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Abstract. Tropical cyclones (TCs) are projected to increase
in intensity globally, impacting human lives; infrastructure;
and important agricultural activities, such as banana produc-
tion. Banana production is already impacted by TCs in sev-
eral parts of the world, leading to price volatility and im-
pacted livelihoods of banana producers. While many poten-
tial impacts on banana production have already been quanti-
fied on a local scale, it remains unclear how bananas could
be impacted by TCs across the globe under present and fu-
ture climate conditions. To address this, we first looked at
the documented impacts of TCs on banana production from
different places all around the world. Using spatially explicit
data on banana-producing regions and future TC occurrence
and magnitude, we then identified the spatial distribution and
extent of areas where TCs could impact banana production.
Our results suggest that considerable portions of global ba-
nana production are at risk of being impacted by TCs under
present and future climate conditions, and we show this for
different return periods.

Globally, 24.3 % of all banana-producing areas are pro-
jected to suffer major or complete ( > 84%) damage under
current climate conditions, increasing to 26.5 % under future
climate scenarios at the 100-year wind speed return period.
The regions experiencing the most notable increases in ma-
jorly damaged area under future conditions are the Caribbean
(9.3 %), the Middle East and North Africa (36 %), and South-
east Asia (21.9 %). The most profound decreases in majorly

damaged area are found in Central America (−35.8%) and
East Asia (−7.6%). The most substantial change in com-
pletely damaged area is observed in East Asia, Southeast
Asia and Oceania.

Additionally, we estimate that 30.1 % of global production
under current conditions and 31.1 % under future conditions
will be majorly or completely damaged at the 100-year return
period. The regions predominantly affected in the future are
Asia and the Caribbean, potentially experiencing substantial
disruption in banana production. Our results therefore indi-
cate that considerable efforts in climate adaptation are essen-
tial to ensure the stability of global banana supply chains.

1 Introduction

Currently, average global surface temperatures have already
increased by 1.1 °C above pre-industrial levels (IPCC, 2023).
These increasing temperatures can trigger fast-changing
weather patterns potentially causing more frequent and in-
tense extremes affecting water and food security with high
confidence (IPCC, 2021). In particular, tropical cyclones
(TCs) are projected to increase in intensity (Knutson et
al., 2020). This is predominantly driven by increasing sea-
surface temperatures (SSTs), which serve as fuel for an in-
tensifying TC. This is an alarming projection, since TCs
can substantially impact coastal communities, causing po-
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tentially large agricultural and financial losses and human
casualties. One of the agricultural activities with high so-
cioeconomic significance that is under threat of TCs is ba-
nana production. Globally, bananas are the most consumed
fruit (FAO, 2024a). In countries all over the world bananas
provide a large part of nutritional diversity in the diet of the
average consumer. A widespread benefit of bananas is its nu-
tritional value; they are rich in calories, are perfectly suitable
for dietary diversity and contain a variety of vitamins and
fibres (Petsakos et al., 2019). Sustainable production of the
fruit provides an important source of nutrition, maintaining
food security and sustaining incomes (Petsakos et al., 2019;
Varma and Bebber, 2019). In Latin American, Caribbean and
Asian countries, bananas remain a significant contributor to
the economy and provide a livelihood for millions (FAO,
2023a).

To many rural households, bananas generate an important
part of their income (Mohan, 2017). In addition, bananas, to-
gether with plantains, are an important source of nutrition
for millions of people. The reduced availability of bananas
leads to higher prices for consumers and can cause a sud-
den and drastic decrease in income and economic prosper-
ity for tens of thousands of producers in exporting coun-
tries (FAO, 2023c). Due to our globalized economic system
and its strong interdependencies, the potential negative im-
pact on the production system not only will be harmful on
a local scale but can escalate to the global scale (Lesk et
al., 2016). Consequently, the partial or full destruction of ba-
nana plantations across larger areas would have a large influ-
ence on the currently stable and reliable global value chain
of bananas (Varma et al., 2020). In addition, a disruption
in banana production will negatively impact the United Na-
tions Sustainable Development Goals, including the first (no
poverty), second (zero hunger) and third (good health and
well-being) goals (UN, 2015). Banana production is already
expected to be more impacted by numerous extreme weather
events in the coming decades such as drought, heavy precip-
itation and heatwaves (Malek et al., 2022). Yet so far, studies
on the impact of extreme weather on agricultural areas have
mainly focused on the influence of extreme heat or a precipi-
tation deficit on production, thereby lacking a perspective on
high-impact, low-probability events like TCs (Calberto et al.,
2015; Lesk et al., 2016; Varma and Bebber, 2019; Malek et
al., 2022). This is remarkable, since the direct impact of TCs
on the agricultural sector can be substantial (Kunze, 2021).
Research has shown that there is a clear negative direct im-
pact of TCs on banana-producing areas (Huigen and Jens,
2006; Robinson and Saúco, 2010; Mohan, 2017). TCs can
completely disrupt banana cultivation, and it can take up to a
year to recover depending on farmers’ access to facilities and
finance (Mamuye, 2016). For example, hurricanes Eta and
Iota of 2021 caused a 51 % decrease in banana yields in Hon-
duras (FAO, 2024a, p. 2). Due to production disruption, there
was less supply increasing the average price of the fruit (Beer
et al., 2014). However, due to a lack of available data on TCs,

