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Abstract

We use a general equilibrium model of the world economy, and a regional eco-
nomic growth model, to assess the economic implications of vulnerability from
extreme meteorological events, induced by the climate change. In particular, we
first consider the impact of climate change on ENSO and NAO oceanic oscillations
and, subsequently, the implied variation on regional expected damages. We found
that expected damages from extreme events are increasing in the United States,
Europe and Russia, and decreasing in energy exporting countries. Two economic
implications are taken into account: (1) short-term impacts, due to changes in the
demand structure, generated by higher/lower precautionary saving, and (2) varia-
tions in regional economic growth paths. We found that indirect stort-term effects
(variations in savings due to higher or lower likelihood of natural distasters) can
have an impact on regional economies, whose order of magnitude is comparable
to the one of direct damages. On the other hand, we highlight that higher vulnera-
bility from extreme events translates into higher volatility in the economic growth
path, and vice versa.
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1 Introduction

Extreme events and climate change are often found associated in the popular press, TV
and Hollywood movies. Yet, scientific evidence on the causal link between climate
change and natural disasters is weak, to say the least. Global Circulation Models,
used to forecast future climate scenarios, typically fail in identifying extreme events,
because they produce average climatic conditions for relatively large areas, whereas

disasters may occur in small areas and in short time periods.

On the other hand, extreme weather conditions naturally occur throughout the
world, independently of the climate change. The mere definition of extreme event, that
is, what can be considered extreme and what cannot, depends on the context; excep-
tional weather conditions in some regions may not be so exceptional in other regions.
In this paper, we shall take a pragmatic stance, by considering an extreme event to be
any event that has produced relevant economic damages somewhere in the world, and
it has been recorded as such in specific data-bases.

A few studies have recently tried to identify the possible role of climate change
in influencing the frequency of some extreme events in some regions. One stream of
research focuses on the climate change impact on oceanic circulation patterns, like the
El Nifio Southern Oscillation (ENSO) and the North Atlantic Oscillation (NAO). The
state of oceanic circulation plays a role on weather conditions through the circulation
of cold and warm water streams. In turn, a changing climate may affect the type and
frequency of different states in the natural oscillations.

This paper builds upon Pauli (2004), who estimated expected damage from extreme
events in the three ENSO regimes (warm, cold, neutral). We combine this study with a
forecast of ENSO and NAO events in the presence of climate change.

Our approach is a purely statistical one. We look for evidence of a statistical rela-
tionship between temperature levels and states of oceanic circulation, but we do not rely

on any physical model of causation, simply because such a model does not exist at the



present state of scientific knowledge. Only limited information on a few phenomena
could possibly be embodied into a statistical model.

Economic consequences of extreme weather normally occur through losses in pri-
mary production factors: human resources, physical capital, infrastructure, land en-
dowments and productivity. All these losses induce higher costs and prices, with vary-
ing incidence among industries and regions. Because of trade linkages and capital
flows, local effects propagate throughout the world economy, causing systemic effects
and structural adjustments in production, consumption and trade patterns.

Furthermore, increased (or decreased) likelihood of extreme epentsegener-
ates economic consequences. To the extent that people become aware of higher climate
vulnerability, consumption habits change and, for example, more insurance services are
bought. This may already be seen in those regions that are more frequently affected by
phenomena like tornados or earthquakes. Insurance against adverse weather may be
acquired directly, by buying insurance products on the market, or indirectly, through
precautionary saving or mandatory contributions to public insurance schemes. The
aggregate effect of all these actions is to increase savings and decrease current con-
sumption. In turn, higher saving rates make the economy growing faster, but only up
to the point in time where the negative shock possibly materializes.

We present here some findings of a research aimed at investigating these issues,
using a computable general equilibrium (CGE) model of the world economy, and a
numerical Ramsey model of regional economic growth. This study is itself part of a
larger project, dealing with economic impacts of climate change in several dimensions
(sea level rise [Bosellet al. (2004)], human health [Bosellet al. (2005)], tourism
[Berrittellaet al. (2005)], water availability [Berrittell&t al. (2005)], energy demand,
etc.).

The paper is organized as follows. In the next section, a statistical analysis link-

1Technically, some results could be driven by ex-ante information. For example, a link between climate
change and some phenomena (e.g., earthquakes) could be ruled out as implausible.



ing climate change, oceanic circulation patterns, and expected damage from extreme
events is presented. Section 3 discusses the short term effects of higher or lower pre-
cautionary savings, through simulation exercises, conducted with a computable general
equilibrium model of the world economy. Section 4, on the other hand, consider the

impact of higher or lower expected damages on the regional economic growth, using a

Ramsey dynamic model for the US economy. A final section draws some conclusions.

