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Executive summary
This collection of case study stories presents accessible, non-technical narratives derived from the COMPASS
technical deliverable D4.1. Spanning diverse hazard and geographic contexts, including winter storms in the UK
and tropical cyclones in Mozambique and Honduras, the cases translate complex attribution analyses into clear

stories that explain how climate-related hazards lead to impacts, and the role climate change has played in these
disasters. Rather than focusing on hazards alone, the narratives highlight how losses and damages emerge
through interacting pathways of exposure and vulnerability shaped by socio-economic factors such as
population growth, development patterns, inequality, governance, and conflict.

These narratives are designed to support engagement and decision-making by non-technical audiences,
including policymakers and practitioners, while remaining grounded in the underlying technical analysis. They
are not standalone analyses but simplified story versions that preserve analytical integrity while foregrounding
lived experience and systemic drivers of risk. For details on the methodologies, references and more detailed
results, please see Deliverable 4.1. In 2026, these narratives will form the foundation for interactive storymaps,
enabling further visualisation, exploration, and dialogue based on the COMPASS findings.
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1. Extra-tropical cyclone Xynthia, France 2010

1.1.Summary

1.1.1. Summary of the event and its impacts?

Extra-tropical cyclone Xynthia was one of the most serious disasters in France in recent decades. The storm hit
in the early hours of 28 February 2010, causing 47 deaths and around €2.5 billion in damage. Most fatalities and
about half of the economic losses were caused by flooding along France’s western coast. Around 10,000 people
were directly affected by flooding, while strong winds cut electricity to one million people. In total, the event
led to roughly 470,000 insurance claims.

While strong windstorms are not unusual in France, the severe coastal flooding was unexpected. It resulted from
a rare combination of storm surge and high tide, as well as weaknesses in disaster planning and coastal
management. Since Xynthia, France has taken steps to reduce future risks through better flood protection,
improved spatial planning, stronger emergency response, and safer building standards.

1.1.2. Statement of key impacts
Key impacts from both the windstorm and storm-induced flooding include:

o 47 fatalities

e 2.5 billion in damages

e Power cuts to one million people

e 470,000 insurance claims

e 560 km? agricultural land inundated by flood waters

1 All references as well as the extended methodology, analysis and results for all case studies can be accessed in Deliverable
4.1 (Jack et al. 2025), link: https://compass-climate.eu/Public Deliverables/D4.1_Hazard and Impact Synthesis and
Attribution for Phase | use case.pdf
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1.2.Background context
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Figure 1 Main regions affected by extra-tropical cyclone Xynthia in 2010. Background map: OpenStreetMap.
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Figure 2 Principal municipalities that were affected in the Charente-Maritime and Vendée departments. Background map:
OpenStreetMap.

1.3.Geographical context

Several European countries were impacted, but most were concentrated in France, including 47 out of 59
fatalities. The map (Figure 1) presents the departments where fatalities had occurred, and the 25 departments
with the highest insured economic losses (72% of the total). 41 fatalities and 54% of damages were concentrated
in two departments, Charente-Maritime and Vendée (marked with blue hatching on map). Most fatalities and
highest economic loss occurred in La Faute-sur-Mer municipality in Vendée (Figure 2).

1.4. Historical context

Extra-tropical cyclone Xynthia was unusual among the winter storms that regularly affect Europe. Although it
was weaker than some earlier storms, notably those in 1999, it caused exceptional damage because of severe
coastal flooding. The coastal areas affected had experienced similar storms in the past, but awareness of flood
risk was low. At the time, coastal risk management and planning reforms were underway but not yet fully
implemented, resulting in a fragmented system. Flood protection infrastructure was aging, while population and
housing exposure in coastal floodplains had increased rapidly. In towns such as La Faute-sur-Mer, housing—
especially seasonal homes—expanded much faster than the population, greatly increasing the number of
buildings at risk. This growth was linked to delays in applying coastal risk prevention plans and limited
consideration of flood hazards in urban planning. These long-term trends created conditions that amplified the
impacts of Xynthia.

1.5. Multi-hazard storyline

Storm Xynthia developed unusually far south in the Atlantic and followed an uncommon path, moving from the
Canary Islands across Spain and into France before continuing through northern Europe. It also moved very
quickly, travelling about 1,400 kilometres in just one day. Although the storm brought very strong winds, the
most serious impacts were linked to timing rather than wind strength alone. Coastal flooding occurred because
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the storm arrived at the same time as a spring high tide, allowing sea levels to rise to record heights even though
the storm surge itself was lower than during some previous major storms.

Xynthia was first identified several days before landfall, and warnings were issued in advance, but the storm
struck the French coast during the night, when people were least able to respond. It then rapidly moved inland
and weakened as it travelled across neighbouring countries.

1.6.Impact storyline

Storm Xynthia caused severe human and economic losses in France, with impacts that were highly uneven across
locations and population groups. While deaths caused by strong winds were relatively few and scattered across
the country, flooding led to a far more concentrated and deadly outcome. Nearly three quarters of all flood-
related deaths occurred in a single municipality, La Faute-sur-Mer, and most of these fatalities were confined to
a very small area.

Economic losses followed a similar pattern. Wind damage affected many regions, but flood-related losses were
overwhelmingly concentrated in just two coastal departments. In La Faute-sur-Mer, long-term changes in
population and housing had increased exposure to risk. Over several decades, the number of homes—especially
seasonal residences—grew rapidly, while population growth remained modest, leaving many more buildings
exposed to flooding. After the disaster, authorities reduced exposure by purchasing and demolishing high-risk
homes, leading to a temporary decline in housing and population. However, growth has since resumed. Impacts
also differed by social group: younger residents in mobile homes were able to escape, while older people living
in single-storey houses were far more vulnerable, contributing to the high death toll.

1.7.Impact summary table
Table 1 Principal impacts of extra-tropical cyclone Xynthia in 2010.

Impact Magnitude/scale Source

Area inundated 560 km? (agricultural land) Kolen et al. (2013)?

Fatalities 41 (flood) Vinet et al. (2011) based on official
data3

6 (windstorm)

People affected directly by 10,000 Rough estimate* (HANZE)

flooding

Persons affected by loss of 958,000 Wikipedia, citing national power

electricity distributor ERDF?

Economic loss 2.5 billion euro (flood + windstorm) | Typically quoted estimate of total
direct loss®

2 Kolen, B., Slomp, R. and Jonkman, S.N. (2013). Impacts of storm Xynthia. J. Flood Risk Manage, 6: 261-278.

3 Vinet, F., Lumbroso, D., Defossez, S. et al. (2012). A comparative analysis of the loss of life during two recent floods in France: the sea
surge caused by the storm Xynthia and the flash flood. Var. Nat Hazards 61, 1179-1201.

4 Hanze (n.d.) Coastal flood in France, 2010. Natural Hazards. https://naturalhazards.eu/details,15586

5 Tempéte Xynthia (2012). Wikipedia. https://fr.wikipedia.org/wiki/Temp%C3%AAte Xynthia

6 Kolen, B., Slomp, R. and Jonkman, S.N. (2013), Impacts of storm Xynthia. J. Flood Risk Manage, 6: 261-278.
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Insurance claims

470,000 (35,000 flood / 435,000
windstorm)

Value of claims: 1.48 billion euro
(flood 745 million / windstorm 735
million)

Estimate based on data from
insurance companies representing
89% of French market, compiled by
their association FFSA-GEMA (2011)7

Table 2 Details of insured losses from FFSA-GEMA (2011). Insurance data formally refer to flooding as ‘natural disaster’.

Category Source Households  Cars ‘ Farms Businesses Total

Insurance Flooding 19,000 10,500 1700 3800 35,000
claims Windstorm 339,500 22,500 33,500 39,500 435,000
(number) Total 358,500 33,000 35,200 43,300 470,000
Insured loss | Flooding 450 60 26 209 745
(million Windstorm 430 35 112 158 735
euro) Total 880 95 138 367 1480

5oW if'ﬁgikg‘j :5;0 km

[ Country boundaries

[] Region boundaries

Insured economic loss (million euro)
[J29-10

[J10-20

[ 20-30

[ 30-50

Il 50 - 66.2

Figure 3 Distribution of insured economic loss from wind damage during Xynthia (only 25 departments with highest losses).

7 FFSA-GEMA (2011). La tempéte Xynthia du 28 février 2010: Synthése.
https://www.argusdelassurance.com/mediatheque/6/7/9/000008976.pdf
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Figure 4 Distribution of insured economic loss from ‘natural disaster’ (flooding) in the Charente-Maritime and Vendée departments
during Xynthia (black numbers) and fatalities (blue numbers).

1.8.Response

Météo-France issued the official weather warning for Storm Xynthia, placing four departments on red alert—
the highest warning level—and around 70 others on orange alert. The forecasting and alert process itself
functioned largely as intended, but the main challenge was that the storm was expected to pose a greater wind
risk than a flooding risk. As a result, storm surge and coastal flooding were not fully anticipated or clearly
communicated. At the time, warning systems were better developed for windstorms than for coastal flooding,
which limited the ability of authorities to translate the urgency of the flood risk to exposed communities.
Populations therefore received little guidance on how to prepare for flooding specifically.

As a result, communities focused on preparing for strong winds rather than flooding. Some wind-related safety
advice had unintended consequences. For example, people were encouraged to stay indoors and close electric
shutters, which later made escape difficult when floodwaters entered homes. Clear evacuation orders were
generally not issued, partly because local authorities lacked precise information on the expected flooding
impacts. The storm’s arrival during the night further reduced people’s ability to react.

Following the event, a state of natural disaster was declared to activate insurance mechanisms for affected
households. Emergency response and recovery measures were rapidly mobilised, and longer-term actions,
including compensation and new zoning rules, were initiated to reduce future risk.

1.9. Attribution analysis

The analysis combines physical modelling, historical data, and impact modelling to understand how Storm
Xynthia caused flooding and wind damage, and how these impacts might have differed under past conditions.
For coastal flooding, total sea levels were estimated by combining storm surge, tides, waves, long-term sea level
rise, and other ocean processes. These water levels were then used to map flood extent and water depth.

Ill

To assess the role of climate change, a “counterfactual” scenario representing conditions around 1950 was
constructed. Storm surge, wave heights, and sea levels were recalculated as they might have occurred before
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much of the observed sea level rise. Comparing the observed event with this past scenario allows the influence
of long-term climate change to be isolated. Wind damage was analysed using a similar approach, combining
historical weather data and climate model simulations to estimate how extreme winds would have differed
under earlier conditions.

For coastal flooding, counterfactuals were applied to hazard, exposure, and vulnerability using a 1950 baseline
across three types of impacts (Table 5). For windstorm economic impacts, two baselines were considered: 1950
and a preindustrial baseline (1850) for exposure. Vulnerability counterfactuals were not included for windstorms
due to a lack of suitable methods.

Flood and wind impacts were assessed separately by combining hazard maps, exposure data, and vulnerability
models, reflecting their different physical processes and spatial footprints.

Table 3 Summary of counterfactual scenarios.

Climate counterfactual approach . . Climate
! ! uatapp Non-stationary EVA for storm Non-stationary moldellin
surge and wave height; sea level EVA (1950 . g
; . . (preindustrial
rise removal (1950 baseline) baseline) .
baseline)
Exposure counterfactual 1950 baseline 1850 baseline
Vulnerability counterfactual Flood protection level, relative loss .
. not considered
(1950 baseline)
Impacts . Population .
P Fatalities; puiati Economic loss
affected

1.10. Attribution results
The analysis shows that Storm Xynthia caused severe impacts through both coastal flooding and strong winds,
but with very different patterns, drivers, and levels of confidence in the results.

For coastal flooding, the results are robust in showing that climate change increased the impacts of Xynthia,
primarily through long-term sea level rise. Compared to a 1950 baseline, rising sea levels contributed an
estimated 10-14% increase in flood impacts, including fatalities, people affected, and economic losses. Because
sea level rise since 1950 is well quantified, confidence in this result is high.

