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1.  INTRODUCTION

It is a well-accepted fact that tropical cyclones (hur-
ricanes, typhoons) sometimes have large economic
effects. Hurricane Katrina, which hit the Caribbean
and the southern United States in August 2005 and
incurred a direct economic loss estimated to be over
US$125 billion (Munich Re 2006a), is a vivid example
of how substantial the economic impacts of tropical
cyclones can be. Worryingly, tropical cyclone activity
may be enhanced with the rise of global atmospheric
temperatures, with corresponding negative economic
effects in the future. Although storm activities vary
greatly from year to year, and their general trends are
thus not easily discernable, scientific evidence increas-
ingly provides support for this claim. For example, the
Intergovernmental Panel on Climate Change (IPCC)’s

Fourth Assessment Report (IPCC 2007) recognizes sub-
stantial increases in the intensity and duration of trop-
ical storms or hurricanes since the 1970s . It also esti-
mates that it is likely that tropical cyclones will become
severe and have greater wind speeds and more intense
precipitation, and that such enhancement of cyclone
activities could have significant impacts on human
activities, causing for example crop failures, death and
injuries, and flood damage resulting in loss of property.

The basic physical characteristics of tropical cyclones
are fairly well identified (e.g. Emanuel 2003, 2005),
and it is in fact logical to infer that global climate
change should increase damage inflicted by tropical
cyclones. Tropical cyclones are defined as cyclones
that originate over tropical oceans (those with maxi-
mum winds over 33 m s–1 are called hurricanes in
the western North Atlantic and eastern North Pacific
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regions, and typhoons in the western North Pacific),
while they may move out of the tropics after their gen-
esis. The source of energy for tropical cyclones is heat
transfer from the ocean, which induces upward motion
of air in the lower atmosphere, causes convection, and
eventually forms self-sustaining patterns of winds and
rainfall. Tropical cyclones generally develop only over
seawater whose surface temperature is greater than
26°C. The mechanism of their formation suggests that
the rise in sea surface temperature due to enhanced
greenhouse effect should lead to some amplification of
tropical cyclone activities, and scientists have reached
a consensus on this general point.

On the other hand, details on the effects of climatol-
ogy on tropical cyclones are very complex and remain
uncertain to a large extent because of the non-linearity
of the cyclone generation mechanism, the intercon-
nectedness of cyclones to large-scale oscillations of
global atmospheric circulations, and also limitations
on the availability of historical records of observa-
tions. For example, the formation of tropical cyclones
is known to be influenced by the vertical thermo-
dynamic properties of the atmosphere, which could
be a diminishing factor of cyclone activities in the
presence of anthropogenic greenhouse warming (e.g.
Vecchi & Soden 2007). Meanwhile, the mechanism
linking tropical cyclone activities and sea surface
temperatures is not well clarified except for some
research findings on the North Atlantic region (e.g.
WMO 2006), although there is indeed some consensus
on the global tendency of ocean warming and cyclone
intensification, as evidenced by the World Meteoro-
logical Organization’s statement that ‘[m]odel studies
and theory project a 3 to 5% increase in wind-speed
per degree Celsius increase of tropical sea surface
temperatures’ (WMO 2006). It should be noted, how-
ever, that the frequency, not wind-speeds, of tropical
cyclones could be unchanged or even reduced with
enhanced greenhouse effects (e.g. Emanuel et al.
2008, Knutson et al. 2008).

Economic assessments of damage due to tropical
cyclones have already drawn great interest from vari-
ous groups of people and organizations, notably of the
(re)insurance industry (e.g. Munich Re 2006b, Swiss
Re 2006).1 Several estimates of the enhanced economic
effects (due to climate change) of tropical cyclones
have also been presented (Cline 1992, Fankhauser
1995, Tol 1995, Downing et al. 1996, Nordhaus 2006,
Pielke 2007).

In the field of development economics, there has
been a debate recently about how geographical char-
acteristics such as climatic conditions influence re-

gional performances of economic growth (e.g. Gallup
et al. 2000, Acemoglu et al. 2001, Easterly & Levine
2003), and some useful studies on the economics of
natural disasters are found in this set of studies (e.g.
Kahn 2005, Toya & Skidmore 2007). Their primary
question is whether the burdens of frequent natural
disasters can inhibit economic growth, or whether
wealth can mitigate loss from natural disasters. For
example, Toya & Skidmore (2007) conducted a cross-
country analysis to estimate the relationships between
measures of social or economic development and the
effects of natural disaster and identified an inverse
relationship between income and natural disaster
losses.

Most economic studies estimating the impacts of cli-
mate change have still paid little attention to extreme
events such as hurricanes. For example, major recent
econometric studies on the impacts of climate change
on agriculture (e.g. Schlenker et al. 2005, Deschênes &
Greenstone 2007) examine yield responses to baseline
temperature increases and do not explicitly take into
account the potential significance of extreme weather
events in productivity loss, while some agronomic
studies attempted to address this question with regard
to crop growth, but without any monetary assessment
(e.g. Rosenzweig et al. 2002, Porter & Semenov 2005).

