4

Floods, Droughts, Tropical Cyclones and
Heatwaves: Present and Future - A Contribution for
Early Warning Systems for Southern Africa

Isildo Ntemo Gomes
(Isildo.gomes@ua.pt)

Trabalho apresentada a Programa Doutoral MAP-Fis para o cumprimento dos
requisitos necessarios a obtencao da Avaliagdo do Modulo Essay.

Supervisor:

Dra. Susana Cardoso Pereira Firmino Vaz (Centre for Environmental and Marine
Studies - CESAM, Department of Physics, University of Aveiro)

Co-Supervisors:
Dr. David Jodo da Silva Carvalho (Centre for Environmental and Marine Studies -
CESAM, Department of Physics, University of Aveiro)

Dra. Ana Cristina Caldeira da Silva Gouveia Carvalho (Swedish Meteorological Institute
-SMHI)

April 2025


mailto:Isildo.gomes@ua.pt

Abstract

The scientific community doesn't discuss the drought regime in Southern Africa
(SA) very much. Only South Africa presents the most drought situations studied, and
countries with the fewest studies are Angola and Namibia. It was only possible to
identify one publication that reports a complete study of the drought regime, including
the spatial and temporal distribution of all the drought descriptors in SA. The analysis
revealed that the main driver of drought in SA is the El Nifio - Southern Oscillation,
accompanied by other factors of ocean-atmosphere interactions. Tropical Cyclones are
the world's most dangerous extreme event. Its genesis and/or development requires at
least six environmental conditions (dynamics and thermodynamics). For the region
under study, at latitudes 0° and 40°S and longitudes 30°E to 100°E, the systems are
most intense in the months of January to April, with a frequency of at least 11 cyclones
per season. Driven by ocean-atmosphere interaction phenomena and anthropogenic
factors. When the system enters the continent, the SA region sees a devastating impact.
Today, Africa has become a priority region in global efforts to improve mitigation of the
adverse impacts of climate change. With the CORDEX Africa program, it has been
possible to verify the performance of RCMs over SA region. They can be used for
simulation, numerical weather seasonal forecasting, and modelling of future climates.
The Weather Research and Forecasting (WRF) model is the most widely used in SA. SA
is one of the most vulnerable regions to meteorological and hydrological hazards,
including droughts, extreme temperatures, floods and cyclones. When Early Warning
Systems (EWS) are established in a community, they reduce the negative impacts on
communities. Thus, EWS have a responsibility to facilitate communities’ preparation
and ability to respond effectively to climate-related risks. The challenge for the SA
region is the adoption and utilisation of modern technologies in the implementation of
EWS adds some innovations to EWS to support the development of resilience.

This study is coordinated by the Centro Ciéncia LP, funded by Fundacao Para a
Ciéncia e a Tecnologia (FCT) with the reference (CEMAR-2E2/ 1/ 12 / 2024).
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1. Introduction

Meteorological and climatic extremes adversely affect the environment,
biodiversity, economy and society in general (Mbokodo et al., 2023). The frequency and
intensity of extreme meteorological phenomena such as droughts, heatwaves, floods and
tropical cyclones are increasing due to climate change (Correia et al., 2025; IPCC, 2021).
In addition to climate change, these extreme meteorological phenomena can be
exacerbated by multiple natural/climatic and anthropogenic factors. In the present work
we will mainly address the climate extremes related with droughts and tropical cyclones.

In the last four decades, the extreme meteorological phenomenon of droughts has
occurred with major frequency and intensity with increasing impacts on ecosystems,
health and agriculture (Chivangulula et al., 2023).

There are several definitions of drought (Chivangulula et al., 2024; IDMP, 2022).
The World Meteorological Organisation (WMO) defines it as a prolonged dry period
(WMO & WGP, 2016) and can be traditionally categorised into four types of droughts (Gu
et al., 2020): meteorological, hydrological, agricultural, socio-economic. The
classifications mentioned above are the general types from which other emerging types
of droughts develop, such as ecological, groundwater, stream health, flash drought (Haile
et al., 2020). In addition, the different types of droughts are quantified by several other
indices. Further details of the different types of indices can be found in (Esfahanian et al.,
2017; Han & Singh, 2023; WMO & WGP, 2016). However, the World Meteorological
Organisation (WMO) recommends that National Meteorological and Hydrological
Services (NMHSs) use the Standardized Precipitation Index (SPI) to characterise
meteorological droughts (Hayes et al., 2011).

The study of drought has developed in a multidirectional way. The cause-impact-
resilience of drought, which occurs in many places, is compounded by anthropogenic
effects and natural/climatic variability (Figures 1) (Haile et al., 2020).

This extreme meteorological and climatic phenomenon is one of the natural
disasters with the most impact worldwide (Lawal et al., 2022). The greatest concern is
the world's population increase, which will certainly exacerbate water scarcity at local
and regional levels. Consequently, the study of droughts and drought management
planning has received increasing attention in recent years (Trambauer et al., 2014).

Tropical cyclones (TCs) are commonly known as cyclones in the Southern Indian
Ocean (SIO) (Cao et al., 2024) and are also known as typhoons or hurricanes, depending
on the oceanic region (basin) (Vidya et al., 2020; WMO, 2025). They are rapidly rotating
storms that begin over the tropical oceans and can vary in size, speed, and intensity

(WMO, 2025). TCs belong to the category of the most devastating meteorological



systems in existence (Bié & de Camargo, 2023) and are considered the second most

dangerous natural hazard after earthquakes (WMO, 2025).
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Figure 1 - Demonstrations of the drought evolutions and changes as affected by human activities in the
Anthropocene. Adapted from: (Haile et al., 2020).

TCs needs specific dynamic and thermodynamic environmental conditions to
develop (Manhique et al., 2021): sea surface temperature (SST) above 26 C°, increased
relative humidity in the mid-troposphere (700 hpa), weak vertical wind shear (VWS),
increased relative vorticity in the lower troposphere, conditional instability in a deep
atmospheric layer and a shift of at least five latitudes about the equator.

Their life cycles can vary from a few hours, to as long as a month (WMO, 2025).
TCs include four stages in their life cycle: formation, intensification, maturation and
dissipation (Emanuel, 2003). TCs usually include several risks, such as heavy rainfall,
storm surges and flooding, extreme winds, lightning and tornadoes (WMO, 2023d).
These risks tend to have catastrophic effects in their continental arrival, or landfall,
mainly in coastal areas (Bié & de Camargo, 2023).

TCs are extreme synoptic-scale phenomena with a vertical vorticity structure and
maximum intensity in the lower troposphere with an associated warm temperature
anomaly throughout the depth of the troposphere (X. Wang & Jiang, 2019). TCs are named
(WMO, 2023a), classified (see table 1) (WMO, 2023b), forecasted or tracked (Ibebuchi,
2022; Pérez-AlarcéOn et al., 2024; WMO, 2023c¢).

TCs can have significant kilometre widths that influence the hazards mentioned
above. Due to their atmospheric and oceanic properties, TCs form in large numbers in
the SouthWest Indian Ocean (SWIO) (Burns et al., 2016).

The African continent is one of the regions with a low capacity to adapt to the

predicted climate change. The vulnerability of Africa's to meteorological and climatic
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variability can cause several disasters in crucial sectors such as water management,
health and agriculture (Dosio et al., 2015; Engelbrecht et al., 2024). In short, Southern
Africa (SA) is one of the most vulnerable regions to meteorological and hydrological
hazards, including droughts, extreme temperatures, floods and cyclones (Braimoh et al.,

2018).

Table 1 — Classifications of TC based on the maximum sustained wind. Source: Adapted from
(WMO, 2023b).
Maximum Beaufort (Escale) Classifications
Sustained Wind
(10-min (km/h))

<=50 6 Tropical Disturbance
[51; 63[ 7 Tropical Depression (TD)
[63; 89[ 8-9 Moderate Tropical Storm (MTS)
[89; 118[ 10 -11 Severe Tropical Storm (STS)
[118; 167 12 Tropical Cyclone (TC)
[167; 213[ Intense Tropical Cyclone (ITC)
>=213 Very Intense Tropical Cyclone (VITC)

When Early Warning Systems (EWS) are established in a community, they reduce
the negative impacts on communities. Thus, EWS have a role to facilitate communities’
preparation and ability to respond effectively to climate-related risks (Agbehadji et al.,
2024; WMO, 2024a).

However, the lack of EWS capacity limits risk adaptation strategies and
anticipating events in developing countries (Devorah, 2021). One of Africa's appreciable
challenges is the existence of an inadequate EWS, which is a weak point in Africa's
weather and climate systems (UNEP, 2021).

In the countries of the SA region, many National Meteorological and Hydrological
Services (NMHSs) have serious difficulties in providing EWS for extreme hydro-
meteorological events, including flash floods, severe weather alerts and warnings. It
makes investing in EWS in the Southern African Development Community (SADC)
region more urgent (Braimoh et al., 2018). However, some projects addressing these
limitations have been implemented such as Severe Weather Forecast Demonstration
Project (SWFDP) and Southern Africa Region Flash Flood Guidance (SARFFG) (Jubach
& Sezin Tokar, 2016), including the EW4ALL initiative that is in place today (UNDRR &
WMO, 2024). EW4ALL focuses on investments and actions in the four essential pillars of
people-centred, end-to-end Multi-Hazard Early Warning Systems (MHEWS), which
comprises: (i) Disaster risk knowledge and management; (ii) Detection, observation,
monitoring, analysis and forecasting; (iii) Warning dissemination and communication;

and (iv) Preparedness and response capabilities.



