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Assuming full implementation of available adaptation
options, the model outputs show that adaptation meas-
ures can effectively reduce risks of tropical cyclones that
occur once in every 10 and once in every 25 years (Figure
11). For a 1-in-100-years scenario at each time point, risk
transfer could be applied to reduce the risk and close the
adaptation gap. However, for the 1-in-100-years scenario in
2100, only half of the damages associated with a high-im-
pact cyclone can be averted, even with risk transfer, and the

adaptation gap is signiﬁcant.

ios. Nature-based solutions were not considered for this
calculation because of their minimal coverage in
Dominica. Retrofitting can again mitigate a large amount
of risk but the benefit/cost ratio is less than 1 in the 2030
scenario. In the long-term scenario, retrofitting is the
only measure with a benefit/cost ratio greater than 1 and
can mitigate more than half of the risk. However, other
adaptation measures (risk transfer, seawalls, and levees)
are neither cost-efficient nor sufficient to close the adap-

tation gap.

Figure 11: Impact of adaptation measures on the adaptation gap
resulting from tropical cyclones affecting Antigua and Barbuda
once in 10, 25 and 100 years in (upper) 2030 (1.4°C global
warming) and (lower) 2100 (3°C global warming). The y-axis
shows the impact of events with return periods of 10, 25, or

100 years. The boxes with black outlines show the risk, while the
coloured boxes show the avertable damages. The white space in-
dicates the adaptation gap, the economic losses that remain after
applying all available adaptation measures.

The adaptation cost curve for Dominica (Figure 12) shows
that not all of the risk can be averted with the adaptation

measures assessed in either the short- or long-term scenar-

Figure 12: Adaptation cost curves for Dominica in (upper) 2030
(1.4°C global warming) and (lower) 2100 (3°C global warming).
Net present value (NPV) of averted damages is presented in USD
million (upper) or billion (lower).
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1=8 Figure 13: Impact of adaptation measures on the adaptation gap
resulting from tropical cyclones affecting Dominica once in 10, 25
;| and 100 years in (upper) 2030 (1.4°C global warming) and (lLower)
2100 (3°C global warming). Expected damages for 10-yr return
| period are valued at 400.000 USD, which is not visible at the
& 4 current scale. Expected damages for high-probability events,
=] such as 10-yr events, are comparatively small (see damage
e 3 curve in Figure 7).
[=9
E
21 In Dominica, retrofitting seem to have the performance
14 to mitigate all of the risk of a 1-in-10-years event and a
1-in-25-years event and 50 % of the expected damages of a
o s = 1-in-100-years event in both 2030 and 2100 (Figure 13).
Return Period (2030) However, the adaptation gap increases for the 3°C warming
scenario and one-third of the damages cannot be averted
1e9 with the assessed measures. Furthermore, the size of the
304 1-in-100-years event increases by one magnitude while the
a5 exposed asset values increase by 5 times. This highlights
again the severe danger posed by climate-induced changes
g 20 .
g affecting extreme events, as well as the role of development
151 in exposure to climate hazards.
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O Outlook

Responsibility for dealing with the impacts of climate
change must be more strongly embedded at the governance
and policy levels, and integrated into planning. There is a
crucial need for stronger links between international agen-
das and local policies, while at the same time taking ac-
count of the individual nature of situations on the ground.
Local empowerment and inclusive approaches to deci-
sion-making are fundamental when dealing with climate
change-induced risks and developing effective management
solutions. The role of available, context-specific, and timely
scientific knowledge as the basis for political negotiations
and decision-making, and the integration of (political)
decisions into local policies, should be emphasised as they
constitute a crucial part of the assessment of climate risks
and the identification, selection, and combination of suit-

able adaption measures.