The fact that cyclone damage has a 2-way interrela-
tionship with long-term growth (i.e. relative cyclone
impacts decrease with economic growth, but cyclone
damage reduces economic growth) suggests that the
impact assessment of tropical cyclones and climate
change would make a suitable topic for climate–
economy integrated assessment models. However,
major recent studies of integrated assessment models
such as Mendelsohn et al. (2000) and Nordhaus &
Boyer (2000) do not explicitly incorporate the effects of
tropical cyclones in their climate-economy models,
presumably because they regard the scientific evi-
dence as not yet strong enough.

The purpose of this study is to analyze the long-term
economic effects of tropical cyclones in the face of cli-
mate change, computed by the integrated assessment
model Climate Framework for Uncertainty, Negotia-
tion and Distribution (FUND) 3.4. Earlier versions of
FUND already had a component on tropical cyclone
damage, and some studies using FUND have pre-
sented results including the effects of hurricanes (e.g.
Tol 1999), but the model’s tropical cyclone component
was not specifically evaluated before. In fact, tropical
cyclones were omitted by Tol (2002a) and in all ver-
sions of FUND based on that paper. In the following,
brief descriptions of FUND and of our approach to
model the damage of tropical cyclones are presented
in Section 2. Section 3 shows the results. Section 4 con-
cludes.
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1Jagger et al. (2008) discuss forecasting methodology of
insured hurricane losses affecting the USA



Narita et al.: Economic losses from tropical cyclones under climate change 

2.  METHODOLOGY: ESTIMATION OF TROPICAL
CYCLONE IMPACTS WITH FUND

2.1.  The FUND model

We used Version 3.4 of FUND for our analysis of cli-
mate change impacts attributable to enhancement of
tropical cyclone activities. Version 3.4 of FUND has
the same basic structure as that of Version 1.6, which
was described and applied by Tol (1999, 2001, 2002c).
Except for the tropical cyclone component which will
be discussed in this paper, the impact module of the
model was outlined and assessed by Tol (2002a,b). The
latest publication using the FUND platform is that
of Anthoff et al. (2009). The source code, a complete
description of the model and all papers that apply
FUND (including papers on individual model compo-
nents and discussions of input sources) can be found at
www.fund-model.org. Below, we outline the overall
model and provide details on the parts of the model
that are used in the current paper.

Essentially, FUND is a model that calculates damage
caused by climate change for 16 regions of the world
listed in Table 1 by making use of exogenous scenarios
of socioeconomic variables. The scenarios comprise
projected temporal profiles of population growth, eco-
nomic growth, autonomous energy efficiency improve-
ments and carbon efficiency improvements (decar-
bonization), emissions of carbon dioxide from land use
change, and emissions of methane and of nitrous
oxide. Carbon dioxide emissions from fossil fuel com-
bustion are computed endogenously on the basis of the
Kaya identity. The calculated impacts of climate
change perturb the default paths of population and
economic outputs corresponding to the exogenous sce-
narios. The model runs from the years 1950 to 3000 in
time steps of a year, though the outputs for the 1950 to
2000 period is only used for calibration, and the years
beyond 2100 are used for approximating the social cost
of carbon under low discount rates, a matter that does
not concern us in this paper. The scenarios up to the
year 2100 are based on the EMF 14 Standardized Sce-
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Table 1. Regions considered in the Climate Framework for Uncertainty, Negotiation and Distribution (FUND)

Acronym Name Countries

USA USA United States of America

CAN Canada Canada

WEU Western Europe Andorra, Austria, Belgium, Cyprus, Denmark, Finland, France, Germany, Greece,
Iceland, Ireland, Italy, Liechtenstein, Luxembourg, Malta, Monaco, Netherlands,
Norway, Portugal, San Marino, Spain, Sweden, Switzerland, United Kingdom

JPK Japan and South Korea Japan, South Korea

ANZ Australia and New Zealand Australia, New Zealand

EEU Central and Eastern Europe Albania, Bosnia and Herzegovina, Bulgaria, Croatia, Czech Republic, Hungary, 
FYR Macedonia, Poland, Romania, Slovakia, Slovenia, Yugoslavia

FSU Former Soviet Union Armenia, Azerbaijan, Belarus, Estonia, Georgia, Kazakhstan, Kyrgyzstan, Latvia,
Lithuania, Moldova, Russia, Tajikistan, Turkmenistan, Ukraine, Uzbekistan

MDE Middle East Bahrain, Iran, Iraq, Israel, Jordan, Kuwait, Lebanon, Oman, Qatar, Saudi Arabia,
Syria, Turkey, United Arab Emirates, West Bank and Gaza, Yemen

CAM Central America Belize, Costa Rica, El Salvador, Guatemala, Honduras, Mexico, Nicaragua, Panama

SAM South America Argentina, Bolivia, Brazil, Chile, Colombia, Ecuador, French Guiana, Guyana,
Paraguay, Peru, Suriname, Uruguay, Venezuela

SAS South Asia Afghanistan, Bangladesh, Bhutan, India, Nepal, Pakistan, Sri Lanka