Many technologies, such as alarms, monitoring devices to effectively capture
weather phenomena, sensor networks, Global Navigation Satellite Systems (GNSS),
Earth observation and satellite telecommunications (Paul, 2020), Fourth Industrial
Revolution (4IR), the technologies that constitute this integration include the Internet of
Things (IoT), cloud computing, big data, blockchain, 3D printing, biotechnology and
robotics, Artificial Intelligence (AI) and machine learning (Agbehadji et al., 2024). The
combination of these applications creates resilience to ensure a timely response to
climate phenomena. Moreover, the technologies of the 4IR effectively address the
weaknesses of inadequate EWS, such as the lack of real-time data collection and
automation (Agbehadji et al., 2024). It is necessary to assess how emerging technological
products (e.g. remote sensors) can be incorporated into existing EWSs to improve the
acquisition, presentation and dissemination of information (Nhemachena et al., 2020).

The impacts of climate change are commonly studied using the output of Regional
Climate Models (RCMs) (Muthige et al., 2018). However, to study the impact of climate
change on extreme events affecting limited areas, such as countries or regions, one needs
to make use of a chain of models, using either statistical or other physical models.
Dynamic downscaling of Global Climate Models (GCMs) with RCMs is a common
technique to obtain the more accurate spatial and temporal climate simulations needed
at regional and local scales (Giorgi, 2019).

RCMs have been developed with different models (Um et al., 2025; WCRP, 2022),
some of which have become community tools applicable over regions in different parts
of the globe in regional climate studies (Giorgi, 2019). Examples of such RCM models
are: ETA, HIRHAM, Regional Climate Model (RegCM), Consortium for Small-Scale
Modelling-Climate Mode (COSMO-CLM), Max Planck Institute Regional Model
(REMO), Providing Regional Climate for Impacts Studies (PRECIS), Aire Limitee
Adaptation Dynamique Developpement International (ALADIN)/Application of
Research to Operations at Mesoscale (AROME), Weather Research and Forecasting
(WRF), Rossby Centre Regional Climate Atmospheric (RCA), RSM, and Canadian
Regional Climate Model (CRCM).

Africa was the first continent selected for the Coordinated Regional Climate
Downscaling Experiment - CORDEX (Dosio, 2017) leading many climatologists to study
the performance of RCMs in SA. In recent years, the seasonal characteristics of rainfall
have become a topic of interest for SA making the data produced by CORDEX a valuable
resource for enabling future projections of high-frequency rainfall in the regio (Shongwe
et al., 2015).

Given the challenge posed by the CORDEX Pilot Studies to further reduce the
regional spatial resolution, the Coordinated Output for Regional Evaluations (CORDEX-
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CORE) was developed that produces a set of homogeneous projections of high resolution
for the entire continent (Gutowski et al., 2016; Serland et al., 2021).

In this thesis, we will focus on the common hydro-meteorological hazards that
threaten livelihoods in the SA region (floods, drought, tropical cyclones and heatwaves).
However, only two hydro-meteorological hazards will be discussed for this work:

Droughts and tropical cyclones.

1.2.  Work Structure
This work is organized into three sections, were:
1 — Introduction: Where an overview of the work is given.
2 — State of Art: This chapter discusses drivers, droughts, tropical cyclones, regional
climate models, and early warning systems regimes in Southern Africa.
3 — Research Proposal: The scientific research design is presented in general terms,
with justification and motivation, statement of the problem, study subject, main

objective, specific objectives, hypotheses, methodology and activities or tasks.



2. State of the Art

There are 16 countries in what is commonly known as SA: Angola, South Africa,
Botswana, Comoros, Lesotho, Madagascar, Malawi, Mauritius, Mozambique, Namibia,
Eswatini, Democratic Republic of Congo (DRC), Seychelles, Tanzania, Zambia and
Zimbabwe (Figure 2a) (SADC, 2022). SA is located South of the equator, surrounded by
the Atlantic Ocean to the West and the Indian Ocean to the East.

According to the Képpen-Geiger classification, it has three main climate categories:
equatorial, arid and warm temperate (Kottek et al., 2006; Peel et al., 2007). In SA the
climate is generally characterised by two seasons: a hot, rainy summer and a cold, dry
winter (Abiodun et al., 2019). These seasons are influenced by various factors such as
plateaus, Angola Low (AL), Kalahari Heat Low (KHL), Zambezi low level jet (Z-LLJ),
Limpopo low level jet (L-LLJ), Mascarene High Pressure (MHP), South Atlantic High
Pressure (SAHP), Mozambique Channel Trough (MCT), cold Benguela and Agulhas
current (see Figure 2b). In addition, Inter-Tropical Convergence Zone (ITCZ)
(Pereira et al., 2024), Marine Heatwaves (Mawren et al., 2022), Benguela Nino and
Nifia events (Liibbecke et al., 2019), Indian Ocean Dipole (I0OD) (WMO, 2024c),
Tropical Temperate Troughs (TTTs), the Madden-Julian Oscillation (MJO), El Nifio-
Southern Oscillation (ENSO), Sea Surface Temperature (SST), South Indian Ocean
Dipole (SIOD), Pacific Decadal Oscillation (PDO), Interdecadal Pacific Oscillation
(IPO), Southern Annual Mode (SAM), Antarctic Annular Oscillation (AAO), Angola's
current, Benguela Upwelling System (nBUS) (Engelbrecht et al., 2024), Quasi-
Biennial Oscillation (QBO) (Tu et al.,, 2024), and anthropogenic influences
(Engelbrecht et al., 2024; Malherbe et al., 2013; Pereira et al., 2024), that in turn may
impact meteorological and hydrological risks associated with droughts (Chivangulula et

al., 2023) and tropical cyclones (Donkin & Abiodun, 2023; Perry et al., 2024; Tu et al.,

2024) in SA.
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Figure 2 — (a) The Southern African Development Community (SADC) member states (SADC, 2022). (b)
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Surface geopotential height over SA subcontinent (colour scale), acquired from ERA5. Values of IVTu
for Z-LLJ and L-LLJ were acquired with respect to green (13°—17°S) and orange (20°— 24°S) sections,
respectively. Orange and green arrows indicate the mean direction of water vapour via Limpopo and
Zambezi LLJ, respectively. Important synoptic and mesoscale features are represented with the
acronyms SAHP, MHP, AL, MCT and KHL (Pereira et al., 2024).

2.1. The Drought Regime in the Southern Africa

Droughts are no exception in SA, they are linked to a semi-arid climate with high
spatiotemporal variability, which can have severe local socioeconomic consequences
(Blamey et al., 2018).

Consequently, monitoring and forecasting/predicting droughts is crucial for
mitigating their effect by providing early warnings and contributing significantly to SA
water management and economic evolution (Edokossi et al., 2024).

Discussing the drought regime’s characteristics in SA is challenging because of the
limited number of publications on the topic. South Africa has the most publications on
the drought regime, whereas Angola and Namibia have the fewest publications/studies
(Chivangulula et al., 2023).

Given these limitations, Chivangulula et al. (2023) sought to assess the current
state of knowledge on the features of the drought regime in SA under present and future
climatic conditions. In recent years, however, the scientific community has become
increasingly interested in this topic, along with a growing number of discussions

regarding the frequency and magnitude of the consequences of drought in SA

2.1.1. Drought Drivers

Chivangulula et al. (2023) revealed that the main drought drivers in SA are: SST,
heatwaves, ENSO, other ocean—atmosphere interactions and anthropic influence (e.g.,
fires and global warming). However, ENSO is considered to be the main driver of drought

in SA (Chivangulula et al., 2023; Marumbwa et al., 2021).

2.1.2. Drought Indices

The most commonly used indices in studies to characterise drought in SA are the
Standardised Precipitation Index (SPI), Standardised Precipitation Evapotranspiration
(SPEI), Vegetation Condition Index (VCI), Normalised Difference Vegetation Index
(NDVI), Standardised Runoff Index (SRI), ENSO and the Southern Oscillation Index
(SOI) (Chivangulula et al., 2023). Moreover, some recent studies have introduced the use
of other indices, such as: Reconnaissance Drought Index (RDI), Enhanced Vegetation
Index (EVI) (Chivangulula et al., 2024), and Total Water Storage (TWS) (Edokossi et al.,
2024).



2.1.3. Droughts Frequency, Duration, Severity, Intensity and Spatial
Extension

As for the descriptors of the drought regime in SA, the studies revealed that none of
the documents selected presented all the descriptors which means that a complete
research of the drought regime or its spatial and temporal distribution is lacking in the
literature(Chivangulula et al., 2023). Given this limitation, the research of Chivangulula
et al. (2024a) detected the occurrence of drought and described the spatial and temporal
distribution with all descriptors. The work done by (Chivangulula et al., 2023, 2024) has
shown that the frequency, or number, of droughts in SA varies depending on the
period/time scale and area analysed.

Concerning drought duration, Chivangulula et al. (2023) found that the drought of
the early 1990s was the longest, even when compared to the extreme drought event of
2015-2016. The drought that between October 2015 and March 2016 is also considered
the most severe from a meteorological point of view since the 1980s (Khan et al., 2021;
Watson et al., 2022). According to the WMO (2024) the recent 2023/2024 drought
affected almost all of SA, with high impacts in northern Madagascar, Zambia, eastern
Angola and the southern Democratic Republic of Congo. It should be noted that the 2023
drought exceeded historical levels of drought severity.