the spatial impact of this hazard for bananas can not be iden-
tified on a global scale (Malek et al., 2022). Several indirect
risk assessments have been performed since the occurrence
of a TC event on the macro- or mesoscale (Huigen and Jens,
2006; Beer et al., 2014; Mohan, 2017). It is expected that
in the coming decades banana producers in Southeast Asia,
Oceania and the Caribbean will likely be impacted even more
by TCs, but there is no evidence of where impacts are ex-
pected to occur on a supra-national scale (Varma and Beb-
ber, 2019; Malek et al., 2022). This is problematic, as banana
cultivators have no reliable projections of the probability of
being affected by a TC. When banana producers are provided
with better estimates of the likelihood of TC impacts, they
will be able to implement adaptation strategies, thereby in-
creasing their resilience (Chavez et al., 2015).

In this paper, we therefore assess how future TCs could
impact banana production on a global scale. We first synthe-
size the documented impacts of TCs on banana production
by reviewing recent studies. Using data on the global distri-
bution of current and future TCs, we identify where banana-
producing areas will be exposed to TCs. Finally, we quan-
tify and map the extent to which banana production that will
experience more frequent and damaging TCs. This way, we
contribute to the ongoing efforts to better understand the po-
tential impacts of TCs on agriculture.

2 Methods

2.1 Overview of methods

We perform a risk assessment by mapping the global TC risk
to banana-producing areas under baseline (1980–2017) and
future (2015–2050 under the SSP585 forcing scenario) cli-
mate conditions. We follow the risk framework of the UN-
DRR (2017) that is based on the understanding that risk is
the product of hazard (Sect. 2.2), exposure (Sect. 2.3) and
vulnerability (Sect. 2.4). We refer to hazard as the proba-
bility of occurrence of a certain TC wind speed, exposure
as the banana-producing area at risk and vulnerability as the
fraction of banana plants that will be damaged by a natural
hazard (UNDRR, 2017).

2.2 Tropical-cyclone hazard mapping

To represent the hazard component of our risk framework,
we use the Synthetic Tropical cyclOne geneRation Model
(STORM) baseline and near-future climate TC wind speed
return period (RP) maps (Bloemendaal et al., 2020b, 2022).
STORM is the first model that captures future global-scale
TC wind speed probability trends derived at high (10 km)
spatial resolution. STORM is created using a synthetic, fully
statistical modelling approach that simulates new TCs us-
ing statistical information on TC characteristics (frequency,
track and intensity) derived from historical observations.
STORM then simulates 10 000 years of synthetic TCs based
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on baseline climate conditions (representing 1980–2017),
thereby providing the necessary data for the calculation of
wind speed RPs (in m s−1). To analyse changes in TC risk
under climate change, we use the STORM future climate
dataset (Bloemendaal et al., 2022). This dataset extracts fu-
ture climate TC statistics using four high-resolution global
climate models based on baseline and SSP585 (Shared So-
cioeconomic Pathway) 2015–2050 climate conditions and
the STORM algorithm. SSP585 is a high-emission scenario
and assumes that there will be no mitigation policies on
greenhouse gas emissions, leading to high radiative forcing
(O’Neill et al., 2016). There is little deviation in terms of
TC activity between lower-forcing scenarios and the high-
emission SSP585 scenario (IPCC, 2021; Bloemendaal et al.,
2022). TC statistics (frequency, intensity) are extracted from
both the baseline and near-future runs, and changes in these
statistics (the so-called “delta”) are calculated. Subsequently,
these deltas are added to the historical dataset which was
used as input to create the STORM historical dataset. This
creates a “future climate version” of this historical dataset,
without the biases often present in general circulation mod-
els. For more information on this method, we direct readers
to Bloemendaal et al. (2022).

The STORM datasets are generated on a global scale, with
the datasets split up over six basins (eastern Pacific, North
Atlantic, northern Indian, southern Indian, South Pacific,
western Pacific). The STORM present and future wind speed
RP datasets provide 10 m 10 min maximum wind speeds
at various RP levels and at 10km× 10km grid cell reso-
lution. From these datasets, we extract the 10-, 100- and
200-year wind speed RP maps to account for both events
with higher probabilities but lower intensities and events with
lower probabilities but higher intensities. Note that a high RP
corresponds to a low probability of occurrence and thereby a
higher risk probability (Ward et al., 2011; Bevacqua et al.,
2019).