SEA Southeast Asia Brunei, Cambodia, East Timor, Indonesia, Laos, Malaysia, Myanmar, Papua New
Guinea, Philippines, Singapore, Taiwan, Thailand, Vietnam

CHI China plus China, Hong Kong, North Korea, Macau, Mongolia

NAF North Africa Algeria, Egypt, Libya, Morocco, Tunisia, Western Sahara

SSA Sub-Saharan Africa Angola, Benin, Botswana, Burkina Faso, Burundi, Cameroon, Cape Verde, Central
African Republic, Chad, Congo-Brazzaville, Congo-Kinshasa, Cote d’Ivoire, Djibouti,
Equatorial Guinea, Eritrea, Ethiopia, Gabon, Gambia, Ghana, Guinea, Guinea-
Bissau, Kenya, Lesotho, Liberia, Madagascar, Malawi, Mauritania, Mozambique,
Namibia, Niger, Nigeria, Rwanda, Senegal, Sierra Leone, Somalia, South Africa,
Sudan, Swaziland, Tanzania, Togo, Uganda, Zambia, Zimbabwe

SIS Small Island States Antigua and Barbuda, Aruba, Bahamas, Barbados, Bermuda, Comoros, Cuba,
Dominica, Dominican Republic, Fiji, French Polynesia, Grenada, Guadeloupe, Haiti,
Jamaica, Kiribati, Maldives, Marshall Islands, Martinique, Mauritius, Micronesia,
Nauru, Netherlands Antilles, New Caledonia, Palau, Puerto Rico, Reunion, Samoa,
Sao Tome and Principe, Seychelles, Solomon Islands, St Kitts and Nevis, St Lucia, St
Vincent and Grenadines, Tonga, Trinidad and Tobago, Tuvalu, Vanuatu, Virgin Islands
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nario (EMF = Energy Modeling Forum), which lies
somewhere in between IPCC Scenarios IS92a (‘busi-
ness as usual’) and IS92f (‘high population growth’)
(Leggett et al. 1992).2 The radiative forcing of carbon
dioxide and other greenhouse gases used by FUND is
determined based on Shine et al. (1990). The global
mean temperature is governed by a geometric buildup
to its equilibrium (determined by the radiative forcing)
with a half-life of 50 yr. In the base case, the global
mean temperature increases by 2.5°C in equilibrium
for a doubling of carbon dioxide equivalents. Regional
temperature increases, which are the primary determi-
nant of regional climate change damage (except for
tropical cyclones, as discussed below), are calculated
from the global mean temperature change multiplied
by a regional fixed factor, which equals the un-
weighted average of the spatial patterns of 14 General
Circulation Models (GCMs) (Mendelsohn et al. 2000).

As described by Tol (2002a), the model considers the
damage caused by climate change (apart from tropical
cyclones) for the following categories: agriculture,
forestry, water resources, sea level rise, energy con-
sumption, unmanaged ecosystems, and human health
(diarrhea, vector-borne diseases, and cardiovascular
and respiratory disorders). In our version of FUND,
tropical cyclones are treated as a separate category,
rather than as a factor elevating damage levels in the
existing categories (e.g. crop damage from enhanced
floods). Impacts of climate change can be attributed to
either the rate of temperature change (benchmarked at
0.04°C per year) or the level of temperature change
(benchmarked at 1.0°C). Negative economic effects
associated with the rate of temperature change gradu-
ally diminish because of adaptation.

FUND also has macroeconomic and policy compo-
nents. Reduced economic output due to damage
caused by climate change is translated into lower
investment (with exogenous saving rates) and conse-
quently slower growth rates. By using additional vari-
ables representing emission reductions, FUND can be
operated as an assessment tool for long-run climate
policy. In this paper, however, we do not discuss emis-
sion reduction policy and thus do not use this policy-
assessment function of the model.

2.2.  Tropical cyclones

We calculated the economic damage caused by cli-
mate change through tropical cyclone activities with

the following function:

(1)

Note that the equation represents the effect of a
deviation of tropical cyclones from its baseline (i.e.
not the total level of cyclone damage). TDt,r and Yt,r

are damage due to tropical cyclones (increase rela-
tive to pre-industrial) and gross domestic product
(GDP), respectively, in region r and time t. αr is the
factor determining the baseline level of cyclone dam-
age for region r (see Table 2). The data for cyclone
damage are drawn from the Emergency Events Data-
base (EM-DAT: www.emdat.be/) by the WHO Col-
laborating Center for Research on the Epidemiology
of Disasters (CRED). The CRED EM-DAT is an inter-
national initiative which assembles and organizes the
data of natural disaster damage collected by various
institutions worldwide (i.e. UN organizations, govern-
ments, NGOs, universities, private firms, and the
press). The database contains basic data on the oc-
currence and the effects of more than 17 000 disas-
ters in the world from 1900 to the present (Scheuren
et al. 2008). Although the dataset has the weakness
that its economic damage data are listed on a re-
ported basis from different institutions and lacks con-
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2The FUND scenario is as arbitrary as any other scenario used
for climate change analysis. The results below do not suggest
that the estimates are particularly sensitive to the details of
the assumed scenario

Table 2. Baseline impact of tropical cyclones on property (di-
rect economic damage) and mortality (based on 1986 to 2005
averages from the Center for Research on the Epidemiology
of Disasters Emergency Events Database, CRED EM-DAT).
GDP: gross domestic product; αr: factor determining the base-
line level of economic damage from cyclones for region r;
βr: regional baseline level of mortality from tropical cyclones. 