Regarding intensity, Chivangulula et al. (2024a) analysed the spatial distribution
of droughts in the SA region over the 1971-2020 period. Their findings show that the
number, duration, severity and intensity of drought show a high spatial variability, which
tends to decrease as the time scale increases. However, when analysing drought intensity
separately they found that intensity increased with increasing the time scale in the

northern and central parts of SA.

2.1.4. Drought Consequences

Chivangulula et al. (2023) in their study found seven main categories of drought
impacts in SA: Shortage of drinking water, food insecurity and hunger, increase in
malnutrition, morbidity and mortality, loss of agricultural production, reduction in
industrial and hydroelectric energy production, pressure on the economy and promotion
of emigration, regional humanitarian crisis, risk of groundwater drought, and

degradation of ecosystems.

2.1.5. Drought Monitoring and Forecasting
To reduce the risk of drought, monitoring and predicting provide crucial early

warning of droughts (AghaKouchak et al., 2015).



Various approaches are used to monitor droughts in SA including remote sensing
technics (Mbuqwa et al., 2024; SADC, 2025), drought monitoring systems such as the
Anomaly Hot Spots of Agricultural Production (ASAP) (JRC, 2025; Rembold et al.,
2019), and emerging technologies like Global Navigation Satellite System -
Reflectometry (GNSS-R) (Edokossi et al., 2024).

To support forecasting in the SA region, a range of tools and data sources are used,
including remote sensing data, seasonal weather forecasts and regional models.
Numerical Weather Prediction (NWP) systems help to obtain weather forecasts in short-
and medium-term time horizon. The SA Regional Climate Outlook Forum (SARCOF) is
the platform for generating and disseminating seasonal forecasts for the region (SADC,

2025).

2.1.6. Future Drought Regime

There is a risk of increased drought in the 21st century (Crausbay et al., 2017), and
their characteristics in frequency, severity and duration are expected to increase in the
future (Wang & Yuan, 2018), also over the SA region, as shown by (Seneviratne et al.,
2012). The region is already experiencing an increase in consecutive years of drought
(Gbegbelegbe et al., 2024).

Ayugi et al. (2024) recent research into future projections of flash drought in SA
continues to show the dominant effect of anthropogenic drivers as the crucial driver of
drought change in the SA region.

Gbegbelegbe et al. (2024) used an integrated system model to determine the bio-
economic impact of future droughts in SA by 2040. The results of this study indicated
that under a moderate economic growth, and without droughts, food security in SA will

improve slightly by 2040.

2.2, The Tropical Cyclones in the Southern Africa

2.2.1. South-West Tropical Cyclones in the Indian Ocean

Several studies have revealed the strong influence of SWIO TC systems in SA
weather and climate, i.e. to discuss SWIO TCs is to investigate the SA TC regime (Donkin
& Abiodun, 2023; Pillay & Fitchett, 2019).

SWIO is one of the seven basins in which the formation and intensification of TCs
can be observed (Figure 3a) (Tinga, 2023). Within the SWIO, the Mozambique Channel
plays a significant role in TC activity (Manhique et al., 2021; Otto et al., 2022).
Geographically, the channel is located between longitudes 30°E and 45°E bounded to the
west by Mozambique and to the east by Madagascar (Figure 3b) (Mavume et al., 2009;
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Pillay & Fitchett, 2019), which makes the Mozambique channel a critical sub-region within
the SWIO basin for studying TC dynamics.
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Figure 3 — (a) Distribution of TCs basins in the world (NOAA, 2023). (b) Location map of the region of
interest in the present study (Chang-Seng & Jury, 2010).

2.2.1.1. Climatology of Tropical Cyclones in the South-West Indian Ocean

Both path and recent studies have discussed the climatology of SWIO cyclones.
Mavume et al. (2009) found an annual average of 10.5 cyclones per station from 1980 to
2007. More recently, Cattiaux et al. (2020) found an increase to 14 cyclones per year up
to 2016. Bié & de Camargo (2023) reported averages of 11 cyclones per season. It's worth
reiterating that cyclones that occur within the season occur from November to April.
Most of these cyclones originate over the central region of the basin (Bié, 2022),
preferably between November and April (WMO, 2024d), with a peak of occurrence
between January and March (Bié & de Camargo, 2023; Leroux et al., 2018). Of all the
systems' that originates in the SWIO, one system per year makes landfall in Mozambique
and/or Madagascar, with an average annual frequency of 0.9 and 0.1 storms, respectively
(Pillay & Fitchett, 2019).
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2.2.1.2. Drivers of Tropical Cyclones in the South-West Indian Ocean
Several studies revealed that the most significant drivers of TCs in the SWIO are:
ENSO, 10D, SST, QBO, Tropical Cyclone Heat Potential (TCHP), anthropogenic
influences, subtropical high pressure (i.e. the Mascarene high) (Tu et al., 2024), SIOD,
SAM (Perry et al., 2024), MJO (Donkin & Abiodun, 2023), ITZC (Otto et al., 2022), Marine

heatwaves (Mawren et al., 2022) and VWS (Manhique et al., 2021).

2.2.1.3. Tropical Cyclones Frequency, Intensity, Duration and Spatial
Distribution

Frequency is the number of times a phenomenon appears (SCRIBD, 2013).
However, as discussed in section 2.2.1.1, the climatology values in this section refer to
the number of cyclone frequencies in SWIO.

Bié (2022) in his comparative study between the periods in between 1980-2019
(P1) and 2000-2019 (P2) showed that the intensity distribution of the records of these
systems occurs more frequently between the MTS and ITC (Table 1 and Figure 4a). The
monthly distribution as a function of intensity showed no preferential pattern between
the two periods (P1 and P2, see Figure 4b).

Concerning Mean Sea Level Pressure (MSLP) 990 and 970 hpa, TCs reach their
maximum intensity on average between 72km/h (990 hpa) and 144km/h (970 hpa). As
for the spatial distribution, the maximum intensity (MSLP) is observed in a zonal band
between 15 and 20°S east of Madagascar. Regarding duration, most TCs have durations
lower than 20 days, with a frequency near ten (10) days in both P1 and P2. (Bié & de

Camargo, 2023).
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Figure 4 - (a) Relative percentage frequency in relation to the total and (b) monthly record of TCs with

intensity records, according to the classification used in SWIO between the periods (1980-2019 and 2000-

2019). Adapted From: (Bié, 2022).
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Several studies have discussed the cyclone Freddy generated in 2023, which broke
the record for a prolonged duration (Tu et al., 2024; WMO, 2024b). TC Freddy lasted 35
days before dissipating over north-central Mozambique and travelling west for more
than 8000 km across the southern Indian Ocean (SIO) (Erdman, 2023; Perry et al.,
2024).

2.2.2. Tropical Cyclone Consequences in Southern Africa

Several studies have revealed the impacts of SWIO systems on SA, where the major
consequences are observed when the system makes landfalls over SA countries (Braka et
al., 2024; OCHA, 2023, 2025). The main impacts recorded are: flooding, heavy rainfall,
strong winds, disease outbreaks, power grid problems, shortage of drinking water, food
insecurity and hunger, increase in malnutrition, morbidity and mortality, loss of
agricultural production, pressure on the economy and promotion of emigration, regional
humanitarian crisis (Donkin & Abiodun, 2023; IOM, 2025; Mongo et al., 2020; OCHA,

2023, 2025; Perry et al., 2024; Wachiaya, 2020; WMO, 2024c; Zimba et al., 2020).

2.2.3. Tropical Cyclones Monitoring and Forecasting in Southern Africa

Several techniques are used to detect, track and/or monitor TCs in SA such as Joint
Typhoon Warning Centre (JTWC), the International Best Track Archive for Climate
Stewardship (IBTrACS), European Centre for Medium-Range Weather Forecasts
(ECMWF) (Donkin & Abiodun, 2023; Perry et al., 2024), CYTRACK (Pérez-Alarcon et
al.,, 2024), remote sensing (Charrua et al.,, 2021; Hungwe et al., 2024) and power
dissipation index (PDI), which is useful for long-term trend analysis of TC activity and
energy dissipation, and hence under climate change scenarios (Tu et al., 2024; Vidya et
al., 2020).

For forecasting various atmospheric meteorological parameters useful to describe
TCs, the SA region uses different NWPs, such as RSMC-Pretoria guidance forecast,
United Kingdom Met Office (UM), Rapid Development Thunderstorm (RDT) (Bopape,
Sebego, et al., 2021), Climate Forecast System (CFS), ECMWF (Chikoore et al., 2015),
GCMs (Vitart et al., 2003) and WRF (Bopape, Cardoso, et al., 2021; Rapolaki & Reason,
2018).

2.2.4. Future Weather on Tropical Cyclones over Southern African
Projections of changes in TCs over SWIO were difficult to study under the mainly

global temperature targets, but today, such research is possible using regional climate

models (Muthige et al., 2018). In general, several studies have shown that the consensus

projections of the future behaviour of TCs continue to indicate a reduction in their
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frequency and increases in their maximum intensities (Cao et al., 2024; Muthige et al., 2018;
Oguejiofor & Abiodun, 2019). Thus, the anthropogenic factor is an influence in shift
positions of TC genesis, which is linked to an increase or decrease frequency in SWIO

(Cao et al., 2024; Malherbe et al., 2013).

