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Abstract

Southern Africa is highly vulnerable to tropical cyclones, with Cyclones Idai and Freddy in 2019 and 2023
leading to over 1000 deaths, never seen previously in African history. However, how tropical cyclones will
change in the region is uncertain due to relatively few studies and the coarse resolution of conventional
climate models. Here, we provide the first comprehensive assessment of future changes in tropical
cyclones in Southern Africa, considering multiple lines of evidence, including an ensemble of very high-
resolution climate projections. At the km-scale, climate models are for the first time able to represent the
most intense Category 5 storms. A number of storylines have been developed illustrating plausible
outcomes from the assessment, including tropical cyclone landfall as far south as Durban and landfall of
a Category 5 cyclone, both unprecedented in the historical record. Each storyline is associated with a
likelihood that changes with time, supported by the formal assessment. This likelihood framing is critical
for storylines to appropriately inform decision making and yet is typically missing in current approaches.
The storylines promote increased understanding of climate risk; and through stress testing operational
plans, they can help identify adaptation options to reduce vulnerabilities to unprecedented events of the
future.

Introduction

Recent years have seen tropical cyclones of unprecedented impact in Southern Africa. Tropical cyclone
(TC) Idai in March 2019 became the first recorded system to lead to the loss of more than 1000 lives in
Africa, and then TC Freddy in February 2023 became the second to reach such a death toll (Engelbrecht
et al. 2021; WMO, 2024). TC Freddy was the world’s longest-lived cyclone (Earl-Spurr et al 2024), reaching
the most intense (Category 5, see Methods for definition) status over the Indian Ocean. After impacting
Madagascar (Category 2) and Mozambique (Category 1), it unexpectedly recurved back to make a
second landfall in Mozambique, leading to severe flooding in Malawi, with over 200,000 ha of crops
flooded. The devastation caused by TCs such as Idai and Freddy has led to the perception that TCs in the
region are becoming more intense and destructive.

Globally TCs are expected to increase in intensity in a warmer world and decrease or remain constant in
frequency, with the fraction of Category 4 and 5 systems increasing (Seneviratne et al., 2021). However,
despite the vulnerability of the region, there have been relatively few published studies specifically
assessing changes in southern Africa. Previous studies for Southern Africa have indicated an overall
future decrease in tropical cyclone frequencies (Trisos et al 2022), however there is considerable
uncertainty about changes for the most intense cyclones. This is partly a consequence of the coarse
resolution global climate models used in previous assessments, which are unable to capture the most
intense TCs (Roberts et al, 2020a; Thompson et al 2021; Pall et al 2024).

In general, higher resolution models are able to better represent small scale processes (e.g. in the eye
wall of tropical cyclones), which help drive the intensification of cyclones (Vanniere et al 2020). At 25 km
resolution, global climate models give improvements in the representation of TCs, including the spatial
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distribution, but still struggle to capture the most intense TCs of Category 4 and above (Roberts et al
2020a). New km-scale projections, which are being developed and explored under the Resilience and
Preparedness to Tropical Cyclones over Southern Africa (REPRESA) project, represent a step change in
modelling capability. At these resolutions (< 5km grid spacing) models are termed ‘convection-
permitting’ — convection can be explicitly represented without the need for a parameterisation scheme,
but smaller showers and updrafts are not fully resolved. Importantly, at km-scale, the most intense
Category 5 (wind speeds in excess of 252 km/h) storms are produced (Macholl et al submitted, Baker et
al 2024), with a more realistic representation of fine-scale TC intensification processes (Green et al
submitted) and associated extreme rainfall (Hooker et al 2026).

In this paper we provide the first synthesized Intergovernmental Panel on Climate Change (IPCC) — style
assessment of future changes in tropical cyclones in southern Africa, spanning a range of different
impact-relevant characteristics (including intensity, frequency, track, rate of intensification and
associated rainfall). We include multiple lines of evidence, including observed trends, previous
assessments based on Coupled Model Intercomparison Project (CMIP6) projections, the latest high
resolution global models (Roberts et al 2020b, Chu et al, 2026, Green et al 2026) and new results
emerging from the first convective-scale (grid spacing <5km) ensemble projections for Africa (Green et
al submitted, Macholl et al submitted).

From this synthesized assessment, a number of storylines have been developed, that draw out the key
messages, providing narratives on plausible TCs of the future. We provide a perspective on the value of
these storylines, and how they complement the overarching assessment. Storylines have previously
been used to explore uncertainty in climate projections, imagining possible futures to help motivate and
inform adaptation actions (Baulenas et al 2023, Shepherd et al 2018). However, typically, they do not
directly relate to an underlying quantitative assessment, with no specific likelihoods assigned to given
narratives (Jack et al 2020). By contrast in this paper, we specifically view the storylines in the context of
the evolving envelope of plausible projections, and thus associate each with a likelihood that changes
with time. Without knowing how likely an outcome is, it is not possible to evaluate the benefit of
mitigation and adaptation strategies to avoid its occurrence or lessen its impact. Thus, we argue that
framing storylines within likelihood assessments is critical, and that this approach should extend beyond
the case of tropical cyclones.

Results

REPRESA synthesized assessment

Here we present a comprehensive assessment of changes in tropical cyclones over southern Africa,
drawing on multiple lines of evidence and using our collective expert judgement to assign a confidence
level. High confidence indicates a high level of agreement across multiple sources of high-quality
evidence; low confidence indicates a low level of agreement and/or limited evidence. For future
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projection likelihood assessments, we also make use of the IPCC probability categories (Table 1). For
further details on approach, see Methods.

For the assessment, we draw on published literature but also augment this with new analysis of the first
ensemble of convection-permitting (km-scale) climate projections for Africa (CP4A, see Methods). Due
to the more realistic representation of TC intensification (Green et al, submitted) and the ability to
capture the most intense TCs (Macholl et al, submitted), we place greater confidence in projected
changes in the most intense TCs from the km-scale model than from coarser resolution models.
However, there are caveats relating to the lack of ocean coupling in CP4A, the close proximity of
Madagascar to the model boundary and the small ensemble size (see Methods). For the assessment, we
focus on higher Global Warming Levels (GWLs) of 2°C and higher as these allow a more robust
identification of the climate change signal above natural variability, and are sampled by the available
CP4A projection data (end-of-century under a high emissions scenario SSP5-8.5, see Methods).