Region acronyms as listed in Table 1

Region Direct economic damage Mortality
Loss in αr No. of βr

billion (% of GDP) casualties (per million 
US$ people)

USA 13 0.15 115 0.39
CAN 5.6 × 10–3 7.4 × 104 0.15 4.9 × 10–3

WEU 1.5 × 10–4 1.7 × 10–6 0.80 2.1 × 10–3

JPK 2.0 0.033 92 0.54
ANZ 0.043 0.010 1.4 0.067
EEU 0 0 0 0
FSU 7.9 × 10–3 1.7 × 10–3 2.1 7.09 × 10–3

MDE 0 0 0.35 1.4–3

CAM 0.71 0.18 1090 8.2
SAM 0.020 1.3 × 10–3 7.3 0.024
SAS 0.44 0.094 7985 6.9
SEA 0.36 0.041 1177 2.4
CHI 1.9 0.20 348 0.29
NAF 0 0 0 0
SSA 0.021 5.9 × 10–3 87 0.14
SIS 0.83 0.57 213 4.9
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sistency,3 it is the only comprehensive data-set in the
public domain. The coefficient αr is estimated by
averaging storm damage in the dataset over the
period 1986 to 2005. It should be noted that storm
impacts vary greatly year to year, and the level of
the coefficient is extremely sensitive to which period
is chosen and averaged. We addressed this issue by
conducting a set of sensitivity runs, which are dis-
cussed in the next section.

The component (yt,r /y1990,r)ε in Eq. (1) represents the
effect of income level on vulnerability to storms, where
y is per capita income (in 1995 US$ per year) in region
r at time t. Two factors are in play with regard to the
relationship between affluence and damage caused by
disaster:4 economic damage resulting from natural dis-
asters may be magnified in richer economies because a
unit amount of loss in capital leads to a bigger loss in
income due to the high productivity of capital; on the
other hand, wealthier countries can insulate them-
selves from damage caused by disaster by defensive
expenditure or expensive but better infrastructure

which is resistant to disaster shocks. In Eq. (1), ε is the
income elasticity of storm damage set at –0.514 after
Toya & Skidmore (2007).

The relative annual level of cyclone damage in-
creases with warming temperatures. The rise in tropi-
cal sea temperatures, which is part of the global cli-
mate change phenomenon, is a factor which increases
the maximum wind speed of cyclones, and cyclones
with greater wind speed cause greater damage. [(1 +
δ · θrTt,global)γ – 1] in Eq. (1) is the equation calculating
this effect.

In the equation, δ is the parameter indicating how
much wind speed increases per degree Celsius warm-
ing. The level of δ is set to be 0.04, after the consensus
statement by WMO (2006)5. Tt,global signifies the global
average temperature increase since pre-industrial
times (in °C) at time t. The temperature levels are fac-
tored by regional coefficients θr, representing the rela-
tive responsiveness of sea surface temperatures to the
global temperature increases in tropical areas where
cyclones affecting the respective regions originate
(Fig. 1 shows which parts of the tropics correspond to
respective regions). It should be noted that designated
zones in Fig. 1 generally do not overlap with the actual
land areas of the regions—for example, hurricanes
affecting Western Europe (WEU) do not form in
Europe but in the tropical Northern Atlantic, thus, the
designated plot for WEU is located in the Atlantic, as
seen on the map. The configurations shown in Fig. 1
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3Toya & Skidmore (2007) point out 3 additional factors which
would reduce the reliability of economic estimates in the
Emergency Events Database (EM-DAT). (1) The database
only includes direct costs of disasters and omits indirect costs.
(2) Governments of low-income countries have an incentive
to overstate the damage of disasters in order to draw foreign
assistance. (3) Data collection is a challenging issue in low-
income countries because the poor often lack access to estab-
lished markets and insurance

4Tol & Leek (1999) give detailed discussions on the causal
link between income levels and damage caused by natural
disasters

5Exact quote of the statement: ‘Model studies and theory pro-
ject a 3–5% increase in wind-speed per degree Celsius in-
crease of tropical sea surface temperatures.’

