 8 <  4 

 Proximity to 

coastline 

> 12 9 - 12 6 - 9 3 - 6 < 3 

 Land use land 

cover 

Water, Bare 

ground 

Flooded 

Vegetation 

Tree, Rangeland Crops Built Area 

 Population density < 162 162 - 359 359 - 550 550 - 756 > 756 

 Hazard Precipitation < 1,518 1,565 - 1,914 1,914 - 2,112 2,112 - 2,209 > 2,209 

 Cyclone frequency   < 2  2 - 4  4 - 7  7 - 9  > 9 

 Wind Speed  < 85  85 - 107  107 - 116  116 - 126  > 126 

 Soil types (Fh) Humic 

Ferralsols 

(Je) Eutric 

Fluvisols 

(Ne) Eutric 

Nitosols 

(To) Ochric 

Andosols 

(I) Lithosols 

Mitigation  

capacity 

Distance to health 

infrastructure 

< 1.6 1.6 - 3.2 3.2 - 4.8 4.8 - 6.4 > 6.4 

 Road network < 150 150 - 300 300 - 450 450 - 600 > 600 

 NDVI 0.58 - 0.89 0.41 - 0.58 0.25 - 0.41 0.09 - 0.25 -0.47 - 0.09 

 Cyclone warning 

system 

 --------- effective Moderate Ineffective   ---------- 

 

4.2.7 Weighting of Criteria Using the AHP Method 

The analytical hierarchical process (AHP) developed by (Saaty, 1980) is one of the best 

methods for weighting criteria in the MCDM. This method compares two criteria at a time 

using a pair-wise comparison matrix by assigning relative importance values to one criterion 

in relation to another (Rostampoor, 2023). The AHP technique was used in this study to weight 

the vulnerability and exposure, hazard and mitigation capacity criteria in the risk assessment 

process. To weight the selected criteria of vulnerability and exposure, hazard and mitigation 
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capacity, the pair-wise individual comparison matrix was established based on the qualitative 

judgements of three experts and one user, each of whom took into account the influencing 

factors and alternatives that were incorporated into the risk assessment process. To rank the 

criteria, the experts were asked to use a scale of 1 to 9 (Table 5), where 1 indicates equal 

importance and 9 extreme importance. The experts were selected on the basis of their 

experience and in-depth knowledge. The experts selected came from government and research 

institutions. The sum of all hazard, vulnerability and exposure and mitigation capacity scores 

was 1. 

To justify the consistency of the comparisons assigned by experts and users, we calculated the 

consistency ratio (CR). If the CR value is equal to or less than 0.1, the comparisons will be 

considered acceptable. The following formula was used to calculate the CR. 

                  CR = Consistency Index / Random Index…………………………..……… (5) 

Where Random Index (RI) represents the randomly generated average coherence index (Table 

6), and Coherence Index (CI) which is defined as follows. 

                    CI = (λ max - n) / (n – 1)……... ……….. ………………….………………... (6) 

Where λmax is the largest eigenvalue of the matrix and n is the order of the matrix. 

 

Table 5. Scale of relative importance (adapted from Saaty, 1980). 

Relative 

Importance 

Definition  Description 

1 Equal importance  Two factors influence equally to objective 

3 Moderate 

importance 

 Experience and judgement slightly favour one factor 

over another 

5 Strong importance  Experience and judgement strongly favour one factor 

over another 

7 Very strong 

importance 

 One decision factor is favoured strongly over another 

and its supremacy is established in practice 

9 Extreme 

importance 

 The evidence favouring one decision factor over 

another is of the highest possible order of validity 

2, 4, 6, 8 Intermediate 

values between 

adjacent 

judgement 

 When compromise is needed 
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Table 6. The Random Consistency Index (Adapted from Saaty, 1980) 

Matrix size Random Consistency Index (RI) 

1 0.00 

2 0.00 

3 0.58 

4 0.90 

5 1.12 

6 1.24 

7 1.32 

8 1.41 

9 1.45 

10 1.49 

 

4.2.8 Risk Assessment 

Based on the weighted overlay technique, we developed the following indices vulnerability 

and exposure, hazard and mitigation capacity indices by incorporating the weights of the 

corresponding criteria. Next, we produced vulnerability and exposure, hazard and mitigation 

capacity maps grouping the specific index values into five levels (very low, low, moderate, 

high and very high). Finally, an integrated risk index was generated using Equation 1. Then 

using the ArcGIS platform's matrix calculator, a normalization process was carried out to bring 

the risk index values to 0-100% scale using Equation 4. Next, a risk map was produced to 

classify the risk index values into five risk categories (very low, low, moderate, high and very 

high). 