The effectiveness of adaptation options is strongly de-
termined by the level of climate change: as the analysis
outlines, even under modelled assumptions of full and
functional implementation of measures, for this region and
based on the available information residual risks remain for
the majority of assessed locations and options. Ecosystem
services such as coastal protection can be cost-effective
measures, but are increasingly constrained due to their
biophysical limits and loss from climate change. While risk
transfer provides an important contribution to support
affected regions on coping with damages, they do not avert
the damages as such, which can lead to very long recovery
times, affecting economic growth on the long term. Over-
all, it can be emphasised that the combination of measures
seems to offer flexibility and potential to more effectively
avert, minimise, and address losses and damages from

climate change.
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4.1 Next steps: how to use the results
for decision-making

The CLIMADA modelling and analysis tool provides
information for Comprehensive and Climate Risk Man-
agement and has been successfully applied to climate risk
and adaptation analysis across many regions, including
for tropical cyclones in Vietnam (InsuResilience Solutions
Fund 2021), flooding in San Salvador, El Salvador (In-
suResilience Solutions Fund 2019), and economic analysis
of ecosystem services of the Mesoamerican Reef (Willis
Towers Watson & MAR Fund, 2019). The present case
study shows that the CLIMADA tool can be used to not
only quantify potential damages from EWE, specifically
tropical cyclones, but also to assess the potential benefits
and limitations of individual adaptation measures. Such

results can be used to support informed decision-making.

The CLIMADA tool is highly dependent on the quality
and quantity of data provided, as well as parameter choices.
As such, the tool can help to understand trends and uncer-
tainties, however results with absolute numbers should be
treated with caution. The tool has a limited set of hazards
available, and analysis of multi-hazards and compound
events is not feasible at this time (see “Further Modelling
in CLIMADA” box below). Finally, the tool has predomi-
nantly been developed and applied to assess economic loss
and damage; however, losses and damages extends into the
non-economic sphere and includes impacts on life, health,
mobility, territory, and cultural heritage. Assessment of
non-economic losses and damages is equally critical in un-
derstanding the full impacts of climate change to develop

appropriate, inclusive and effective adaptation measures.
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CLIMADA can help decision-makers to answer the follow-

ing questions:
* What are the climate risks today and in the future?

CLIMADA can be used to quantify the current risk posed
by individual hazards, as well as the risk they might pose in
the future. Understanding the risk from climate hazards, as
well as changes in the development of risk and the associat-
ed exposure, allows decision-makers to investigate the evo-
lution of climate risk over time. The results of the present
case study project an increased risk from tropical cyclones
by 2100 under a warming scenario of 3°C associated with
current emissions trajectories. There is a noticeably reduced
risk if climate action can limit global warming to below
1.5°C above pre-industrial levels by 2100.

* What are the expected climate-induced economic losses
arising from these risks?

Over the last 50 years, weather, climate and water hazards
have accounted for 75 % of all reported economic losses,
half of all disasters, and 45 % of all reported deaths, with
91 % of those deaths occurring in developing countries.'
In the Caribbean, tropical cyclones — projected to intensify
in severity with climate change — have been shown to cause
losses of up to 90 % in GDP (for example, Commonwealth
of Dominica, 2015). This case study suggests that the ex-
pected accumulated damages from tropical cyclones could
increase by up to 5% in 2030 and 150 % in 2100 relative
to 2020, due to increased cyclone intensity as a result of
climate change. It highlights the benefit of limiting global
warming to 1.5°C by 2100: meeting the Paris Agreement
would reduce the increase in risk by 80 % in 2100 in com-

parison with a 3°C warming scenario.

* What are potential adaptation measures to deal with
the risk, and how effective are these measures in terms
of damage reduction?

Countries and communities develop adaptation solutions
to respond to the negative impacts of climate change

that are already occurring, as well as to prepare for future
impacts. Adaptation solutions take many shapes and forms,
and there is no one-size-fits-all or single approach that can
address all negative impacts of climate change. Instead,

a suite of adaptation solutions that work in concert with
each other and mitigation measures are envisioned to

reduce the negative impacts of climate change.