Fig. 1. Tropical areas corresponding to the world regions (i.e. areas considered to be the origins of tropical cyclones which move
to the respective regions). Upper and lower bounds of the bands are 25° and 5° N in the Northern Hemisphere and 5° and 25°S 

in the Southern Hemisphere. Region acronyms as listed in Table 1
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are chosen to be consistent with actual track records of
cyclones and reflect the following stylized facts about
tropical cyclones (Emanuel 2003): by definition, tropi-
cal cyclones generate in the tropics (23.4° N, 23.4° S);
tropical cyclones are rarely formed around the equator
below 5° North and South; once formed, tropical cy-
clones move clockwise in the Northern Hemisphere
and counterclockwise in the Southern Hemisphere
and head poleward; almost no tropical cyclones are
recorded in the Southern Atlantic. It should be also
noted that the CRED EM-DAT data do not show any
record of tropical cyclone damage in Central and East-
ern Europe (EEU) and in North Africa (NAF), and thus
the corresponding areas for those 2 regions are not
indicated on the map. The coefficients θr are calculated
as the ratios of the average sea surface temperature
increases for the areas indicated in Fig. 1 to the global
average surface temperature increases and are esti-
mated by using the default 2.5 × 2.5° surface tempera-
ture outputs by MAGICC/SCENGEN 5.3 (whose model
descriptions are found at www.cgd.ucar.edu/cas/wigley/
magicc/).

Finally, γ is a parameter representing the relation-
ship between the cyclone damage and the wind speed,
which is in our case a function of the tropical sea sur-
face temperature increase. It is conventional to assume
that storm damage is proportional to the third power of
wind speed (see, for example, Emanuel 2005). This
assumption is based on the law of physics that the
kinetic energy of wind affecting a unit area per unit of
time is proportional to the cube of wind speed. This
convention was recently challenged by Nordhaus
(2006), who proposed a much greater value (namely 8)
for describing storm damage based on his statistical
analysis of US hurricane impacts. To justify his conclu-
sion, he referred to the fact that the stress-fracture
relationship of engineering objects or structures is
highly non-linear—in other words, storm damage does
not have to be proportional to the wind energy of
storms. While his argument deserves attention, a high
exponent is hardly a consensus yet. In our analysis, we
use the exponent of 3 for standard runs and increase
the level of γ for a sensitivity run.

Similar to the rest of the impact module for FUND
(see Tol 2002a for descriptions), the tropical cyclone
component has a separate function estimating mortal-
ity in addition to that for economic damage:

(2)

In Eq. (2), TMt,r and Pt,r are the mortality due to trop-
ical cyclones (increase relative to pre-industrial) and
the population in region r and time t, respectively. βr

signifies the regional baseline level of mortality from
tropical cyclones (based on the CRED EM-DAT data,

see Table 2). η is the income elasticity of storm damage
on mortality and is set as –0.501 after Toya & Skidmore
(2007).6 The number of deaths computed by the equa-
tion is translated into loss of population. Mortality is
also considered to be equivalent with some economic
loss, which represents society’s willingness to pay for
saving human lives: as in the other impact categories
in FUND, mortality due to tropical cyclones is valued at
200 times the per capita income of the specific region.
This is set to be consistent with the discussion by Cline
(1992), who drew on average annual wage data and
estimates of the value of a statistical life.

3.  RESULTS

Table 3 shows FUND’s outputs on the change in eco-
nomic damage and mortality due to tropical cyclones
in the year 2100. The results shown reflect the in-
creased damage of cyclones relative to the levels with-
out climate change. Note that since we do not in-
corporate yearly randomness or periodic behaviour of
storm activities in the model, it computes the baseline
increase in storm damage exclusive of yearly fluc-
tuations. As time trends of output are smooth (Fig. 2
shows time paths: see discussion below), the data on
the table are not average values of multiple years but
correspond to the single year of 2100. In the base case,
the climate-change-induced economic damage amounts
to $19 billion (1995 US$ per year), which is roughly the
same as the expected global total economic damage in
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2005 ($19 billion). The increase in global temperature
(3.2°C since pre-industrial) is part of the reason for the
large amount of the increased damage,7 but the high
level of loss is also due to the projected expanded size
of the economy in 2100, which is almost 8 times the
2000 level. Fig. 2 shows the time trends of increased
direct economic loss caused by tropical cyclones and
its proportion of the world GDP for the base case (1986
to 2005 baseline). The graph shows a continuous in-
crease of absolute cyclone damage, while the ratio
of damage to GDP grows more slowly, and its rate
of increase gradually diminishes. In 2100, the ratio
reaches 0.0057% of the world GDP. While the in-
creased income level reduces vulnerability to disasters
(i.e. it reduces damage per unit amount of economic
output), the rise in world GDP in absolute level results
in a higher absolute level of damage. On the other
hand, the share of damage to the world GDP is much
more visibly influenced by the income effect on
reduced vulnerability. Table 3 also shows that intensi-
fied storms would cause over 2000 additional deaths in
the year 2100 in the base case. The monetized value of
those fatalities amounts to $6 billion, which is approxi-
mately 30% of the enhanced direct economic damage
of $19 billion. The value of lost life included, the in-
creased damage due to enhanced cyclones corresponds
to 0.0074% of the world GDP at 2100.