4.2.9 Validation of the Risk Map  

Several methods can be used to validate the cyclone risk mapping approach in the Comoros. 

However, a qualitative validation method was adopted to validate the cyclone risk map. 

Therefore, Google Earth software was used, and superficial personal observations were held in 

the field to assess the accuracy of the cyclone risk map generated by the ArcGIS software. 

Moreover, the report of assessing the impact of cyclone Kenneth and the recovery and 

reconstruction plan were analyzed. Then, 5 experts, 2 political decision-makers and 23 residents 

were interviewed to obtain their opinions on the choice of criteria, the methods chosen to map 

the criteria and the accuracy of the vulnerability, exposure, hazard, mitigation capacity and 

cyclonic risk maps. The effects of previous TCs were also explored through discussions with 

the local population. 
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5 RESULT AND DISCUSSION  

Climate change is influencing the frequency and intensity of TCs (Knutson & Tuleya, 2004). 

Although the exact relationship between climate change and the frequency of tropical cyclones 

remains uncertain, there is evidence that climate change may increase the intensity of cyclones. 

Studies suggest that TCs may become more powerful and produce more intense rainfall as a 

result of climate change (Knutson et al., 2019) . Therefore, in this study, an unconventional 

method has been adopted to identify regions at risk of cyclones by combining maps of 

vulnerability, hazard and mitigation capacity using multi-criteria approaches. It should be noted 

that the study uses geospatial analysis of remote sensing, secondary and primary data acquired 

in the field, online and from government institution, and that all spatial operations were carried 

out in ArcGIS. The cyclone risk map shows the areas likely to be affected by the cyclone. 

Consequently, the results obtained and their discussion are explicitly presented in this section. 

5.1 Vulnerability and Exposure Assessment for Tropical Cyclone 

 

5.1.1 Maps of cyclone vulnerability & exposure criteria 

 

Cyclone vulnerability is a crucial factor in the assessment of cyclone risk in the Comoros. Based 

on the influence of these vulnerability criteria: altitude, slope, proximity to the cyclone track, 

proximity to the coastline, LULC and population density have been analyzed and mapped using 

ArcGIS 10.3 as shown in Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure11, 

respectively. Figure 6 below shows the distribution of land elevation levels in the Comoros. 

The highest areas are found in the interior of the country, with a maximum elevation of 2361 m 

at the level of Mt. Karthala. 
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Figure 6. Land elevation map of the Comoros. 

Figure 7 shows the slopes observed on the islands of the Comoros. The island of Anjouan has 

more slopes than the other islands of Moheli and Grand Comore. The latter has the lowest slopes 

in the Comoros. 

 

Figure 7. Slope map of the Comoros. 
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Figure 7. Slope map of Comoros. 

Figure 8 shows the proximity of previous TCs track that has hit the Comoros. The cyclone track 

affected several areas, particularly the coastal zones. 

 

Figure 8. Proximity to cyclone map of the Comoros. 

Figure 9 below shows the distance from the coastal areas to the interior of the country. Given 

that these are islands, their proximity to coastal areas is very high. 

 

Figure 9. Proximity to Coastline map of the Comoros. 



 

41 

 

Figure 10 shows LULC in Comoros. Most of the territory is covered by vegetation (trees, 

pastures, flooded vegetation). Built-up areas cover a large part of the territory. Most of the built-

up areas are located in the coastal zones. 

 

Figure 10. Land Use Land Cover map of the Comoros. 

Figure 11 shows the distribution of Comorian population density. The island of Anjouan has a 

higher density than the other islands, particularly the prefecture of Ouani, Mutsamudu and 

Mremani. The density is lower on the island of Mohéli. 

 

Figure 11. Population density map of the Comoros 
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5.1.2 Calculating weights and ranking cyclone vulnerability & exposure 

Using their skills, experience and knowledge, experts, planners and policy-makers can use 

AHP, a semi-quantitative approach to value judgement and decision-making, to break down a 

problem into a hierarchical structure that can then be solved (Saravanan et al., 2023). In this 

pairwise comparison matrix, the value of the relative importance of each factor is assigned by 

evaluating each factor in relation to all the other factors on the basis of a comparative scale 

from Saaty (1980) which ranges from 1 to 9. The overall weighting and ranking of the 

vulnerability and exposure factors are shown in the Table 7 and Table 8. The weightings derived 

from the vulnerability criteria are as follows Elevation (3.8%), Slope (3.8%), proximity to 

cyclone track (25.5%), and proximity to coastline (40.8%), LULC (10.2%) and population 

density (15.9%).The weighting shows that proximity to coastline has the greatest weight, 

followed by proximity to cyclone track. This means that proximity to coastline and proximity 

to cyclone track are more important than the others criteria. Therefore, proximity to coastline 

and proximity to cyclone track have a greater influence and contribution to the vulnerability in 

the study area than other criteria such as precipitation. 