2.3. The Regional Climate Models in the Southern Africa

Africa is a priority region in global efforts to improve resilience to the adverse
impacts of climate change (Blunden et al., 2022; Trisos et al., 2023). However, changes
in rainfall characteristics are rarely investigated in NMHSs observations or regional-
scale climate simulations in Africa (Reason et al., 2005). Meque et al. (2021) list different
reasons why the SA region presents limited research into rainfall characteristics and
changes, which comprises: (i) Lack of appropriate computing, poor internet and
telecommunications infrastructure; (ii) Inadequate observation network and lack of
operational climate data management systems. Moreover, the challenge is to assess the
ability of RCMs to simulate the entire probability distribution of rainfall at regional scales
(Perkins et al.,, 2007). However, verifying that our modelling tools are suitable for
evaluating these changes is crucial (Samuel et al., 2023).

Therefore, the CORDEX Africa program has enabled verification of the
performance of RCMs over the SA region (Kalognomou et al., 2013; Meque & Abiodun,
2015). The current RCMs can provide meaningful information on climate precipitation
projections over the SA region (Kalognomou et al., 2013; Meque et al., 2021).

However, different studies illustrate the applicability of RCMs in the SA region such
as simulation (Bopape, Cardoso, et al., 2021; Chen et al., 2024; Karypidou et al., 2022;
Rapolaki & Reason, 2018; Samuel et al.,, 2023), numerical weather and seasonal
prediction, and climate modelling (Meque et al., 2021). Moreover, the WRF model is the

most widely used (~90 per cent).

2.4. Early Warning Systems in Southern Africa

EWSs are implemented at a national or global level, which sometimes does not
involve the members of a given community in their initial implementation phase. EWS
projects are implemented according to the needs of a community (Macherera & Chimbari,
2016). Sufri et al. (2020) found a lack of sustained community involvement and
inadequate integration of national and scientific knowledge in the EWS.

For this reason, the lack of scientific knowledge of climate risks in the EWS in SADC
influences SADC's vulnerability to climate-induced shocks. Therefore, a serious effort to

develop themes that further link resilience to climate risks in the region is crucial.
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However, the debate on building SADC's resilience centres on three dimensions: social,
institutional and technological/technical(Agbehadji et al., 2024).

MHEWS in the SA has a reactive rather than planned intervention, which centres
on flood and drought monitoring and assessment components without drought
forecasting. Moreover, the lack of human capacity to use monitoring systems to identify
the areas most affected by disasters, adoption and limited use of modern technologies
such as television, sirens, megaphones, online services disseminate warning
information, and 4IR, thus reducing human casualties and saving property (Agbehadji
et al., 2024). The integration of 4IR technologies in the implementation of EWS adds

some innovations to EWS to support the development of resilience.
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3. Research Proposal

3.1. Justification and Motivations

When implementing an Early Warning System (EWS) for extreme events, it is
common to analyse the atmospheric drivers influencing the weather or climate to
prepare short and long-term weather forecasts with greater precision. These drivers have
the role of dictating precipitation patterns, temperature and winds each season. In
Southern Africa (SA), weather and or/climate forecasts are used as planning information
for various areas of economic, social and security activity. Therefore, meteorological
phenomena can happen by surprise without warning from the meteorological service,
which causes irreparable losses in economic and social activity.

One of the challenges at the global level is an effective EWS for all as a way of
mitigating large irreparable losses in economic, social and security activity. According to
UNDRR & WMO (2024), this challenge begins with the knowledge and application of four
pillars, the first two of which are (i) Knowledge of disaster jeopardy and (ii) Detecting,
observing, monitoring, analysing and predicting.

The above-average knowledge of these pillars will be crucial in monitoring and
predicting extreme events more accurately. These numerous atmospheric systems are
the principal influence on the weather and/or climate.

The motivation is to demonstrate the response procedures of the four pillars and
relate them to SA. On the other hand, this work will transfer know-how to the National
Meteorological and Hydrological Services (NMHSs) of the SA region. To provide
information that improves the forecasting of extreme events to contribute to early
warning systems. This thesis is coordinated by the Centro Ciéncia LP, funded by
Fundacao Para a Ciéncia e a Tecnologia (FCT) with the reference (CEMAR-2E2/1 /12 /
2024).

The Centre for Environmental and Marine Studies (CESAM, Department of
Physics, University of Aveiro) was responsible for assigning and approving the subject of
the doctoral thesis.

On the personal side, what motivated me to take up the assigned topic was learning
that the United Nations Organisations (UN) has launched Early Warnings for All
(EW4ALL). WMO (2024a) it's an innovative initiative to ensure the continent is safe
from destructive weather and water events through EWS to save lives. As a
meteorologist/climatologist, I would be honoured to know that my work would serve the
purpose of the UN and that my analyses would be crucial in an EWS for SA. Discussing
the four pillars will provide insights into the influence on climate and forecasting of
extreme events in SA.
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3.2. Description of the Scientific Research Problem

This thesis concerns the challenges faced by the meteorological service in
implementing an Early Warning System (EWS) for extreme phenomena. In recent
years, Southern Africa (SA) has experienced changes in meteorological parameters such
as temperature and rainfall. There has also been an increase in the occurrence of
extreme events such as floods, droughts, heat waves, and tropical cyclones.

Against this backdrop, scientific knowledge of these extreme phenomena, such as
analyses of extreme phenomena at various spatial-temporal scales, the factors that
produce them, monitoring techniques, and global and regional climate models to
support simulation and/or modelling of extreme events, such as forecasting scales and
future projections. It could be useful for the authorities to implement an EWS for these

extreme phenomena.

3.3. Need/Context/Benefits/Relevance

Some SA countries are developing meteorological or climatological services,
particularly Angola. In recent years, Angola has invested heavily in improving the
quality of its meteorological services. As a result, there is a great need to respond to the
Angolan state's investment with short and long-term forecasts with a higher degree of
accuracy. With detailed knowledge of extreme events and the drivers that influence
them, it will help to monitor and forecast extreme events with increasing accuracy.

However, it would be preferable for SA developing countries in the national
meteorological services to analyse extreme phenomena on various spatial-temporal
scales and the factors that influence and predict them on many scales. In order to design

an EWS capable of reducing the impacts of extreme phenomena.

3.4. Study Subject

v'  Extreme events in the current and future climate.

3.5. Main Objective
v Investigating the influence of extreme events and contributing to early warning

systems in southern Africa.

3.5.1. Specific Objectives

v" To analyse the meteorological drivers that influence the occurrence of
extreme events in southern Africa;
v Assessing the regime of floods, droughts, heat waves, tropical cyclones,

regional climate models and early warning systems in southern Africa;
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v' Carry out a spatial-temporal analysis on various scales of the extreme events
discussed in southern Africa using the historical series from 1981 to the present
date (the current data available);

v Simulating and predict the occurrence of extreme events on various spatial and
temporal scales;

v" Correlate meteorological drivers with extreme events;

\

Identify the influences of the mechanisms that produce extreme events;

v Elaborate climate change projections on various scales of the extreme events.

3.6. Hypotheses
v' If we analyse the meteorological and/or climatic factors in SA, we can determine
their influence on extreme phenomena.
v If extreme phenomena over southern Africa are monitored, simulated, forecasted
and projected on various spatial-temporal scales, this will contribute to the

design of a very effective EWS for extreme phenomena.

3.7. Methodology

3.7.1. Material and Methods

3.7.1.1. Data Acquisition
Three types of data will be used for the work to be carried out in the first phase:
v Surface meteorological parameters (precipitation, temperature and winds).
v Sea surface temperature observation data.
v' Emissions Scenarios.

The data used will be daily, monthly, quarterly or annual precipitation, temperature
and wind data from some meteorological stations installed in the southern African
region or through global/regional data sources. The period under study will be from
1981 to the present date (the current data available). Daily, monthly, quarterly or annual
sea surface temperature (SST) anomalies will also be used. In addition, data from the
International Best Track Archive for Climate Stewardship (IBTrACS) and the Joint
Typhoon Warning Centre (JTWC) could be used for tracking and/or monitoring tropical
cyclones. The areas used will be Nifio 3.4 (5°N5°S, 170°W-120°W), the North Atlantic
Dipole, the South Atlantic Dipole and the Indian Dipole, the series comprising the same
period as the SST study period. Future data from the emissions scenarios will be used to
draw up the climate change projection. The climate projection is the simulated response

of the climate system to a scenario of future emissions. These future emissions scenarios
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describe future emissions of greenhouse gases and other pollutants into the atmosphere.
To analyze extreme events and their influence, the mechanisms that produce them
will be considered. During this work, more details will be presented on how this data

will be acquired and discussed.

3.7.1.1.2. Model Data

This thesis will use Regional Climate Models (RCMs, CORDEX-AFRICA,
CORDEX-CORE) to simulate extreme events and future projections. It will discuss the
RCMs in more detail and how the CORDEX-AFRICA and CORDEX-CORE simulations

will be acquired.

3.7.1.2. Methods

Statistical methods will be used both to review literature and to analysis climate
phenomena or extremes.

The systematic review will be based on the PRISMA 2020 method, which defines
three significant steps for a systematic review: identification, screening and inclusion
(Chivangulula et al., 2023; Page et al., 2021). In climate risks, statistical methods are
fundamental for interpreting observations and model simulations. However, large
volumes of information can be processed and uncertainties quantified (Cardoso &

Firmino Vaz, 2020).