2.3 Exposure

2.3.1 Banana production and impacts of tropical
cyclones

In 2023, the global banana export volume was 19.2× 106 t,
15× 106 t of which were exported from Latin America and
the Caribbean (FAO, 2024b). The five largest exporting coun-
tries are Ecuador, the Philippines, Costa Rica, Guatemala,
Colombia and the Dominican Republic (FAO, 2023). The
most consumed and traded bananas can be divided in two
large groups: the “dessert” banana types which are sweet
and can be consumed raw and “cooking” banana types which
need to be treated before use (FAO, 2019). Cooking bananas
are mainly found in Asia and East Africa. The dessert ba-
nana is concentrated in Latin America and Asia, including
the Cavendish type also found in the Caribbean. The harvest
of the plantain is found primarily in Africa, Latin America

and Asia. The estimated size of the global total banana plan-
tation is 5.6× 106 ha (Machovina and Feeley, 2013; Coltro
and Karaski, 2019; FAO, 2019). In this study, we assume
all banana types exhibit the same vulnerability to TC wind
speeds. A distinction will not be drawn between the types,
as the scope of this study is primarily centred on highly de-
structive events such TCs, wherein the resultant damage is
anticipated to be equivalent across both types. Furthermore,
the absence of systemic data necessitates an equal consid-
eration of cultivator types in evaluating the impacts of such
destructive events.

TCs can cause significant damage to banana-producing ar-
eas in different ways (Table 1). Despite the diverse impacts
on banana production, TCs particularly lead to loss through
wind speeds and less so by the amount of rainfall (Lin et al.,
2020). This is mostly because the fruit is easily blown off the
plant by strong winds, directly leading to crop losses. Humid
winds can have a positive influence by helping to pollinate
banana flowers, disperse pests and attract beneficial insects.
On the other hand, strong winds can cause physical damage
to the fruit itself, either destroying it or reducing the quality
of production, potentially limiting direct human consumption
(Robinson and Saúco, 2010).

2.3.2 Mapping banana-producing areas

To map the banana-producing areas susceptible to a TC, we
used MapSPAM (Spatial Production Allocation Model) data
on the global spatial distribution of major crops, including
bananas (IFPRI, 2024). These data present recent systemat-
ically developed data on banana distribution by combining
a set of statistical and remote sensing data. The spatial res-
olution of the data is roughly 10km× 10km at the Equa-
tor. To exclude outlier areas in countries where bananas are
generally not produced or are produced in protected environ-
ments such as greenhouses (such as the European Union),
we applied a threshold of 5 ha within the 10km×10km grid
cell. Grid cells are considered relevant only when contain-
ing banana-producing areas that surpass the specified 5 ha
threshold (and where banana cultivation covers more than
0.05 % of the total grid). We then looked at banana pro-
duction in tonnes in these areas, using the same data, as
MapSPAM provides data on not only the spatial distribution
of harvested areas but also production.

2.4 Vulnerability

2.4.1 Vulnerability curve

Vulnerability ascribes the characteristics of the exposed as-
set that makes it susceptible to the effects of a certain haz-
ard (here a TC) (UNDRR, 2017). The vulnerability curve
assesses the damage state against the hazard intensity show-
ing the wind speed (m s−1) interval and the mean damage
ratio (MDR) (Mo et al., 2016; Yum et al., 2021). Vulnera-

https://doi.org/10.5194/nhess-25-1963-2025 Nat. Hazards Earth Syst. Sci., 25, 1963–1974, 2025



1966 S. Kaashoek et al.: Assessing future impacts of tropical cyclones

Table 1. Types of damage to bananas from wind.

Type of
damage

Description Source

Recovery
period

The harvest period of bananas takes approximately a year, so when banana
plantations are damaged the recovery period can take up to 9–12 months.

Mamuye (2016)

Height Due to the height of the plant, they are more susceptible to TCs compared to
other crops.

Huigen et al. (2006), Robinson
and Saúco (2010)

Leaves change
production
capacity

The producing capacity of the banana is reduced when leaves are damaged. Mohan (2017)

Productivity The wind can also cause the fruit to fall off the plant prematurely or affect the
productivity of the herb by influencing the layer between the undisturbed air
adjacent to the surface and temperature of the leaves.

Robinson and Saúco (2010)

Low wind
speed

Even wind at lower speeds (10 m s−1) can cause damage to banana plants,
particularly if the plants are already weakened or stressed for other reasons
such as pests and diseases. In some cases, this weaker wind may be strong
enough to uproot the plants or cause significant damage to the leaves and
stems.

Mohan (2017)

Dry wind Dry winds can lead to a water shortage, impacting growth. Robinson and Saúco (2010)

Seasonal winds Strong seasonal winds can cause leave tearing, and slower winds can increase
leaf and dust abrasion.