2 A Statistical Assessment of Natural Disasters’ Fre-
guency

We assess the frequency of natural disasters, in a changing climate environment, in two
steps. In the first step, we link natural disaster frequency to the state of two important
oceanic circulation cycles: the El Nifio Southern Oscillation (ENSQO) and the North
Atlantic Oscillation (NAO). In the second step, we estimate the probability of occur-
rence of the three ENSO states and the two NAO states, as a function of the global
temperature variation.

The ENSO phenomenon (Trentberth (1997)) is a periodic change in the climatic
state of the Pacific basin. The climate pattern naturally oscillates between a normal
phase, in which the surface of Pacific ocean is wattn«{ 30°C) in the West and cold
in the East 22 — 24°C), a positive, and a negative phase. During the positive, or warm,
phase, also called El Nifio, the East Pacific is warmer than the West Pacific and the
sea level pressure is higher in the West Pacific, leading to a change in the direction of
trade winds across the tropical Pacific. During the negative, or cold, phase, also called
La Nifia, the East Pacific is colder than the West to an unusual extent and the sea level
pressure is higher in the East Pacific.

ENSO effects on weather are stronger in the tropical Pacific basin, but spread to

other regions of the world (IPCC (2001) and Meehl et al. (2000)). The existence of a



relationship between the occurrence of natural disasters throughout the world and the
ENSO state has been suggested, among others, by Nicholls (1998) and Mason (2001).
Bouma et al. (1997) analyses the correlation between natural disasters and ENSO states
at a global scale, finding significant variations in the incidence of extreme events during
different ENSO phases. Sardeshmukh et al. (2000) point out that ENSO may be more
important for extreme events than average climate conditions.

The North Atlantic Oscillation (Wanner et al. (2001)) refers to the pattern of atmo-
spheric circulation in the North Atlantic region. It can be stated in terms of differences
between sea level pressure measured in the Azores islands and pressure measured in
Iceland. A positive NAO phase is said to occur when this difference is high, whereas
negative NAO phases are associated with small pressure differentials (not necessarily
negative).

Positive and negative NAO phases appear to be associated with different weather
conditions. In particular, precipitation patterns over North Atlantic and Europe seem
to be strongly affected by the state of the North Atlantic Oscillation (Hurrell (1995)).

We use data on disasters taken from the EM-DAT disaster dafatizgeDAT col-
lects information about catastrophic events occurred since*1B0Owe consider only
records of natural disasters from 1960 to 260for each event the type of disaster

the regiofi, the number of victims (people killed and people affected) and the damage

2EM-DAT: The OFDA/CRED International Disaster Database - www.cred.be/emdat - Université
Catholique de Louvain - Brussels - Belgiurihe Emergency Events Database (EM-DAT) is maintained
since 1988 by the Collaborating Centre for Research on the Epidemiology of Disasters (CRED) and is made
available to the public on the above website. This is one of three international disasters databases. The
other ones belong to Swiss Re (Sigma) and Munich Re (NatCat) and are not publicly available. The three
databases have relevant differences (Sapir and Below (2002)), but EM-DAT appears to be the most suited for
the purpose of scientific analysis, as the other two sources are more business oriented and their construction
methodology is not revealed to the public.

SInformation sources include UN agencies, non-governmental organisations, insurance companies, re-
search institutes and press agencies.

4An event is included in the data set if: (1) it caused more than 10 deaths or (2) at least 100 people had
been affected (requiring immediate assistance) or (3) local authorities either declared an official emergency
state or required external assistance.

5In EM-DAT disasters are classified as: droughts, earthquake, epidemics, cold and heat waves, famine,
floods, insect infestations, slides, volcanoes, waves/surges, wild fires and wind storms.

6Regional classification in EM-DAT: Central Africa, East Africa, North Africa, Southern Africa, West
Africa, North America, Central America, South America, Caribbean, South Asia, South-East Asia, West



are recorded (though data is sometimes missing).

In order to estimate the relationship between ENSO and NAO states and the num-
ber of disasters we fit, for each disaster type and region of the world, a Generalized
Additive Model (Hastie and Tibshirani (1990)) where the response varighlgis the

number of natural disasters of tygeluring yeart in regionr

Ny ~ Poissor(exp{ fa-(t) + BarWi + YarCt + 6ar Ni) }) - Q)

W; (Cy) is a dummy variable equal to one if ENSO is in a warm (cold) phase during
yeart and zero otherwiséy; is a dummy variable equal to one if NAO is in the positive
state during yeat and zero otherwise.