Beyond climate change, exposure growth was a major driver of increasing losses, especially for economic
impacts. Economic growth increased flood-related economic losses by more than 600%, while population
growth contributed a more modest 45-48% increase. Changes in the spatial distribution of people and assets, as
well as shifts in economic structure, were found to have only a small effect on overall losses. Improvements in
flood protection were estimated to reduce impacts by just 1-2%, suggesting limited influence at the scale of this
analysis.

Changes in vulnerability are estimated to have substantially reduced flood impacts (by 56-66%), potentially
offsetting much of the increase from climate change and exposure growth. However, confidence in this finding
is low. The model significantly underestimated observed flood impacts, especially fatalities, indicating that local
factors such as building characteristics, population age, and the nighttime timing of the event were not fully
captured.

Modelled flood extent was larger than observed, largely because the model included low-lying natural and
agricultural areas that were briefly exposed to high sea levels but did not flood during the actual event. This has
limited implications for impact estimates, as most losses occurred in built-up areas. Even after adjusting for
regional vulnerability, the model underestimated reported losses: 41 flood fatalities were reported, compared
with 5 modelled, and €1.39 billion in reported flood losses compared with €219 million modelled. Despite these
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discrepancies, the model captured some of the spatial variation in losses, with a moderate correlation between
modelled and reported flood damages across municipalities.

Windstorm impacts show a contrasting picture. Economic losses from wind were strongly driven by economic
growth, particularly increases in GDP per capita and asset values. Population growth played a much smaller role,
and changes in the spatial distribution of assets had little influence at the 1950 baseline, though assets shifted
slightly toward lower-impact zones when compared to preindustrial conditions.

The role of climate change in windstorm impacts is far more uncertain than for flooding. Using one statistical
approach with a 1950 baseline suggests climate change increased windstorm losses by around 22%, while
climate model-based estimates relative to preindustrial conditions produce a very wide range, from a 71%
decrease to a 44% increase. This large uncertainty reflects the difficulty of attributing changes in extreme wind
speeds and the strong dependence of results on the chosen method and baseline.

Model performance also highlights important differences. The generic European wind damage function
overestimated windstorm losses by a factor of about nine (€6.75 billion modelled versus €735 million reported).
This suggests that France may have lower vulnerability to windstorms than assumed in pan-European models,
possibly due to experience with frequent windstorms and associated adaptation measures. Windstorm fatalities
were not modelled due to methodological limitations and the incidental nature of the six reported deaths.

Taken together, the results show that coastal flooding was the dominant driver of fatalities, while both flooding
and wind contributed to economic losses. Climate change played a clear and measurable role in increasing flood
impacts, while its influence on wind damage remains highly uncertain. Economic development was the strongest
overall driver of rising losses, and while reductions in vulnerability may have mitigated impacts, uncertainty
remains high—especially given the model’s underestimation of observed flood losses.

1.11. Policy implications

The attribution analysis of extra-tropical cyclone Xynthia provides clear policy-relevant insights into how climate
change, exposure growth, and vulnerability interact to shape disaster impacts. The study shows that in the case
of Xynthia, long-term sea level rise has already increased coastal flood impacts by around 10-14%, with high
confidence, while economic development has been the dominant driver of rising losses overall. This underscores
that disaster risk reduction policy must simultaneously address changing hazards and the social and economic
drivers of exposure, rather than focusing on climate signals in isolation.

Since the disaster, the two most affected regions have invested around €1.5 billion in flood protection and
adaptation measures, with implementation planned to continue until at least 2030. The measures include
extensive renovations of seawalls and dikes, alongside a range of smaller technical and planning interventions
designed to reduce storm surge impacts.

In the La Rochelle area, adaptation measures are coordinated at both the agglomeration and prefectural levels
and include updated flood maps and flood prevention plans, strengthened early warning procedures supported
by a voluntary response force, and the use of Xynthia flood levels as a baseline for planning. Anchoring
regulations in a locally experienced extreme event provides a tangible reference point for enforcement and
public understanding. Future sea level rise is explicitly considered through differentiated planning rules that
account for +20 cm and +60 cm sea level rise scenarios. This tiered, scenario-based approach translates
attribution evidence into concrete regulatory thresholds and allows planning decisions to remain robust
under uncertainty.

New and renovated buildings are required to have floor levels above potential flood levels, while existing
buildings are supported in adapting within the Xynthia flood zone adjusted for sea level rise. New construction
is restricted in the highest-risk areas. The analysis highlights that managing exposure through land-use
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regulation and building standards is as critical as investing in structural flood protection. Temporary flood
barriers have also been installed to protect the harbour and can be deployed rapidly following a warning. This
demonstrates the value of flexible, operational measures that complement permanent infrastructure,
particularly when warning lead times are limited.

Visible flood markers and designated evacuation centres further support risk awareness and preparedness.
Maintaining visible reminders of past flooding helps counter the erosion of risk memory over time, a factor
shown to contribute to high impacts in Xynthia.

Finally, the attribution analysis indicates a likely contribution of climate change to windstorm losses, though
with considerable uncertainty. This uncertainty does not negate the policy relevance of the finding; rather, it
reinforces the need for precautionary approaches and regular reassessment of building standards. European
construction regulations currently require resistance to winds with a 1-in-50-year return period. Given the
potential for changing wind risk, minimum design standards should be periodically reviewed to ensure they
remain aligned with evolving climate conditions. Overall, the findings illustrate how attribution studies can
inform forward-looking, integrated risk governance by linking climate science directly to planning,
preparedness, and regulatory decisions.
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2. United Kingdom Winter Storms

2.1.Summary

2.1.1. Summary of the event and its impacts

A sequence of powerful winter storms hit the UK between December 2013 to March 2014. Widespread flooding
and coastal damage resulted in extensive power outages impacting hundreds of thousands of homes. Coastal
flooding was fuelled by heavy rains, high spring tides, and strong winds. The successive storms then brought
record levels of rain onto already saturated grounds, increasing the risk of further flooding. The economic cost
of these impacts over England and Wales from December 2013 to March 2014 came to approximately £1.3
billion. Not only was physical damage felt, but there were significant social impacts including depression and
anxiety in communities that were flooded and cut-off.

Given the scale of the impacts, these storms triggered national action to improve adaptation measures as part
of the response. A range of adaptation infrastructure has been and continues to be repaired and built in order
to protect homes and businesses from the impacts of flooding.

Due to the extensive impacts in the Somerset region of England from flood-related damage, this is the focus
area for this study. In this region, alongside winds with gusts of 63kn and above, the winter rainfall total was
536.6mm, a record which is still held to this day. The Somerset Levels and Moors accounted for around 30% of
flooded agricultural land nationwide. The average economic cost of damages per property in the Somerset
region was about £52,000 — over twice the national average.

2.1.2. Statement of key impacts
Key impacts from the winter storms, coastal flooding and rains include:

e Residential, business and agricultural flooding

e Road closures and communities cut-off due to floodwaters

e Mental health impacts in isolated communities cutoff during the flooding
e Reduction in tourism, leading to reduced economic activity

e 1.3 billion pounds in damages

2.2.Background context
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Figure 5 Observed flood extent over the entire Somerset Region from December 2013 to March 2014.
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Figure 6 Simulated flood extent and depths under observed atmospheric forcing conditions for the selected region.

2.3.Geographical context

The winter storms affected communities across England, Wales, Scotland and Northern Ireland. Winds gusted
above 70kn over exposed coastlines, with gusts over 100 knots (kn) recorded on some of Scotland’s mountain
summits. The combination of particularly long-period ocean swells, strong winds and high spring tides led to
exceptionally large waves, with dangerous and damaging coastal conditions in southwest England and South
Wales. In February 2014, a record-breaking 25 metres wave height was record off the south coast of Ireland.

2.4.Historical context

The UK winter storms of 2013—2014 occurred against a backdrop of aging and underfunded infrastructure,
alongside growing populations and development, including in flood plain areas. This growth, particularly in
vulnerable areas such as the Somerset Levels, increased exposure to flooding and storm surges. Flood protection
measures, particularly related to drainage systems and storm surge protection along coastlines, needed repair
and funding. While the Somerset Levels zone had a more dispersed population, there was a heavy concentration
of agricultural activity, which resulted in significant damage to the agricultural sector in the region.

Alongside this, the UK was still recovering from the 2008 financial crisis, which negatively affected national
investments in flood-defence measures. In addition, rural transport and interconnectivity was minimal, which
exacerbated the impacts of flooding-related isolation of communities being, contributing to the social and
mental health consequences in the aftermath.

2.5. Multi-hazard storyline

The UK winter storms of 2013—2014 developed from a series of powerful Atlantic low-pressure systems, shaped
by several large-scale climate patterns. At the time, the North Atlantic Oscillation was in a strong positive
phase, a winter pattern associated with above-average precipitation. Heavy rainfall in the tropical Pacific
strengthened the Atlantic jet stream through long-distance climate connections, creating conditions that
supported storm formation. Changes in upper-level winds in the eastern Pacific allowed additional atmospheric
disturbances to enter the origin of the Atlantic jet stream. In addition, the Quasi-Biennial Oscillation, which was
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in a strong westerly phase over the tropics, may have increased the pressure gradient in the Atlantic and
contributed to heavy rainfall and stormy conditions.

These combined drivers helped create a conveyor belt of winter storms that moved toward the British Isles.
The first major system arrived in early December 2013, coinciding with high tides in the North Sea, which
produced a storm surge that affected coastal areas. As further storms followed, heavy rainfall fell across England
and Wales, affecting areas where the ground was already saturated.

Through late December and into January 2014, the same weather pattern remained in place, and storms
continued to reach the UK. Persistent precipitation filled drainage systems and low-lying areas such as the
Somerset Levels, where water remained for extended periods. The combined rainfall total for December and
January exceeded 370 mm in southeast and central England, marking the wettest two-month period on record
since 1910.

In early February, another severe storm developed within this sequence, bringing extreme winds and affecting
exposed coastal areas. By late February and early March 2014, the storm sequence began to ease as the broader
atmospheric system shifted.

The 2013-2014 winter demonstrated how multiple climate drivers can align to produce a prolonged series of
storms, with each event building on conditions created by the previous one. The storms arrived with limited
intervals between them, allowing hazards such as high tides, saturated soils, and persistent rainfall to interact
over time.

2.6.Impact storyline

The impacts of the UK’s 2013-2014 winter storms spread across the country from coastal zones to inland
regions. The season began in early December with a powerful storm surge. This surge caused widespread coastal
flooding along the east coast of England, with aging coastal protection infrastructure quickly overtaken along
the coast. Hundreds of homes were flooded, rivers flooded onto surrounding land, and several communities
were temporarily evacuated due to inundated roads and waterfront properties.

As storms continued to arrive in rapid succession, the southwest of England experienced back-to-back
windstorms. Strong winds gusted above 70kn over exposed coastlines for example, and damaged buildings,
knocked over trees, and disrupted power supplies. Massive waves severely damaged sea walls and coastal
infrastructure, for example, in Cornwall and Devon. Transportation infrastructure was also badly affected, with
one incident where powerful waves destroyed a section of the main railway line, which cut off rail access to the
southwest region of England for a number of weeks.

As the storm sequence continued, heavy and persistent rainfall was a primary driver of compounding impacts.
Already saturated soils and repeated precipitation triggered inland flooding, compounded by overwhelmed
drainage systems. The Somerset Levels for instance, experienced some of the most severe flooding in decades.
Rivers overflowed into farmland and villages and several communities were cut off for extended periods, which
required evacuations by boat, and left many residents temporarily displaced for months. Elsewhere, sustained
high river levels, such as in the Thames Valley, resulted in flooding with homes and transport routes repeatedly
inundated. Across the country, travel was severely disrupted with roads submerged, train lines blocked by fallen
trees or flooding, and ferry services cancelled during major storms.