Robinson and Saúco (2010)

High winds In addition to the physical damage to the plants and fruit, high winds can also
cause other issues that can impact banana production. For example, the winds
can blow debris and sand around, which can make it more difficult for the
plants to grow properly. The winds can also create dust storms, which can
reduce visibility and make it harder for farmers to work in the fields

El-Kady (2020)

bility curves can be based on empirical, analytical, and ex-
pert opinion or judgement methods (Merz et al., 2010). Yet
so far, most academically developed vulnerability curves for
TCs quantify wind speed damage focusing on the built en-
vironment (Sun et al., 2021; Yum et al., 2021). To the best
of our knowledge, there is currently no evidence on the vul-
nerability curves of wind-induced damage for bananas. To
quantify the level of damage to banana plantations caused by
a certain wind speed, we therefore have to develop vulnera-
bility curves. This is done by executing a systemic review of
reported past TC events which damaged banana plantations.
To construct the curves, we use an approach similar to the
research by Yum et al. (2021), where the authors use exist-
ing white and grey literature reporting on historic TC events,
their maximum wind speed and damage. While we acknowl-
edge that TC impacts are often caused by an interplay of
wind, precipitation and storm surge, we use wind speed as
a proxy for all three hazards as information on the latter
two hazards is often lacking or incomplete (see for instance
Eberenz et al., 2021, and Yum et al., 2021, for a similar ap-
proach for building vulnerability curves). Such an approach
based on empirical data allows for higher accuracy of the
damage curve (Merz et al., 2010). To retrieve reports of past

events of damaged banana plantation by wind speed, peer-
reviewed articles and news reports about destroyed banana
plantations by TC wind were explored using Google Search
and the Google Scholar and WorldCat academic databases
(published anytime using the search terms of bananas and
storms, hurricanes, (tropical) cyclones and typhoons, exclud-
ing studies that did not include wind damage). The events
were categorized by time, location, wind speed and the per-
centage of the destroyed plantation. We identified 22 cases
where impacts of TCs on banana production were quantified
from all around the globe (see Table S1 in the Supplement).
The wind speeds near the location that were mentioned in
the events were taken. When an event had no mention of
maximum wind speeds, we used the historical TC database
of NOAA National Hurricane Center (2024) and retrieved
the wind speeds and trajectories for the affected region. The
wind speed closest to the affected region was taken. This way
we were able to identify the wind speed and trajectory of
the TC at all locations. The 22 cases were categorized by
time, location, wind speed and the percentage of the de-
stroyed plantation. It is important to point out that Yum et
al. (2021) had access to insurance data for damage to build-
ings for different wind speeds. The high-quality input data

Nat. Hazards Earth Syst. Sci., 25, 1963–1974, 2025 https://doi.org/10.5194/nhess-25-1963-2025



S. Kaashoek et al.: Assessing future impacts of tropical cyclones 1967

significantly reduced the epistemic uncertainty in their vul-
nerability curve. Since this does not exist for banana dam-
age, we had to use grey literature which is likely to impact
the quality of our input data (as shown in Table S1) and sub-
sequently is very likely to affect the uncertainty. This is most
notably shown for the widespread of damage points for lower
wind speeds (10–25 m s−1).

2.4.2 Mean damage ratio

A damage function is a common tool used to present the vul-
nerability of assets, in this case banana-producing areas, to
hazard, in this case a TC (de Ruiter et al., 2017). All 22 events
found were used to calculate the damage ratio of the TC-
induced damaged banana plantation against the correspond-
ing wind speed intensity, similarly to the method discussed
by Yum et al. (2021). The damage ratio indicates the like-
lihood of a banana plant surpassing a certain damage level
threshold (vmin) as the wind speed increases up to a certain
critical point. Above the threshold, the exceedance proba-
bility increases before it reaches a 100 % destroyed planta-
tion level (vmax), showing the plantation is fully destroyed
(Yum et al., 2021). Yum et al. (2021) quantify the damage
ratio based on insurance data (using monetary values). In our
study, we only assess the physical vulnerability due to the TC
wind speed. The equation used is described in Eq. (1):

damage ratio=
Xdestroyed

Xtotal
, (1)

where Xdestroyed represents the destroyed plantation area (in
ha) and Xtotal represents the total plantation area (in ha).
From Eq. (1), it follows that higher damage ratios relate to
higher vulnerability. The formula is used for the events lack-
ing a damage ratio. To quantify the damage ratio, the spatial
destruction (destroyed area in hectares) and the entire scope
(plantation in hectares) need to be identified. Some events re-
ferred to banana plantation losses based on the total banana
production area in a country. Given that countries have sig-
nificantly different sizes and spatial distributions of produc-
tion areas, it is necessary to assess the exact location where
an individual TC struck the plantation. Hence, to obtain a
robust and reliable database, events are removed when the
location could not be determined. A total of 22 damage ra-
tios (d1, d2, . . . , d22) were identified with the corresponding
MDR=

(
(dx+dx+...,dx)

Total dx

)
· 100 wind speeds (v1, v2, . . . , v22)

(see Table S1). The datasets were categorized from lowest
to highest wind speed and grouped into three wind speed
intervals, namely 0–25, 26–43 and above 44 (see Table 2).
The wind speed intervals were established based on expert
judgement (see Table 1) and the Simpson and Saffir (1974)
scale (see Table 2). According to Robinson and Saúco (2010)
and Mohan (2017), evidence of damage to banana plantations
was already observed at wind speeds of 10 m s−1, hence why
we set the lower limit of the curve (vmin) at 10 m s−1. The
resulting vulnerability curve is shown in Fig. 1. Similar to

Table 2. Mean damage ratio per wind speed interval with a corre-
sponding damage level.