Table 3 also shows the results of sensitivity runs. As
noted before, cyclone damage is extremely variable
year by year, and the choice of the baseline period has
a large influence on the results. As an additional case,
we extended the averaging period by 10 yr (1976 to
2005). Also, we shifted the entire averaging period 5 yr
back from that of the base (first) case, to be in accor-
dance with the claim that the year 2005 (when Katrina
struck) was an anomalous year in the hurricane record
(the opinion reviewed and discussed by Nordhaus
2006). As Table 3 shows, the direct economic damage
is in fact smallest in the case of the 1981 to 2000 (with-
out 2005) baseline (about 40% less in comparison to
the economic damage—expresed as a ratio to world
GDP—of the 1986–2005 case). Meanwhile, the differ-
ence among the different sets of baselines is less
prominent with respect to mortality.

Fig. 3 shows the regional disaggregation of damage
(direct economic loss) for cyclone-sensitive regions.
The Katrina effect (unusually high hurricane damage in
2005) is in fact visible in the results for the USA, and the
ratio of increased damage to GDP at 2100 falls in the
range from 0.006 to 0.02%, depending on the choice of
baseline. With an absolute damage level over $2.5 bil-
lion, the USA and China dominate with respect to
global monetary cyclone damage as a consequence of

93

7(1 + 0.04 × 1 × 3.2)3 – 1 = 0.435T
ab

le
 3

. 
C

li
m

at
e 

F
ra

m
ew

or
k

 f
or

 U
n

ce
rt

ai
n

ty
, 

N
eg

ot
ia

ti
on

 a
n

d
 D

is
tr

ib
u

ti
on

 (
F

U
N

D
)’

s 
ou

tp
u

ts
 o

n
 i

n
cr

ea
se

d
 e

co
n

om
ic

 d
am

ag
e 

an
d

 m
or

ta
li

ty
 d

u
e 

to
 t

ro
p

ic
al

 c
yc

lo
n

es
 i

n
 t

h
e

ye
ar

 2
10

0 
(ε

, 
η,

 δ
an

d
 γ

si
g

n
if

y 
th

e 
in

co
m

e 
el

as
ti

ci
ti

es
 o

f 
st

or
m

 d
am

ag
e 

an
d

 m
or

ta
li

ty
, 

th
e 

se
n

si
ti

vi
ty

 f
ac

to
r 

of
 o

ce
an

 w
ar

m
in

g
 o

n
 w

in
d

-s
p

ee
d

 i
n

cr
ea

se
, 

an
d

 t
h

e 
ex

p
on

en
t 

fo
r 

w
in

d
 s

p
ee

d
 c

au
si

n
g

 d
am

ag
e,

 r
es

p
ec

ti
ve

ly
: s

ee
 S

ec
ti

on
 2

.2
 f

or
 d

et
ai

ls
).

 G
D

P
: g

ro
ss

 d
om

es
ti

c 
p

ro
d

u
ct

C
as

e
an

d
ε

η
δ

γ
D

ir
ec

t 
ec

on
om

ic
 d

am
ag

e
M

or
ta

li
ty

T
ot

al
 

%
 o

f 
b

as
el

in
e

In
cr

ea
se

 f
ro

m
 

R
at

io
 t

o 
In

cr
ea

se
d

 n
u

m
b

er
 

V
al

u
e 

of
 l

if
el

os
s 

ec
on

om
ic

 d
am

ag
e 

w
or

ld
 

p
re

-i
n

d
u

st
ri

al
 

w
or

ld
 

of
 d

ea
th

s 
(f

ro
m

 
(b

il
li

on
 U

S
$,

 i
n

cr
ea

se
 

(1
99

5 
b

il
li

on
 U

S
$)

G
D

P
(1

99
5 

b
il

li
on

 U
S

$)
G

D
P

 (
%

)
p

re
-i

n
d

u
st

ri
al

)
fr

om
 p

re
-i

n
d

u
st

ri
al

)

B
as

e
19

86
–2

00
5

–
0.

51
4

–
0.

50
1

0.
04

3
19

0.
00

57
21

71
6

25
0.

00
74

19
76

–2
00

5
–

0.
51

4
–

0.
50

1
0.

04
3

14
0.

00
43

18
17

5
19

0.
00

58
19

81
–2

00
0

–
0.

51
4

–
0.

50
1

0.
04

3
12

0.
00

35
23

41
6

17
0.

00
52

H
ig

h
 εε

an
d

 ηη
19

86
–2

00
5

–
0.

48
7

–
0.

45
0

0.
04

3
21

0.
00

62
25

36
7

27
0.

00
82

L
o

w
 εε

an
d

 ηη
19

86
–2

00
5

–
0.

54
1

–
0.

55
2

0.
04

3
18

0.
00

53
18

60
5

23
0.

00
68

H
ig

h
 δδ

19
86

–2
00

5
–

0.
51

4
–

0.
50

1
0.

05
3

25
0.

00
74

27
97

7
32

0.
00

96

L
o

w
 δδ

19
86

–2
00

5
–

0.
51

4
–

0.
50

1
0.

03
3

14
0.

00
42

15
80

4
18

0.
00

54

H
ig

h
 γγ

19
86

–2
00

5
–

0.
51

4
–

0.
50

1
0.

04
8

67
0.