Displacement: Many residents faced long-term displacement as repairs to damaged homes progressed slowly.
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Infrastructure damage: Critical infrastructure, including railway lines and coastal flood prevention
infrastructure, required extensive reconstruction.

Economic impacts: Agricultural land remained flooded for months, delaying planting and reducing vyields.
Economically, the combined impacts of the storms, including property damage, transportation disruptions, and
business losses, resulted in approximately 1.3 billion pounds.

2.7.Impact summary table
Table 4 Overview of impacts from UK winter storms.

Impact Type of Magnitude
impact
Homes damages Economic | e 165 residential properties flooded internally
Transportation Economic | e 81 road closures
Damage e The Muchelney community was cut off by flood waters for

over 2 months

e The major railway line between Bridgewater and Taunton was
closed for weeks

Agricultural Economic | e 12,800 Ha of pasture was flooded

flooding 1,100 Ha of arable land was flooded

Damage to Economic | e 50% of businesses were either directly or indirectly impacted
businesses by flooding

o 85% of businesses were impacted by road closures

e 12 farmsteads were significantly flooded

Social harm Human e 'Devastating' impact on mental health, depression and anxiety
in flooded and cut-off communities

Decrease in tourism | Economic | e Lost tourism days due to the flooding in Somerset

2.8.Response

Emergency services worked continuously to reinforce flood defences and support affected households, with a
total of 957 emergency service personnel deployed. Floodwater pumping was conducted to drain fields and
villages inundated with floodwater, with 128 pumps operating at the peak of the effort. The total cost of services
was estimated to be £16.8m + 2.5m.

In response to the 2013-14 winter floods, the Somerset Rivers Authority (SRA) was formed to work with partners
and stakeholders to reduce the risks from flood impacts in the Somerset county. A 20-year action plan was put
forward, introducing more than £20 million in funding to repair damaged local infrastructure and manage future
flood risk for the area, which is supported by Somerset County Council.

Since 2014, work has been carried out adding and improving culverts, drains, flood relief channels, raised roads,
control structures and flood banks, as well as carrying out dredging of the Parrett and Tone rivers. The
Bridgwater Tidal Barrier — a £249 million project - is currently under construction and due to be completed in
2027, which aims to protect over 11,300 homes and 1,500 businesses from flooding.

2.9. Attribution analysis

To understand how climate change influenced the event, we use large sets of climate model simulations that
include rainfall data. These simulations are run for two different versions of the climate: one representing the
world as it is today (the “factual” climate), and another representing a world without human-caused climate
change (the “counterfactual” climate). In the factual simulations, the model uses real sea surface temperatures
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and sea ice conditions. In the counterfactual simulations, the influence of climate change is removed from these
ocean conditions before the model is run.

We generate more than 300 simulations for each climate—factual and counterfactual—covering winter rainfall
patterns. These rainfall simulations are then fed into a flood modelling framework to assess how any changes in
the hazard caused by climate change would translate into differences in flood impacts.

Alongside the climate analysis, we also examine how changes in population and economic development may
have influenced the outcomes of the event. To do this, we compare modern exposure levels with those from
earlier periods. A historical exposure dataset is combined with the flood extent of the observed event to show
how many people would have been affected if the same flooding had occurred under past population levels
(from 1870 to 1980), compared with exposure in 2013/14.

2.10. Attribution results

Climate change was found to have slightly increased the size of the flood extent over the Somerset Levels during
the winter of 2013/14. Flooding of this scale is estimated to be about 1.21 times more likely today than it would
have been in a world without human-caused climate change. However, there is a lot of uncertainty around this
estimate: results range from the event being 4.5 times more likely to 3.0 times less likely, which means that
overall confidence in the findings is low.

The analysis suggests that the 2013/14 flood extent corresponds to a 1-in-206-year event in today’s climate,
compared with a 1-in-249-year event in a pre-industrial climate. In practical terms, the modelling indicates that
the same event in a pre-industrial climate would have covered an area of 113 km? (with a range of 110-116
km?), compared with 114 km? (range 111-117 km?) under today’s climate conditions.

A comparison of the factual (gold) and counterfactual (green) climate simulations shows these differences in
terms of both probability and return period (Figure 7).
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Figure 7 Comparison of flood extent from factual climate (gold) and counterfactual climate (green) runs in terms of a) probability and b)
return period.

Some factors were kept the same in both climate simulations, including tides, the river flows at the start of the
modelling, and sea level. If these factors had also been adjusted to reflect a climate without human influence,
the results, particularly the role of sea-level rise, may have been different.
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Figure 8 Showing the population that would be exposed to the flooding for 2013/14 over somerset levels, if occurring in a different year.

A separate analysis looked at how many people would have been exposed to the 2013/14 flooding if the same
event had occurred in different years. The influence of climate change on the number of people exposed was
found to be small, but the influence of population growth since the 1880s was large. This means that the increase
in exposure over time is mainly due to more people living in the region, rather than to climate-related changes
in the hazard.

The most severe impacts of the 2013/14 event were on agriculture, transport networks, and businesses. Because
of this, using historical exposure datasets that also include these sectors would provide more useful insights into
how exposure to events like this has changed over time.

2.11. Policy implications

The attribution findings indicate that climate change has only slightly influenced the scale of flooding in the
Somerset Levels during the 2013/14 winter, with large uncertainties in the results. This, combined with evidence
that population growth has been a major driver of increased exposure over time, underscores the importance
of long-term land-use planning, continued investment in flood management, and improvements to early
warning communication. The challenges observed during the 2013/14 storms—such as uncertainty in hazard
prioritization, limited actionable guidance, and ageing flood protection—highlight the need for policies that
strengthen both preparedness and the resilience of existing infrastructure.

Over the last decade, more than £45 million has been invested in the Somerset Rivers Authority (SRA) to support
these efforts. A further 10-year strategy (2024-34) is now underway to reduce flood risk and impacts under a
changing climate. Climate adaptation plans for towns in Somerset, funded by the SRA, are being developed to
guide local action across environmental and community domains. For example, Glastonbury Town Council, in
partnership with Somerset Wildlife Trust, has created a plan that outlines priorities such as increasing tree cover,
adapting residential and public areas to flooding, and installing green roofs on schools and public buildings.
These initiatives reflect a shift toward integrated, forward-looking adaptation measures that address both
current vulnerabilities and future climate-related risks.
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3. United Kingdom Drought Heatwave 2022

3.1.Summary

3.1.1. Summary of the event and its impacts

The UK summer of 2022 was characterised by extremely hot and dry conditions leading to severe drought and
five heatwave periods. Between 18th to 19th July, an unprecedented extreme heatwave affected the UK, setting
new maximum temperature records across the UK and Ireland with temperatures of 40 °C recorded for the first-
time.

The extreme temperatures resulted in roads and airport runways melting and railways buckling, which caused
widespread disruption across the transport network. In our study, we have chosen to investigate the temporary
closure of Luton airport, located in Bedfordshire, on 18th July when part of its runway melted in the extreme
heat67. Little research exists surrounding the impact of climate change on airports, so we aim to increase
awareness to improve long-term resilience.

3.1.2. Statement of key impacts

The 2022 drought-heatwave caused excess deaths, widespread transport disruption, wildfires, power cuts,
agricultural losses, and the temporary closure of Luton Airport, where runway melting led to major flight
cancellations, diversions and significant operational challenges across interconnected infrastructure systems.

3.2.Background context
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Figure 9 Transport impacts of the 2022 drought-heatwave event, synthesised from literature. Background map: OS StreetMap.
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Figure 10 Maximum temperatures recorded on 18t July (a) and 19t July (b) 2022. Figure 33b shows the 46 climate stations across

England that equalled or exceeded the previous UK record of 38.7 °C. Figure 33b is provided by Kendon et al. (2023).
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Figure 12 Timeseries of Luton Airport maximum daily air temperature for 2022 (black line), overlaid on annual cycles from 2001 to 2024
(grey lines). 10 days in the summer exceeded the county’s heatwave threshold of 28 °C. Data courtesy of Vaisala.

Figure 13 Visible satellite image on 19th July 2022 showing cloud-free skies across central and eastern England in a hot dry airmass.
Image copyright Met Office / NOAA / NASA.
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3.3.Geographical context

The July 2022 drought-heatwave unfolded across much of the UK, with the most severe impacts concentrated
in southern and eastern England. This region is characterised by densely populated urban centres, major
transport corridors, and critical infrastructure nodes including airports, railways, and highways. Luton Airport,
located in Bedfordshire to the north of London, sits within one of the UK’s busiest travel corridors and serves as
a major hub for domestic and international passengers. Its elevated position and surrounding landscape of mixed
urban and semi-rural areas exposed it directly to the extreme temperatures. Nearby regions—including
Hertfordshire, Cambridgeshire, and Greater London—also experienced prolonged dryness, depleted soil
moisture, and record-breaking temperatures, contributing to cascading impacts such as wildfires, railway
buckling, and local transport disruption. The combined meteorological conditions and regional vulnerabilities
made southern and eastern England the epicentre of the event’s most acute impacts, including the runway
failure at Luton Airport.

3.4. Historical context

Over recent decades, the UK has undergone significant demographic and infrastructural change, particularly in
the Southeast, where population growth and urban expansion have increased pressure on transport networks.
Luton Airport has grown substantially since its opening in 1938, reflecting broader trends in low-cost aviation
and increased international mobility. Passenger numbers have risen sharply, with the airport becoming one of
the UK’s fastest-growing terminals prior to the COVID-19 pandemic. The region’s economic development has
coincided with increasing exposure to climate-related risks: rising temperatures, growing water stress, and
repeated summer heatwaves. England experienced major heat and drought events in 1976, 2003, 2018, and
again in 2022, each influencing public awareness, land management, and infrastructure performance. These
historical developments shaped the context in which the 2022 drought-heatwave produced such widespread
and cascading impacts.

3.5. Multi-hazard storyline

The drought—heatwave event of summer 2022 was a landmark moment for the UK, marked by record-breaking
temperatures and a rare combination of compounding and preconditioning hazards. On 19 July, the country
experienced its highest temperature ever recorded—40.3°C at Coningsby, Lincolnshire—surpassing the previous
national record by 1.6°C. This extreme heat did not develop in isolation. In the months preceding the event, the
UK, and particularly eastern and southern England, faced unusually dry and sunny conditions. From January to
August, only 62% of the average rainfall was recorded, resulting in a deficit of 183 mm compared with the 1991—
2020 baseline. Sunshine levels were similarly exceptional, with southern and eastern England experiencing their
sunniest January on record, and March recording 152% of the UK average. These conditions helped create a
multivariate hazard environment where drought and heatwaves overlapped, heightening risks for multiple
sectors including agriculture and wildfire management.

Drought acted not only as a hazard but also as a precursor that intensified heatwave conditions. Evidence from
previous UK heatwaves in 2003 and 2018 shows that low soil moisture significantly amplifies maximum
temperatures during extreme events, and 2022 followed this pattern. At Luton Airport, ten days exceeded the
county’s heatwave threshold of 28°C. On 18 July, the day the runway melted, a new surface temperature record
of 56.9°C was observed alongside an air temperature of 35.9°C. The following day, a new local maximum air
temperature of 38.6°C was recorded, reflecting the intensity and persistence of the heat.