Wind speed interval (10 min Average Damage
maximum average sustained damage level
wind speed in m s−1)

0–10 0 % No damage
10–25 MDR1: 48 % Moderate to

severe damage
26–43 MDR2: 84 % Major damage
44 > MDR3: 96 % Complete

destruction

Figure 1. Constructed vulnerability curve of tropical-cyclone wind
damage to bananas based on a meta-analysis of 22 studies, similar
to Yum et al. (2021).

other studies (e.g. Yum et al., 2021; Shinozuka et al., 2000),
the curve has been smoothed.

Besides deriving the vulnerability curve, we can also use
our database to define three different types of damage: mod-
erate damage to a banana plantation occurs up to 25 m s−1,
between 26 and 43 m s−1 they experience major damage, and
above 44 m s−1 they are completely damaged. Next, we cal-
culate the mean damage ratio (MDR) for each of these in-
tervals. As such, MDR1 corresponds to the MDR over the
moderate (first) damage interval, MDR2 corresponds to the
MDR for the major (second) damage interval and MDR3
corresponds to the complete (third) damage interval (see Ta-
ble 2). The MDR is calculated using damage ratio (d) and is
defined in Eq. (2):

MDR=
(

(dx+ dx+ . . .,dx)

Total dx

)
· 100. (2)

3 Results

3.1 Banana-producing areas

We observe an increase in the share of areas at risk and a cor-
responding increase in damage levels for the three distinct re-
turn periods: 10- (RP10), 100- (RP100) and 200-year return
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Table 3. Global distribution of impacted banana-producing areas
across different damage levels under various return periods for both
baseline (1980–2017) and future climates (2015–2050) (in %).

Baseline Future

RP10 RP100 RP200 RP10 RP100 RP200

Moderate 10.2 10.2 10.5 11.0 12.2 13.0
Major 6.3 21.1 22.3 9.5 21.7 23.1
Complete 0.0 3.2 6.3 0.0 4.8 7.5

Table 4. Increase in the damaged banana-producing area on a
worldwide basis comparing baseline (1980–2017) and future cli-
mates (2015–2050) across different damage levels under various
return periods (in %).

RP10 RP100 RP200

Moderate 7.7 19.8 23.4
Major 50.6 2.8 3.6
Complete 50.1 18.6

period (RP200). Globally, under RP10, 16.5 % of all banana-
producing areas will potentially be moderately or majorly
damaged under baseline climate conditions. Under RP100,
34.5 % will be moderately, majorly or completely damaged,
and 39.1 % will be under RP200. Furthermore, it is evident
that there will be a change in the extent of areas susceptible to
damage from future TCs under the SSP585 scenario for ma-
jor banana-producing regions (Table 4). Under RP10, 11 %
of banana-producing areas globally will be subject to in-
crease moderately and 9.5 % will be subject to major destruc-
tion in the future, presenting an 8 % and 51 % increase com-
pared to the baseline climate, respectively (Tables 3 and 4,
Fig. 2). For SSP585 under RP100 21.7 % of areas will be sub-
ject to major damage and 4.8 % will be subject to complete
destruction, presenting a 3 % and 50 % increase compared to
baseline climate conditions (Tables 3 and 4, Fig. 2).

There are large disparities across the globe when it comes
to banana-producing areas being affected by TCs (Table 5).
Under RP100, the regions experiencing the most notable in-
crease in majorly damaged area under future conditions are
the Caribbean (9.3 %), the Middle East and North Africa
(36 %), and Southeast Asia (21.9 %). Most profound de-
creases in majorly damaged area are found in Central Amer-
ica (−35.8%) and East Asia (−7.6%). The most substantial
change in completely damaged area is observed in East Asia,
Southeast Asia and Oceania. South America and West and
Southern Africa will experience minimal impact as TCs are
rarely observed in these regions (Table 5).

3.2 Banana production

There is a shift in impacted banana production under the
SSP585 scenario for the time period 2015–2050. We observe

Table 5. Impacted banana-producing area in different regions across
major and complete damage levels under RP100 for both baseline
(1980–2017) and future climates (2015–2050) (in %). This table
focuses on selected banana regions. However, not all regions are
affected by tropical cyclones. The presented numbers in the table
represent shares or proportions rather than absolute values. To pro-
vide a more comprehensive overview, absolute numbers in hectares
can be found in Table S2 as well as the percentage of the damaged
banana-producing area per country.