Table 7. Pairwise comparison matrix for cyclone vulnerability and exposure assessment. 

 

Criteria 

Eleva

tion 

Slope Proximity 

to cyclone 

track 

Proximity 

Coastline 

LULC Population 

density 

Elevation 1 1/1 1/6 1/7 1/3 1/5 

Slope 1 1 1/6 1/7 1/3 1/5 

Proximity to cyclone 

track 

6 6 1 1/3 3 4 

Proximity Coastline 7 7 3 1 3 5 

LULC 3 3 1/3 1/3 1 1/3 

Population density 5 5 1/4 1/5 3 1 

Table 8. Normalized Matrix for vulnerability and exposure. 

 

Criteria 

Elevation Slo

pe 

Proximity to 

cyclone track 

Proximity 

Coastline 

LULC Population 

density 

Weight Relative 

Weight % 

Elevation 0.04 0.04 0.03 0.07 0.03 0.02 0.038 3.8 

Slope 0.04 0.04 0.03 0.07 0.03 0.02 0.038 3.8 

Proximity to 

cyclone track 

0.26 0.26 0.21 0.15 0.28 0.37 0.255 25.5 

Proximity 

Coastline 

0.31 0.31 0.61 0.47 0.28 0.47 0.408 40.8 

LULC 0.13 0.13 0.07 0.15 0.10 0.03 0.102 10.2 

Population density 0.22 0.22 0.05 0.09 0.28 0.09 0.159 15.9 

Total 1 1 1 1 1 1 1 100% 
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                                                             0.23 

                                                          0.23 

 Weight sum vector {Ws} = 1.53 

                                                          2.45 

                                                          0.61 

                                                          0.95 

 

 Consistency Index (CI) = (λ max - n) / (n – 1) = (6.42 – 6) / (6 – 1) 
 

                                                CI = 0.084 

 

          Consistency Ratio = Consistency Index / Random Index = (0.084 / 1.24) 

                                               CR = 0.067  

A consistency ratio of 0.067 is less than 0.1, which implies that the criteria are consistent. 

 

5.1.3 Tropical Cyclone vulnerability & exposure map 

The vulnerability and exposure index were calculated and a map showing the levels of cyclonic 

risk was created. The map produced indicates that 6.4% of the study area is exposed to very 

high risk and 3% of the Comorian surface is exposed to high risk while very low risk levels 

cover 12% and 4.6% is exposed to low risk. 35% of the study area indicates vulnerability 

moderated. Most of the regions and towns close to the coast show moderate exposure, with the 

exception of the prefecture of Moroni, Hamahamet-Mboinkou (Grand Comore), Mremani and 

Mutsamudu (Anjouan), which show high vulnerability in certain areas. On the island of 

Anjouan, the prefecture of Ouani is exposed to a very high risk. The degree of exposure and 

vulnerability is defined by several factors, which is why the areas located inland from the 

Comoros islands are less vulnerable (Low and Very Low). This is due to the elevation and 

proximity of coastal areas of these regions. On the other hand, the prefecture of Ouani is very 

vulnerable, indicating very high vulnerability and exposure, which can be attributed to the 

density of the population and the proximity of coastal areas and the cyclone path. The north of 

Grand Comore and Moheli show moderate exposure, while the south shows low and very low 

exposure and vulnerability as shown in Figure 12. 
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Figure 12. Tropical Cyclone vulnerability & exposure map of the Comoros. 

5.2 Hazard Assessment for Tropical Cyclone 

 

5.2.1 Maps of cyclone hazard criteria 

In this study, the tropical cyclone hazard map for the Comoros is generated based on the 

influence of the following criteria: Precipitation intensity, Cyclone frequency, Wind speed and 

Soil type as shown in Figure 13, Figure 14, Figure 15 and Figure 16, respectively. 
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Figure 13 below shows the distribution of rainfall intensity in the Comoros. The north-west 

region of the Comoros receives more rainfall than the other regions. It records rainfall of up to 

more than 2,500 mm per year. The island of Anjouan has the lowest rainfall in the Comoros, 

while Grand Comore has the highest. 

 

Figure 13. Precipitation Intensity map of the Comoros. 

Figure 14 below shows the frequency of tropical cyclones in the various prefectures of the 

Comoros. The island of Grande Comore is the most affected by cyclones, particularly in the 

northern part of the island. 