The meteorological setup driving the July event involved a stationary high-pressure system over continental
Europe, which sustained a southerly airflow drawing very hot, dry air from northern Africa into the UK. Mass
subsidence contributed to the formation of a heat dome, trapping warm air close to the surface and enabling
temperatures to rise to unprecedented levels. A mix of global and regional weather patterns drove the
development of the extreme heatwave. Warm ocean conditions in the Pacific helped set up large waves in the
atmosphere that encouraged high-pressure conditions to develop. At the same time, summer weather patterns
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over the North Atlantic shifted storms further north than usual, leaving the UK drier and hotter. Unusually warm
waters in the Gulf Stream also added extra energy to the atmosphere, helping reinforce the stable, hot
conditions over western Europe. Local factors further intensified the event—sunshine-driven evaporation
depleted soil moisture, reducing cooling, while record-breaking regional sea surface temperatures above 20°C
in southern and eastern England may have increased temperatures through the advection of warm marine air.

3.6.Impact storyline

The July 2022 drought-heatwave triggered widespread and compounding impacts across the UK, intensifying
over several weeks as extreme temperatures combined with prolonged dryness. Between 10 and 25 July, the
UK recorded 2,227 excess deaths, with the greatest number on 19 July when temperatures peaked nationally.
Central and southern England were hardest hit, experiencing the highest temperatures, lowest rainfall, and the
most severe consequences for health, infrastructure and the environment. Wildfires broke out across multiple
counties, leading several fire services to declare major incidents as crews faced unprecedented pressure and
stretched capacity. Transport networks also experienced significant disruption: roads softened or melted and
rails buckled, which resulted in train speed restrictions. Passengers faced delays, overcrowding and poor
ventilation on services that remained operational, with essential workers and those needing to travel for medical
reasons particularly affected.

Within this national picture, one of the most visible infrastructure failures occurred at Luton Airport. On 18 July,
the runway surface reached 56.9°C and softened, forcing airport authorities to close it temporarily for safety.
This led to the diversion of 13 flights to other London airports and the cancellation of 100 flights, disrupting
thousands of passengers and placing considerable strain on terminal staff and airline operations.

Frontline workers across sectors reported severe pressure. Firefighters noted a lack of preparedness and
communication, with many raising concerns about preventable wildfire risks. Social care workers faced
increased workloads as vulnerable individuals required additional monitoring, while transport disruption and
school closures contributed to staffing shortages, fatigue and stress. For agriculture, the impacts extended far
beyond the peak heatwave period. The prolonged drought from late spring to mid-autumn reduced crop vyields,
affected livestock productivity, and increased energy and water demand. These cumulative stresses have taken
a toll on mental health, with a 2024 survey reporting that 95% of farmers under 40 believe climate change has
negatively affected their wellbeing.

Overall, the 2022 drought-heatwave evolved into a multi-sector crisis in which extreme temperatures initiated
a cascade of health, infrastructure and economic impacts. The runway failure at Luton Airport became a striking
symbol of the UK’s vulnerability to compound climate extremes and the operational, social, and economic
disruptions they can unleash.

3.7.Impact summary table
Table 5 Table of key impact data and statistics.

Fatalities 2,227 excess deaths due to heat between 10-25% July
13 deaths due to open water swimming (between 8t-19t July)
Emergency 500% increase in fire 999 calls during heatwave peak (13,500 on 19th July)
services 14 fire and rescue services declared major incidents as they tackled 983 wildfires in

summer 2022 (84 on 19t July)

A fifth of UK hospitals had to cancel operations between 16-19% July due to unsafe theatre
environments and staff shortages due to the extreme heat

RSPCA received 7,186 calls on 18 July due to wildlife casualties

Infrastructure | 6 water companies issued Temporary User Bans affecting at least 19 million people
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An extra 300 million litres of water a day was being used during the peak of the heatwave

41 properties destroyed in London due to wildfires

8000 properties in Yorkshire, Lincolnshire and the Northeast experienced power cuts

More than 50 schools were closed in southeast England

Transport Passenger train numbers were 40% lower between 18-19% July compared to the previous
week

A ‘Do not travel’ warning was issued by Network Rail

16.3% and 21% reduction in planned trains on 18th and 19th July

Closure of East Coast Main Line on 19% July and partial closure on 20t due to overhead
cable fire

Roads in Cambridgeshire, Oxfordshire and Lincolnshire were closed

Luton Airport and RAF Brize Norton temporarily closed due to melting runway, delaying
and diverting flights
Agriculture 9.2% reduction in chicken meat production

18,500 chickens died in transport due to heat stress (July-August)
8% higher wheat yields than 2017-2021 average
Reduced milk yield in dairy cows

Environment Wildfires destroyed habitats of nesting birds, reptiles and amphibians

Marked decline in insect populations e.g. dragonflies, butterflies

3.8.Response

The response to the July 2022 drought-heatwave unfolded rapidly as extreme temperatures created widespread
and compound impacts across the UK. As conditions intensified and forecast guidance indicated life-threatening
heat, the Met Office issued its first-ever red warning for extreme heat. This unprecedented alert marked a critical
moment in the UK’s hazard response system and signalled that exceptional measures were required to protect
public safety. At the same time, the UK Health Security Agency escalated its heat alert to Level 4, the highest
level, indicating a national emergency with potential for significant health and infrastructure disruption. These
warnings triggered immediate public communication campaigns, activated emergency service preparedness,
and prompted hospitals, care homes and local authorities to implement heat-response actions to safeguard
vulnerable groups.
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UK weather warnings
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Figure 14 Extent of Met Office red extreme heat warning issued for 18th to 19th July. Source: Kendon (2022)
https.//www.weather.gov/media/rnk/Newsletter/22FA-2022 UK july heatwave.pdf

Operational responses during the event revealed the strain placed on frontline services. Fire and rescue teams,
already stretched by widespread wildfires, reported that resources were pushed to their limits. Health and social
care workers faced rising demand as they monitored high-risk patients while navigating disruptions to transport
and staffing. Transport operators responded by slowing or cancelling services to reduce safety risks from
buckling rails, damaged road surfaces and overheated power systems, though these actions created significant
challenges for passengers and workers needing essential travel. At Luton Airport, where the runway failed under
extreme temperatures, staff were required to manage diverted flights, cancellations and stranded passengers
with limited operational flexibility, highlighting the difficulty of responding to rapid-onset infrastructure failure
during extreme heat.

In the weeks and months after the heatwave, the scale of disruption prompted reflection on the adequacy of
existing systems. Recognising the need for clearer, more impact-based communication, the government
introduced the Adverse Weather and Health Plan (AWHP) in April 2023. Central to this was a new Weather-
Health Alerting System designed to provide more targeted warnings of extreme heat and cold and improve
preparedness across health and emergency services. The system has since been activated multiple times during
subsequent heat events, signalling a shift toward earlier and more proactive hazard communication. Alongside
this, extreme heat guidance was updated through the release of the third National Adaptation Programme
(NAP3), which sought to strengthen understanding of temperature-related risks and support organisations in
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preparing for future events. These developments represented early efforts to adjust systems following lessons
learned from 2022.

Despite these developments, recent assessments of guidance for extreme cold and hot weather shows a
predominant focus on health impacts, with far less attention for transport, education and agriculture. The 2022
heatwave therefore marked a pivotal moment, highlighting the need for cross-sector resilience - revealing both
the capacity of UK institutions to mobilise during extreme events and the substantial operational challenges that
arise when multiple hazards converge across critical systems. The event underscored how quickly extreme heat
can overwhelm response mechanisms and highlighted areas where further preparedness work will be required.

3.9. Attribution analysis

To understand how human-caused climate change influenced the 2022 drought and heatwave, we compare two
versions of the event. The factual version shows what happened in today’s warmed climate, while the
counterfactual version shows how the same event might have unfolded in a world without human-caused
warming, as well as scenarios with different exposure and vulnerability. Comparing these scenarios helps us see
how much climate change increased the likelihood or severity of the impacts.

For the runway melting analysis, we first identify an impact threshold. We found that the average air
temperature in the six hours before the hottest daily temperature best predicts extreme runway temperatures.
Because the runway has melted only once (on 18 July 2022), we use the six-hour air temperature before that
event as our benchmark. The runway reached 56.9°C, and the six-hour average air temperature of the period
from 7.30AM - 13.30PM from that day defines a “runway-melting event.” Local heatwave temperatures above
28°C were compared to ERAS data to find the trend between observed and satellite-based re-analysis data, used
for the attribution analysis.

We also assess how exposure and vulnerability have changed. Luton Airport now handles far more passengers
and flights than in 1980, increasing exposure. Vulnerability is evaluated using existing studies on infrastructure
sensitivity and dependence on external systems.

Finally, we use HadGEM3-A climate simulations—525 factual and 525 counterfactual runs for 2022 —to model
how likely the event was in each world for the climate attribution.

3.10. Attribution results

To quantify the influence of anthropogenic climate change, we compared the probability of exceeding the
impact threshold—defined as a six-hour average air temperature of 29.5°C between 07:30 and 13:30—in both
a factual (current) and counterfactual (pre-industrial) climate. The results show that climate change made the
runway melting event 12 times more likely, with uncertainty bounds indicating that it was at least six times
more likely and potentially up to 32 times more likely. The analysis indicates that the event would be extremely
rare in a counterfactual climate, occurring only once every 175 years, whereas in today’s climate the return
period is approximately 15 years under similar conditions.

The intensity of heat associated with a 15-year return period also differs substantially between the two
scenarios. A 15-year event in the counterfactual world would be about 2.1°C cooler (confidence interval 1.8—
2.3°C) than in the present-day climate. This means that there is high confidence that the equivalent event in the
counterfactual world would have resulted in no impacts. Consistent with other studies, we also find that
extremely low soil moisture during the 2022 drought strongly amplified temperatures, highlighting the
importance of preconditioning and the combined effect of drought and heat. These findings are consistent with
other attribution studies of the 2022 heatwave, which also show strong climate-change signals across impacts
such as heat mortality, wildfires, soil moisture drought, and record-breaking temperatures.
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Alongside changes in climate hazard, shifts in airport activity have significantly increased exposure to such
events. Comparing airport usage in 1980 with 2022 shows that higher passenger numbers and flight volumes
today greatly magnify the impacts of extreme heat. If a 2022-type melting event had occurred in 1980,
approximately 58 flights and 2,116 passengers would have been affected. In reality, the 2022 event disrupted
113 flights and nearly 13,000 passengers, representing a 93% increase in flight disruptions and a 531% increase
in impacted passengers. With Luton Airport planning to almost double its annual passenger numbers by 2043, a
runway-melting event similar to 2022 could disrupt around 275 flights and more than 32,000 passengers,
assuming the same proportion of flights and passengers are affected as in 2022. This illustrates how growing
airport usage could significantly amplify the consequences of extreme heat events.
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Figure 15 Disrupted flights for similar heat events in Luton compared between factual and counterfactual exposure levels.

Disrupted passengers

16000

14000

12000

10000
Additional

exposure
(9K people)

8000

6000

Number of passengers

4000

0 [EE—
1980 2022

Figure 16 Number of passengers affected by flight cancellations for similar heat events in Luton compared between factual and
counterfactual exposure levels.
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The vulnerability of Luton Airport is also closely tied to the characteristics of its infrastructure. Its rigid, concrete
runway—designed to carry heavy aircraft—cannot expand under extreme heat, unlike the more flexible asphalt
runways used at other major London airports. This structural difference is a key reason Luton was uniquely
affected during the 2022 heatwave. The airport also depends heavily on surrounding infrastructure such as
roads, railways, and pedestrian routes, which are themselves vulnerable to heat-related damage. Failures in
these networks can cascade into further delays, cancellations, and disruptions to other services such as hotels
and car rentals.

3.11. Policy implications

The analysis of impacts, responses, and the role of climate change highlights several critical entry points for
policy action to minimise future disruption. The 2022 drought-heatwave raised critical concerns over the
preparedness and resilience of the UK's transport infrastructure in the context of a changing climate. Our
findings demonstrate that anthropogenic climate change significantly increased the likelihood and intensity of
the extreme temperatures observed in summer 2022, alongside an increase in their frequency under current
climatic conditions. Our study reveals the amplifying role of socio-economic factors, particularly increased
airport exposure, in determining the severity of impacts associated with such extreme events. This is of
particular relevance to Luton Airport as it begins a period of major expansion. Without the implementation
of adaptation and resilience measures, this growth will only enhance the airport's vulnerability to climate-
related hazards. As such, future development must be climate-focused to ensure long-term operational
resilience.