02
01

80
51

21
88

0.
02

62



Clim Res 39: 87–97, 200994

their large economic size combined with relatively high
vulnerability to cyclones. However, Small Island States
show the highest level of damage, amounting to
>0.03% of GDP, if evaluated relative to GDP. Fig. 4
shows the increased damage caused by tropical cy-
clones as a fraction of the total costs of climate change.
As described earlier, FUND has a range of sub-modules
which calculate the economic effects of climate change
with respect to individual impact categories ranging
from agriculture to human health, and their sum repre-
sents the total costs of climate change. Data in Fig. 4
represent the results for the year 2100 in the base case,
and the results are shown as ratios to both the gross (i.e.
only damage is considered) and net (both benefits and
damage are summed) total impacts. While FUND only
considers damage with respect to tropical cyclones
(since there is no conceivable economic benefit from
cyclone intensification), it estimates both damage and
the benefits of climate change for some other impact
categories (e.g. benefit from increased agricultural pro-
ductivity due to CO2 fertilization), and this explains
why the ratio of enhanced cyclone damage to the total
net impact of climate change exhibits a negative value
in some cases (i.e. the total net impact of climate
change could be beneficial). In Fig. 4, the relative im-
pact is again highest in the Small Island States, and a
few other regions (USA, Central America, South Asia)
exhibit cyclone damage amounting to over one percent
of the total damage by both gross and net measures.
However, the gross and net total damage greatly differ
(often in sign) in all regions and clear patterns are not
discernible.

The other sets of results shown in Table 3 are those
of sensitivity runs for different values of parameters.
The income elasticities of cyclone damage with regard
to direct economic loss and mortality (ε and η) increase
and decrease according to the standard deviations
estimated by Toya & Skidmore (2007). The higher and
lower values of δ (the parameter representing how
much wind speed increases per degree warming) are
set to be consistent with the range stated by WMO
(2006). The results show that the changes in income
elasticity raise the lower estimates by around 10%,
whereas the higher and lower δ bring about larger
deviations from the base case, by approximately 30%.
Table 3 also lists the results for the case of a high expo-
nent γ (8, following Nordhaus 2006). They indicate that
the exponent is a very influential parameter for deter-
mining the level of damage, showing more than tripled
levels of damage in all categories in comparison with
the base case. In sum, modulation of parameter levels
brings about significant variations in damage esti-
mates, but except for the exponent γ, variability does
not exceed an order of magnitude when assumptions
regarding the confidence intervals are consistent with
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the available information. On the other hand, the result
of a high exponent (γ) run would suggest that our base
estimate would be too conservative and that the actual
damage increase could be larger by one order of mag-
nitude. As noted earlier, however, setting the exponent
as high as 8 is hardly accepted as a convention in the
area of storm damage projection. Still, it would suggest
that a key topic for future research in this area of study
would be a further examination on this parameter.

Our results fall in the range of earlier estimates
(Table 4). The results exhibit higher damage costs
than those of precedent studies showing increased
hurricane impacts on the United States under a dou-
bling of CO2 ($0.8 billion by Cline 1992, $0.2 billion
by Fankhauser 1995, and $0.3 billion by Tol 1995;
Fankhauser 1995 also estimated the global impact as
$2.7 billion). The FUND’s base case calculates the
enhanced direct economic damage in the US with
doubled CO2 to be about $6 billion (2.5°C increase
from pre-industrial: for the base run, this level is
reached at around the year 2078). It should be noted,
however, that the differentials between the FUND
results and the other estimates are much reduced if
the above figures are converted into the proportion
of the total US GDP, which is around $10 trillion at
present (as opposed to $34 trillion computed by
FUND for US GDP in 2078). Meanwhile, our esti-
mates are generally lower than the values presented
by Downing et al. (1996), who estimated that the

enhanced effects of natural disasters caused by cli-
mate change amount to 0.1333% of the gross world
product under the business-as-usual (IS92a) scenario
and 0.0149% under the low population, high energy
efficiency (IS92d) scenario (both medium projections,
aggregated effects up to 2100). Also, our estimates of
climate change impact on cyclone damage are signif-
icantly lower than those of Nordhaus (2006), who
concluded that intensified hurricane damage as a
result of climate change (i.e. a 2.5°C increase in trop-
ical sea surface temperature) would reduce the US
GDP by 0.064% ($8 billion). Using a simple calcula-
tion, Pielke (2007) showed that economic loss caused
by tropical cyclones would increase by a factor of 4.6
by 2050 if storm intensity rises by 18%. This figure is
significant higher than the range of our estimates
(in the base run of FUND, the increase in loss due
to cyclones is $6.7 billion in 2050; thus, a 35%
(= 6.7/19) increase in loss is expected from the base-
line level to the year 2050), and this difference could
be explained by the fact that our assumption on
cyclone intensity is relatively conservative (increase
in intensity <10% by 2050) and also the responsive-
ness of damage level to income rise is less than lin-
ear in our case in contrast to Pielke’s. Finally, the
results of FUND show far more conservative projec-
tions than Stern’s (2006) assessment that the total
costs of extreme weather could reach up to 1% of
the world GDP by 2050, although this figure includes
extreme weather events other than tropical cyclones.