 

Figure 14. Cyclone Frequency map of the Comoros. 



 

46 

 

Figure 15 shows the wind speed distribution of previous cyclones in the study area. Wind speeds 

are highest in the north of the Comoros, particularly on the island of Grande Comore, with wind 

speeds exceeding 128km/h. In the southern region, on the island of Moheli, the wind speed is 

less than 85 km/h. 

 

Figure 15. Comoros cyclone wind speed map. 

Figure 16 shows the types of soil found in the Comoros according to FAO. The island of Grande 

Comore has a unique soil type (Lithosols); Moheli has the Eutric Nitosols soil type; while the 

island of Anjouan has several soil types, namely Humic Ferralsols, Eutric Fluvisols, Eutric 

Nitosols and Ochric Andosol. 

 

Figure 16. Map of soil types in the Comoros. 
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5.2.2 Calculating weights and ranking for cyclone hazard  

The weightings derived from the hazard criteria are as follows: Rainfall intensity (8%), cyclone 

frequency (26%), cyclonic wind speed (51%) and soil types (15%). This implies that cyclonic 

wind speed and cyclone frequency are more significant than the other criteria. Thus, cyclonic 

wind speed and cyclone frequency have a greater influence and contribution to risk in the study 

area than other criteria such as rainfall, which have the least impact. Tables 9 and 10 below 

provide the overall weighting, the ranking of the risk criteria and the consistency ratio for 

cyclone hazard. 

 

Table 9. Pairwise comparison matrix for cyclone hazards evaluation. 

     Criteria Precipitatio

n 

Cyclone 

frequency 

Wind 

speed 

Soil types 

Precipitation 1 1/4 1/5 1/2 

Cyclone 

frequency 

4 1 1/3 2 

Wind speed 5 3 1 3 

Soil types 2 1/2 1/3 1 

 

Table 10. Normalized matrix for cyclone hazard 

     Criteria Precipitation Cyclone 

frequency 

Wind speed Soil types Weight Relative 

Weight 

% 

Precipitation 0.08 0.05 0.11 0.08 0.08 8 

Cyclone 

frequency 

0.38 0.21 0.17 0.30 0.26 26 

Wind speed 0.38 0.63 0.54 0.46 0.51 51 

Soil types 0.16 0.11 0.18 0.16 0.15 15 

Total 1 1 1 1 1 100% 

 

                                                            0.32 

                                                         1.06 

 Weight sum vector {Ws} = 2.01 

                                                         0.61 

                                             

 Consistency Index (CI) = (λ max - n) / (n – 1) = (4.15 – 4) / (4 – 1) 
 

                                               CI = 0.05 
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 Consistency Ratio   = Consistency Index / Random Index = (0.05 / 0.90) 

                                       CR = 0.055 

A consistency ratio of 0.055 is less than 0.1, which implies that the criteria are consistent. 

5.2.3 Tropical Cyclone Hazard map 

To assess the hazard, it was mapped by classifying the value of the hazard index into 5 classes. 

As shown in Figure 17, the results show that 37% of the region studied is in the low-risk zone, 

and 4.2% of the territory in the very low-risk zone. On the other hand, 10.6% of the area is 

subject to a very high risk, 26% to a high risk and the remaining 22.2% to a moderate risk. The 

results also show that the intensity of the rainfall and the wind speed of the cyclone decrease as 

one moves away from the northern part of the Comoros. Consequently, the areas closest to the 

north of the Comoros are more exposed to cyclones hazard than those in the southern region. 

Thus, the prefecture of Mitsamiouli-Mboudé is exposed to a very high level of risk, followed 

by a high level of risk in the prefecture of Itsandra hamvou, Oichili Dimani, Hamahamet 

Mboikou and the entire coastal area of Moroni. The islands of Mohéli and Anjouan and the 

southern part of Grand Comore are at low risk. 

 

Figure 17. Tropical Cyclone Hazard Map of the Comoros. 
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5.3 Mitigation Capacity Assessment for Tropical Cyclone 

 

5.3.1 Maps of the Mitigation Capacity criteria 

The tropical cyclone mitigation capacity map for the Comoros is generated based on the 

influence of the following mapping criteria: distance from health facilities, road network, NDVI 

and cyclone warning system as shown Figure 18, 19; 20 and 21. 

Figure 18 shows the existing distance between hospitals in the study area. Areas within 1.6km 

of the hospitals are less risky, while those more than 6.4km away are highly vulnerable. 

 

Figure 18. Distance to health infrastructure map of the Comoros. 
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Figure 19 shows the distance between the study area and the various roads. Areas located 150m 

from a road are considered less vulnerable than those with a Euclidean distance of 600m. 