Although flight diversions helped manage the 2022 runway melting incident at Luton, future heatwaves could
affect several airports at once, creating far greater national-level socio-economic impacts. This possibility calls
for coordinated national contingency planning across the aviation sector, including shared diversion
strategies, consistent heat-resilience protocols, and joint preparedness exercises. Strengthening resilience
requires a system-wide approach: Luton Airport relies heavily on external infrastructure—roads, railways, and
pedestrian routes—that are themselves vulnerable to extreme heat, with surfaces melting, rails buckling, and
transport services failing. Disruptions in these networks can quickly cascade into airport delays, cancellations,
and wider commercial losses. These interconnected risks demonstrate the need for integrated planning
between airport operators, local authorities, highway agencies, and rail operators to ensure that heat
resilience is addressed across the transport system as a whole rather than at individual sites.

Several other policy measures emerge from these findings. First, there is a need to reconsider engineering and
construction standards—especially runway material specifications—to ensure they remain fit for purpose under
projected temperature extremes. Second, airport operators could use the six-hour temperature impact
threshold identified in this analysis to establish operational heat triggers and early warning protocols. Third,
regulatory bodies such as the Civil Aviation Authority (CAA) and the Department for Transport (DfT) may need
to incorporate climate attribution evidence into planning approvals, safety guidance and long-term risk
assessments. Finally, economic planning should account for avoided losses: strengthening runways and
associated infrastructure may offer substantial cost savings compared to future disruption under increased
passenger demand.
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4. Cyclones Idai and Kenneth, Mozambique

4.1.Summary

4.1.1. Summary of the event and its impacts

On 14 March 2019, Tropical Cyclone (TC) Idai made landfall close to Beira City in Mozambique. Idai was a
category 3 TC when making landfall, causing heavy rainfall, strong winds and a significant storm surge. Beira and
the surrounding areas received up to 700 millimetres (mm) of rain, leading to flooding events in different parts
of the country. The storm caused major damages and ultimately affected approximately 3 million people. The
event is considered to be one of the Southern Hemisphere's most devastating storms on record.

Just six weeks later, another TC hit the region. This time, TC Kenneth made landfall in northern Mozambique.
Kenneth was the strongest TC to ever make landfall in the African continent, and it was the first time in
recorded history that Mozambique was affected by two strong TCs (at or above category 2) in the same season.
The accumulated rainfall reached values up to 400 mm during Kenneth's occurrence. While less extensive than
Idai, the heavy rainfall still caused flooding in the affected northern regions of Mozambique.

4.1.2. Statement of key impacts
Key impacts from both the windstorm and storm induced flooding caused by Idai:

e 1303 fatalities

o 3 million people affected

e 240,000 homes damaged or destroyed
e S$3billion in damages

e 715,000 ha of crops flooded

e 94 hospitals affected

e Qutbreak of cholera and malaria

Key impacts from both the windstorm and storm-induced flooding caused by Idai:

e 374,000 people in need

e 45,000 homes damages or destroyed

o 45 fatalities

e 19 health facilities damaged

e 55,500 ha of crops were lost

e 30% of the national road network was damaged
e 20 bridges destroyed

4.2.Background context

TC Idai had a major impact in three countries: Mozambique, Malawi and Zimbabwe. TC Kenneth caused
significant damage in the Comoros islands, northern Mozambique, southern Tanzania and Madagascar. For both
events, our use case analysis focuses on the mainland of Mozambique.
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Paths of Cyclone Idai and Cyclone Kenneth
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Figure 17 Path of TCs Idai and Kenneth. Markers indicate the stage of the TC, and the color of the marker indicates the wind
speed (km/h). Countries affected by the TCs are highlighted.

4.3.Geographical context

TC Idai had a major impact in three countries: Mozambique, Malawi and Zimbabwe. TC Idai made landfall very
close to Beira, a low-lying city located in the Sofala province at the convergence of the Indian ocean and two
major rivers, the Buzi and the Pungwe rivers. This makes the city, and its surrounding low-lying lands, prone to
both coastal and riverine flooding. Deforestation upstream of the estuary impacts runoff characteristics, which
can further exacerbate flooding from extreme events. TC Kenneth caused significant damage in the Comoros
islands, northern Mozambique, southern Tanzania and Madagascar. In Mozambique, TC Kenneth made landfall
north of the city of Pemba, located in the Cabo Delgado province, unusually far North. Multiple big rivers cross
the Cabo Delgado province, with the Lurio River in south, the Messalo River in the middle, and the Rovuma River
in the north of the province, bordering Tanzania. The combination of the low-lying coastal areas and big rivers
make this region prone to flooding.

4.4.Historical context

While climate change may have led to additional flood impacts, TC Idai struck Mozambique in a context of high
poverty levels, food insecurity, weak infrastructure, political fragility, and social inequality. The 2019 TC season
underscored the urgent need for socially inclusive climate resilience and disaster preparedness. Recent
urbanization and population growth have increased the exposure in Beira, possibly amplifying impacts of TC Idai.
The North of Mozambique, where TC Kenneth hit, has been faced with civil unrest since 2017, making this region
particularly vulnerable to extreme events. As Mozambique’s northernmost coastal province, Cabo Delgado had
seen floods but not cyclones, especially not of Kenneth’s calibre, leaving its society unprepared.
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4.5. Multi-hazard storyline

Tropical Cyclones Idai and Kenneth caused severe flooding and damage in Mozambique, not only because they
were powerful storms, but because several compounding and cascading dynamics shaped their impacts. Each
cyclone brought heavy rainfall, strong winds, and high sea levels at the same time. Winds pushed seawater onto
the coast, while intense rain caused rivers to overflow inland, and together these effects amplified flooding. Idai
and Kenneth were also the first cyclones to strike Mozambique consecutively in the same season. Kenneth
arrived only a month after Idai, hitting communities still responding to the first disaster and placing additional
strain on people, infrastructure, and emergency services.

The broader weather patterns of 2019 played an important role. Although forecasts did not indicate an unusually
active cyclone season, it became one of the busiest on record in the South Indian Ocean. Warm ocean waters
and calm upper-level winds, conditions that favour cyclone development, created a compounding set of factors
that helped both Idai and Kenneth intensify.

Idai made landfall near Beira in mid-March as a Category 2 cyclone and moved slowly across the region. Its slow
movement allowed it to drop extremely high amounts of rain, up to 700 mm in places, resulting in widespread
inland flooding. Strong winds and low pressure generated a storm surge of nearly 4 metres combined with the
tide along the coast. Although Idai arrived during low (neap) tides, reducing what could have been even more
severe coastal impacts, its unusual looping path kept the TC in the region longer and created cascading effects
by prolonging rainfall and flooding.

Kenneth struck northern Mozambique only a month later, near Pemba. It was the strongest cyclone ever
recorded to make landfall in the country and occurred unusually far north and late in the season. Abnormally
warm ocean waters and high translation speed, which reduced storm-induced cooling feedback, allowed it to
intensify rapidly before landfall. Kenneth produced up to 400 mm of rain and caused flooding in northern areas.
Although storm surges were smaller than those of Idai, Kenneth still added significant pressure at a time when
national response systems were already overstretched.

For both events, our use case analysis focuses on the mainland of Mozambique. We focus on the compound
flooding and resulting direct damages. As such, we do not consider direct damage from wind, despite evidence
that it also contributed to the societal impacts in both cases.

Vulnerability and exposure strongly influenced impacts. Ongoing conflict and displacement in Cabo Delgado
increased risks, while conditions of poverty, food insecurity, weak infrastructure, and social and political fragility
intensified the effects of Idai. Resulting from key informant interviews, vulnerabilities also differed between
urban and rural areas, and land-use drivers such as deforestation, charcoal production, and informal urban
expansion increased exposure to flooding (Figure 18).

4.6.Impact storyline

The combined impact of TCs Idai and Kenneth on Mozambique was profound. There were severe humanitarian
impacts, including hundreds of casualties and millions of displaced people. For many, this was secondary
displacement due to other reasons such as conflict. There was also significant damage to the national
infrastructure, with extensive damage to the road network, electricity, water, hospitals, schools, and
telecommunication infrastructure. The floods had a severe impact on the agricultural sector and exacerbated
food insecurity and the outbreak of diseases such as cholera and malaria.

Underlying drivers of land use changes such as charcoal production, driving deforestation and informal urban
expansion, which in turn enhance flooding are important to consider. It emphasizes that impacts of TC Idai were
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not only the result of intense climatic hazards but were amplified by complex, deeply rooted socio-economic
processes, that create reinforcing cycles of vulnerability and exposure (Figure 18).
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Figure 18 A causal loop diagram highlighting some of the main drivers and feedback loop of flood impacts in rural areas. Source: (Webb,

P., 2025).
4.7.lmpact summary table
Table 6 Key impact data of Idai.
Impact Magnitude/scale Source
People e 1303 fatalities PreventionWeb, OCHA
e 3 million people affected, two-thirds in

Mozambique
e 240,000 homes damaged or destroyed
e 1,300 fatalities

Health impacts e 94 hospitals affected OCHA
e Qutbreak of cholera and malaria
Food security e 715k ha of crops flooded, just before the harvest OCHA, Mozambique after

in area already affected by poverty and drought the cyclone by UN
Humanitarian

Economic damages | e USD 3 billion in damages Nhundu et al. (2021)2

Table 7 Key impact data of Kenneth.

Magnitude/scale Source

People e 374,000 people in need OCHA
e 45,000 homes damages or destroyed

8 Nhundu, K., Sibanda, M., & Chaminuka, P. (2021). Economic Losses from Cyclones Idai and Kenneth and Floods in Southern Africa:
Implications on Sustainable Development Goals. In G. Nhamo & D. Chikodzi (Eds.), Cyclones in Southern

Africa: Volume 3: Implications for the Sustainable Development Goals (pp. 289-303). Springer International

Publishing. https://doi.org/10.1007/978-3-030-74303-1_19
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e 45 fatalities

Health e 19 health facilities damaged OCHA
Food security e 55,500 ha of crops were lost OCHA
Transport e 30% of the national road network was damaged PDNA

e 20 bridges destroyed

4.8.Response

The combined impact of TCs Idai and Kenneth on Mozambique was profound. There were severe humanitarian
impacts, including hundreds of casualties and millions of displaced persons. For many this was secondary
displacement due to other reasons such as conflict. Mozambique has limited capacity for early warning and
disaster response. Moreover, the difficulties for financing was a major constraint in recovery efforts and there
were significant challenges in restoring livelihoods. There was also significant damage to the national
infrastructure, with extensive damages to the road network, electricity, water, hospitals, schools and
telecommunication infrastructure. The floods had a severe impact on the agricultural sector and also
exacerbated food insecurity and the outbreak of diseases such as cholera and malaria.

4.9. Attribution analysis

The attribution analysis for TC Idai and Kenneth uses a storyline approach that compares a factual simulation of
the flood event, representing present-day climate conditions, with a counterfactual simulation representing a
world without long-term climate change.

The factual scenario includes widespread flooding for Idai across the Sofala province, especially around Beira
and the Buzi and Pungwe floodplains, with about 3,600 km? flooded, 84,000 buildings damaged, and roughly
288,000 people exposed. Kenneth produced flooding mainly around Pemba Bay, with about 1,000 km? flooded,
13,000 buildings damaged, and around 53,000 people exposed.