3.7.1.2.1. Descriptors

To investigate spatiotemporal variability at various scales, it will use the
descriptors of each extreme event. These are characterized by number/frequency,
duration, intensity and severity. In his study of the variability of the heatwave
phenomenon, Meque et al. (2022) analyzed two additional characteristics: amplitude
and cumulative magnitude. For example, to study the intensity of a cyclone's
destructiveness, we can investigate the winds, the Mean Sea Level Pressure (MSPL) or
even the cyclonic indices. Droughts need to be examined using for example,
Standardized Precipitation Index (SPI) and Standardized Precipitation
Evapotranspiration Index (SPEI). The Expert Team on Climate Change Detection and
Indices (ETCCDI) will be used in the study of precipitation (Teshome et al., 2022) and

temperature (Mbokodo et al., 2023).

3.7.2. Possible Technologies, Techniques and Software Used in the Thesis

Certain software can be used to manipulate and process climate data from different

data sources. This software consists of loading, visualizing, reading, calculating and

18



extracting (variables, maps and units) data in different formats. The software to be used
could be as follows: Excel, ARCGIS, QGIS, Linux and programming languages (R studio,
Open Grads, Python and/or MATLAB). They will also use the software for producing
seasonal forecasts Climate Predictability Tool (CPT), PyCPT and Climate Forecast Tool
(CFT). In addition, CyTRACK is a method that uses open-source programming
languages. It detects, tracks and captures cyclone frequency with its lifetime and spatial

distribution.

3.8. Activities
1. study and familiarisation with the main concepts underlying meteorological
drivers, floods, droughts, heat waves, tropical cyclones, regional climate

models and early warning systems in southern Africa.

2. Study and familiarisation with the acquisition of meteorological values
(precipitation, temperature and winds) directly observed or from
global/regional models.

3. Study and familiarisation with the acquisition of ocean temperature anomaly
values, tropical cyclone and heat wave events.

4. Study and familiarisation with the acquisition of future scenario data for the
preparation of climate change projections from global/regional models.

5. Producing time-series of precipitation, temperature and wind data.

6. Processing ocean temperature anomaly data to produce daily, monthly,
quarterly or climatological time-series.

7. Processing tropical cyclone event data to produce daily, monthly, quarterly or

climatological time-series.

8. Processing future scenario data to produce climate change projections for

global/regional models.

9. Carrying out tests and validating the results obtained.

10. Analysing drivers and time-series to relate extreme events.

11. Write the doctoral thesis (Ph.D.) and scientific article.

12. Revising the thesis together with the supervisors

13. Pre-defence with supervisors.

14. permission to submit the thesis and the defence by the supervisor.

15. Submitting and defending the thesis.

19



Reference Bibliography

Abiodun, B. J., Makhanya, N., Petja, B., Abatan, A. A., & Oguntunde, P. G. (2019).
Future projection of droughts over major river basins in Southern Africa at specific
global warming levels. Theoretical and Applied Climatology, 137(3-4), 1785—
1799. https://doi.org/10.1007/S00704-018-2693-0

Agbehadji, I. E., Schitte, S., Masinde, M., Botali, J., & Mabhaudhi, T. (2024). Climate
Risks Resilience Development: A Bibliometric Analysis of Climate-Related Early
Warning Systems in Southern Africa. Climate, 12(1).
https://doi.org/10.3390/cli12010003

AghaKouchak, A., Feldman, D., Hoerling, M., Huxman, T., & Lund, J. (2015).
Recognize anthropogenic drought. Nature, 524(5), 409-411.
https://www.nature.com/articles/524409a

Ayugi, B. O., Ullah, 1., & Chung, E. S. (2024). Observed flash drought to persist in
future over southern Africa. Science of The Total Environment, 951, 175744.
https://doi.org/10.1016/J.SCITOTENV.2024.175744

Bi¢, A. J. (2022). Ciclones tropicais no Sudoeste do Oceano indico: representacio em
reanalises atmosféricas e experimentos de sensibilidade com modelo regional
acoplado. (I. N. Gomes, Trans.) [Tese Doutorado, Universidade de Séo Paulo].
https://www.iag.usp.br/pos-graduacao/meteorologia/publicacoes/teses-e-
dissertacoes/ciclones-tropicais-no-sudoeste-do

Bié, A. J., & de Camargo, R. (2023). Tropical cyclones position and intensity in the
Southwest Indian Ocean as represented by CFS and ERA5 atmospheric reanalysis
datasets. International Journal of Climatology, 43(10), 4532-4551.
https://doi.org/10.1002/joc.8101

Blamey, R. C., Kolusu, S. R., Mahlalela, P., Todd, M. C., & Reason, C. J. C. (2018).
The role of regional circulation features in regulating El Nifio climate impacts over
southern Africa: A comparison of the 2015/2016 drought with previous events.
International Journal of Climatology, 38(11), 4276-4295.
https://doi.org/10.1002/joc.5668

Blunden, J., Boyer, T., Dunn, R. J. H., Allen, J., Hammer, G., Love-Brotak, S. E.,
Misch, D. J., Ohlmann, L., Riddle, D. B., Veasey, S. W., Ades, M., Adler, R.,
Aldred, F., Allan, R. P., Anderson, J., Anneville, O., Aono, Y., Argiiez, A., Arosio,
C., ... Zhu, Z. (2022). STATE OF THE CLIMATE IN 2021. Bulletin of the
American Meteorological Society, 103(8), S11-S142.
https://doi.org/10.1175/2022BAMSStateoftheClimate. 1

Bopape, M. J. M., Cardoso, H., Plant, R. S., Phaduli, E., Chikoore, H., Ndarana, T.,
Khalau, L., & Rakate, E. (2021). Sensitivity of tropical cyclone idai simulations to
cumulus parametrization schemes. Atmosphere, 12(8).
https://doi.org/10.3390/atmo0s12080932

Bopape, M. J. M., Sebego, E., Ndarana, T., Maseko, B., Netshilema, M., Gijben, M.,
Landman, S., Phaduli, E., Rambuwani, G., van Hemert, L., & Mkhwanazi, M.
(2021). Evaluating south african weather service information on idai tropical
cyclone and kwazulu-natal flood events. South African Journal of Science, 117(3—
4). https://doi.org/10.17159/SAJS.2021/7911

Braimoh, A., Manyena, B., & Obuya, G. et al. (2018). Assessment of Food Security
Early Warning Systems for East and Southern Africa.
https://www.preventionweb.net/publication/assessment-food-security-early-
warning-systems-east-and-southern-
africa#:~:text=This%20report%20assesses%20food%20security%20early%20warn

20



ing%20systems,enhanced%20resilience%20in%20East%20and%20Southern%20A
frica%20%28ESA%29.

Braka, F., Daniel, E. O., Okeibunor, J., Rusibamayila, N. K., Conteh, I. N., Ramadan,
O. P. C., Byakika-Tusiime, J., Yur, C. T., Ochien, E. M., Kagoli, M., Chauma-
Mwale, A., Chamla, D., & Gueye, A. S. (2024). Effects of tropical cyclone Freddy
on the social determinants of health: the narrative review of the experience in
Malawi. BMJ Public Health, 2(1). https://doi.org/10.1136/BMJPH-2023-000512

Burns, J. M., Subrahmanyam, B., Nyadjro, E., & Murty, S. V. S. N. (2016). Tropical
cyclone activity over the Southwest Tropical Indian Ocean. JGR Oceans, 121(8),
6389-6402. https://doi.org/10.1002/2016JC011992

Cao, X., Watanabe, M., Wu, R., Wu, L., Deng, D., Ha, Y., Xu, M., Yuan, M., Dai, Y.,
& Du, Z. (2024). Westward shift of tropical cyclogenesis over the southern Indian
Ocean. Environmental Research Letters, 19(3). https://doi.org/10.1088/1748-
9326/ad1d9b

Cardoso, S., & Firmino Vaz, P. (2020). Future Projections of Extreme Climatic Events
Over Iberian Peninsula. [Departamento de Fisica (DFIS) da Universidade de
Aveiro: Universidade de Aveiro]. http://hdl.handle.net/10773/29835

Cattiaux, J., Chauvin, F., Bousquet, O., Malardel, S., & Tsai, C. L. (2020). Projected
changes in the southern indian ocean cyclone activity assessed from high-
resolution experiments and CMIP5 models. Journal of Climate, 33(12), 4975-
4991. https://doi.org/10.1175/JCLI-D-19-0591.1

Chang-Seng, D. S., & Jury, M. R. (2010). Tropical cyclones in the SW Indian Ocean.
Part 1: Inter-annual variability and statistical prediction. Meteorology and
Atmospheric Physics, 106(3-4), 149-162. https://doi.org/10.1007/s00703-009-
0055-2

Charrua, A. B., Padmanaban, R., Cabral, P., Bandeira, S., & Romeiras, M. M. (2021).
Impacts of the tropical cyclone idai in mozambique: A multi-temporal landsat
satellite imagery analysis. Remote Sensing, 13(2), 1-17.
https://doi.org/10.3390/rs13020201

Chen, S., Stefan, E., Franssen, H.-J. H., Heinrichs, H., Vereecken, H., & Goergen, K.
(2024). Convection-Permitting ICON-LAM Simulations for Renewable over
Southern Africa. JGR Atmospheres, 129(6). https://doi.org/10.1029/2023JD039569

Chikoore, H., Vermeulen, J. H., & Jury, M. R. (2015). Tropical cyclones in the
Mozambique Channel: January—March 2012. Natural Hazards, 77(3), 2081-2095.
https://doi.org/10.1007/S11069-015-1691-0

Chivangulula, F. M., Amraoui, M., & Pereira, M. G. (2023). The Drought Regime in
Southern Africa: A Systematic Review. Climate, 11(7), 2-23.
https://doi.org/10.3390/cli11070147