 

Figure 19. Road Network map of the Comoros. 

Figure 20 describes the NDVI of the Comoros. Grande Comore Island has a high vegetation 

index (0.58-0.89), followed by Moheli Island (0.41-0.58). On the other hand, the island of 

Anjouan has a moderate vegetation index. (0.25-0.41). 

 

Figure 20. Normalized difference vegetation index map of the Comoros. 
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Figure 21 shows the cyclone early warning system. The result shows the three main prefectures 

of Comoros with an early warning system level. The other prefectures have low and moderate 

indices, such as Nioumachioi, Ouani and Mitsamiouli. 

 

Figure 21. Cyclone warning system map of the Comoros. 

 

5.3.2 Calculating weights and ranking for cyclone mitigation capacity  

According to the cyclone mitigation capacity criteria in this study, the weightings are as 

follows: proximity to health infrastructure (46%), road network (13%), NDVI (8%) and cyclone 

warning system (33%). This indicates that distance from health facilities and the cyclone 

warning system are more crucial than the other criteria in reducing cyclone impact. Thus, 

distance to health infrastructure and early warning system have a greater influence and 

contribution to risk in the study area than other criteria such as NDVI and road network, which 

have the least impact on attenuation. The Tables 11 and 12 below present the overall weighting, 

the ranking of the cyclone mitigation capacity criteria and the consistency ratio. 
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Table 11. Pairwise comparison matrix for cyclone mitigation capacity assessment 

 

Criteria 

Distance to Health 

Infrastructure 

Road 

Network 

NDVI Cyclone 

warning system 

Distance to Health 

Infrastructure 

1 3 5 2 

Road Network 1/3 1 2 1/3 

NDVI 1/5 1/2 1 1/5 

Cyclone warning 

system 

1/2 3 5 1 

 

Table 12. Normalized matrix for cyclone mitigation capacity 

 

Criteria 

Distance to 

Health 

Infrastructure 

Road 

Network 

NDVI Cyclone 

warning 

system 

Weight Relative 

Weight in % 

Distance to Health 

Infrastructure 

0.49 0.4 0.38 0.56 0.46 46 

Road Network 0.16 0.13 0.16 0.09 0.13 13 

NDVI 0.10 0.07 0.08 0.06 0.08 8 

Cyclone warning 

system 

0.25 0.4 0.38 0.29 0.33 33 

Total 1 1 1 1 1 100% 

 

                                                            1.83 

                                                         0.54 

 Weight sum vector {Ws} = 0.31 

                                                         1.32 

                                             

 Consistency Index (CI) = (λ max - n) / (n – 1) = (4.00545 – 4) / (4 – 1) 
 

                                             CI = 0.0018 

 Consistency Ratio = Consistency Index / Random Index = (0.0018 / 0.90) 

                                     CR = 0.055 

A consistency ratio of 0.055 is less than 0.1, which implies that the criteria are consistent. 
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5.3.3 Cyclone mitigation capacity map 

The mitigation capacity map shows the overall capacity of the study site to mitigate the impacts 

of tropical cyclones (Mondal et al., 2021). Areas with a high mitigation capacity correspond to 

those capable of responding effectively to minimize the damage caused by tropical cyclones. 

The results obtained from the mapping of cyclonic risk mitigation capacity (Figure 22) in the 

Comoros show that around 57% of the Comorian territory has a very high and high cyclonic 

risk mitigation capacity, in particular the north (Mitsamiouli-Mboudé) and south (Mbadjini Est 

and Mbadjini ouest) of Grande Comore and the eastern part of Anjouan (Domoni and Wani). 

This is due to the presence of several health facilities and abundant vegetation, which can reduce 

the risk of cyclones. The study also shows that 32% of the study area has a low or very low 

level of cyclone mitigation capacity. This is the case for the prefectures of Fomboni, Moroni 

and Mutsamudu. Although these are the capital cities, the risk is low because there is very little 

vegetation cover, which could act as a barrier to storm waves and cyclonic winds. The 

remaining 11% of Comorian territory represents the moderate level of tropical cyclone 

mitigation capacity, and this is the case for Sima, Djando and Nioumachioi. This level can be 

explained by the ineffectiveness of the cyclone warning system, the unavailability of the road 

network and the considerable distance from the health infrastructure. 