The attribution analysis compares these factual simulations with counterfactual ones representing a world
without long-term climate change. For Idai, the counterfactual scenario is based on the best estimates from
literature and assumes the following: rainfall reduction according to Clausius-Clapeyron (7%/°C), corresponding
to 8% for 1.1 degree of warming; 0.14 m of sea-level rise removal, and maximum wind speeds reduction of 10%.
For Kenneth, only rainfall is reduced, as precipitation was the main driver of flooding. Other factors, such as
tropical cyclone track and size are kept constant.

Attribution results are derived by comparing flood extent, flood depth, affected population, and economic
damages between the factual and counterfactual scenarios, producing an event-specific assessment of climate
change influence.

4.10. Attribution results

Climate change made the severity of flooding worse for both Idai and Kenneth. For Idai, the flood extent
decreases to 3507 km? in a scenario without climate change. This corresponds to an increase of 2% in flood
extent that can be attributed to climate change. The mean increase in flood depth is 0.14 m, corresponding to a
relative increase of 14%. The areas that see the largest increases in flood depth (>0.3 m) include the banks of
the Buzi River and the coastal areas east and west of Beira (Figure 19). The total flood volume increases by 9%
due to climate change.

When comparing the factual against the counterfactual impact, the total damages increase with $98 million
USD, which corresponds to a 29% increase (Figure 20). The total number of buildings that experienced damage
increases by 9,000, corresponding to a 11% increase. This indicates that most of the additional damage from
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climate change is caused by larger flood depth, instead of flood extent, exposing an additional 34,000 people to
severe flooding; an 18% increase attributable to climate change.

Flood Depth Analysis - Idai: Factual vs Counterfactual
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Figure 19 Change in flood depth for TC Idai (upper panel) and TC Kenneth (lower panel) when comparing the factual against the
counterfactual.

For Kenneth, the pattern is similar, although the overall scale of the event is smaller. Under the counterfactual
rainfall conditions, the total flooded area is about 3% smaller than in the factual simulation, which can be
attributed to climate change.

As with Idai, flood depths increase by about 14 centimeters due to climate change, with the largest increases of
more than 30 centimeters occurring upstream of Pemba Bay and in northern areas affected by river flooding.

Climate change resulted in an increase of damages by $7 million USD, which corresponds to a 14% increase. The
total number of buildings that experienced damage increases by 800, corresponding to a 6% increase. There is
a 10% increase in the number of people affected by flood depths above 20 cm, corresponding to about 3,500
additional people affected due to climate change.

When synthesizing the results for the two TCs, we find that the impact of climate change on flood damage is
more profound than on flood hazard. It shows that the societal consequences of TCs can be amplified, even for
relatively small increases in individual flood drivers, highlighting the role of a region’s exposure and vulnerability.
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Figure 20 Climate attribution of the flood impacts of TC Idai (top) and TC Kenneth (bottom) for total damage (left) and total
exposed population (right).

Across both cyclones, the results show a consistent pattern: climate change increases flood hazards, but its
impact on flood damage is even larger. While flood extents grow by only 2-3%, flood depths grow by around
14%, which greatly amplifies economic losses and the number of people exposed. Even small changes in rainfall
or sea level can significantly increase real-world impacts when communities are already vulnerable.

These findings are broadly consistent with past research on Idai, which has also shown increases in displacement
and impacts linked to climate change. Kenneth, however, has received much less scientific attention, making
this analysis one of the first of its kind.

Finally, it is important to recognize that attributing changes in TC-related flooding in data-scarce regions is
challenging. Tropical cyclones are rare, complex events, and global climate datasets do not always capture them
perfectly. Flood observations from satellites vary between products, adding uncertainty. Even so, the results
provide strong evidence that climate change increased the severity of flooding and its impacts for both Idai and
Kenneth.
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4.11. Policy implications

The active tropical cyclone season in 2019 highlighted the vulnerability of Mozambique and the larger eastern
Africa region to the devastating impacts of tropical cyclones, and the aggravating influence of climate change.
Our results indicate that climate change may increase the severity of TCs, putting additional pressure on the
governments to invest in early warning systems, resilient infrastructure, and better protect vulnerable
communities. When synthesizing the results for the two TCs, we find that the impact of climate change on flood
impact is more profound than on flood hazard. It shows that the societal consequences of TCs can be amplified,
even for relatively small increases in individual flood drivers, which highlights the added value of flood impact
modelling in the field of climate attribution.
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5. Tropical Cyclone Freddy 2023

5.1.Summary

5.1.1. Summary of the event and its impacts

In 2023, Mozambique experienced extreme flooding driven by Tropical Cyclone Freddy, one of the longest-
lasting cyclones on record at 35 days. Between February and mid-March, the country received more than a
year’s worth of rainfall, causing widespread saturation and large-scale inundation. At the flood’s peak, an
estimated 18,500 km? was underwater. Freddy made its first landfall on 24 February, delivering 250-300 mm
of rain in just three days. After an unusual trajectory change, it made a rare second landfall, bringing intense
rainfall exceeding 200 mm per day across Zambezia, Sofala, Manica, Tete, and Niassa—regions already affected
by earlier flooding. The combined impacts were severe: 1.1 million people were affected and nearly 200,000
homes destroyed. This use case applies a flood-attribution workflow to assess how climate change may have
influenced the event’s severity.

5.1.2. Statement of key impacts

TC Freddy affected 2.7 million people, causing 876 deaths, massive displacement, widespread infrastructure
damage—including roads, schools, and health facilities—and major agricultural losses. Flooding also triggered a
cholera outbreak, worsening health risks and disrupting essential services across Mozambique, Malawi, and
Zimbabwe.

5.2.Background context
Cyclone Freddy (2023)

Storm Catego
@ Tropical Depression () Hurricane
5 100 150 200 250 @ Tropical Storm @ Extratropical
Wind speed (km/h)

Figure 21 Overview of Cycle Freddy track.
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5.3.Geographical context

TC Freddy impacted Mozambique, Zimbabwe and Malawi. Freddy started south of Indonesia on February 2nd,
2023, and moved westward across the Indian Ocean. It took 19 days to make its first landfall in Madagascar After
this, Freddy re-intensified over the Mozambique Channel, making landfall in Mozambique and dissipating on 24
February 24th. However, on March 2nd, Freddy regenerated over the Mozambique Channel and changed course
toward Madagascar before turning back toward Mozambique. After making landfall, it finally dissipated on
March 13th after making landfall.

Our use case analysis focuses on the second landfall of Freddy on the mainland of Mozambique and is based on
the compound flooding and resulting direct damages. We do not consider direct damage from wind or waves,
although these drivers may have contributed as well to the impacts of Freddy.

5.4.Historical context

Mozambique and neighbouring southern African countries are highly vulnerable to tropical cyclones due to their
location along the southwest Indian Ocean cyclone corridor and the presence of extensive low-elevation coastal
zones and inland flood basins. The region’s history of destructive storms (including Cyclones Idai and Kenneth in
2019) is compounded by systemic vulnerabilities: high poverty levels, food insecurity, weak infrastructure,
political fragility, and social inequality. These systemic risks are amplified by repeated cholera outbreaks and
constrained health systems during disasters. Moreover, river basins such as the Licungo and Zambezi have
experienced repeated seasonal flooding, exacerbated by deforestation and land-use change.

5.5. Multi-hazard storyline

Freddy impacted the coastal areas of Mozambique through a combination of high precipitation, storm surges
and, in some areas, high river discharges, making it a multivariate compound flooding event. In addition, the
two landfalls in different areas of the country could be defined as a spatially compound event.

Tropical Cyclone Freddy developed under oceanic and atmospheric conditions that were more favourable than
historical averages. Sea surface temperatures exceeding 27°C, weak vertical wind shear, high relative humidity,
and strong TC heat potential enabled repeated intensifications. Freddy accumulated the highest recorded
cyclone energy globally and became one of the longest-lasting systems in history. After forming near Indonesia,
Freddy crossed the Indian Ocean for 19 days before its first landfall in Madagascar. The cyclone then re-emerged
over the Mozambique Channel, where warm waters and high moisture flux allowed it to re-intensify before
making its first landfall in Mozambique on 24 February.

This first landfall brought torrential rainfall (250-300 mm in three days) triggering widespread flooding in central
provinces, many of which had already experienced flooding due to heavy early-February rains along river basins
such as the Licungo. Though coastal storm surge reached only about 0.3 m, the cyclone also contributed to
flooding in low-lying coastal cities such as Beira.

On 2 March, Freddy regenerated and stalled in the Mozambique Channel due to a combination of subtropical
anticyclones and broader regional anomalies including a positive Sub-tropical Indian Ocean Dipole (SIOD) and
Southern Annular Mode (SAM) phase and transitioning ENSO conditions. It looped back toward Madagascar
before turning once more toward Mozambique. On 11 March, Freddy made its second landfall in east-central
Mozambique, near Quelimane, bringing daily rainfall exceeding 200 mm and cumulative totals up to 1700 mm
across the event period. The stalling phase near the Malawi border again intensified upstream river discharge,
contributing to further inland flooding.

Riverine flooding dominated impacts, as spatial analyses show deep inundation of 4-5 m in low-lying deltas and
along major channels. With large regions facing over 1000 mm cumulative rainfall, flooding persisted for weeks
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and creating cascading health and logistical challenges like cholera outbreaks, fragmented roads, and displaced
people.

5.6.Impact storyline

Freddy produced a sequence of impacts across Mozambique, Malawi, Zimbabwe, and Madagascar, evolving
across several phases of extreme rainfall, inland flooding, and repeated re-intensification. Its first impacts quickly
followed the initial landfall in Mozambique on 24 February. The 250-300 mm of rain that fell over three days
rapidly saturated river systems and triggered or compounded flooding in central provinces already affected by
heavy rainfall since early February. Rivers began to overflow, agropastoral lands were inundated, and
communities experienced displacement as roads were cut.

Following dissipation, Freddy regenerated over the Mozambique Channel on 2 March, looped back while it re-
intensified, and made a second landfall on 11 March near Quelimane. This second landfall brought extreme daily
rainfall exceeding 200 mm and cumulative totals up to 1700 mm across affected regions. Flooding intensified
across Zambezia, Sofala, Manica, Tete, and Niassa, with deep inland inundation reaching 4-5 m in low-lying
deltas and along major drainage channels.

At its peak, an estimated 18,500 km? was underwater, and approximately 2.7 million people were cumulatively
affected, with nearly 200,000 houses destroyed. Infrastructure suffered widespread losses: 5,967 km of roads
were damaged, nearly 1,900 schools were impacted (with many converted into emergency shelters), and 223
health facilities across three countries were affected. Homes in river flood plains around Quelimane experienced
the most severe and prolonged flooding, reflected in exposure estimates of 187,000 people facing flood depths
exceeding 5 cm and 128,000 exposed to more than 20 cm.

Agricultural losses were significant. In Malawi alone, over 204,800 hectares of crops were flooded just before
harvest, amplifying food insecurity. The destruction of cropland, livestock losses, and disrupted transport
networks generated cascading economic impacts. A cholera outbreak in Mozambique, spurred by flood damage,
compounded the crisis with the spread of disease.

Displacement surged to 916,000 people. As waters receded after mid-March, long-term impacts became
evident: extensive damage to agropastoral land and more than 200,000 homes, fragmented roads, increased
disease and health risks, and economic damages estimated at USD 114 million. These impacts unfolded in a
context of high baseline vulnerability, meaning even incremental increases in flood depth produced outsized
social and economic consequences.

5.7.Impact summary table
Table 8 Impact table Cyclone Freddy.