Chivangulula, F. M., Amraoui, M., & Pereira, M. G. (2024). The Drought Regime in
Southern Africa: Long-Term Space-Time Distribution of Main Drought
Descriptors. Climate, 12(12), 221. https://doi.org/10.3390/cli12120221

Correia, C. D. N., Amraoui, M., & Santos, J. A. (2025). Assessment of Climate Change
in Angola and Potential Impacts on Agriculture. Climate, 13(1), 12.
https://doi.org/10.3390/cli13010012

Crausbay, S. D., Ramirez, A. R., Carter, S. L., Cross, M. S., Hall, K. R., Bathke, D. J.,
Betancourt, J. L., Colt, S., Cravens, A. E., Dalton, M. S., Dunham, J. B., Hay, L.
E., Hayes, M. J., McEvoy, J., McNutt, C. A., Moritz, M. A., Nislow, K. H.,
Raheem, N., & Sanford, T. (2017). Defining ecological drought for the twenty-first
century. Bulletin of the American Meteorological Society, 98(12), 2543-2550.
https://doi.org/10.1175/BAMS-D-16-0292.1

21



Devorah, W. (2021, August 24). Transforming Disaster Preparedness: The Role of
Tech in Responding to Climate Shocks. Tony Blair Institute for Global Change.
https://www.preventionweb.net/news/transforming-disaster-preparedness-role-
tech-responding-climate-
shocks?utm_source=PreventionWeb&utm_campaign=c96a511a71-
PreventionWeb+Newsletter:+news+and+blogs+(weekly)&utm_medium=email&ut
m_term=0_b73053c1c6-c96a511a71-363630922

Donkin, P. T., & Abiodun, B. J. (2023). Capability and sensitivity of MPAS-A in
simulating tropical cyclones over the South-West Indian Ocean. Modeling Earth
Systems and Environment, 9(1), 527-542. https://doi.org/10.1007/s40808-022-
01517-0

Dosio, A. (2017). Projection of temperature and heat waves for Africa with an ensemble
of CORDEX Regional Climate Models. Climate Dynamics, 49(1-2), 493-519.
https://doi.org/10.1007/s00382-016-3355-5

Dosio, A., Panitz, H. J., Schubert-Frisius, M., & Lithi, D. (2015). Dynamical
downscaling of CMIP5 global circulation models over CORDEX-Africa with
COSMO-CLM: evaluation over the present climate and analysis of the added
value. Climate Dynamics, 44(9-10), 2637-2661. https://doi.org/10.1007/s00382-
014-2262-x

Edokossi, K., Jin, S., Mazhar, U., Molina, 1., Calabia, A., & Ullah, I. (2024).
Monitoring the drought in Southern Africa from space-borne GNSS-R and SMAP
data. Natural Hazards, 120(8), 7947-7967. https://doi.org/10.1007/s11069-024-
06546-9

Emanuel, K. (2003). Tropical cyclones. Annual Review of Earth and Planetary
Sciences, 31, 75-104. https://doi.org/10.1146/annurev.earth.31.100901.141259

Engelbrecht, F. A., Steinkopf, J., Padavatan, J., & Midgley, G. F. (2024). Projections of
Future Climate Change in Southern Africa and the Potential for Regional Tipping
Points. In: von Maltitz, G.P., et al. Sustainability of Southern African ecosystems
under global change. (Vol. 248, pp. 169-190). Springer.
https://link.springer.com/chapter/10.1007/978-3-031-10948-5 7

Erdman, J. (2023, March 12). Cyclone Freddy sets new world record for longest-lived
tropical cyclone. Weather Underground.
https://www.wunderground.com/article/storms/hurricane/news/2023-03-06-
tropical-cyclone-freddy-mozambique-madagascar-record

Esfahanian, E., Nejadhashemi, A. P., Abouali, M., Adhikari, U., Zhang, Z., Daneshvar,
F., & Herman, M. R. (2017). Development and evaluation of a comprehensive
drought index. Journal of Environmental Management, 185, 31-43.
https://doi.org/10.1016/J.JENVMAN.2016.10.050

Gbegbelegbe, S., Chikoye, D., Alene, A., Kyei-Boahen, S., & Chigeza, G. (2024).
Strategic Foresight analysis of droughts in southern Africa and implications for
food security. Frontiers in Sustainable Food Systems, 7, 1-23.
https://doi.org/10.3389/fsufs.2023.1159901

Giorgi, F. (2019). Thirty years of regional climate modelling: where are we and where
do we go next? JGR Atmospheres, 124(11), 5696-5723.
https://doi.org/10.1029/2018JD030094

Gu, L., Chen, J., Yin, J., Xu, C. Y., & Chen, H. (2020). Drought hazard transferability
from meteorological to hydrological propagation. Journal of Hydrology, 585,
124761. https://doi.org/10.1016/J.JHYDROL.2020.124761

Gutowski, J. W., Giorgi, F., Timbal, B., Frigon, A., Jacob, D., Kang, H. S., Raghavan,
K., Lee, B., Lennard, C., Nikulin, G., O’Rourke, E., Rixen, M., Solman, S.,

22



Stephenson, T., & Tangang, F. (2016). WCRP COordinated Regional Downscaling
EXperiment (CORDEX): A diagnostic MIP for CMIP6. Geoscientific Model
Development, 9(11), 4087—-4095. https://doi.org/10.5194/gmd-9-4087-2016

Haile, G. G., Tang, Q., Li, W, Liu, X., & Zhang, X. (2020). Drought: Progress in
broadening its understanding. Wiley Interdisciplinary Reviews: Water, 7(2), 1-25.
https://doi.org/10.1002/WAT2.1407

Han, J., & Singh, V. P. (2023). A review of widely used drought indices and the
challenges of drought assessment under climate change. In Environmental
Monitoring and Assessment (Vol. 195, Issue 12). Springer Science and Business
Media Deutschland GmbH. https://doi.org/10.1007/s10661-023-12062-3

Hayes, M., Svoboda, M., Wall, N., & Widhalm, M. (2011). The lincoln declaration on
drought indices: Universal meteorological drought index recommended. Bulletin of
the American Meteorological Society, 92(4), 485-488.
https://doi.org/10.1175/2010BAMS3103.1

Hungwe, M. G., Gumindoga, W., Manuel Baez Villanueva, O., & Rwasoka, D. T.
(2024). Comparative analysis of the variability and impacts of tropical cyclones in
flood-prone areas of Zimbabwe. Frontiers in Climate, 6.
https://doi.org/10.3389/fclim.2024.1291751

Ibebuchi, C. C. (2022). Can synoptic patterns influence the track and formation of
tropical cyclones in the Mozambique Channel? AIMS Geosciences, 8(1), 33-51.
https://doi.org/10.3934/GEOSCI.2022003

IDMP. (2022). Integrated Drought Management Programme Drought and Water
Scarcity.: Vol. WMO-N° 1284. www.unccd.int

IOM. (2025). CYCLONE CHIDO & DIKELEDI RESPONSE MOZAMBIQUE FLASH
APPEAL STATUS. https://mozambique.iom.int

IPCC. (2021). The Physical Science Basis. Contribution of Working Group 1 to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change [Masson-
Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y.
Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R.
Matthews, T.K. Maycock, T. Waterfield, O. Yelekgi, R. Yu, and B. Zhou (eds.)].
https://doi.org/10.1017/9781009157896

JRC. (2025, February 7). The drought intensifies during the main harvests in northern
and southern Africa. Joint Research Centre (JRC). https://joint-research-
centre.ec.europa.eu/jrc-news-and-updates/asap-assessment-january-2025-2025-02-
07_en

Jubach, R., & Sezin Tokar, A. (2016). International severe weather and flash flood
hazard early warning systems-leveraging coordination, cooperation, and
partnerships through a hydrometeorological project in Southern Africa. Water
(Switzerland), 8(6), 2-11. https://doi.org/10.3390/W8060258

Kalognomou, E. A., Lennard, C., Shongwe, M., Pinto, 1., Favre, A., Kent, M.,
Hewitson, B., Dosio, A., Nikulin, G., Panitz, H. J., & Blchner, M. (2013). A
diagnostic evaluation of precipitation in CORDEX models over Southern Africa.
Journal of Climate, 26(23), 9477-9506. https://doi.org/10.1175/JCLI-D-12-
00703.1

Karypidou, M. C., Katragkou, E., & Sobolowski, S. P. (2022). Precipitation over
southern Africa: is there consensus among global climate models (GCMs), regional
climate models (RCMs) and observational data? Geoscientific Model Development,
15(8), 3387-3404. https://doi.org/10.5194/gmd-15-3387-2022

23



Khan, M. Z. K., Rahman, A., Rahman, M. A., & Renzaho, A. M. N. (2021). Impact of
droughts on child mortality: a case study in Southern African countries. Natural
Hazards, 108(2), 2211-2224. https://doi.org/10.1007/s11069-021-04776-9

Kottek, M., Grieser, J., Beck, C., Rudolf, B., & Rubel, F. (2006). World map of the
Kdppen-Geiger climate classification updated. Meteorologische Zeitschrift, 15(3),
259-263. https://doi.org/10.1127/0941-2948/2006/0130

Lawal, S., Sitch, S., Lombardozzi, D., Nabel, J. E. M. S., Wey, H. W., Friedlingstein,
P., Tian, H., & Hewitson, B. (2022). Investigating the response of leaf area index
to droughts in southern African vegetation using observations and model
simulations. Hydrology and Earth System Sciences, 26(8), 2045-2071.
https://doi.org/10.5194/hess-26-2045-2022