TC frequency and intensity

For the frequency and intensity of tropical cyclones in the SWIOQ, there is low confidence in observed
trends due to the heterogeneity of observed records (Walsh et al 2016), including changes in remote-
sensing instrumentation (Leroux et al., 2018, Kossin et al., 2020) and a limited number of studies (Leroux
et al 2018). For projected changes in frequency and intensity in the SWIO basin as a whole, there is
consistency in the findings based on both previous CMIP6-assessments (Ranasinghe et al., 2021) and
CORDEX regional downscaling experiments (Muthige et al 2018) and new information emerging from the
latest high-resolution global climate models (Green et al, 2026, Roberts et al 2020b, Cattiaux et al., 2020)
and km-scale models (Green et al submitted, Macholl et al submitted). Importantly, however, there is
model disagreement in the sign of the change in TC frequency at local scale in the Mozambique Channel,
including changes in landfall (Roberts et al 2020b, Pall et al 2024, Chu et al 2026).

Observed changes in TC frequency and intensity

e For the SWIO region as a whole, there is no detectable trend in the frequency of TCs, including
intense and very intense TCs (Regional Specialized Meteorological Centre RSMC scale, see
Methods) in observations from 1990-2023 (low confidence) (Fig 1; Klotzbach et al., 2022, Chand et
al., 2022; Emanuel, 2024, Trisos et al., 2022, Tu et al 2024, Ayob et al 2026).

e There is an increasing trend in the intensity of the more-intense TCs in the SWIO from 1990-2023
(low confidence) (Elsner, 2020; Elsner et al., 2008, Ayob et al 2026). Consistent with this, TCs are
spending a greater proportion of their life cycle in the intense or very intense category (low to
medium confidence) (Fig 1; Kossin et al., 2020).

Modelled future changes in TC frequency and intensity

» Decreasing TC frequencies are likely (66-100% probability, see Table 1) for the SWIO region, under
higher GWLs (Fig 2; Camargo et al 2023, Cattiaux et al 2020, Roberts et al 2020b, Muthige et al
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2018, Bell et al 2019, Trisos et al 2022, Leroux et al 2024, Knutson et al 2020, Chu et al 2026). For
the Mozambique Channel itself, there is low to medium confidence in the evidence available to
assess the likelihood of changes, with considerable uncertainty around localised changes (Green et
al, 2026).

* ltis very likely (90-100% probability) that the proportion of TCs that are intense to very intense will
increase under higher GWLs for the SWIO and Mozambique Channel, but whether there is an
increase in the absolute number of intense to very intense TCs is about as likely as not (33-66%) (Fig
2; Camargo et al 2023, Knutson et al 2019, Green et al 2026, Cattiaux et al 2020, Leroux et al 2024,
Trisos et al 2022).

» The first recorded Category 5 (see Methods) TC landfall in Madagascar or Mozambique will very
likely occur at higher GWLs. The occurrence of such an event in the next ten years is about as likely
as not (Fitchett et al 2018; Fig 6).

TC rapid intensification

Operationally, tropical cyclones are classified as ‘rapidly intensifying’ when maximum sustained surface
winds increase by at least 30 knots (15.4 m/s) within a 24-hour period (Kaplan and DeMaria, 2003). Their
rapid development means that there may be limited warning time of imminent TC hazards, impacting the
ability of people to prepare. Changes in rapid intensification are consistent across multiple lines of
evidence including theory, observations and the latest km-scale climate projections (Green et al
submitted).

Observed changes in TC rapid intensification

e Rapid intensification is strongly associated with the development of tropical cyclones that reach the
very intense TC category globally (high confidence) (Lee et al 2016).

e There is an increasing trend in the proportion of TCs that rapidly intensify in regions of the SWIO and
Mozambique Channel from 1990-2023 (low-medium confidence) (Wang et al 2025, Li et al 2023,
Ayob et al 2026).

Modelled future changes in TC rapid intensification

* ltis likely that rapidly intensifying TCs will occur relatively more frequently at higher GWLs (Fig 3;
Green et al submitted).

TC tracks and landfall

For any changes in the tracks TCs take, and hence the position of landfall and countries impacted, there
is low confidence in observed trends, due to the heterogeneity of the observational record (Walsh et al
2016), including changes in remote-sensing instrumentation (Leroux et al., 2018, Kossin et al., 2020), the
relative rareness of landfalling TCs, and multi-decadal climate variability. There is some evidence from
global models (Green et al 2026, Cattiaux et al 2020) and new km-scale projections (Green et al
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submitted) of a projected southerly shift in tracks in the SWIO, but there is low confidence in this
evidence due to lack of consistency across all ensemble members and the relative rareness of events.

Observed changes in TC tracks and landfall

e There is some evidence in observations (1990-2023) of increases in TC activity with the potential to
impact Madagascar, Mozambique and Malawi, including increases in landfall (low confidence) (Fig
1; Chichava et al., 2024; Cao et al 2024; Studholme et al 2022).

Modelled future changes in TC tracks and landfall

e Anincrease in intense and very intense TCs following more southerly tracks in the SWIOQ, including
the southern Mozambique Channel, is more likely than not at higher GWLs (Fig 2; Cattiaux et al 2020,
Leroux et al 2024, Green et al 2026, Green et al submitted, Chu et al 2026).

» Landfall at southerly latitudes (i.e. at the latitude of Maputo and further to the south) in any given
year remains unlikely even under high GWLs (Fig 2, cf. Fig 7).

TC rainfall

For changes in rainfall, we consider both annual totals and the rainfall associated with TCs (defined as
rain occurring within 500km of the TC centre, following Lavender & McBride, 2021). TCs contribute
significantly to annual rainfall totals in southeast Africa and substantially more in Madagascar (Mawren
et al 2023). There is high confidence that the rainfall brought by individual TCs will increase in future, as
this is consistent with theoretical expectations of increased atmospheric moisture in a warmer climate,
evident in observations and consistently seen in climate model projections (Camargo et al 2023;
Knutson et al 2019, 2020). There is low confidence in the evidence around changes in annual and
seasonal mean rainfall in some parts of southeast Africa due to multiple driving factors, including high
natural climate variability, differences between climate models in how the tropical circulation responds
to global warming, and the varying role of TC contribution to overall totals, which contributes to the lack
of model agreement (Kennedy-Asser et al. 2026).