Affected people Human 2,700,000
Fatalities Human 876
Injuries Human 2,925
Displacements Human 916,000
Affected health facilities Health 223
Damaged roads Transport 5,967 km
Affected agricultural land Agriculture 660,000 ha
Affected livestock Agriculture 285,000
Affected schools Education 1,900
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5.8.Response

In response to Cyclone Freddy’s impacts in Mozambique, the government and humanitarian partners activated
early warning systems and community alerts to move people to safer areas before landfall, which helped limit
loss of life compared with past storms such as TC Idai. Investments in risk communication and local disaster
committees facilitated these actions. Mozambique received coordinated international assistance under a joint
response plan addressing Floods, Cholera, and Cyclone Freddy, with support from agencies such as the Red
Cross, UNICEF and the World Food Programme providing emergency supplies, water and sanitation support,
food assistance, shelter materials, and child protection services. Funding was also allocated to water, hygiene,
food, and shelter sectors. Despite challenges from concurrent cholera outbreaks and infrastructure damage,
ongoing efforts included hygiene promotion, distribution of learning and hygiene kits in schools, and broader
multi-sectoral relief activities to support affected communities.

5.9. Attribution analysis

The attribution analysis for TC Freddy uses a storyline approach that compares a factual simulation of the flood
event, representing present-day climate conditions, with a counterfactual simulation representing a world
without human-induced warming. The analysis focuses specifically on precipitation because rainfall was the
dominant driver of flood impacts in Mozambique.

In the factual scenario, hydrological and hydrodynamic models are forced with ERA5 reanalysis data and best
track cyclone information. These datasets and models produce estimates for river runoff, coastal water levels,
and rainfall to compute compound flooding and associated direct damages and exposed population.

In the counterfactual scenario, long-term climate trends are removed from precipitation using the Clausius—
Clapeyron relation, which assumes that extreme rainfall decreases by approximately 7% per 1°C of cooling. For
this case, an 8% reduction in precipitation is applied to approximate pre-industrial climate conditions. All other
flood drivers are kept constant.

Attribution results are derived by comparing flood extent, flood depth, exposed population, and economic
damages between the factual and counterfactual worlds, producing an event-specific assessment of climate
change influence.

5.10. Attribution results
The attribution results for Tropical Cyclone Freddy demonstrate that climate change measurably increased the
severity of flooding and associated impacts.

5.10.1. Influence on Flood Hazard

The primary climate change signal appears in rainfall. The factual scenario incorporates precipitation that is 8%
higher than what would be expected in a pre-industrial world. This increase leads to amplified runoff and deeper
floodwaters across central Mozambique.

When comparing simulations:

e Flood extent increased by 3% in the factual scenario. This indicates that climate change marginally
expanded the geographic footprint of inundation. However, the spatial pattern reveals that the greatest
increases occurred along tributaries of the Licungo River, where upstream basins experienced
intensification of rainfall-driven flooding.

e Mean flood depth increased by 0.15 m, with localized increases exceeding 0.5 m. These increases in
depth are particularly important. Depth-damage curves used in the study show that even small
additional depths substantially elevate damage levels and population exposure.
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Flood maps show that the largest increases in depth align with low-lying inland areas and drainage channels,
rather than coastal zones, implying the dominance of direct precipitation and riverine flooding over storm surge
during this event.

Factual

-17.0

-17.2

1

~ =174

-176

Latitude [

-17.8

-18.0

36.2

5.10.2. Influence on Flood Impacts

364 366 368 370 372 374 376
Longitude [°]

Max Flood Depth [m]

-17.0

-17.2

1
|
S
PN

Latitude [*

-17.6

-17.8

-18.0

Counterfactual

366 368 370 372 374 376
Longitude [°]

B
S

N
°
Max Flood Depth (m]

0.0

Flood Depth Analysis - Freddy: Factual vs Counterfactual

Flood Depth C|

Factual vs Counterfactual

-17.0

-17.2

1

~-174

Latitude [

-176

-17.8

-18.0

> .

Figure 22 Comparison of flood depth analysis Freddy.

364 366 368 37.0 372

Longitude [°]

374 376

Depth Difference [m]

While hazard-level increases due to climate change were modest, the impact consequences were proportionally

larger:

Total economic damages increased by USD 21 million, a 19% increase attributable to climate change.
Under factual conditions, total direct damages were estimated at USD 114 million, meaning that nearly
one-fifth of this loss can be linked to human-induced warming.

Number of buildings damaged increased by 8%. The analysis indicates that this increase is driven more
by greater flood depths than by expansion of flood extent. In other words, buildings that would have
been flooded anyway were flooded more severely in the warmer-climate scenario.

Population exposure to severe flooding increased significantly. For flood depths exceeding 20 cm (a
level associated with substantial damage and mobility disruption) exposure increased by 13%,
representing approximately 16,000 additional people affected attributed to climate change.

These results highlight that the influence of climate change can be more pronounced on the flood impacts than
on the flood hazard, especially in regions of high vulnerability where even small increments in depth translate
into large social and economic consequences.

Population Exposure Analysis - Freddy: Factual vs Counterfactual (depth > 0.2m)
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Factual

Economic Damage Analysis (Rasterized 0.025°) - Freddy: Factual vs Counterfactual
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Figure 24 Comparison of building damage.

5.10.3. Interpretation and Context

The analysis acknowledges that this attribution is conservative, given that other studies have shown that the
impact of climate change on extreme rainfall may go beyond the Clausius-Clapeyron rate, meaning the true
climate change influence could be higher. Moreover, the counterfactual adjustment considers only a reduction
in precipitation, other climate change-driven trends that could modulate the event (e.g. changes in cyclone track,
intensity, or translation speed; sea-level rise). It is important to emphasize that the attribution analysis is focused
on the inland flooding, as the result of the second landfall in Mozambique. The real-world impacts of Freddy go
beyond that, since there were also major impacts in Malawi and other regions.

Finally, the analysis notes that tropical cyclone attribution is particularly challenging in data-scarce contexts,
especially since cyclones are low-probability events that are poorly modeled. Mozambique’s limited
observational data increases uncertainty. Despite these limitations, the results clearly indicate that increased
temperature contributed tangibly to the severity of TC Freddy’s flooding and resulting impacts.

5.11. Policy implications
For the case of TC Freddy, COMPASS did not carry out any stakeholder engagement activities or investigate the
policy context. For more about the context of Mozambique, we refer to the case of TC Idai and Kenneth.

6. Consecutive tropical cyclones Eta and lota in Honduras

6.1.Summary

6.1.1. Summary of the event and its impacts

In November 2020, amid the COVID-19 pandemic, Honduras was struck by two hurricanes within two weeks.
Hurricane Eta made landfall on November 4, bringing torrential rain, flooding, and landslides - causing at least
74 deaths. While recovery was still underway, Hurricane lota hit on November 17, impacting many of the same
areas and causing 13 more deaths. Major rivers such as the Ulta, Chamelecén, Choluteca, Aguan, and Lean
overflowed, inundating large parts of the country.

Together, the storms directly affected 437,000 people and indirectly 4.5 million, displacing 937,000 and leaving
2.8 million in need of assistance. Economic losses reached $1.9 billion, with national growth falling by 0.8%. In
total, 95 lives were lost, and over 90,000 homes were damaged. Despite early warnings, evacuations were
hindered by holidays, insecurity, and the pandemic. The experience has since strengthened Honduras’s
commitment to preparedness planning and early action.
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6.1.2. Statement of key impacts
Key impacts from the two hurricanes include:

e Loss of life

e lLarge scale displacement

e Damage and interruption to health care facilities, residential, school and other community structures
e Roads, bridges and other transportation infrastructure damaged

e Agricultural losses and food insecurity

6.2.Background context

Prior to Eta and lota, Honduras was already facing high levels of structural vulnerability driven by poverty, rapid
urbanization in flood-prone valleys, environmental degradation, and limited disaster-resilient infrastructure.
Years of recurrent floods, droughts, and storms had weakened livelihoods, especially in agriculture, while
migration pressures and insecurity further strained coping capacities. The COVID-19 pandemic compounded
these challenges by disrupting services, reducing income opportunities, and stretching emergency response
systems. As a result, when the two hurricanes struck in quick succession, pre-existing socio-economic fragilities
amplified their impact, exposing underlying risks.

6.3.Geographical context

The tropical cyclones affected communities across a wide area in Honduras. With different types of impacts
distributed across the country, the most significantly impacted departments in general were Cortés, Santa
Bdrbara, and Lempira. The Atlantic coast and the region surrounding San Pedro Sula, especially areas along the
Chamelecdn and Ulda rivers, sustained particularly heavy damage. In the wake of flooding and landslides, nearly
369,000 people were cut off from surrounding areas for weeks, with the Colén department being the most
affected by the isolation.

More specifically, Cortés, Atlantida, and Francisco Morazan, had the highest concentration of schools being
damaged and some permanently destroyed. The Cortés department was particularly affected by impacts on
health infrastructure, with 70% of its health facilities reporting damage. Some of the most widespread physical
damage was in relation to agriculture, with losses up to 80% in certain areas, from the Sula Valley and northern
Atlantic departments to southern, western, and northeastern regions like Gracias a Dios.
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Figure 25 Map of Eta and lota storm tracks and population affected across the region (Mapaction).

6.4.Historical context

Three important societal factors affected the way in which the events of Tropical Hurricanes Eta and lota
unfolded. These included high levels of previous displacement and migration, violence, as well as pre-existing
health crises due to dengue and COVID19.

Pre-existing internal displacement and migrants returning from Mexico, meant there were large numbers of
people living in low-cost neighbourhoods, often in informal settlements. This led to more people living in
precarious conditions, lacking both economic resources and social networks to help them cope with shocks. In
areas like Sula Valley, flooding from Eta and lota impacted some of the poorest and most violent areas. The
threat of violence, including a fear of being robbed or inability to return, affected the willingness of individuals
to leave their homes in advance of the storms. Lastly, the health system was already under strain from historical
funding challenges, COVID19 and the dengue epidemic. The system was unprepared to deal with the physical
consequences to health facilities from Eta and lota, as well as secondary health impacts.

6.5. Multi-hazard storyline

The compounding impacts of Hurricanes Eta and lota resulted from a convergence of atmospheric, oceanic, and
environmental factors that unfolded across the Atlantic and Central American regions. Hurricane Eta originated
as a tropical wave moving westward from the western coast of Africa, being pushed by a high-pressure system
over the northern Caribbean. Once it entered the Caribbean Sea, the environment was perfect for it to
strengthen: the winds above were calm, and the ocean was unusually warm, giving the storm plenty of energy.
Eta moved very slowly as it approached Central America, which meant it stayed over the region for longer. This
slow movement led to extremely heavy and prolonged rainfall across Honduras, worsening flooding and
landslides.

Hurricane lota developed in much the same way as Eta, beginning as a weather disturbance off the coast of
West Africa and moving west across the Atlantic. Its path toward Central America was shaped by larger wind
patterns that steered it into the Caribbean. At first, lota strengthened slowly because the surrounding winds
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were disruptive. But as it entered the southwestern Caribbean, conditions became ideal for a powerful storm:
calm upper-level winds, very warm ocean waters, and lots of moisture in the air. This allowed lota to intensify
rapidly, becoming one of the strongest storms ever recorded so late in the season. However, as it moved across
waters previously cooled by Eta, the storm weakened from its peak strength.

These events interacted with pre-existing conditions in Honduras, many of which stemmed from longer-term
climate patterns. A prolonged drought linked to both ENSO variability and human-caused climate change had
already disrupted rainfall, increased temperatures, and stressed water systems across the country, alongside
land use changes and altered water management practices. This left communities especially susceptible to
flooding and landslides from extreme rainfall.

In the weeks before Eta, northern Honduras experienced heavy precipitation from an earlier cold front,
saturating soils and filling up dam reservoirs in advance of the hurricane’s landfall. The 2020 Atlantic hurricane
season had already delivered an unusually high number of storms to the region, compounding soil saturation.
Water reservoirs, previously depleted by drought, had reached near-full capacity by the time Eta approached,
reducing their ability to absorb additional rainfall. The broader climatic backdrop included a La Nifia phase of
ENSO, which typically increases precipitation and tropical cyclone activity in Central America. When Eta and lota
led to intense rainfall, these conditions contributed to widespread landslides across multiple regions,
magnifying the storms’ severe impacts.