 

Figure 22. Tropical cyclone mitigation capacity map of the Comoros. 
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5.4 Cyclone Risk Mapping 

By applying the risk Equation 1 in the ArcGIS environment, the risk index was calculated and 

produced a detailed risk map (Figure 23) based on three layers, which means considering all 

the assessment classes of vulnerability and exposure, hazard and mitigation capacity and 

illustrating the five standardized risk categories. The result shows that a high risk zone covers 

4.5% (83.79 km²) of the study area, while low and very low risk zones cover 85.5% (1,592.01 

km²) of the Comorian territory. The moderate-risk zone covers 186.2 km², about 10% of the 

study area. The study shows that all the prefectures of Mohéli (Djando, Nioumachioi and 

Fomboni) and certain prefectures of Anjouan (Sima, Mutsamudu, Domoni and Mremani) and 

Grande Comore (Moroni, Mbadjini Est and Mbadjini Ouest, Oichili Dimani and Hambou) 

present a low and very low risk. This can be explained by the good mitigation measures in the 

study area, which are the distance to health infrastructure, the NDVI and the cyclone warning 

system, in particular the dissemination of information on cyclone risks via social networks. The 

prefecture of Mitsamiouli-Mboudé and certain parts of the prefecture of Hamahamet Mboinkou, 

Itsandra Hamanvou and Oichili-Dimani are indicating a moderate level of risk. This is due to 

the amount of rainfall and cyclonic winds recorded in these areas. On the other hand, the 

prefecture of Ouani on the island of Anjouan indicates a very high risk, and the main factors 

influencing this very high risk are the proximity of the cyclone track, proximity to coastline, 

the low elevation and the high population density. 

 

Figure 23.  Tropical cyclone risk map of the Comoros. 
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5.5 Validation of Cyclone Risk Approach 

 

The qualitative approach adopted for this study provided reliable information to evaluate the 

results of the cyclone risk assessment in Comoros. The qualitative approach covered the 

analysis of tropical cyclone reports, personal observation and discussion with the local 

population, experts and policy makers to find out their opinion on the different maps produced. 

Of the 30 people interviewed, around 13 (44%) were very satisfied, 15 (50%) were satisfied 

and 2 (6%) were not satisfied with the results as shown in Table 13.  In addition, the report on 

the assessment of cyclone impacts in the Comoros reveals that there is a high level of risk in 

the Comoros due to a significant lack of mitigation capacity, which leads to economic, social 

and environmental losses. Finally, the observations that we made in the field on the state of the 

mapping criteria showed similar results. 

Table 13. Summary of feedback on Tropical cyclone risk results acquired from a different 

category of people. 

Category of 

people 

Total Numbers of 

respondents 

                                 Feedback 

High Satisfied  Satisfied Not 

Satisfied 

Experts 5 1 4 0 

Policymakers 2 0 2 0 

General people 23 12 9 2 

Total 30 (100%) 13 (44%) 15 (50%) 2 (6%) 

 

5.6 Discussion  

Cyclone risk assessment is a crucial area for the prevention and management of natural 

disasters, particularly in high-risk regions such as the Comoros Islands, located in the 

cyclogenesis basin of the Indian Ocean (UNDP, 2015). Despite this high exposure, few studies 

have been conducted to specifically assess cyclone risk in this region (GFDRR, 2017; Legoff, 

2010; Mohamed, 2021; UNDP, 2015). In this study, we used geospatial technologies and the 
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multi-criteria decision method AHP (Analytic Hierarchy Process) to assess the level of cyclone 

risk on the Comoros islands. 

The study identified three main components for assessing cyclone risk: vulnerability and 

exposure, hazard and mitigation capacity. According to the results obtained, the vulnerability 

map shows that all the coastal areas have a moderate level of vulnerability, with the exception 

of the Ouani prefecture, which has a very high level of vulnerability. The danger map shows 

that the risk of danger decreases as one moves away from the northern part of the Comoros. 

This means that the southern part of the Comoros presents a low hazard risk, unlike the northern 

part. For the attenuation capacity component, areas with a high vegetation index have a high 

level of attenuation capacity. Finally, for the final cyclone risk map, it was found that all the 

prefectures of Moheli (Djando, Nioumachioi and Fomboni), as well as certain prefectures of 

Anjouan (Sima, Mutsamudu, Domoni and Mremani) and Grande Comore (Moroni, Mbadjini 

East and Mbadjini West, Oichili Dimani and Hambou) presented a low level of risk. The 

prefecture of Mitsamiouli-Mboudé, as well as parts of the prefecture of Hamahamet Mboinkou, 

Itsandra Hamanvou and Oichili-Dimani, also reported a moderate level of risk. On the other 

hand, the prefecture of Ouani on the island of Anjouan has been listed as extremely risky. 