In the case study reported here, the adaptation options
considered included grey infrastructure such as seawalls
and levees, nature-based solutions (a key adaptation option
of interest to developing countries because of the poten-
tially high benefit/cost ratios), improved infrastructure
through retrofitting of houses, and risk transfer through
insurance. CLIMADA helps in evaluating adaptation
measures of interest to decision-makers by providing a
quantitative assessment of averted economic damages.
While exact numbers in CLIMADA should be treated with
caution, the tool helps to understand trends in damages
and adaptation potential. In the case of the Caribbean, it
demonstrated that a mix of adaptation measures have the
potential to avert damages from tropical cyclones for some
islands and in some scenarios. However, for other islands,
the adaptation gap — the economic damages that remain
after applying all available adaptation measures — may still

be incurred.
* What are the expected benefits and costs?

Because of the spatially explicit nature of the modelling
tool, decision-makers can determine which regions are

at particular risk. The provision of a benefit/cost analysis
for the investigated measures allows decision-makers to
determine which adaptation measures might be prioritized.
CLIMADA also helps illustrate the change in benefits over
time. In the case of nature-based measures in this study, the
reductions to damages are high relative to other measures;
however, the negative impact of climate change subse-
quently reduces the measures’ effectiveness. Reduced effec-
tiveness or even a misleading perception of the potential of
measures can lead to increased vulnerability and increased
potential impact from hazards; thus, the approach applied
here could be developed further to prevent maladaptation
and support well-informed risk communication in the

future.

10 World Meteorological Organization, “Weather-related disasters increase over past years, causing more dam-age but fewer deaths”.
https://public.wmo.int/en/media/press-release/weather-related-disasters-increase-over-past-50-years-causing-more-damage-fewer



https://public.wmo.int/en/media/press-release/weather-related-disasters-increase-over-past-50-years-causing-more-damage-fewer

4.2 Further applications of CLIMADA

As described previously, SOP such as SLR, increasing
mean temperatures, and salinisation could have significant
physical, socio-economic, and ecological impacts globally,
affecting coastal developing economies in particular. In
this study, increasing temperature was addressed implicitly,
through modelling its effect on tropical cyclones and on
the potential of nature-based adaptation measures, specif-
ically coral reefs. This impact of climate change can also
be analysed explicitly using estimates of increased air and/
or sea temperatures derived from spatial distribution maps
or discrete location points. Similarly, SLR can be analysed
explicitly and estimates of SLR for different global warm-
ing trajectories are available at discrete locations globally

via the Climate Analytics SLR tool (http://localslr.clima-

teanalytics.org/). Such estimates can be linked to appro-
priate damage functions (Hummel et al., 2021) to develop
projections of economic damages due to SOP and evaluate

the effect of adaptation options.
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Further modelling with CLIMADA

CLIMADA can currently be used for modelling the
effects of tropical cyclones (wind fields only), Euro-
pean winter storms, droughts, wildfires, landslides,
earthquakes and volcanoes, and river floods.

Users can add their own hazards sets; for exam-
ple, spatial data on temperature changes or SLR.
They can also modify the existing asset values
from LitPop or load their own exposure layer, such
as population data. The damage functions can be
modified or loaded from other sources; for example,
the impact of heat stress on the working population
(Dasgupta et al, 2021).

The CLIMADA development team is currently
working on adding more hazards, including storm
surge and rainfall, and also multi-hazard/compound
events.

The latest updates can be found at
https://github.com/CLIMADA-project.



https://github.com/CLIMADA-project
http://localslr.climateanalytics.org/
http://localslr.climateanalytics.org/
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Appendix

The appendix contains background information on the
modelling procedure and the modelling inputs.

A1 Input Data

For the hazards, we use the historical storm track set from
IBTracs as a basis to generate a probabilistic set forced with
the climate change factors. Those climate change factors
are extracted (from Knutson et al., 2020) and then interpo-
lated to the case study. The future hazard is thus different
from the historical track set in two ways — first, synthetic
storm tracks are created by performing a random walk,!!
thus creating new potential storm tracks, and second, an

increase in intensity due to global warming is assumed.