Major Complete

Region Baseline Future Baseline Future

Caribbean 40.5 44.3 56.9 53.2
Central America 38.0 24.4 0.0 2.9

South America 1.8 1.9 0.0 0.0
West Africa 0.3 0.3 0.0 0.0
East Africa 29.5 30.4 0.0 3.4
Southern Africa 0.0 0.9 0.0 0.0
Middle East and 12.3 16.7 0.0 0.0
North Africa

East Asia 66.8 61.7 2.7 10.7
South Asia 39.6 38.1 0.5 0.0
Southeast Asia 24.5 29.9 8.0 10.9
Oceania 21.0 21.2 0.0 5.2

Table 6. Global distribution of impacted banana production across
different damage levels under various return periods for both base-
line (1980–2017) and future climates (2015–2050) (in %).

Present Future

RP10 RP100 RP200 RP10 RP100 RP200

Moderate 8.5 14.9 12.5 10.2 16.8 11.7
Major 7.8 27.1 32.9 10.1 27.2 34.9
Complete 0.0 3.0 5.2 0.0 4.0 5.1

an increase in the share of damaged areas and a change in
the damage level for the three different RPs, namely RP10,
RP100 and RP200. Under RP200 the global share of ma-
jor damage to banana production increases by 6.1 % of total
global production but the total amount of banana production
completely destroyed decreases by 1.9 % to 5.1 % of total
global production.

Under RP100, our results show that the regions predomi-
nantly affected by TCs are Asia and the Caribbean, experi-
encing substantial disruption in banana production. Banana
production will be subject to complete damage in many parts
of the Caribbean, amounting to a total of 58.4 % of produc-
tion under the future climate. While this number represents
a decrease compared to the baseline climate (68.1 % com-
plete damage), our results indicate that the Caribbean will
still be most impacted across all regions. East and Southeast
Asia, hosting considerable shares of global banana produc-
tion, are projected to experience 13.3 % and 8.8 % complete
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Figure 2. Global distribution of impacted banana-producing areas across different damage levels under various return periods for both
baseline (1980–2017) and future climates (2015–2050). High-resolution images for individual return periods are provided in S4.

damage in the future, respectively. Despite other areas ex-
periencing minor shares of production being impacted by
complete damage, many areas are projected to experience
major damage from more than 20 % of banana production
under the future climate: East, South and Southeast Asia;
the Caribbean; and Oceania. Our findings indicate a reduc-
tion in majorly affected area in Central America, East Africa
and East Asia, while, simultaneously, previously unobserved
complete damage has been identified. South Asia indicates
the most notable change in decreased completely damaged
area under future conditions (Table 7). Such large shares in-
dicate that the stability of the current banana supply chains is
under threat without considerable efforts in climate change
adaptation.

Notably, under RP100 and RP200, a substantial increase
is observed in completely damaged area, while significant
increments are evident in moderately and majorly damaged
area for RP10 (Table 8). Conversely, a decline in production
is seen for RP200. These changes can be attributed to the
intensification of TCs in a warming climate, leading to alter-
ations in their trajectories and a higher likelihood of targeting
different areas for impact.

Interestingly, we observe a slight decrease in damage un-
der RP100 and R200 for the moderate and complete damage
classes in some regions (Table 8). This is predominantly due
to a decrease in damage in South Asia (India), which, in turn,
is driven by a decrease in TC wind speeds under RP200. This
decrease is caused by a projected landward shift in the TC
genesis region in the Bay of Bengal. Consequently, TCs are
projected to form closer to the coast, meaning there is less
time for a TC to intensify to higher wind speeds before it
makes landfall and weakens again (see also Fig. 4 in Bloe-

Table 7. Impacted banana production in different regions across
major and complete damage levels under RP100 for both baseline
(1980–2017) and future climates (2015–2050) (in %). This table fo-
cuses on selected banana-producing regions and acknowledges that
not all regions are affected by tropical cyclones. The presented num-
bers in the table represent shares or proportions rather than absolute
values. To provide a more comprehensive overview, absolute num-
bers in tonnes can be found in S3 as well as the percentage of the
damaged banana-producing area per country.

Major Complete

Region Baseline Future Baseline Future

Caribbean 19.5 29.2 68.1 58.4
Central America 12.4 8.9 0.0 1.3

South America 1.0 1.0 0.0 0.0
West Africa 0.2 0.2 0.0 0.0
East Africa 3.2 2.9 0.0 0.8
Southern Africa 0.0 0.2 0.0 0.0

Middle East and 10.0 15.5 0.0 0.0
North Africa
East Asia 75.5 66.1 3.0 13.3
South Asia 42.0 42.3 0.7 0.0
Southeast Asia 38.6 43.4 7.9 8.8
Oceania 19.1 20.5 0.0 0.9
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Table 8. Increase in globally damaged banana production between
baseline (1980–2017) and future (2015–2050) climate conditions
(in %) across different damage levels and return periods.

RP10 RP100 RP200

Moderate 20.2 12.7 −6.4
Major 30.2 0.4 6.1
Complete 0.0 30.1 −3.5

mendaal et al., 2022). This results in a decrease in wind speed
at higher RPs, leading to lower banana plantation damage in
this region.