The variation in risk levels between the different prefectures of the Comoros Islands can be 

attributed to several factors. Coastal and low-lying areas are more vulnerable to the impacts of 

cyclones, such as flooding and landslides. The prefecture of Ouani is more exposed to the very 

high risk of cyclones because of its high population density, its proximity to coastal areas and 

its limited mitigation capacity. The result of the vulnerability map in this study differs from the 

result of the mapping of hazard-prone areas in the UNDP, (2015) project on integrating disaster 

risk reduction into poverty reduction policies in the Union of the Comoros. The latter focused 

solely on levels of probability of occurrence and severity to define zoning of areas affected by 

cyclones, whereas this research assessed vulnerability on the basis of quantitative and 

qualitative criteria. GFDRR, (2017) analyzed the probability of cyclonic danger in the 

Comoros, and found that the whole country has a very intense tropical cyclonic danger level, 

contrary to our results which show a different distribution of danger levels in the Comoros. This 

contradiction can be explained by the criteria used to assess TCs hazard. These results underline 

the importance of taking measures to prevent and mitigate the risk of cyclones in the Ouani 

prefecture. Given that the region is at high risk, specific policies and contingency plans need to 

be put in place to reduce the potential impacts of cyclones in the area. This could include 

building dykes resistant to cyclone storm surges, setting up effective early warning networks, 
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raising awareness of safety measures among the local population and implementing evacuation 

plans. 

The results of this study have important implications for cyclone risk planning and management 

in the Comoros. By identifying high-risk areas, local authorities can prioritize investment in 

disaster prevention and preparedness infrastructure (Saravanan et al., 2023). In addition, 

increased awareness of cyclone risks and public education programs can help strengthen the 

resilience of local communities to TCS. Effective precautionary plans and mitigation measures 

against tropical cyclones, such as strengthening dams and building emergency shelters, should 

be implemented to reduce the risk of TCs (Mansour, 2019). Most importantly, disaster 

mitigation capacity and awareness of disaster threats must be strengthened by holding regular 

conferences on natural disasters and conducting evacuation and shelter construction exercises. 

5.7 Cyclone Risk Reduction Strategies 

  

Climate change is likely to intensify the risk of cyclones in the future ( Knutson et al., 2010). 

Democratic growth is leading to an increase in coastal population density and human pressure 

on forests, which act as a barrier against cyclonic winds. The greater the capacity to reduce the 

risk of cyclones, the more limited the country's ability to cope. As a result, the country is more 

exposed to tropical cyclones, with all the social, environmental and economic consequences 

that this entails. This study therefore, proposes risk mitigation measures, based on a review of 

the literature and discussions with experts. 

 Build cyclone shelters: The construction of cyclone shelters is an essential measure to 

ensure the safety of people living in coastal areas. These shelters must be designed to 

withstand the high winds and extreme weather conditions associated with cyclones. 

 Construction of dykes: The construction of dykes plays a crucial role in protecting 

coastal areas from the devastating effects of tropical cyclones (Linham et al., 2010). 

Dykes can help mitigate coastal flooding, reduce storm surge damage and protect 

inland areas from overtopping during cyclones. 

 Build more roads and improve the existing road network: In terms of risk 

management and emergency planning, a fluid road network is essential to facilitate 

rescue operations (Saravanan et al., 2023). Roads must therefore be designed to 

facilitate evacuation operations and allow rapid access to emergency areas. 

 Restore mangrove forests and suitable tree plantations in the coastal areas: The 
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restoration of mangrove forests and appropriate tree planting in coastal areas acts as a 

natural barrier that absorbs and attenuates storm waves generated by tropical cyclones. 

Mangrove roots and plant density reduce the force of waves, protecting inland areas 

from coastal flooding and wave damage (Global Mangrove Alliance, 2021). 

 Set up cyclone risk awareness and training programs: Cyclone risk awareness and 

training programs are essential for building the resilience of communities living in 

cyclone-prone tropical areas such as the Comoros (PNUD-DGSC, 2014). By providing 

people with knowledge, skills and practical tools, these programs can help reduce the 

loss of life and property caused by cyclones and promote a more effective response to 

extreme weather events. 

 Build tropical cyclone-resistant homes: It is important that the authorities enforce 

national building standards that include specific guidelines for cyclone-resistant 

construction. These standards may cover aspects such as structural strength, anchoring, 

fixing of construction elements, resistance to high winds and the solidity of 

foundations. 

 Open more medical centers to provide timely health services: Opening more 

medical centers in regions exposed to tropical cyclones can help to ensure timely health 

services during and after these events. This will help to meet the emergency medical 

needs of the affected populations and strengthen the resilience of communities to the 

impacts of tropical cyclones (Ali et al., 2020). 

 Develop policies to deal with cyclone-related risks: Putting in place effective policies 

to manage cyclone-related risks is essential to protect people and infrastructure. 