Observed changes in TC rainfall

* The rain rates of TCs in the SWIO have increased over the last two decades (medium confidence)
(Guzman and Jiang, 2021)

Modelled future changes in TC rainfall

» Decreases in annual mean rainfall are likely across southern Africa as a whole (south of 10°S) at
higher GWLs, this is especially for western parts of southern Africa with uncertainty in changes in
eastern regions. Rainfall decreases are about as likely as not over the east coast of South Africa and
the escarpment areas to the west, western Madagascar and the most northern parts of southern
Africa (Ranasinghe et al 2021, Engelbrecht et al., 2024, Kennedy-Asser et al. 2026, Fig 4).
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e TCs of a given storm intensity are very likely to bring more rainfall individually at higher GWLs
(Camargo et al 2023; Knutson et al 2019, 2020, Chu et al 2026, Titley et al submitted).
e The overall contribution of tropical cyclones to seasonal mean rainfall is likely to decrease at higher

GWLs over Madagascar and northern Mozambique (Chu et al 2026; Fig 5), conditional on a
projected decrease in TC frequency.

Wind and storm surge

Changes in wind and storm surge hazard in the SWIO are associated with high confidence. TC intensity
directly translates to maximum wind speed; storm-surge hazard reflects TC wind speed, but also TC size,
propagation speed, proximity to the coast, bathymetry and mean sea-level (Gori et al 2023).

Observed changes in TC storm surge

e There is an observed increase in tropical cyclone storm surge over the SWIO over recent decades,
linked to the poleward migration of TCs, but uncertainty whether this is a forced trend (low
confidence) (Guo et al 2026, Zhou et al 2026).

Modelled future changes in TC storm surge

» The more-intense TCs (Category 3 to 5 storms) are very likely to get more intense when they do
occur at higher GWLs. This translates to an increase in wind and storm surge hazard when TCs form
in a warmer world (high confidence), as seen in other regions (Needham & Keim, 2014; Chen et al,
2020).

e Sea-level rise is a contributing factor to higher storm-surge hazards along the coasts of Madagascar
and Mozambique in a warmer world (high confidence) (Huang et al, 2024).

Term Likelihood of the outcome
Virtually certain 99-100% probability
Very likely 90-100% probability
Likely 66-100% probability

More likely than not >50% probability
About as likely as not  33-66% probability
Unlikely 0-33% probability
Very unlikely 0-10% probability
Exceptionally unlikely ~ 0-1% probability

Table 1: IPCC probability categories
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REPRESA storylines

We have developed five storylines (Table 2) that highlight the main messages of changes to TC
characteristics from our formal assessment above, with the aim of making this more accessible to a
broader audience. They were developed through stakeholder engagement sessions in Madagascar,
Malawi and Mozambique, where the scientific findings were exposed to the local contexts and different
user lenses. They span a range of possible likelihoods, which are estimated for the immediate-future
defined as 2026-2035 and end-of-century defined as 2086-2095 under low mitigation (corresponding to a

model-dependent global warming level GWL =3°C; 3.3°C — 5.8°C for the CMIP6 models assessed here,
see Methods). For the meaning of these likelihoods, see Table 1.

Importantly in this framing, the storylines relate to a specific outcome, where the likelihood of this is a
function of time, meaning that the storyline sits in a time-evolving envelope of plausible outcomes. This
can include outcomes that are becoming more likely or less likely, or where likelihood does not change
monotonically with time. The likelihood values stated directly relate to those in the formal assessment,
however, below we additionally provide illustrative worked examples of estimating these likelihoods for
Storylines 4 and 5 using the CP4A ensemble data. It should be noted that these examples do not provide
a comprehensive assessment of the full range of likely outcomes as they are based on a single km-scale
ensemble sampling 5 different CMIP6 models. They form only one component of the contributing
evidence that we draw on to assess the storyline likelihoods but are highlighted here as they provide
visual illustration of the storylines contextualised in an evolving probability envelope.

Storyline
#

Narratives of tropical cyclone outcomes over
Southern Africa

Decreased annual rainfall across southern Africa
as a whole, with decreasing overall contribution
from TCs

Of the tropical cyclones that do form, a greater
proportion will be higher intensity (Category 3-5)
with stronger winds and more intense rainfall

A greater frequency of rapid intensification, which
results in less warning time

The occurrence of at least one tropical cyclone
landfall at latitude of Maputo or further south that
has not historically experienced cyclones

The occurrence of at least one Category 5 landfall,
unprecedented in the historical record

Likelihood for immediate-future
(2026-2035) & end-of-century

(2086-2095, =3°C GWL)

about as likely as not, becoming
likely

likely, becoming very likely

more likely than not, becoming
likely

very unlikely, becoming unlikely

about as likely as not, becoming
likely

Table 2. REPRESA storylines of changing tropical cyclone attributes and their likelihood

Page 9/35



Storyline 5 — Category 5 landfall

Fig 6 illustrates the changing likelihood of a Category 5 tropical cyclone in an ensemble of km-scale
climate projections for Africa (CP4A, see Methods). It should be noted that here we are considering all
storms west of 55°E, and not only those that make landfall. For the historical climate, the observations
show that the most likely outcome is zero Category 5 TCs in a 10y period, with the probability of at least
one Category 5 TC being 59%, corresponding to the more likely than not category (Table 1). For the
observations, such high intensity TCs are confined to the east of Madagascar. The CP4A ensemble
overestimates the number of Category 5 TCs compared to observations, however there is considerable
ensemble spread with the number of Category 5 TCs in the historical 10-year period varying from 0 to 3
depending on member. Given the small numbers of events, and the considerable model variability (Fig 6),
it is difficult to assess the significance of any model bias. However, some overestimation of TC intensity
is expected given that the CP4A model is atmosphere-only (see Methods) and therefore does not
capture the cold wake of a TC in SST, which acts to reduce the maximum intensity reached. Although we
note that the size of this impact is a similar magnitude to the impact on the strongest TC intensities of
sampling different SST biases across the driving CMIP6 models (Macholl et al, submitted).

CP4A shows an increase in the likelihood of Category 5 cyclones from the historical to future climate,
with the probability of at least one Category 5 TC in the region (west of 55E) in the 10-year future period
increasing to 99% i.e. such an occurrence is virtually certain, if we can assume the model results provide
a perfectly reliable description of the future. In CP4A, the majority of these Category 5 TCs come within
250 km of the coastline (with the potential for impact over land), whilst one third or more come within
100 km of the coastline (i.e. make direct landfall). We would therefore expect the probabilities calculated
to be lower for an actual Category 5 landfall. For the future simulations, there are 8 Category 5 TCs that
come within 100 km of land in the 45-year dataset (corresponding to at least one Category 5 landfall
being likely in a 10-year period, increasing to very likely for longer periods).

