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The impact of climate change on global tropical

cyclone damage

Robert Mendelsohn'*, Kerry Emanuel?, Shun Chonabayashi' and Laura Bakkensen'

One potential impact from greenhouse-gas emissions is increasing damage from extreme events. Here, we quantify how climate
change may affect tropical cyclone damage. We find that future increases in income are likely to double tropical cyclone damage
even without climate change. Climate change is predicted to increase the frequency of high-intensity storms in selected ocean
basins depending on the climate model. Climate change doubles economic damage, but the result depends on the parameters of
the damage function. Almost all of the tropical cyclone damage from climate change tends to be concentrated in North America,
East Asia and the Caribbean-Central American region. This paper provides a framework to combine atmospheric science and
economics, but some effects are not yet modelled, including sea-level rise and adaptation.

tropical cyclones, others argue that the evidence is thin. For

example, tropical cyclone intensity has increased over the
past 40 years as the climate has warmed'=. However, this recent
upward trend is still within natural variability and longer-term
records do not reveal changes in underlying frequency or severity*.
The historic record may simply not be long enough and clear
enough to detect how climate may be affecting tropical cyclones;
nor is the physical understanding of the phenomenon sufficient to
project how future activity might change with climate. In particular,
there remains significant debate about how rising greenhouse-gas
concentrations affect tropical cyclones.

There is also evidence that the damage from extreme events
and specifically tropical cyclones is increasing over time®. One
explanation for this trend is that there are just more people and
assets in harm’s way®’. Until the influence of rising vulnerability
from income and population is properly controlled, it is difficult
to know whether the trend in damage is due to a trend in
the underlying hazards.

This paper develops a tropical cyclone integrated assessment
model. The model begins with an emissions scenario for the next
century. Given this emissions scenario, several climate models are
used to project how climate might change by 2100. A tropical
cyclone model is used in conjunction with the climate models
to predict how the frequency, intensity and location of tropical
cyclones change in each ocean basin of the world. The paths
of the resulting tropical cyclones are followed until they strike
land whereupon a damage function is used to estimate the
damage caused given the intensity of each cyclone and what
is in harm’s way. Although each component of the model will
undoubtedly improve over time, the model provides a guide for
how to combine atmospheric science and economics to estimate
tropical cyclone damages.

There are several innovations in this modelling exercise. With
the exception of one study?, the tropical cyclone damage literature
previously linked climate to tropical cyclones using a single
reported statistical relationship between wind speed and sea surface
temperature’. Consequently, previous studies assumed that climate
change has the same effect on all tropical cyclones'®!?. This

Q Ithough several studies argue that climate change has altered

paper models how storm frequency, intensity and location may
change in each ocean basin'. The previous literature assumes
that tropical cyclone damage increases proportionally with gross
domestic product (GDP)*!%'2, This study tests that assumption
with an empirical analysis of global data. The previous literature has
relied on wind power to measure storm intensity®'%'2. This paper
reveals that minimum barometric pressure predicts damages more
accurately than maximum wind speed.

Impact of climate on tropical cyclones

For each climate scenario, a synthetic set of 17,000 storms is
examined to capture detailed information about the frequency, path
and intensity of storms in each ocean basin. Given the present
climate, the properties of these synthetic storms are consistent
with observed data®. Figure 1 provides a map of a sample of these
synthetic storms. The predicted storm frequencies and intensities
match historic data. We measure storm intensity using minimum
pressure. The storms are most intense over warmer waters (near the
Equator). As storms veer over cooler water (towards the poles) or
land, they lose their intensity. Storms also lose their intensity if they
get too close to the Equator.

Figure 2 shows how climate change affects tropical cyclone
power, which is the cubed cumulative wind speed of each storm
over its entire track. The results vary a great deal across ocean
basins. The results also vary across the climate models. Power
consistently increases only in the northwestern Pacific. All of the
other ocean basins experience both increases and decreases in
power. Some climate models predict particularly large increases in
power in the North Atlantic. Average effects are more moderate
in the other ocean basins as the changes cancel each other out
across different climate models. These large regional inconsistencies
among the climate model results are consistent with other variables
such as tropical precipitation, which differ widely across models
on regional scales.