4 Discussion

4.1 Hazard modelling and impacts on banana
production

This study presents the first attempt to map the spatial extent
of potential current and future tropical-cyclone impacts on
banana-producing areas and production globally. However, it
potentially underestimates impacts on banana production by
not considering indirect impacts of TCs on banana produc-
tion. Waterlogging could lead to root rot, and excessive wa-
ter could lead to favourable conditions for pests and diseases
which are a major limitation to banana production (Aguilar et
al., 2003). However, whether TCs would lead to such indirect
impacts is very context specific, meaning that even within
the same grid cell of our study we can expect different in-
direct impacts, depending on the slope, the soil, the terrain
orientation and previously drained wetlands, to name a few.
To account for such indirect impacts, both more detailed TC
data and data on soil drainage are necessary. In addition, TCs
can impact electricity, refrigeration and road infrastructure,
furthermore leading to disruptions in supply chains and the
potential inability to harvest and store the crops (Koks et al.,
2019).

The STORM future climate datasets were generated based
on the high-end SSP585 scenario. While one can discuss the
likelihood of this emission scenario, as current developments
are steering away from this scenario, the average climate con-
ditions over the 2015–2050 time period do not differ substan-
tially between the different forcing scenarios. We therefore
believe that the SSP585 input dataset as was used for Bloe-
mendaal et al. (2022) can be seen as a good proxy for changes
in TC characteristics over the aforementioned time period.
While this study does not consider TC impacts beyond 2050,
we alert readers that the average climate conditions past 2050
do start to deviate and that the approach as used in Bloemen-
daal et al. (2022) does not hold then.

There are also limitations in the STORM model itself that
could affect the outcomes of this study. First of all, TC in-
tensity in STORM is solely modelled as having a direct re-

lationship with sea-surface temperatures. In reality TC inten-
sity is also largely influenced by vertical wind shear, an effect
absent in STORM. While in general STORM validates well
against observations (Bloemendaal et al., 2020c), there are
regions where vertical wind shear in reality plays a critical
role in governing TC intensity. One of these regions is the
Bay of Bengal; for this region, TC intensity and associated
RPs tend to be over- and underestimated, respectively. As a
consequence, our impact assessment for this region can be
overestimated. Secondly, STORM uses the parametric wind
field model from Holland (1980) to translate point data to
a 2-dimensional wind field. This model assumes asymme-
try in the wind field arises from background flow; in reality,
these asymmetries can also be induced by enhanced wind
shear or interaction with land. This may result in slightly al-
tered wind speed RPs. Lastly, TC decay after landfall is mod-
elled through an empirical inland decay function (Kaplan and
DeMaria, 1995). This decay function was derived based on
landfalls in the USA and hence may perform less well else-
where.

Next, the authors acknowledge that the considered
STORM wind module does not take elevation effects into
account. This means that TCs wind speeds can be over- or
underestimated over land, as wind speeds can increase or de-
crease depending on the orientation of for instance a moun-
tain ridge (Bloemendaal et al., 2020a). Second, STORM uses
a lower bound at a wind speed of 18 m s−1 (Bloemendaal et
al., 2022). However, it was found that banana plants can al-
ready be damaged by speeds above 10 m s−1, meaning we
cannot assess damage up to a wind speed of 18 m s−1. Our
results therefore potentially underestimate damage to banana
production. Third, STORM models TCs on a basin scale,
meaning that there is no transition of TCs across basins.
This can be problematic in regions that can be affected by
TCs originating from multiple basins, such as Central Amer-
ica. Lastly, TCs can also cause damage to banana plantations
through excessive rainfall, runoff and landslides. These fac-
tors are, however, not modelled in STORM. The inclusion of
such factors can potentially alter the risk estimates that were
presented in this study.

Lastly, the outcomes of this study are inherent to the
choice of the hazard model and the shape of the vulner-
ability curve. It is also beyond the scope of this study to
assess model sensitivity using different synthetic models
as input hazard datasets. However, such a study has been
conducted regarding hazard data sensitivities and projected
losses (Meiler et al., 2022). STORM was one of the hazard
datasets used in the intercomparison. The authors showed
that modelled impacts from STORM generally lie within
the range imposed by the other models. In the northern In-
dian Ocean, modelled impacts from STORM exceed other
synthetic models for rarer (> 1-in-100-year) events, but im-
pacts are still within 1 order of magnitude from the other
datasets. However, monetary losses (to assets) do not directly
translate into banana crop losses. But the hazard–exposure–
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vulnerability model framework used in this study is similar in
nature to the one used in Meiler et al. (2022), with the same
hazard dataset as input but different exposure and vulnerabil-
ity data. As such, we hypothesize that a similar intercompar-
ison study would yield the result that the STORM-simulated
banana crop losses would lie either within the range im-
posed by other synthetic models or within 1 order of mag-
nitude from such other models, similar to the outcomes of
the monetary-loss study done by Meiler et al. (2022).

4.2 Vulnerability of banana production systems

We used an empirical approach to construct the vulnerabil-
ity curve using a meta-analysis of 22 studies to increase ac-
curacy of the curve. However, limited data availability can
impact the results, and in turn the results can be difficult to
transfer in space and time. While the vulnerability curve was
developed using an existing and proven method (Yum et al.,
2021), uncertainty in curve shape is strongly influenced by
the lack of high-quality data linking hazard intensity to dam-
age.