It should be noted that these probability values are just from a single model ensemble, with the numbers
of landfalling Category 5 TCs in the CP4A dataset too small to allow a robust assessment, and that
structural uncertainties in the model simulations (e.g. use of parametrisations that provide a simplified
representation of sub-grid scale processes) remain. They form just one component of the evidence
leading to the assessed likelihood of Storyline 5 being about as likely as not in the immediate future,
becoming likely. In particular this assessment draws on multiple lines of evidence including the recent
emergence of Category 5 TCs in the SWIO (Fitchett 2018), recorded near-misses of a Category 5 landfall
(TCs Gafilo in 2004 and Hary in 2002 were potential Category 5 landfalls on the east coast of
Madagascar), our mechanistic understanding of intensifying TCs in a warmer world, and future projected
changes from the CP4A ensemble (Figs 3 & 6) and global high resolution climate models (Green et al
2026). On this basis we expect an increase in likelihood of very high intensity TCs even for the
immediate-future compared to the historical period, with such an occurrence being very likely at higher
GWLs (reduced to likely for a specific 10y end-of-century period).
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Storyline 4 — Southern latitude landfall

Fig 7 illustrates the changing probabilities of the latitude and maximum intensity relationship. The
probability of a TC having a maximum intensity in the middle of the Category 3 range (50-58 m/s) at the
latitude of Durban, South Africa (30°S) is marked in 2D-space. Durban is chosen as a key city south of
Maputo. We use this to calculate the expected number of TCs that satisfy this condition in the historical
and future climate, taking into account the projected future decrease in overall TC numbers (see below).
In general, we see that high intensity TCs (in particular Category 5 storms) are relatively more common in
the future and there is a southward shift of the latitude of maximum intensity across all TC categories. It
should be noted that here again we are considering all storms west of 55E, and not just landfalling TCs,
with Category 5 TCs seen in both the observational and modelled historical distributions (Fig 7 top).
From the 1D pdf for storm category (top panel insert), it can be seen that the model well captures the
intensity distribution of storms, giving good agreement in the relative proportion of TCs in each of the
intensity categories. There is some evidence that tropical cyclones tend to occur slightly too far north in
CP4A, compared to the observations, although in both cases tropical cyclones as far south as 30S are
outside the 10% probability level. These model biases are discussed in more depth in Macholl et al
(submitted).

The relative probability of a TC having Category 3 intensity at the latitude of Durban is similar in the
IBTrACS observations to the CP4A historical climate simulations, occurring at the 2% and 1% probability
levels respectively. The projected future probability increases to 8%. Taking into account the numbers of
Category 1+ TCs in the 45-years of data for each of the datasets (105 IBTrACS, 217 CP4A historical, 148
CP4A future), the expected number of TCs with a Category 3 maximum intensity at Durban latitude (in 45
years) is 2, 2 and 12 in the IBTrACS, CP4A historical and CP4A future respectively (to the nearest
integer). Using a Poisson distribution (see Methods) we convert this to the likelihood of at least one
event occurring in a 10-year period. This gives a likelihood value of 38% corresponding to about as likely
as not for the historical period (both for CP4A and IBTrACS), increasing to 93%, i.e. very likely, for the
future end-of-century period. We emphasize that this conversion of probabilities to IPCC-style likelihoods
is only robust where we use large multi-model ensembles constrained by observations (and other
emerging lines of evidence). Here we are illustrating this conversion but just for a single small ensemble.

For a TC actually making landfall at Maputo or further south (including Durban) (Storyline 4), this is
unprecedented in the historical climate (i.e. there are no storms in the observations or historical CP4A
simulations). In the future CP4A ensemble, there are two TCs that make landfall at Durban: one at
Category 2 status and one at Category 3 for the 45 years of data. This gives a probability of at least one
Category 3+ landfall in Durban in the 10y end-of-century period of 20% (corresponding to unlikely). This is
one component of the evidence leading to the assessed likelihood for Storyline 4 of very unlikely
(immediate-future), becoming unlikely (end-of-century). The other contributing evidence includes an
understanding of the environmental conditions conducive to TC landfall at southern latitudes in a future
climate which increases our confidence in the credibility of the CP4A projections; and evidence of a
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projected southerly shift in tracks in high resolution global models (Green et al 2026, Cattiaux et al 2020)
although with a lack of consistency across all ensemble members.

In Fig 7 we have chosen to consider the maximum intensity and its latitude of occurrence for all TCs in
the region, rather than considering actual landfall intensity and location. This is because the number of
TCs which make landfall is significantly lower, particularly as the westerly flow tends to steer TCs away
from Mozambique and South Africa when exiting the Mozambique Channel. Considering all TCs gives
more robust values and provides an illustrative example of a time-evolving probabilistic envelope
relevant to Storyline 4. It should also be noted that whilst the latitude of maximum intensity may occur
further north, impacts of the storm can still be felt further south, depending on the subsequent track of
the storm and its rate of decay. Two important examples of such systems are tropical storm Domoina,
which made landfall in southern Mozambique before causing extensive loss of life in South Africa’s
KwaZulu-Natal Province in January 1984 as a tropical depression (Jury et al., 1993), and TC Eloise, which
made landfall in southern Mozambique in January 2021 as a Category 2 system before impacting in
northeastern South Africa as a tropical storm and then tropical depression.

Link to impacts

High impact high likelihood events are of the greatest concern. Storyline 5 is an example of such an
event, associated with high likelihood at >3° GWL and high impact. The landfall of a Category 5 tropical
cyclone is associated with winds in excess of 252 km/h, very heavy rainfall and depending on location a
significant storm surge, leading to destruction of homes and infrastructure, damage to people’s
livelihoods including livestock and crops (Ortiz et al 2023; Bundy et al 2023), and significant loss of life
(Kelder et al, 2025; Shultz et al 2020; Young & Hsiang, 2024). We note that lower likelihood outcomes are
also important to understand and prepare for, especially where these may lead to high impact. Storyline
4 is an example of such an outcome. We may expect greater vulnerabilities to events where these are
unprecedented, such as tropical cyclone landfall in new locations, as infrastructure is not adapted and/or
evacuation procedures are not in place (Coughlan de Perez et al 2026). In general, the storylines
presented here (Table 2) only consider the physical hazard, but can be extended to consider their
associated impact, using information on exposure (e.g. the number of people affected) and vulnerability
(e.g. the extent to which homes can withstand the hazard). These factors will vary with location and may
also vary with time, alongside the likelihood of the hazard.