Forecast of baseline damage

The present annual global damage from tropical cyclones
is US$26 billion (which is equal to 0.04% of the gross world
product (GWP)®. This is the expected damage per year given
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Figure 1| Storm tracks and minimum pressure for a sample of synthetic storms. The tracks show that storms are more frequent in the western Pacific.
The minimum pressure (hpa) or storm intensity is measured by their colour. Storm intensity is higher over the warm waters near the Equator and lower

over the cooler waters towards the poles.
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Figure 2 | The impact of climate change on tropical storm power by ocean
and climate models. Storm power consistently increases across all climate
models for only the northeast Pacific. Although not consistent across
climate models, average storm power increases markedly in the North
Atlantic. Other regions see only moderate average effects as climate
models predict both increases and decreases of storm intensity.

present conditions. Conditions will be different by 2100. Future
population is expected to increase to 9 billion as a result of changes
in fertility and mortality rates'*. GDP is predicted to increase
markedly assuming that long-term growth rates for developing
countries are 2.7%, emerging countries are 3.3% and developed
countries are 2%. Given projected baseline conditions in 2100,
global baseline damage more than doubles to US$56 billionyr™!
(0.01% of GWP). Baseline damage grows because of higher income.
Note that baseline conditions assume the present climate. Future
damage as a fraction of GWP falls because the estimated elasticity of
income and population density in the damage function isless than 1.

Figure 3 shows the present and future baseline damage (without
climate change) from tropical cyclones by region. The baseline
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Figure 3 | Present and future baseline tropical cyclone damage by region.
Changes in income will increase future tropical cyclone damages in 2100 in
every region even if climate does not change. Changes are larger in regions
experiencing faster economic growth, such as East Asia and the Central
America-Caribbean region.

damage increases over time solely because more is in harm’s way.
Opver the century, income, and therefore capital, rises considerably
and so every region sees an increase in damage. Neither present
nor future baseline damage is evenly distributed across the world.
The future economic damage from tropical cyclones is less than
US$1 billionyr~! per year in Europe and South America because
there are few storms. The damage is relatively low in Africa primarily
because there is relatively little in harm’s way. East Asia and North
America account for about 88% of baseline global damage because
these regions have both powerful storms and a lot in harm’s way.
Damage grows rapidly in Asia and Central America because of high
expected economic growth.

Forecast of climate change damage

The damage from climate change is the difference between the total
damage in 2100 with climate change and the 2100 baseline damage
with the present climate. Climate change is expected to cause
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Figure 4 | Climate change impacts on tropical cyclone damage by region
in 2100. Damage is concentrated in North America, East Asia and Central
America-Caribbean. Damage is generally higher in the CNRM and GFDL
climate scenarios.

global tropical cyclone damage to increase by US$53 billionyr™
(almost double the 2100 baseline). These aggregate global results are
consistent with most of the findings in the literature concerning the
effect of climate change on damage induced by tropical cyclones'*!?
except for one study that predicts much smaller damages®. The
climate change damage is equal to 0.01% of GWP in 2100.

The results in this paper, however, reveal that the distribution of
climate-change damage is not even across the world. Figure 4 shows
the damage caused by climate change in each region. North America
has the highest average damage of US$26 billion yr~", which is half
of the global damage. East Asia and Central America—Caribbean
average damages of US$15 and US$10billionyr™" respectively.
The increased intensities of North Atlantic and western North
Pacific storms are causing these effects. The average additional
damage in the remaining regions of the world combined is
just US$2billionyr~". The rest of the world has small effects,
partly because climate change has mixed impacts on tropical
cyclones in nearby oceans. North Africa-Middle East and South
America are rarely struck by tropical cyclones in this data set. The
storms striking Europe tend to be of low intensity. Sub-Saharan
Africa does get hit by tropical cyclones but there is relatively
less in harm’s way.

Figure 5 shows the damage divided by GDP by region. This
measure reveals which regions face the highest risk from tropical
cyclones. The Caribbean—Central American region has the highest
damage per unit of GDP with 0.37%. North America, East Asia and
Oceania also have above average rates of damage per unit of GDP
because all of these regions are predicted to have more frequent
high-intensity storms.

The countries predicted to have the largest impacts and the
largest impacts per GDP are all predicted to have more frequent
high-intensity tropical cyclones. The two countries with the highest
average aggregate damage are the United States (US$25 billion yr™")
and China (US$15 billion yr™!). Of all the affected countries, these
two have the largest future economies at risk. The countries with the
highest damage per unit of GDP tend to be tropical islands. These
islands have particularly high damage per unit of GDP because each
storm affects a much larger fraction of their economy.