Leroux, M. D., Meister, J., Mekies, D., Dorla, A. L., & Caroff, P. (2018). A climatology
of southwest Indian Ocean tropical systems: Their number, tracks, impacts, sizes,
empirical maximum potential intensity, and intensity changes. Journal of Applied
Meteorology and Climatology, 57(4), 1021-1041. https://doi.org/10.1175/JAMC-
D-17-0094.1

Libbecke, J. F., Brandt, P., Dengler, M., Kopte, R., Ludke, J., Richter, I., Sena Martins,
M., & Tchipalanga, P. C. M. (2019). Causes and evolution of the southeastern
tropical Atlantic warm event in early 2016. Climate Dynamics, 53(1-2), 261-274.
https://doi.org/10.1007/s00382-018-4582-8

Macherera, M., & Chimbari, M. J. (2016). A review of studies on community based
early warning systems. Jamba: Journal of Disaster Risk Studies, 8(1).
https://doi.org/10.4102/jamba.v8i1.206

Malherbe, J., Engelbrecht, F. A., & Landman, W. A. (2013). Projected changes in
tropical cyclone climatology and landfall in the Southwest Indian Ocean region
under enhanced anthropogenic forcing. Climate Dynamics, 40(11-12), 2867—-2886.
https://doi.org/10.1007/s00382-012-1635-2

Manhique, A. J., Guirrugo, I. A., Nhantumbo, B. J., & Mavume, A. F. (2021). Seasonal
to interannual variability of vertical wind shear and its relationship with tropical
cyclogenesis in the mozambique channel. Atmosphere, 12(6).
https://doi.org/10.3390/atmo0s12060739

Marumbwa, Farai Maxwell, Cho, Moses Azong, Chirwa, & Paxie W. (2021).
Geospatial analysis of meteorological drought impact on Southern Africa biomes.
[University Of Pretoria]. http://hdl.handle.net/2263/80727

Mavume, A. F., Rydberg, L., Rouault, M., & Lutjeharms, J. R. E. (2009). Climatology
and Landfall of Tropical Cyclones in the South-West Indian Ocean. Western
Indian Ocean J. Mar. Sci, 8(1), 15-36. https://doi.org/10.4314/wiojms.v8i1.56672

Mawren, D., Hermes, J., & Reason, C. J. C. (2022). Marine heat waves and tropical
cyclones - Two devastating types of coastal hazard in South-eastern Africa.
Estuarine, Coastal and Shelf Science, 277, 108056.
https://doi.org/10.1016/J.ECSS.2022.108056

Mbokodo, I. L., Bopape, M. J. M., Ndarana, T., Mbatha, S. M. S., Muofhe, T. P., Singo,
M. V., Xulu, N. G., Mohomi, T., Ayisi, K. K., & Chikoore, H. (2023). Heatwave
Variability and Structure in South Africa during Summe Drought. Climate, 11(2).
https://doi.org/10.3390/cli11020038

Mbugwa, P., Magagula, H. B., Kalumba, A. M., & Afuye, G. A. (2024). Interdecadal
Variations in Agricultural Drought Monitoring Using Land Surface Temperature
and Vegetation Indices: A Case of the Amahlathi Local Municipality in South
Africa. Sustainability, 16(18), 8125. https://doi.org/10.3390/su16188125

24



Meque, A., & Abiodun, B. J. (2015). Simulating the link between ENOS and summer
drought in southern Africa using regional climate models. Climate Dynamics, 44,
1881-1900. https://link.springer.com/article/10.1007/s00382-014-2143-3

Meque, A., Gamedze, S., Moitlhobogi, T., Booneeady, P., Samuel, S., & Mpalang, L.
(2021). Numerical weather prediction and climate modelling: Challenges and
opportunities for improving climate services delivery in Southern Africa. Climate
Services, 23, 100243. https://doi.org/10.1016/J.CLISER.2021.100243

Meque, A., Pinto, I., Malre, G., & Beleza, A. (2022). Understanding the variability of
heatwave characteristics in southern Africa. Weather and Climate Extremes, 38,
100498. https://doi.org/10.1016/J.WACE.2022.100498

Mongo, E., Cambaza, E., Nhambire, R., Singo, J., & Machava, E. (2020, March 11).
Outbreak of cholera due to cyclone Idai in central Mozambique (2019).
Intechopen. https://www.intechopen.com/chapters/69208

Muthige, M. S., Malherbe, J., Englebrecht, F. A., Grab, S., Beraki, A., Maisha, T. R., &
Van Der Merwe, J. (2018). Projected changes in tropical cyclones over the South
West Indian Ocean under different extents of global warming. Environmental
Research Letters, 13(6). https://doi.org/10.1088/1748-9326/aabc60

Nhemachena, C., Nhamo, L., Matchaya, G., Nhemachena, C. R., Muchara, B.,
Karuaihe, S. T., & Mpandeli, S. (2020). Climate change impacts on water and
agriculture sectors in southern africa: Threats and opportunities for sustainable
development. In Water (Switzerland) (\Vol. 12, Issue 10, pp. 1-17). MDPI AG.
https://doi.org/10.3390/w12102673

NOAA. (2023, September 1). Frequently asked questions about hurricanes. Atlantic
Oceanographic and Meteorological Laboratory (NOAA).
https://www.aoml.noaa.gov/hrd-fag/#1569507388495-a5aa91bb-254¢

OCHA. (2023). Southern Africa: Snapshot of the impact of Tropical Cyclone Freddy
(February to March 2023). OCHA.
https://www.unocha.org/publications/report/malawi/southern-africa-snapshot-
tropical-cyclone-freddys-impact-february-march-2023

OCHA. (2025). Southern Africa: Rapid Update of Tropical Cyclone Jude No. 1 (as of
11 March 2025).
https://www.unocha.org/publications/report/madagascar/southern-africa-tropical-
cyclone-jude-flash-update-no-1-11-march-2025

Oguejiofor, C. N., & Abiodun, B. J. (2019). Simulating the influence of sea-surface-
temperature (SST) on tropical cyclones over South-West Indian ocean, using the
UEMS-WRF regional climate model. https://doi.org/10.48550/arXiv.1906.08298

Otto, F. E. L., Zachariah, M., Wolski, P., Pinto, I., Barimalala, R., Nhamtumbo, B.,
Bonnet, R., Vautard, R., Philip, S., Kew, S., Luu, L. N., Heinrich, D., Vahlberg,
M., Singh, R., Arrighi, J., Thalheimer, L., Van Aalst, M., Li, S., Sun, J., ...
Harrington, L. J. (2022). Climate change increased rainfall associated with
tropical cyclones hitting highly vulnerable communities in Madagascar,
Mozambique & Malawi. https://www.worldweatherattribution.org/climate-change-
increased-rainfall-associated-with-tropical-cyclones-hitting-highly-vulnerable-
communities-in-madagascar-mozambique-malawi/

Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I., Hoffmann, T. C., Mulrow, C.
D., Shamseer, L., Tetzlaff, J. M., Akl, E. A., Brennan, S. E., Chou, R., Glanville,
J., Grimshaw, J. M., Hrébjartsson, A., Lalu, M. M., Li, T., Loder, E. W., Mayo-
Wilson, E., McDonald, S., ... Moher, D. (2021). The PRISMA 2020 statement: An
updated guideline for reporting systematic reviews. In The BMJ (Vol. 372). BMJ
Publishing Group. https://doi.org/10.1136/bmj.n71

25



Paul, S. (2020, June 16). Space Technology for Locust Early Warning Systems.
GEOSPATIAL WORLD (GW). https://geospatialworld.net/blogs/space-
technology-for-locust-early-warning-systems/

Peel, M. C., Finlayson, B. L., & Mcmahon, T. A. (2007). Updated world map of the
Koppen-Geiger climate classification. Hydrol. Earth Syst. Sci, 11(5), 1633-1644.
https://doi.org/10.5194/hess-11-1633-2007

Pereira, C. A., Martins, J. P., Fink, A. H., Pinto, J. G., & Ramos, A. M. (2024). Drivers
of seasonal rainfall variability over the Angolan and Namibian plateaus.
International Journal of Climatology. https://doi.org/10.1002/joc.8545

Pérez-Alarcon, A., Coll-Hidalgo, P., Trigo, R. M., Nieto, R., & Gimeno, L. (2024).
CyTRACK: An open-source and user-friendly python toolbox for detecting and
tracking cyclones. Environmental Modelling and Software, 176.
https://doi.org/10.1016/j.envsoft.2024.106027

Perkins, S. E., Pitman, A. J., Holbrook, N. J., & McAneney, J. (2007). Evaluation of the
AR4 climate models’ simulated daily maximum temperature, minimum
temperature, and precipitation over Australia using probability density functions.
Journal of Climate, 20(17), 4356-4376. https://doi.org/10.1175/JCL14253.1

Perry, Z., Rapolaki, R., Roffe, S., & Ragoasha, M. (2024). Analysing the atmospheric-
oceanic conditions driving the sustained long track and intensity of Tropical
Cyclone Freddy. Tropical Cyclone Research and Review, 13(4), 356-388.
https://doi.org/10.1016/J.TCRR.2024.11.008

Pillay, M. T., & Fitchett, J. M. (2019). Tropical cyclone landfalls south of the Tropic of
Capricorn, southwest Indian Ocean. Climate Research, 79(1), 23-37.
https://doi.org/10.3354/cr01575