Discussion

In this paper we have produced storylines of specific plausible outcomes, that are rooted in the broader
assessment of future changes in tropical cyclone attributes over southern Africa. Storylines have been
gaining increasing popularity within the scientific community, as they help us to explore and
communicate uncertainty, for example in the context of regional climate outcomes where there is no
model consensus in changes to large-scale circulation patterns (Shepherd et al 2018; Zappa & Shepherd
2017). However, they can also be used to make the main messages and findings of a formal assessment
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more accessible to a broader audience, whether the assessment yields low or high likelihood in the
projected changes. They can be of immense value for highlighting the urgency of action, by bringing
scientific findings into stories that people can more easily relate to. They can also assist in
understanding the complexity of climate risk, exploring projected changes in the wider socio-ecological
context, where multiple things can be occurring at once that may reduce or amplify the impact. They can
facilitate dialogues between people of different disciplines and experiences, including the integration of
local lived experience and knowledge with scientific findings. Importantly, community engagement
should shape the process of storyline development (as was done here in the development of the
REPRESA storylines via stakeholder engagement sessions) enriching and substantiating the storylines,
and helping to achieve buy-in, trust and the uptake of information in decision making.

Storylines however typically have not been quantified in terms of their likelihood. Storylines are often
used to explore worse-case outcomes, that are not grounded in scientific probabilistic assessments, and
much less often the most likely outcomes. If storylines primarily illustrate extreme scenarios, then there
is a risk they can lead to maladaptation (e.g. costly over-engineering of flood defences), unless the
likelihood of such events occurring is clearly communicated. When presented with multiple “climate risk
narratives” with no probabilities, people often choose one and would like to know which is more likely
(Craig et al, submitted). Opposing storylines e.g. increasing flooding and increasing drought, although
both plausible consequences of a changing climate in some regions, can be confusing and give the
impression that there is greater uncertainty than in the formal assessment. Therefore, while there is
much value in using storylines to explore high-impact outcomes that may be poorly represented by
conventional probabilistic approaches, their use requires transparent communication of the evidence,
confidence and plausibility underlying each storyline.

Here we argue that assigning likelihood to storylines is critical for these to properly inform decision-
making, with the storylines having their roots in the scientific assessment. We acknowledge that this can
lead to people focussing on the more likely outcomes and disregarding the others. Likelihood directly
links to the global warming level, or time for a given emissions scenario. Knowledge of this evolving
likelihood for each given storyline provides valuable information on the benefit and urgency of action.
What is a current high-impact low-likelihood outcome in the present-day may evolve to become a high-
impact high-likelihood outcome by the end-of-the-century, especially if there is limited mitigation. This
has implications for the relevance of end-of-century projections, not only for mitigation decisions, but
also adaptation measures to reduce vulnerability in the short term. That is, it is important for the use of
storylines to assume the dimension of time and/or GWL.

Within the REPRESA project, the storylines have been used to stress test organisational procedures and
plans. This involves exposing systems (e.g. anticipatory action protocols) to the storyline(s) and working
with a range of actors to identify stressors and failure points, and then co-develop solutions (RCCC,
2025). This participatory approach is a key route to pull through scientific knowledge into decision
making, and ultimately achieve increased preparedness and resilience to severe weather and
unprecedented events of the future.
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Methods

Model data

In this paper we have analysed a new ensemble of convection-permitting climate projections for Africa
(CP4A) to provide additional evidence on changes in tropical cyclones, augmenting available published
literature. The CP4A model has a resolution of 4.5km and spans the entire African subcontinent. It is
termed “convection-permitting” because at this resolution it is possible to switch off the convection
scheme, with convection represented explicitly on the model grid, although smaller convective plumes
and updrafts are still not fully resolved. The CP4A ensemble builds on the first-ever climate projection
simulation at such high resolution for Africa (Kendon et al 2019) carried out for just a single member and
with an older version of the Met Office Unified Model. The new CP4A model uses the RAL3 model
configuration (Bush et al 2025), with a number of important changes to the model physics compared to
the original CP4A model. It includes a new land-surface scheme, bimodal cloud and new CASIM
microphysics, and the Flake model to represent inland lakes. In additional more realistic soil properties,
derived from the SoilGrids database, are used compared to the specification of sandy soils everywhere in
the original CP4A climate simulation (Stratton et al 2018). A detailed description of the new CP4A model
and evaluation of its performance compared to the original model is provided in Tucker et al (submitted).
Overall, the new CP4A model performs better with reduced cold temperature biases in the north of
Africa, and a reduction in rainfall intensity in better agreement with observations.

The new ensemble consists of five members downscaling five different CMIP6 global models, allowing
us to provide a preliminary assessment of uncertainty in future changes at local scale. The downscaled
global models (respective resolution) were chosen as HadGEM3-GC31-MM (0.8° x 0.6°), MRI-ESM2-0
(1.1°x 1.1°), TailESM1 (1.25° x 0.9°), MPI-ESM1-2-LR (1.9° x 1.9°) and CanESMS5 (2.8° x 2.8°), with grid-
spacings ranging from approximately 100-300 km. This choice was made based firstly on a validation of
seasonal mean temperature, precipitation and sea-surface temperatures. CMIP6 models with large
biases were ruled out, whilst models with smaller biases were given warnings. As a second step,
projected climate changes in seasonal mean temperature and precipitation were examined, and CMIP6
models with a large number of warnings were ruled out unless excluding them resulted in not sampling
the full range of changes seen in the CMIP6 ensemble. As a final step, more in-depth evaluation of some
bespoke metrics important for African climate, including the African Easterly Jet, Central African
Easterlies, Turkana Jet, West African Heat Band and West African Westerly Jet (James et al, 2018) was
carried out. Performance for tropical cyclones was not specifically considered in the model selection. It
should be noted that the subset of five CMIP6 models that were downscaled have more of a tendency
for future increases in annual mean rainfall over southeastern Africa than the full ensemble of all CMIP6
models (Fig 4).