As well as changes in the expected damage caused by climate
change, it is also important to understand the probability
distribution of tropical cyclone damage. The probability density
function of damage is highly skewed, leading to substantial damages
in the tail of the distribution. With the present climate, almost
93% of tropical cyclone damage is caused by only 10% of
the storms. Stated another way, the remaining 90% of tropical
cyclones cumulatively cause only 7% of the damage. Tropical
cyclone damage is a fat-tailed phenomenon, where the tail of the
distribution is more influential than the body.
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Figure 5 | Climate change impacts on tropical cyclone damage divided by
GDP by region in 2100. The ratio of damage to GDP is highest in the
Caribbean-Central American region but North America, Oceania and East
Asia all have above-average ratios.
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Figure 6 | Present and future return period by damage in GFDL climate
scenarios. The return period is 1/probability and reflects the expected time
over which an event occurs. The axes are in logs to illustrate the fat tail of
the probability density function. Climate change tends to make the
distribution even more skewed, resulting in shorter return periods for high
(but not low) damage storms.

Figure 6 shows a transformation of the probability damage
distribution. It illustrates the relationship between the damage and
the return period for the Geophysical Fluid Dynamics Laboratory
(GFDL) climate simulations. The return period is 1/probability.
It reflects the expected amount of time in which to observe a
storm causing each amount of damage somewhere on the planet.
For example, a 1% annual probability would have a 100-year
return period. Both the damage and return period are in log
base 10 to show what happens in the tail of the distribution.
The figure shows that the probability density function of tropical
cyclone damage both before and after climate change is quite
skewed. The figure also shows that climate change has a negligible
effect on common small storms, but increases the intensity of
large storms. With the nonlinear damage function, this increased
intensity translates into a significant increase in damage. The
return period for highly damaging storms becomes shorter. Low-
intensity storms do not change much but high-intensity storms
become more frequent.

We conduct a sensitivity analysis to quantify the role that several
factors play on the estimated impact of climate change on tropical
cyclone damage. Three factors stand out. The predicted global
damage varies a great deal across climate models: Centre National
de Recherche Meteorologiques (CNRM; ref. 14; US$80 billion),
European Centre for Medium Range Weather Forecasts-Hamburg
(ECHAM; ref. 15; US$14 billion), GFDL (ref. 16; US$79 billion) and
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Model for Interdisciplinary Research on Climate (MIROC; ref. 17;
US$42 billion). The parameters of the estimated damage function
are also important. Damage varies a great deal depending on the
sensitivity of damage to storm intensity and income. If one uses the
lower bound of the 95% confidence interval on the storm intensity
coefficient (—68 instead of —86), damages fall 28%. With the stan-
dard assumption in the literature that the income elasticity is 1, the
global damage increases 332%. With the standard assumption in the
literature that the population elasticity is 1, global damage increases
by 23%. Assumptions about future population and income growth
are less important. Assuming the future global population is 10
billion (instead of 9 billion) leads to a 2% reduction in damage.
A global economy that is 20% larger (than US$550 trillion) leads to
a 7% increase in damage. Other potentially important uncertainties
could not be quantified but are discussed below.

Limitations

There are several limitations to the model that are not tested in the
sensitivity analysis. First, using a country as a unit of observation
may miss important differences within the country. Damages vary
a great deal if a storm hits a city versus a rural area, but this is not yet
captured in this analysis. Increases in income and population along
the coast, relative to the rest of the country, will cause more damage.
Second, the sensitivity of damage to storm intensity is measured
only in the US in this study and it may not be representative of
the rest of the world. The US may be better adapted to storms and
less vulnerable because of its high technological abilities, or possibly
more vulnerable to storms because of its more intensive coastal
development. The sensitivity analysis reveals that the uncertainty
surrounding the climate projection, the impact of storm intensity
on damage and the impact of income on damage are all very
important and could change the magnitude of the results and,
for some regions, the sign. Third, the modelling relies on a single
tropical cyclone model. There remains debate in the atmospheric
science literature concerning how climate change may change
future tropical cyclones and the range of possible outcomes is not
reflected in this paper. Fourth, tropical cyclone damage is not well
measured in every country. Low-damage storms are under-reported
and this problem may be worse in some regions of the world.

Damage is not reported by cause, so storm surge, wind
and freshwater flooding cannot be separated yet. The study
consequently cannot compute the effect of sea-level rise, which only
affects storm-surge damage'. If society reacts to sea-level rise by
building sea walls, then there will be a lot more future buildings
(behind the sea walls) that are at a lower elevation with respect to
the future sea. Large storms that overtop the sea walls will cause a lot
more damage. There is consequently reason to be concerned about
the interaction between sea-level rise and tropical cyclones. Future
research must address this missing dimension to the problem.