Damage assessments rely on numerous assumptions and
require more thorough validation. According to Merz et
al. (2010) hazard evaluation often overshadows damage as-
sessment. Consequently, many damage levels can be consid-
ered inconsistent and subject to bias. The vulnerability curve
we developed is based on 22 TC events that damaged banana
plantations and expert knowledge. When no wind speed was
named in the article, we used the NOAA database (NOAA
National Hurricane Center, 2024). In two events, the trajec-
tory did not exactly cross the affected location. In this case,
we took the closest measurement. We hereby acknowledge
that this is an overestimate for those affected hurricanes. Fur-
thermore, the vulnerability curve is based on the understand-
ing that all banana-producing areas have the same features
irrespective of the location or country’s political or economic
situation. We did not include assumptions on the type of
banana or plantation characteristics such as soil, slope and
elevation. We acknowledge that this influences the damage
level and suggest using these components for future studies.
Furthermore, the type of the plantation identified in the grid
cell can vary (Coltro and Karaski, 2019). Bananas that are
produced in a mixed crop system have a larger resilience to
TC damage than those produced on a monoculture farm and
should therefore be evaluated separately (Huigen et al., 2006;
Robinson and Saúco, 2010; Mohan, 2017). Next, it should be
noted that because the constructed vulnerability curve was
based on a meta-analysis of reported damage in academic
and grey literature, there can be a bias towards the more dam-
aging events as these could have been covered more in liter-
ature.

We only included physical-damage parameters in the de-
velopment of the vulnerability curve, meaning that future re-
search should also focus on socioeconomic and cultural as-
pects of banana producers. To achieve this, future research

should focus on local scales, thereby increasing the accuracy
of the vulnerability curves by including more input parame-
ters, among others, local terrain and soil characteristics, the
production system, and the implemented adaptation strate-
gies. Such case studies can consider the climatic conditions
and reliance on banana production at the specific location,
as well as the socioeconomic situation of the countries in-
volved. For instance, future studies could also assess low-
probability events as they often show higher damage levels.
Even though we already indicate high damage levels under
high-probability RPs, the effects of low-probability events
will be even larger and should be identified (Ward et al.,
2011).

5 Conclusions

Identifying the locations and spatial extent of potential im-
pacts of tropical cyclones on banana production is necessary
for adaptation and more resilient banana supply chains. We
find that banana-producing areas are at greater risk of being
affected by future TCs, which is especially valid for some of
the major banana-producing regions (Caribbean and South,
East and Southeast Asia). We identified the most impacted
banana production area per TC-prone region for the baseline
and for future climate at different return period levels. Our
findings indicate that significant portions of global banana
production are at risk from tropical cyclones (TCs) under fu-
ture climate conditions, and we demonstrate this for various
return periods. Globally, 24.3 % of all banana-producing ar-
eas are projected to suffer major or complete (> 84%) dam-
age under current climate conditions, increasing to 26.5 %
under future climate scenarios at the 100-year wind speed
return period. The regions experiencing the most notable in-
crease in majorly damaged area under future conditions are
the Caribbean (9.3 %), the Middle East and North Africa
(36 %), and Southeast Asia (21.9 %). The most profound de-
creases in majorly damaged area are found in Central Amer-
ica (−35.8%) and East Asia (−7.6%). The most substan-
tial change in completely damaged area is observed in East
Asia, Southeast Asia and Oceania. Additionally, we project
that 30.1 % of global production under current conditions and
31.1 % under future conditions will be majorly or completely
damaged at the 100-year return period. The regions that are
most likely to be affected in the future include Asia and the
Caribbean, with substantial disruptions in banana production
expected. Consequently, our results underscore the urgent
need for significant climate adaptation efforts to maintain the
stability of global banana supply chains.

The findings of this study are inherently tied to the choice
of hazard model, specifically the use of STORM, and the
shape of the vulnerability curve, which in turn was influ-
enced by the lack of high-quality data linking hazard inten-
sity and damage to banana crops. While this study did not
assess the sensitivity of results to different synthetic mod-
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els, previous research on hazard data sensitivities and pro-
jected losses indicates that STORM-simulated impacts gen-
erally fall within the range of other models or deviate by no
more than 1 order of magnitude for rarer events. Building on
this, we hypothesize that a similar intercomparison focused
on banana crop losses would produce comparable outcomes,
with STORM-based results aligning closely with those of
other synthetic models. This highlights the robustness of the
hazard–exposure–vulnerability framework employed in this
study. Future research into wind damage of specific crops
such as bananas could support more robust findings.

Our results can support the identification of vulnerable ar-
eas and can therefore be used as a starting point to target
and implement adaptation measures, such as efforts to raise
awareness and early warning systems. This will hopefully
contribute to a reduction in the impacts of future TCs to ba-
nana plantations.
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