The selected CMIP6 models span a range of climate sensitivities, with equilibrium climate sensitivity
values as follows: HadGEM3-GC31-MM (5.4°C), MRI-ESM2-0 (3.1°C), MPI-ESM1-2-LR (3.0°C), CanESM5
(5.6°C) and TaiESM1 (4.4°C). This results in a range of GWLs being sampled at the end-of-century, under
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a low mitigation scenario (SSP5-8.5), ranging from 3.3°C (MPI-ESM1-2-LR) to 5.8°C (CanESM5). The
horizontal resolution of the CMIP6 models ranges from 100km to 500km, and hence a 25km resolution
regional model is used as an intermediate nest: the CMIP6 model drives the 25km regional model, which
in turn provides lateral boundary data for CP4A. The domain of the 25km model is slightly larger than
CP4A (Macholl et al, submitted) extending into the Indian ocean to facilitate the spin up of cyclones
before they enter the CP4A domain. Sea surface temperatures in both the 25km regional model and
CP4A are prescribed from the parent CMIP6 model.

For each CP4A ensemble member there is a historical simulation (1997-2007) and a future simulation
(2079-2089), with the first few months of simulation discarded as spin-up. For the future, we use the
SSP5-8.5 scenario in order to increase the signal to noise ratio and aid identification of the climate
change response of local weather extremes. This high emissions scenario provides information on the
upper-end of changes for precautionary planning, and we can interpolate results to lower emissions
scenarios using scaling approaches (whilst the reverse of extrapolating from low to high emissions is
not scientifically robust).

Overall, the CP4A ensemble provides nine decades of data at km-scale resolution, consisting of 45
seasons of TC activity in the historical and future periods respectively. This allows us for the first time to
assess future changes in the climatological characteristics of TCs in a convection-permitting model.
Macholl et al (submitted) provide an evaluation of CP4A’s simulation of TCs showing evidence of too
many weak tropical storms, but the ability to capture the most intense (Category 5) TCs. Green et al
(submitted) shows that CP4A is able to capture TC intensification rates seen in observations, unlike
coarser resolution models, responding realistically to favourable local storm environmental conditions
and storm structures. There are caveats to the use of CP4A: the km-scale model is atmosphere-only and
the lack of coupling to the ocean means it is likely to overestimate TC intensity; the close proximity of
Madagascar to the lateral boundary of CP4A means there are some effects related to the spin-up of
small-scale features entering the domain; the ensemble size is small (5 members) and therefore does
not comprehensively sample uncertainty in future changes; and the simulation periods are relatively
short (10-year present-day and 10-year future, for each member) and hence subject to inter-annual
variability. However, overall, historical evaluation studies support the use of CP4A for projecting future
changes to TCs over southern Africa (Macholl et al, submitted).

Tropical cyclone tracking

Tropical cyclones in the CP4A data were tracked and classified using the System for Classification of
Low-Pressure Systems (SyCLoPS) approach (Han and Ullrich, 2025). This framework detects and tracks
low-pressure systems (LPSs) using TempestExtremes (Ullrich and Zarzycki, 2017; Ullrich et al., 2021)
and then classifies the different low-pressure types (e.g., Tropical Cyclone, Tropical Depression, Polar
Low) at each data point. It has the benefit over other trackers in that it allows us to explore the full
lifecycle track of a tropical cyclone from its genesis as a low-pressure system, intensification into a
tropical cyclone and then decay.
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One advantage of the TempestExtremes/SyCLoPS framework is the flexibility it provides through a wide
range of tuneable parameters, allowing detection and tracking criteria to be adapted to the specific
characteristics of the dataset and research question. In the detection step of TempestExtremes, we
required a minimum closed-contour delta of 40 Pa in MSLP, a threshold chosen to balance sensitivity to
weaker systems with robustness against noise. For the tracking step, we applied a maximum linkage
distance of 4°, a minimum track duration of 18 hours, and a minimum great-circle track length of 8°,
helping to suppress short-lived or poorly resolved features and reduce abrupt jumps between unrelated
systems; the 4° linkage threshold over a 6 hour timestep is also consistent with plausible upper-end
propagation speeds of tropical cyclones at the latitudes considered here.

We then applied additional filters to the SyCLoPS output to focus on the full lifetime tracks of tropical
cyclones in our region of interest. Specifically, we (i) excluded track points within 1° of the model
boundary to avoid edge effects; (ii) removed LPS feature types unlikely to be associated with tropical
cyclones life-cycles (e.g. thermal lows); (iii) split tracks where consecutive points were separated by
more than 4° or 24 hours, and discarded resulting segments with fewer than three points to remove
fragmented tracks; and (iv) retained only tracks containing at least two points classified as tropical
cyclones. Together, these filtering steps are designed to ensure coherent cyclone life-cycle tracks,
minimising both spurious detections and unrealistic track linkages. The tracking settings and filtering
steps were selected following sensitivity testing to provide an optimum representation of cyclone tracks
in the model data.

Observational track data

We use observational track data from version 4r01 of the International Best Track Archive for Climate
Stewardship (IBTrACS) database (Knapp et al 2010; Gahtan et al 2024). TC position and intensity data
were taken from RSMC La Réunion and the US Navy’'s Joint Typhoon Warning Center (JTWC).

For Fig. 1, we assess observed trends using data from the RSMC and JTWC as individual subsets of the
IBTrACS data. This provides a measure of the uncertainty in the location and intensity of TCs. Data from
the RSMC subset is limited from the 2000 TC season onwards (2000-2024), consistent with Leroux et al.
(2018). We extend the JTWC dataset back to the 1990 season, due to the reduction of missing data in
the 1990s, compared to the 1980s (Knapp & Kossin, 2007) (1990-2024). We convert 1-minute sustained
winds from JTWC to 10-minute using a conversion factor of 0.88 (Harper et al., 2010) and identify TCs in
IBTrACS where the following criteria are satisfied:

e ATC reaches 17.4m/s (RSMC Tropical Storm threshold) between 30°E - 90°E, 30°S-5°S, whilst
designated as a Tropical Depression (TD), Tropical Storm (TS) or Tropical Cyclone (TC) by the nature
flag in the IBTrACS data. In JTWC, we use those designated as a TD, TS and TC, or the WMO Tropical
designation if this is not available. In the RSMC TC track data, we use the classifications of 02, 03 or
04.

e The TC must last at least 2 days in duration.