Table 5 shows the global marginal costs of carbon
emissions calculated by FUND for the base case. The
results presented are simple sums over the world
regions and are not adjusted with equity weights (see
Anthoff et al. 2009 for a detailed discussion on that
topic with the FUND model). The marginal cost of
emissions corresponds to the present value of aggre-
gated future climate change damage  originating from
a unit amount of carbon emissions today (shadow price
of carbon). Note that since the cost of climate change
generally becomes larger as time passes by, estimates
with a larger pure time preference (with which the
future is discounted more strongly) exhibit lower

95

Table 4. Comparison of the present study’s estimate of the
impact of damage caused by tropical cyclones resulting from
climate change with previous assessments. GDP: gross do-
mestic product. IS92a: business-as-usual scenario; IS92d: low
population, high energy efficiency scenario. See Downing et 

al. (1996)

Billion US$ % of GDP

World
Present study

2078a,b,c 13 0.0055
2100a 19 0.0057

Downing et al. (1996) – 0.1333 (IS92a)
0.0149 (IS92d)

USA
Present study

2078a,b,c 5.9 0.017
2100a 8.5 0.021

Cline (1992)c,d 0.8 –
Fankhauser (1995)c,d 0.2 –
Tol (1995)c,d 0.3 –
Nordhaus (2006)d,e 8 0.064
aBase run; b2.5°C warming of global average surface tem-
perature; cDoubling CO2; dEconomic conditions, e.g. GDP,
are set at the current level; e2.5°C warming of global aver-
age sea surface temperature

Table 5. Global marginal costs of CO2 emissions (the present
value of all future climate change damage originating from a
unit amount of carbon emissions today) in US$ t–1 C (the base
case, simple sum for the world regions). ‘Pure rate of time
preference’: psychological preference for degree of future 

discounting relative to the present

Pure rate of time preference (%)
0 1 3

Total 109 9 –3
Tropical cyclones 0.34 0.09 0.03
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marginal costs of CO2 emissions.8 The table shows that
in a relative sense, the marginal costs from cyclone
damage are negligible relative to the total marginal
costs, adding far less than 1 US$ to the total marginal
cost of CO2 emissions (t–1 C).

4.  DISCUSSION AND CONCLUSIONS

We simulated the economic impact of tropical
cyclones enhanced by climate change with the inte-
grated assessment model FUND 3.4. The results show
that in the base case, the direct economic damage of
tropical cyclones ascribed to the effect of climate
change amounts to $19 billion globally (almost the
same level as the baseline [current] global damage of
tropical cyclones) in the year 2100, while the ratio to
the world GDP is 0.006%. The USA and China account
for much of the absolute damage, while the Small
Island States incur the largest damage if evaluated as
share of the GDP. The results are sensitive to the
choice of baseline (e.g. the Katrina effect) and of para-
meter levels such as that of the wind-speed elasticity of
storm damage.

Like other model analyses, this study has limitations,
and 3 of them are worth noting. (1) Our computation
adopted exogenous savings rates to simulate long-run
growth paths under amplifying storms. However,
actual investment behavior in the presence of natural
disasters is much more nuanced than the way we
simulated with the simple model, and more accurate
modeling would require endogenous decision func-
tions of investment with representations of risk aver-
sion of economic agents and of maturity of insurance
markets (Tol & Leek 1999). While this effect on the
total growth rates could be negligible in large, less
storm-prone economies, it could play a significant role
for the growth path of smaller, cyclone-ridden eco-
nomies. (2) The model calculated damage caused by
intensifying tropical cyclones as a separate component
in the impact module for reasons of analytical clarity
and simplicity. This means that the model ignores
some combined effects of enhanced cyclones with
other factors, most importantly, the coupling effect of
sea level rise and stronger cyclones. Sea level rise
could increase the vulnerability of coastal regions and
thus exacerbate the damage caused by intensified
cyclones, which implies that our assessment is rather
conservative. Meanwhile, some authors suggest that
the primary reason why the cost of cyclone damage

has increased is because the total monetary value of
insured properties in coastal areas has increased and
that the damage could be therefore effectively reduced
by measures other than climate change mitigation,
such as the change in land use (e.g. Pielke et al. 2000).
In the present study, we implicitly adopt the assump-
tion that the size of economic activities in coastal
regions, the completeness of coastal protection, and
also the shifts in land use are all a function of per capita
GDP level. However, there is of course a possibility, for
example, that low income economies will choose to
adopt a very strong policy of cyclone preparedness
more than commensurable with their income levels.
(3) The incompleteness of knowledge in the science of
tropical cyclones, as well as of the climate change phe-
nomena themselves, is always a constraint for studies
such as ours. Particularly, we assumed that tropical
storms would become more intense, but implicitly kept
the frequency and range at their present values. The
presence of reliable information about spatial and
temporal responsiveness of storm patterns to climate
change would improve the robustness of the analysis.
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