Adaptation policy is also not explicitly modelled. To some extent
adaptation is captured in the sensitivity of damage to income
and population. However, some countries have active adaptation
policies and programmes that may reduce damage even more.
Furthermore, as tropical cyclone damage rises over time, societies
may be more likely to take precautions. Future research must
address how societies should best adapt to tropical cyclones®.

This paper focuses on improving the methodology for measuring
the impact of climate change on tropical cyclone damage. Further
improvements are needed. The analysis needs to be on a finer
spatial scale. Sea-level rise needs to be examined in conjunction
with storms. Many of the other uncertainties listed above need to
be addressed. Finally, the analysis needs to examine how the damage
changes as greenhouse gases are mitigated.

Methods

A detailed account of the methods and data is available in the Supplementary
Information. The integrated assessment model begins with the A1B SRES emission

scenario?'. Given this emission scenario, four climate models reveal how the
climate changes: CNRM CM3 (ref. 15), ECHAM 5 (ref. 16), GFDL CM2.0
(ref. 17) and MIROC 3.2 (ref. 18). For each model, we compare the climate in
the 1981-2000 period with the climate in the 2081-2100 period. CNRM predicts
a global warming of 2.9 °C, ECHAM predicts 3.4 °C, GFDL predicts 2.7 °C and
MIROC predicts 4.5 °C.

Several climate variables are downscaled from the general circulation climate
models and used to drive a tropical cyclone model'. Nascent tropical cyclones are
randomly seeded across each ocean. The frequency at which seedlings become
storms is recorded to predict changes in frequency in each ocean basin. The tracks
of storms are then predicted using a simple model that moves the storms given
the large-scale atmospheric flow as simulated by the climate model. A specialized,
coupled atmosphere—ocean hurricane intensity model is integrated along each
track to determine the evolving wind-field evolution. The model predicts that
most seed disturbances dissipate. The survivors constitute the tropical cyclone
climatology for the particular model and climate. This technique performs
very well when used to downscale the present climate, yielding annual storm
frequency and intensity distributions in good accord with observations in each
part of the world oceans'.

For each storm track, we determine where the tropical cyclone makes landfall
and its intensity at landfall. Landfalls of storms by country are then translated into
damage. An empirical function explaining damage per storm is estimated from
historical data from 1960 to 2009. The estimated damage functions are shown in
Supplementary Table S1. US data? at the county level are used to estimate the
US damage function. Global data' at the country level are used to estimate the
global damage function. All of the models include population density and income
to measure vulnerability. A log—log functional form fits the data most closely,
implying that each independent variable has a constant elasticity. The coefficient
of wind speed and minimum pressure reveal that damage is a highly nonlinear
function of storm intensity. The results imply that a 20% increase in wind speed
and a 1.2% reduction in minimum pressure would double damages. The US
coefficients on income and population density are not statistically significant at a
95% level. The global analysis of damage reveals that the income elasticity is 0.42
and the population density elasticity is —0.20. Previous tropical cyclone studies
have assumed that the income and population elasticity is unitary’''. An income
elasticity of less than 1 implies that higher-income people have taken measures to
reduce their vulnerability, a result consistent with other empirical studies in the
literature*>. High population density may reduce damage because, although more
people are affected, cities may be more hardened against storms than rural areas.
The damage function relies on the US elasticity with respect to minimum pressure
and the global elasticity of population and income. We consequently assume that
the US damage sensitivity applies to the world, which may or may not be true. A
sensitivity analysis is done using the 95% confidence intervals of each coefficient.

As some storms were projected to have very low minimum pressure and
because the damage function is so highly nonlinear, some storms are projected to
destroy more than what is in harm’s way. The damage per storm was consequently
truncated at US$1 trillion. There are also potential biases associated with using a
country as the unit of analysis because of systematic differences within countries.
For example, coastal areas subject to storms are generally denser and wealthier
than the country average. To correct for this bias, the present baseline predicted
annual damage per country is adjusted to match observed damage. However, this
correction does not address continued changes in vulnerability within countries.

The expected damage from climate change is measured as the difference in the
expected value of global damage from tropical cyclones in 2100 with and without
climate change. The expected value takes into account changes in the frequency,
intensity and location of storms in each basin predicted by the atmospheric
science model. The expected value also takes into account the vulnerability in
each country. To measure future vulnerability, we use projected population®
and GDP in 2100 by country for both the future baseline and climate-change
calculation. GDP projections are based on long-term growth rates for three
groups of countries: developing (2.7%), emerging (3.3%) and developed countries
(2%). These projections are uncertain so a sensitivity analysis was done for
population and income.
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