Cyclone risk management policies must therefore include appropriate planning and 

zoning of areas at risk. This involves identifying areas that are vulnerable to cyclones. 

Strict regulations must be put in place to limit development in these areas and 

encourage resilient land-use planning. Policies should also include measures to 

strengthen essential infrastructure such as hospitals, schools, medical centers, water 

supply networks and electricity grids.  

 Promote coordination between the various institutions involved in cyclone risk 

management: The government should promote coordination between the different 

institutions and actors involved in cyclone risk management, such as government 

agencies, local authorities, emergency services, humanitarian organizations and private 

sector actors. Effective coordination facilitates cyclone planning, preparedness and 

response (United Nation, 2015). 
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6 CONCLUSIONS, LIMITATION AND RECOMMENDATION  
 

6.1 Conclusions 

In the face of global climate change, the probability of cyclone occurrence in the Comoros 

could increase, thus the impact of their destruction, and the devastating damage will depend 

mainly on the capacity of societies to adapt by putting in place effective mitigation policies 

and measures to reduce cyclone risk. This study developed a comprehensive mapping approach 

of tropical cyclone risk and examined the spatial distribution of tropical cyclone risk in 

Comoros. Three components of cyclone risk, namely vulnerability and exposure, hazard and 

mitigation capacity, and their relevant criteria were integrated to examine cyclone risk using 

geo-spatial technologies and the AHP method. The resulting cyclone risk map was then 

verified using a qualitative process that involved in-depth in-person observations and 

conversations with locals, specialists, and decision-makers. According to the overall results of 

the study, the prefecture of Ouani, located near the coast with a high population density, is the 

most vulnerable area, with a very high level of risk. On the other hand, all the prefectures on 

the island of Mohéli (Djando, Nioumachioi and Fomboni), as well as certain prefectures on the 

island of Anjouan (Sima, Mutsamudu, Domoni and Mremani) and the island of Grande 

Comore (Moroni, Mbadjini Est and Mbadjini Ouest, Oichili Dimani and Hambou) present a 

low and very low risk. Other prefectures, such as Mitsamiouli-Mboudé and parts of the 

prefectures of Hamahamet Mboinkou, Itsandra Hamanvou and Oichili-Dimani, present a 

moderate risk. The implementation of these three-risk component (vulnerability and exposure, 

hazard and mitigation capacity) and the use of the AHP method to assess the criteria of each 

component have been beneficial in evaluating the various risk indices, resulting in the creation 

of several risk maps that identify the key criteria influencing risk. In this way, appropriate 

measures can be suggested to improve the effectiveness of preparedness and mitigation 

policies. The risk maps created give a global view of the cyclonic risk in the Comoros Islands, 

highlighting the complex interactions between the environmental and topographical factors 

that contribute to this risk in the specified areas. The present study has shown that spatial 

models of vulnerability and exposure, hazard and mitigation capacity are reliable and that the 

results can serve as a sound basis for experts and policymakers in risk management. 

6.2 Limitations 

This study has certain limitations, such as the availability of data for several criteria that are 

certainly effective in the multi-criteria assessment of cyclone-related risks, such as storm surge 
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data and data on the location of mosques or cultural centers as shelters. In addition, the SRTM 

used to calculate the elevation and slope criteria only had a resolution of 30m. The lack of 

meteorological data covering the country's microclimate due to the limited number of weather 

stations. In addition, due to the difficulties associated with data acquisition, no economic criteria 

or other indicators of mitigation capacity, such as medical staff and financial support, were 

taken into account. Future research could include higher resolution DEMs, other factors based 

on cyclone intensity and economic and social criteria such as Gross Domestic Product (GDP), 

unemployment, economic income of the population, etc. Therefore, the use of GIS capabilities 

and AHP methods contribute effectively to any cyclone preparedness program that may be put 

in place in the future. 

6.3 Recommendations  

To improve the assessment of the TCs risks in the Comoros, this study makes the following:  

 Improving spatial data resolution by using satellite images and digital elevation models 

(DEM) with high resolution (10 or 5 m) in future studies. 

 Take climate change criteria into account in future TCs risk assessment studies. 

 Assess the risk using meteorological data including the different microclimates of the 

Comoros.  

 In future studies, public's perception of the risk of TCs must be considered when 

assessing the risk of tropical cyclones. 

 The study recommends that meteorological data over a long period be stored and 

archived securely to enable researchers to carry out their work. 

 The study also recommends that the government should set up an institution, GIS unit 

or a data bank to store, manage and disseminate all sorts of data, which can help in 

advancing related research and researchers. 
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