For the damage functions, the regional damage func-

tion from Eberenz et al., 2021 is used. Fig. 15 shows the
non-linear increase in damage with increasing intensity
(blue line is the mean damage degree). While small intensi-

ties cause zero damages, high intensities can cause destruc-

31

100

Impact (%)

T T T

T T
0 20 40 60 80 100 12
Intensity (m/s)

Figure 15: Damage function from Eberenz et al., 2021

tion of up to 90 %. Following this trend, a small increase in
medium intensity storms can thus lead to a big increase in

damages.
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11 a directed random walk is used to generate synthetic tracks from the historical ones and start at slightly per-turbed initial locations and wind speeds
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Figure 16: Exposure data from LitPop for Jamaica

For exposure, the “LitPoP” dataset (Eberenz et al., 2020)
which contains estimates of physical asset values based on
nightlight intensity from satellite and population count data is
used (see Figure 16). The nightlight intensity data is extract-
ed from the Blackmarble dataset (2016) and the population
data (GDW) from NASA. Financial data is either extracted
from the World Bank (produced capital, 2014) or non-fi-
nancial wealth (Credit Suisse, 2014). The dataset can be
downloaded under https://climada-python.readthedocs.io/

en/stable/tutorial/climada_entity_LitPop.html.

In this study the focus is laid on climate change im-
pacts, thus a simplified assumption for the socio-eco-
nomic development is used (2% of asset value growth
per year).

Henceforth, the damages account for both wind- and
storm surge-induced damages though only the wind
fields are explicitly modelled."

A.2 Adaptation Measures, Costs and Benefits

Table 4: Costs in USS and benefits in % of hazard reduction/

frequency cut-off

Measures

Retrofitting

Mangroves
(Bayraktarov et
al, 2016)"

Corals (Reguero
et al, 2021)

Sea walls
(Simpson et al,
2010)

Levees (Simpson
et al, 2010)

Risk Transfer/In-
surance (Bresch
& Aznar-Siguan,
2021)

Costs

10% of asset
values with a
lifecycle of 30
years

800,000USD/km

4 Mio USD/km

17 Mio USD/km

4,9 Mio USD/
km

Cost =
Deductible = 12
year damage

Benefits

Protects against
events with proba-
bilities lower than
1-in-100 years

Protects against
events with probabili-
ties lower than

1in 25 years
Reduces wind by 25%

Reduces surge by
100 %

Protects against
events with probabili-
ties lower than

1-in ' -100 years

Protects against
events with proba-
bilities lower than
1-in-50 years

Benefit are all dam-
ages up to the cover
= 50 year damage

12 While the damage functions is calibrated with both wind- and surge-induced damages, the hazard model calcu-lates only changes in the wind fields
13 The paper (Bayraktarov et al, 2016) highlights that the actual costs are most likely much higher (two to four times). We use that upper bound of the costs for this study.


https://climada-python.readthedocs.io/en/stable/tutorial/climada_entity_LitPop.html
https://climada-python.readthedocs.io/en/stable/tutorial/climada_entity_LitPop.html
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A 3: Randomisation For the 1.5°C scenario, the benefit/cost ratio lies
The surviving corals are chosen by a random number between 0.6 and 2.1 with a median of 1.2.

generator as it is not known in which locations corals For the 3°C scenario, the benefit/cost ratio lies be-
have a higher surviving rate. Therefore, each model tween 1.5 and 8.2 with a median of 4.5. The higher
run produces different results because the selection uncertainty arises because there is only 1% of corals
of the location plays an important role in calculating left at 3°C, so the selection has a large effect on the
potential protection benefits. If the corals are in the results while for 1.5°C 20% of the coral remains and
proximity of a developed coastline, they will have thus, the location-specific effects is reduced.

higher protection benefits on the built environment
than if they are in front of a mangrove forest.

A 4: Figures
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Figure 17: Adaptation cost curve Antigua and Barbuda - 2030 (1.4°C) - 2100 (1.5°C) and 2100 (3°C)
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Figure 18: Extreme Events: Antigua and Barbuda - 2030 (1.4°C) - 2100 (1.5°C) and 2100 (3°C)
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Figure 19: Adaptation cost curve Dominica - 2030 (1.4°C) - 2100 (1.5°C) and 2100 (3°C)
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Figure 20: Extreme Events: Dominica - 2030 (1.4°C) - 2100 (1.5°C) and 2100 (3°C)
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