Page 16/35



» Genesis (defined as the first timestep of the track) must occur between October-May.

For storylines 4 and 5 analysis, we collated records from both centres, prioritising 1-minute sustained
wind speed data from JTWC given our choice to adopt the Saffir Simpson intensity classification scale.
Where a storm featured in the RSMC records but not JTWC, its intensities were converted from 10 to 1-
minute sustained wind speeds using a conversion factor of 1.136 (Harper et al., 2010). We used 45 years
of data from IBTrACS corresponding to the period Aug 1979 to Aug 2024, so that we have a similar data
record length to the 45 years of model data for each of the historical and future periods.

Tropical cyclone categorisation

In this paper we use the widely used Saffir-Simpson scale to categorise the intensity of TCs, as this will
be most familiar to readers. This is typically based on maximum wind speeds, with the strongest
Category 5 TCs associated with wind speeds in excess of 70m/s (252 km/h) (Table 3). The wind-speed
thresholds are used for categorisation within IBTrACS observations, whilst minimum sea level pressure
(MSLP) is typically used for categorisation in coarser resolution climate models that are unable to
represent the high wind speeds (Roberts et al, 2020a). For CP4A, we use both the max wind speed and
min sea level pressure categorisation approaches. We use instantaneous max wind speed outputs, that
are sampled every model timestep (of 75sec). The Saffir-Simpson categories are not used operationally
in the SWIO, with the RSMC La Reunion scale used instead (Table 3, WMOQ, 2021). It is worth noting that
the two scales use different averaging periods (10-minute average maximum sustained wind speeds for
RSMC La Reunion versus 1-minute maximum sustained winds for the Saffir-Simpson scale).

Saffir-Simpson classification RSMC La Reunion scale
Category Max wind Min sea level Category Max wind
speed (m/s) pressure (hPa) speed (km/h)

Tropical <17.5 Tropical depression 51-62

depression

Tropical storm 17.5-33 >=994 Moderate tropical 63-88
storm
Severe tropical 89-117
storm

Category 1 33-43 980 - 994 Tropical cyclone 118-165

Category 2 43 - 50 965 - 980 Intense tropical 166-212
cyclone

Category 3 50 - 58 945 - 965

Category 4 58 - 70 920 - 945 Very intense tropical > 212
cyclone

Category 5 >=70 <920
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Table 3: Tropical cyclone intensity classification. (left) Categories defined from the official Saffir-Simpson
1-min sustained wind speed classification, alongside categories as measured by minimum sea level
pressure thresholds (following Roberts et al 2020a). (right) RSMC La Reunion scale used operationally in
the SWIO (WMO, 2021).

Assigning likelihood and confidence in synthesized assessment

We focus our assessment on the Southwest Indian Ocean (SWIO, 30°E - 90° E, 0°S - 40°S), over the
Mozambique Channel (30°E - 52.5°E, -5°S - 30°S), and on Malawi, Mozambique and Madagascar.

We use confidence levels for statements relating to observed trends (and for some statements around
the quality of evidence for future changes), whilst likelihood assessments are used for future projections
themselves, as they encompass fundamentally different sources of uncertainty. For observational
trends, confidence is determined by the availability, length and quality of observed records, augmented
by our physical understanding of the underlying processes needed to distinguish anthropogenically
forced trends from multi-decadal variability. For future projections, we are dealing with unseen future
outcomes using imperfect models, and so results are subject to modelling (structural) uncertainty, with
different models having different levels of credibility. They are also subject to sampling uncertainty, i.e.,
model projections may not be sufficiently long to extract the climate change signal from multi-annual
and decadal natural variability. There is uncertainty regarding our future emissions pathway, but here
statements are conditional on a given global warming level, and so we do not explicitly consider this
uncertainty (following Seneviratne et al, 2021). To provide a likelihood estimate, we draw on multiple
lines of evidence, assessing the quality of the information and the level of agreement across
independent studies. The reliability of different model projections is assessed using our understanding
of the underlying processes and how well these are represented in the models, as well as observational
constraints. This can be represented using model weights for combining different model projections to
produce a quantitative probabilistic envelope of future outcomes (Raisanen et al 2010).

Storyline analysis methods

In this paper we provide some illustrative examples of storylines visualised within the probabilistic
distribution of TCs from a km-scale model ensemble, where all ensemble members are considered
equally credible. These are simply illustrative and do not provide a comprehensive assessment of the full
probabilistic envelope as they are based on a single ensemble sampling 5 different CMIP6 models. They
form just one component of the contributing evidence that we draw on to assess the storyline
likelihoods.

For Storyline 5, we identified all tracks in CP4A historical and future simulations west of 55°E that reach
Category 5 for at least one timestep. This provided numbers of Category 5 TCs in each 45-year dataset
for the historical and future periods (15 and 22 TCs respectively). The likelihood of at least one Category
5TC in a 10-year period was calculated using a Poisson distribution, assuming events are randomly
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distributed across years (Fig 6). For landfalling Category 5 TCs, all TCs that were Category 5 status
within 100km of the coastline of Mozambique or Madagascar were counted. We also repeated this
process for observational track data from IBTrACS.

For Storyline 4, the maximum intensity (wind speed in m/s) reached by each TC and the latitude at which
this occurred was identified in each of the IBTrACS, CP4A historical and future datasets, for all tropical
cyclones (Category 1+) in the Southwest Indian Ocean and Mozambique Channel (defined as the region
west of 55°E). The tropical cyclones in each dataset were then binned according to the values of
maximum intensity and latitude, with the numbers in each bin normalised by the total number of tropical
cyclones, to give a 2D probability density function (Fig 7). From this 2D probability density function, the
probability of a given TC reaching a maximum intensity of Category 3 south of Durban (30°S) can be
assessed. The expected number of TCs satisfying this condition was then given by this probability
multiplied by the total number of TCs in each of the 45-year datasets (total number of TCs = 105
IBTrACS, 217 CP4A historical, 148 CP4A future). Again a Poisson distribution was used to convert the
expected number of TCs to the probability of at least one TC satisfying the condition in a 10-year period.