6.6.Impact storyline

The impacts of Hurricanes Eta and lota unfolded over several weeks in November 2020, creating a compound
emergency for Honduras during the height of the COVID-19 pandemic. Eta made landfall on November 4,
bringing strong winds, heavy rainfall, and widespread flooding. As major rivers including the Ulda, Chamelecdn,
Choluteca, Agudan, and Lean overflowed, large areas of both urban and rural Honduras experienced inundation.
Landslides occurred in upland regions where soils were already saturated, damaging homes, farms, and local
road networks. Eta resulted in at least 74 deaths and significant disruption to transportation, services, and
livelihoods.

While recovery operations were still underway and many areas remained waterlogged, Hurricane lota followed
a similar path, making landfall on November 17. Though slightly weaker on arrival, it affected many of the same
communities, causing additional flooding and 13 more deaths. The repeated rainfall further strained already
weakened infrastructure.

Across both storms, the scale of human impact was substantial. An estimated 437,000 people were directly
affected, while another 4.5 million experienced indirect impacts such as disrupted services, damaged
infrastructure, or loss of income. Approximately 937,000 people were displaced—some temporarily, others for
extended periods due to the destruction of over 90,000 homes. In total, 95 lives were lost. The storms also left
2.8 million people in need of assistance, placing considerable pressure on local authorities, humanitarian
organizations, and community networks.

Economic impacts were far-reaching. Losses reached an estimated $1.9 billion, driven by damages to housing,
agriculture, transport infrastructure, and public services. The national economy contracted by 0.8%, reflecting
setbacks in key sectors and the challenges of responding to the disaster amid ongoing pandemic restrictions.
Agricultural losses in regions such as the Sula Valley reduced food production and affected livelihoods for
months.

Evacuations and response efforts were complicated by the COVID-19 context, holiday periods, and localized
insecurity, which limited the movement of both responders and affected households. However, the experience
of managing the back-to-back storms strengthened national discussions on preparedness, early action, and risk
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reduction. In the years that followed, Honduras placed greater emphasis on improving forecast-based decision-
making, community readiness, and coordination mechanisms to reduce the impacts of future hazards.
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Figure 26 Population exposure to floods during Hurricane Eta and lota 2020 — Deltares flood model 2025; Map — Climate Centre 2025.

6.7.Impact summary table
Table 9 Key impact data and statistics.

Impact Type of impact Magnitude

Lives lost Human 95

Missing persons Human 10 (mainly fishermen)

Homes affected Human/Infrastructure 90,000

People evacuated Human 437,000

Roads damaged Infrastructure 927

Bridges damaged Infrastructure 72 damaged, 62 destroyed

Health facilities affected Infrastructure 400 damaged, 120 inoperative

Schools damaged Infrastructure 3% of all buildings

Education disrupted Human / Infrastructure Schools used as shelters

Agricultural losses Economic / Livelihoods Up to 80% (coffee, banana,
plantain, sugarcane)

Isolation of communities Human / Access Weeks of isolation

Increase in COVID19 cases Human / Infrastructure Documented increase due to
overcrowded shelters

Economic losses Economic 1.9 billion USD
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Figure 27 Causal map of impact pathways and vulnerability factors based on retrospective analysis of Eta and lota impacts.

6.8.Response
The response to Hurricanes Eta and lota in Honduras was largely reactive and marked by significant challenges
across all levels of the disaster risk management system.

In the immediate aftermath of Eta, authorities and humanitarian organizations concentrated on life-saving
activities. Evacuations were conducted in areas facing severe flooding and landslides, and emergency assistance
such as food, shelter, and WASH support was rapidly mobilized. However, these efforts were significantly
constrained by heavy infrastructure damage. Roads and bridges were destroyed across multiple departments,
leaving more than 368,000 people cut off from assistance for weeks, especially in Colén department. These
access limitations severely reduced the speed and reach of early rescue and relief operations.

Early warning and forecasting capacities were limited, relying primarily on manual monitoring of river levels
without integrating rainfall data. Early warning systems were fragmented with many communities depending
on localized alerts that were poorly connected to national-level mechanisms. Institutional challenges such as
inadequate staffing, funding shortages, and weak coordination across municipal, regional, and national
authorities further weakened early action efforts. When forecasts for lota emerged, responders were still
overwhelmed by Eta’s impacts, leaving little opportunity to shift from emergency relief to proactive risk
reduction.

Communication gaps further weakened preparedness. Many early warning messages lacked clarity, detail, and
actionable instructions. Communities often misunderstood the risks, including the likelihood of secondary
impacts such as landslides or renewed flooding. Younger populations, who had limited experience with major
hurricanes, showed particularly low risk awareness. In northern Honduras, vague or inconsistent guidance led
many residents to underestimate the threat or feel uncertain about protective actions.

Some improvements were observed before lota’s landfall. Messages became more explicit, including guidance
on evacuation routes and protective measures. A second round of evacuations was carried out, and authorities
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attempted to reduce COVID-19 transmission within shelters through measures such as distancing, hygiene
practices, and mask use. Nonetheless, many viewed these precautions as insufficient.

A critical overarching gap was the absence of a multi-hazard early warning system. Hazard data was not
integrated with information on vulnerabilities such as food insecurity, health conditions, housing instability,
gender-based violence, or migration patterns. This limited responders’ ability to anticipate compounding
impacts. Risk monitoring remained ad hoc, with high-risk areas recognized informally rather than through
systematic analysis. Information gaps were especially severe for rural, Indigenous, and migrant populations,
restricting effective planning and targeted support.

Key gaps included:

e Lack of an integrated, multi-hazard early warning system
e Fragmented communication and coordination
e |Insufficient data on vulnerable and remote populations

6.9. Attribution analysis

The attribution modelling framework is used to understand how much climate change may have influenced the
flooding from the combined impacts of Hurricanes Eta and lota. The approach uses a concept known as
storylines to analyse how the events unfold under different climate scenarios. The two simulations are:

1. Factual, representing the world as it is today, and
2. Counterfactual, representing a world without long-term climate change, similar to pre-industrial
conditions.

The flood event itself is defined using modelled flood maps that show the maximum extent and depth of
floodwaters.

For the factual simulation, this used real-world data and reanalysis datasets. One dataset provides information
such as rainfall, temperature, and evapotranspiration. This information is used to estimate river runoff. To
analyse coastal water levels, wind and pressure data are combined with a wind model. These inputs are
combined with hurricane track data to simulate how river flooding, rainfall, and coastal surges interact. These
factors are brought together to produce a full picture of compound flooding under today’s climate.

For the counterfactual simulation, the same modelling process is used but with rainfall reduced by 9%. This
reduction follows the Clausius-Clapeyron relationship, which says warmer air holds more moisture. Lower
rainfall in the counterfactual world allows for a comparison of how flooding might have differed without human-
driven warming.

6.10. Attribution results

The analysis compares what actually happened during Hurricanes Eta and lota with what might have happened
in a world without long-term climate change. The modelling showed complicated differences between the two
scenarios. For instance, in some places, the counterfactual model showed flooding where the factual model did
not. Interestingly, the model estimated that around 462,693 people were exposed to flooding, which is very
close to the 437,000 people who were actually evacuated. This suggests the modelling may be more accurate
than satellite flood maps. The counterfactual simulation produced only slightly less flooding, with 454,498
people exposed, a difference of just 1.8%. Because the difference is small and the modelling challenges are
significant, these results should be interpreted carefully.
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Figure 28 Comparison of flooding extent between factual and counterfactual simulations.

For buildings, the factual model estimated 111,668 buildings were affected, again close to the official number
of 90,000 reported. The counterfactual simulation showed only slightly fewer buildings flooded. The
unexpectedly small difference between the two scenarios is because of the limited change in flooding extent

under the counterfactual simulation.

The analysis also explored how impacts would have changed if key non-climatic risk factors in Honduras,
violence, displacement, and COVID-19, had not existed. These factors significantly shaped the way in which

people and communities experienced the storms.

6.10.1. Violence and Insecurity

Honduras is exposed to widespread gang violence, especially in San Pedro Sula and surrounding areas. On an
individual level, exposure to violence has a broad impact on vulnerability to disasters. For instance, violence
drives displacement to flood and landslide-prone marginal areas, increases individual social and economic
vulnerability and influences choices due to the risk of exposure to violence when faced with disasters such as
the ones triggered by Eta and lota. Many people did not evacuate during Eta and lota because they feared
robbery or gang retaliation. In some neighbourhoods, the dissemination of storm warnings was limited, and
emergency teams could not enter without negotiating with local actors.

If there had been no violence:

e Evacuation and warning systems would have been more easily implemented.

e Humanitarian aid would have reached communities faster.
e More people would have used official shelters without fear.
e Businesses and farms could have restarted sooner.
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e Fewer people would have lived in high-risk flood zones.
e Trust in authorities and information sharing would have improved.

6.10.2. COVID-19 Pandemic

Before the Eta and lota, Honduras was already struggling with COVID-19. The health system was overwhelmed,
the economy suffered, and many families lost income. Poverty, food insecurity, and migration increased. COVID-
19 also deepened mistrust in government, partly due to alleged misappropriation of COVID19 medical funds.

In this context, where individuals and households were dealing with the health and economic consequences of
COVID19, compounding impacts from Hurricane Eta and lota further aggravated these vulnerabilities.

If COVID-19 had not existed:

e Households would have had more purchasing power to support their economic recovery.
e Food insecurity would have been lower.

e Health centers would have had more capacity to treat storm-related illnesses.

e Displacement and migration pressures would have been reduced.

e Shelter conditions and risks such as gender-based violence, would have been less severe.

e Trust in government and response systems would have been higher.

The climate-related modeling showed only small differences between factual and counterfactual flood impacts.
This is likely due to modeling issues where the hydrology and topography of the region, including very narrow
river valleys upstream of the main flooding area may have prevented the model from realistically propagating
the changing rainfall intensity into changing flooded areas. The results highlight the need for flexible, well-
validated modeling systems.

The findings show clearly that non-climate factors, including violence, displacement, and COVID-19, played a
much larger role in shaping the impacts and on the ground experiences of those affected by Eta and lota than
the climate-based counterfactual differences.
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Figure 29 Causal map of impact pathways and vulnerability factors based on retrospective analysis of Eta and lota impacts.
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6.11. Policy implications

This case study highlights several structural and operational gaps that hinder the resilience of Honduras to
tropical cyclones. Many of these insights were gathered through a stakeholder workshop including
representatives from local government, the Honduran Red Cross and NGO. These gaps provide clear pathways
for policy action.

Strengthening information systems. COPECO (the entity coordinating disaster relief in Honduras) has limited
access to critical data, weak data-sharing practices across institutions, and insufficient independence in
information management. This hinders effective risk assessments and decision making for responses. Policies
that improve institutional coordination would substantially enhance national preparedness.

Improving early warning and monitoring capabilities is another important policy need. Low confidence in
weather forecasts, inadequate early warning systems, and sparse weather-station coverage, particularly at the
basin scale, are major obstacles to timely and accurate response. Investments in hydrometeorological
infrastructure, basin-level data integration, and modernization of warning systems would support more
proactive preparedness measures.

Adopting multi-hazard and systems-based approaches can help anticipate cascading risks and prioritize
interventions more effectively. Stakeholders emphasized that tropical cyclone impacts in Honduras are
multicausal, multifactorial, and often compounding, highlighting the need for policy frameworks that reflect this
complexity. In addition, systematic documentation of past events is essential for institutional learning and
improved planning.

Finally, the policy relevance of prioritizing retrospective attribution studies is an important consideration. These
studies can fill key knowledge gaps and strengthen the understanding of the drivers and intersecting factors
which shape cyclone-related risks. Policies that support this analytical work, can result in more robust, forward-
looking strategies.
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