Rapolaki, R. S., & Reason, C. J. C. (2018). Tropical storm Chedza and associated floods
over south-eastern Africa. Natural Hazards, 93(1), 189-217.
https://doi.org/10.1007/s11069-018-3295-y

Reason, C. J. C., Hachigonta, S., & Phaladi, R. F. (2005). Interannual variability in
rainy season characteristics over the Limpopo region of southern Africa.
International Journal of Climatology, 25(14), 1835-1853.
https://doi.org/10.1002/joc.1228

Rembold, F., Meroni, M., Urbano, F., Csak, G., Kerdiles, H., Perez-Hoyos, A.,
Lemoine, G., Leo, O., & Negre, T. (2019). ASAP: A new global early warning
system to detect anomaly hot spots of agricultural production for food security
analysis. Agricultural Systems, 168, 247-257.
https://doi.org/10.1016/j.agsy.2018.07.002

SADC. (2022). SADC Member States. Southern African Development Community
(SADC). https://www.sadc.int/member-states

SADC. (2025, February 20). Climate Monitoring. Southern African Development
Community (SADC). http://csc.sadc.int/en/climate/watch

Samuel, S., Dosio, A., Mphale, K., Faka, D. N., & Wiston, M. (2023). Comparison of
multimodel ensembles of global and regional climate models projections for
extreme precipitation over four major river basins in southern Africa— assessment
of the historical simulations. Climatic Change, 176(5).
https://doi.org/10.1007/s10584-023-03530-3

SCRIBD. (2013, August 1). Frequéncia Absoluta e Frequéncia Relativa. SCRIBD.
https://pt.scribd.com/document/157472915/Frequencia-Absoluta-e-Frequencia-
Relativa

Shongwe, M. E., Lennard, C., Liebmann, B., Kalognomou, E.-A., sortudo, N., & Pinto,
I. (2015). An evaluation of CORDEX regional climate models in the simulation of

26



rainfall over southern Africa. Atmospheric Science Letters, 16(3), 199-207.
https://doi.org/10.1002/asl2.538

Sgrland, S. L., Brogli, R., Pothapakula, P. K., Russo, E., Van De Walle, J., Ahrens, B.,
Anders, I., Bucchignani, E., Davin, E. L., Demory, M. E., Dosio, A., Feldmann, H.,
Frih, B., Geyer, B., Keuler, K., Lee, D., Li, D., Van Lipzig, N. P. M., Min, S. K.,
... Thiery, W. (2021). COSMO-CLM regional climate simulations in the
Coordinated Regional Climate Downscaling Experiment (CORDEX) framework:
A review. In Geoscientific Model Development (Vol. 14, Issue 8, pp. 5125-5154).
Copernicus GmbH. https://doi.org/10.5194/gmd-14-5125-2021

Sufri, S., Dwirahmadi, F., Phung, D., & Rutherford, S. (2020). A systematic review of
Community Engagement (CE) in Disaster Early Warning Systems (EWSS).
Progress in Disaster Science, 5, 100058.
https://doi.org/10.1016/J.PDISAS.2019.100058

Teshome, A., Zhang, J., Demissie, T., & Ma, Q. (2022). Observed and Future
Spatiotemporal Changes of Rainfall Extreme Characteristics and Their Dynamic
Driver in June-August Season over Africa. Atmospheric and Climate Sciences,
12(02), 358-382. https://doi.org/10.4236/acs.2022.122022

Tinga, S. 0. (2023). CONTRIBUICAO DOS CICLONES TROPICAIS PARA A
PRECIPITACAO EM MOCAMBIQUE NO PERIODO DE 1982 A 2022. (I. N.
Gomes, Trans.) [Departamento de Fisica (DFIS) da Universidade de Aveiro:
Universidade de Aveiro]. https://doi.org/10.54499/2022.018

Trambauer, P., Maskey, S., Werner, M., Pappenberger, F., Van Beek, L. P. H., &
Uhlenbrook, S. (2014). Identification and simulation of space-time variability of
past hydrological drought events in the Limpopo River basin, southern Africa.
Hydrology and Earth System Sciences, 18(8), 2925-2942.
https://doi.org/10.5194/hess-18-2925-2014

Trisos, C. H., Adelekan, I. O., Totin, E., Ayanlade, A., Efitre, J., & Gemeda, A. , et al.
(2023). Africa. In Climate Change 2022 — Impacts, Adaptation and Vulnerability
(pp. 1285-1456). Cambridge University Press.
https://doi.org/10.1017/9781009325844.011

Tu, S., Hu, Z., Liang, M., Zhou, W., Chan, J. C. L., & Xu, J. (2024). Decreasing trend
in destructive potential of tropical cyclones in the South Indian Ocean since the
mid-1990s. Communications Earth and Environment, 5(1).
https://doi.org/10.1038/s43247-024-01683-2

Um, A. U., Meukaleuni, C., Efon, E., Wandjie, B. B. S., Ngongang, R. D., Tamoffo, A.
T., Betant, C., & Lenouo, A. (2025). Validation of Monthly Data of Temperature
and Precipitation over West Africa from Simulations of CORDEX-CORE
Ensemble. Journal of Geoscience and Environment Protection, 13(01), 422-443.
https://doi.org/10.4236/gep.2025.131021

UNDRR, & WMO. (2024). Global Status of Multi-Hazard Early Warning Systems.
www.undrr.org

UNEP. (2021, October 8). Major New Project to Enhance Early Warning Systems for
Increased Climate Resilience in Timor-Leste. Reliefweb, UNEP, OCHA.
https://reliefweb.int/report/timor-leste/major-new-project-enhance-early-warning-
systems-increased-climate-resilience

Vidya, P. J., Ravichandran, M., Murtugudde, R., Subeesh, M. P., Chatterjee, S., Neetu,
S., & Nuncio, M. (2020). Increased cyclone destruction potential in the Southern
Indian Ocean. Environmental Research Letters, 16(1).
https://doi.org/10.1088/1748-9326/abceed

27



Vitart, F., Anderson, D., & Stockdale, T. (2003). Seasonal Forecasting of Tropical
Cyclone Landfall over Mozambique. Journal of Climate, 16(23), 3932—-3945.
https://doi.org/10.1175/1520-0442(2003)016<3932:SFOTCL>2.0.CO;2

Wachiaya, C. (2020, March 13). One year on, people displaced by Cyclone Idai
struggle to rebuild. UNHCR (The UN Refugee Agency).
https://www.unhcr.org/news/stories/one-year-people-displaced-cyclone-idai-
struggle-rebuild

Wang, L., & Yuan, X. (2018). Two Types of Flash Drought and Their Connections with
Seasonal Drought. Advances in Atmospheric Sciences, 35(12), 1478-1490.
https://doi.org/10.1007/s00376-018-8047-0

Wang, X., & Jiang, H. (2019). A 13-year global climatology of tropical cyclone warm-
core structures from AIRS data. Monthly Weather Review, 147(3), 773-790.
https://doi.org/10.1175/MWR-D-18-0276.1

Watson, A., Miller, J., Kiinne, A., & Kralisch, S. (2022). Using soil-moisture drought
indices to evaluate key indicators of agricultural drought in semi-arid
Mediterranean Southern Africa. Science of The Total Environment, 812, 152464.
https://doi.org/10.1016/J.SCITOTENV.2021.152464

WCRP. (2022). List of CORDEX-CMIP5 RCMs. Coordinated Regional Climate
Downscaling Experiment (CORDEX). https://cordex.org/data-access/cordex-
cmip5-data/cordex-cmip5-rem-list/

WMO. (2023a, September). Naming of tropical cyclones. World Meteorological
Organization. https://wmao.int/resources/wmo-fact-sheets/tropical-cyclone-naming

WMO. (2023b, September 20). Classification of tropical cyclones. World
Meteorological Organization. https://wmao.int/content/classification-of-tropical-
cyclones

WMO. (2023c, September 20). Forecasting tropical cyclones. World Meteorological
Organization. https://wmao.int/content/tropical-cyclone-forecasting

WMO. (2023d, September 20). Tropical cyclones and their related hazards. World
Meteorological Organization. https://wmao.int/content/tropical-cyclones-and-their-
related-hazards

WMO. (2024a). Early Warnings for All Factsheet. https://wmao.int/files/early-warnings-
all-factsheet-may-2024

WMO. (2024b). Records of Weather and Climate Extremes. https://wmo.int/site/world-
weather-and-climate-extremes-archive

WMO. (2024c). State of the Climate in Africa 2023.: Vol. WMO-No. 1360.
https://library.wmao.int/records/item/69000-state-of-the-climate-in-africa-2023

WMO. (2024d, March 11). Climatology of tropical cyclones. World Meteorological
Organization (WMO). https://wmo.int/resources/wmo-fact-sheets/tropical-cyclone-
climatology

WMO. (2025). Tropical cyclone. World Meteorological Organization (WMO).
https://wmao.int/topics/tropical-cyclone

WMO, & WGP. (2016). Handbook of Drought Indicators and Indices; Svoboda, M.,
Fuchs, B.A., Eds.; Integrated Drought Management Programme (IDMP),
Integrated Drought Management Tools Guidelines Series 2. World Meteorological
Organization:, 1, 1068-1069. www.droughtmanagement.info

Zimba, S. K., Houane, M. J., & Chikova, A. M. (2020). Impact of Tropical Cyclone Idai
on the Southern African power grid. In IEEE (Ed.), 2020 IEEE PES/IAS
PowerAfrica. [IEEE]. https://doi.org/10.1109/PowerAfricad9420.2020.9219944

28