We note that we can construct similar figures for the other storylines illustrating their occurrence within
time-evolving probabilistic envelopes. For Storyline 1, the appropriate axes would be the change in
annual rainfall versus the change in TC contribution to annual rainfall, across ensemble members (and
ideally across a large multi-model ensemble). Similarly for Storylines 2 and 3, we are considering
changes in a TC characteristic (a greater proportion of high intensity TCs or a greater frequency of
rapidly intensifying storms, respectively). These storylines are quite different to Storylines 4 and 5, where
we are considering the occurrence of a specific event within a given period of time. Natural variability
has a much greater contribution to uncertainty in the occurrence of a specific extreme event than for a
change in a mean climate state (or climatological TC characteristic). For the former, this is captured by
sampling all individual TC tracks, across all ensemble members, in the construction of probabilities
(although again with the caveat here that we only have a single km-scale model ensemble, and 9 TC
seasons for each member, totalling 45 seasons).
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Figure 1

Observed decadal trends in tropical cyclones. (top) Observed decadal trend in the proportion of intense
TC activity (ITC, defined as total activity > 46.3m/s + total activity = 17.4m/s, following Leroux et al 2018)
in the SWIO (30°E - 90°E, 40°S - 0°S) and Mozambique Channel (MZC, 30°E — 52.5°E, 30°S - 5°S).
(bottom) Observed decadal trend in tropical storms, categorised by TC intensity, within 500km of
Madagascar (Mad), Mozambique (Moz) and Malawi (Mal). Results are shown from JTWC (left) over
1990 - 2024 and RSMC La Réunion (right) over 2000 — 2024. TD refers to systems with Tropical
Depression intensity (13.9m/s). Hatching denotes where a trend is statistically significant. We compute
the trends over 3-year triads, i.e for the 2001 season, we analyse the 2000-2002 period, due to the
relatively low frequency of TCs in the Mozambique Channel. Trend analysis is conducted using a linear
least-squares regression and statistical significance (p-value < 0.05) tested using a Wald test.
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Figure 2

Tropical cyclone track density and its future change. (top) Historical track density and (bottom) future
change for (left) all tracks that reach tropical cyclone intensity, with all phases of track from tropical
depression to tropical storm and tropical cyclone shown (centre) only the portions of the track that are
Category 3 and above; and (right) only the portions of the track that are Category 5. Historical
corresponds to 1997-2007 and future to 2079-2089, SSP5-8.5, with results averaged across the five
member CP4A ensemble.
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Figure 3

Future changes in TC rapid intensification. Future changes (%) in the proportion of storms that (a) rapidly

intensify (defined as exceeding 95 percentile of all 24-hour TC intensity changes) and (b) undergo

extreme rapid intensification (defined as exceeding 99t percentile of all 24-hour TC intensity changes),

across the CP4A ensembile. Intensification thresholds are defined by the percentile value for each

individual ensemble member, whilst for ‘CP4A’ it is based on the aggregated ensemble. (c) Maximum
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intensification rate and its intensity at occurrence for Tropical Cyclones (TC) that undergo rapid
intensification (RI). In panel c, circles indicate historical TCs and triangles future TCs; the shading colour
denotes the lifetime maximum intensity of the TC; the ellipse contour indicates the values within two
standard deviations of the joint bivariate distribution, with a black line for the historical range and the
dashed blue the future. Black markers indicate the mean historical (circle) and future (triangle) values,
with the arrow indicating the direction of change. The Rl rate and extreme Rl rate for the aggregated
CP4A ensemble, corresponding to values of 15.0m/s and 23.6m/s respectively, are shown as horizontal
lines. Noted in the legend is the number of storms per TC season that undergo Rl and extreme Rl in the
historical and future periods.

(a) CMIP6 models {b) CP4A models
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Figure 4

Future changes in annual mean rainfall over southern Africa in (a) all CMIP6 models and (b) the subset
of five CMIP6 models that were downscaled by CP4A. Shown is ensemble mean future change between
1985-2014 and 2070-2099 according to SSP5-8.5, with stippling to indicate where > 80 % of models
agree on the direction of change.
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Figure 5

Future changes in mean rainfall during the tropical cyclone season (November to April) and the TC
contribution to this. Shown is future change in (left) seasonal mean rainfall, (centre) mean rainfall from
tropical cyclones and (right) TC contribution to seasonal mean rainfall, defined as the ratio of TC to total
precipitation, in the CP4A ensemble. Results are shown for the individual ensemble members (driven by
Can-ESM, HadGEM3, MPI, MRI and TaiESM) and also (bottom) the average across the ensembile.
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Historical corresponds to 1997-2007 and future to 2079-2089, SSP5-8.5. Seasonal mean rainfall
increases over much of southeastern Africa in the CP4A ensemble, consistent with the tendency for
wetting in the subset of driving CMIP6 models (Fig 4). Precipitation occurring within 500km of the
cyclone centre is designated as being associated with the TC. All members agree on a decrease in the
contribution of TCs to seasonal mean rainfall over Madagascar and northern Mozambique.
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Figure 6

Likelihood of Category 5 TC occurring west of 55°E in Southern Africa. Plotted is probability of different
numbers of events, with the probability of at least one event occurring shown in the legend, for (top)
historical (1997-2007) and (bottom) future (2079-2089, SSP585) climate. The distribution is generated
fitting a Poisson distribution to the numbers of Category 5 events in 45 years of data from each of the
IBTrACS observations (black), CP4A historical (blue) and CP4A future (red) simulations, assuming
events are randomly distributed across years. The error bars indicate the standard deviation of the
probability values considering decadal variability in IBTrACS (showing uncertainty due to natural
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variability), and uncertainty sampled by the different CP4A ensemble members in the historical and
future.
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Figure 7

Occurrence of a Category 3+ cyclone at latitudes as far south as Durban (30°S), in context of the
evolving probabilistic distribution of tropical cyclones. Plotted is 2D pdf of latitude of maximum intensity
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(°N) against tropical cyclone wind speed category, for all tropical cyclones west of 55°E. Probability
space is contoured with lines at 90%, 66%, 33%, 10% probabilities. (Top) shows the historical probability
distribution comparing the CP4A model (blue) with IBTrACS observations (black); (bottom) shows the
future change in the probability distribution with blue lines for historical (1997-2007) and red lines for
future (2079-2089, SSP5-8.5). Inserts show the 1D pdfs for latitude and windspeed category at
maximum cyclone intensity, respectively. Data from all 5 CP4A ensemble members are concatenated
into a single dataset, corresponding to 45 years of data for each period.
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