The functionfy,. is estimated as a spline with two degrees of freedom, and it allows
for a possibly non linear time trerld. The impact of ENSO and NAO states on the
frequency of disasters of typein regionr is measured by the coefficienty,., V4
anddy,.. For instance, a positive and significant valugigf means that, during warm
ENSO, the frequency of disaster tygén regionr is higher than in the neutral ENSO
phase.

We estimated the model (1) for droughts, epidemics, cold and heat waves, floods,
slides, waves and surges, wild fires and wind storms occurring in specific subconti-
nental regions. A statistically significant impact of ENSO and/or NAO states has been
found for a number of event types. In these cases, we can compute the expected number
of events, conditional on ENSO and NAO staté&Ny,..|W; = i,Cy = j, Ny = k)
fori,j,k = 0,1 (4, 7 not simultaneously equal to 1 but possibly simultaneousfy 0).

We then consider a second model, on the relationship between temperature varia-

tion and frequency of ENSO phases. The existence of such a connection is suggested

Asia, East Asia, European Union, Russian Federation, Rest of Europe, Oceania.

"This is found for almost all disaster types and regions. It may be due to increasing accuracy of the
database, increasing population density and wealth. The presence of a time trend prevents us from using a
model relating directly disaster burden and global temperature.

8The time component(t) is held fixed at the value estimated for 2001.
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Figure 1: Relative frequency of the three ENSO states as a function of the temperature
variation (variation in a century).

by Hunt (2001), who reports evidence on relative frequency of ENSO states, during
periods characterized by different temperature variations. As it can be seen in figure 1,
warm ENSO events appear to be more likely the higher the rate of increase of temper-
ature (measured as variation in a centufy’). We use linear interpolation in order

to estimate the probability of warm and cold phases for different valuesigfthus
obtaining the function® (W, = 1|AT); P(C,; = 1|AT) depicted in figure 1.

An analogous model is used to forecast the frequency of NAO states. Many authors
have explored the possible factors driving NAO oscillation, to understand whether the
upward trend of the NAO index (Dickson et al. (2003)) and the persistence of the
positive phase in recent years may be due to an anthropogenic effect. In particular, the
connection between NAO and greenhouse gases emissions and that between NAO and
the sea surface temperature have been investigated. According to Gillett et al. (2003)
anthropogenic greenhouse gases and sulphate aerosols emissions have had an effect on
sea level pressure in the last fifty years. Shindell et al. (1999) obtain similar results, as
well as a correlation between the NAO index and the recent rise in land temperatures
in the northern hemisphere. Visbeck et al. (2001) considers a number of studies on this

subject, but concludes that a precise explanation of the process is not available at the
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Figure 2: Probability of positive NAO as a function of temperature (logistic regression).

moment. Hoerling et al. (2001), on the other hand, detect a link between NAO and the
warming of tropical sea surface temperature, where the latter is the cause and NAO is
the effect. This result is also obtained by Bojaru and Gimeno (2003).

On the basis of the findings above, we estimated a logistic generalized linear model,
where the probability of NAO being positive is modeled as a function of global tem-
perature. Results of the fitting (weakly significant from a statistical point of view) are
graphically displayed in figure 2.

Combining the results of the three models, the expected number of disasters per
year, on the basis of global temperatitend temperature variatioAT’, can be ob-

tained:

E(NT,AT) =Y " E(N|W; = i,Cy = j, N, = k) x

.5,k

x P(W, =1i,Cy = j|T, AT)P(N, = k|T, AT) )

wherei, j, k are 0 or 1 (but andj cannot be both equal to 1).

In order to get estimates for the number of deaths, affected people and damage, we



first derived the expected rate of killed, affected people and damage per®eVeat.
then multiplied these figures by the expected number of events.

For each disaster typéand region- let X, Yy« be, respectively the number of
events, the variable representing the burden of an event, and the total burden for year
where burden may mean the number of persons killed, the number of persons affected

or the per capita damage. The following relationship has been'ised:

E (Y4+| ENSQ,NAO;) = E ( Ny4rt| ENSQ,NAO,) E (X4r) 3)

3 Consequences of Likelihood of Extreme Events in the
Short Term

What happens if, in the short run, no additional extreme event occurs, yet people get
aware of the higher potential danger of natural disasters? First, prevention measures,
like different building techniques, could be taken. Second, when risk cannot be reduced
further, implicit or explicit insurance schemes could be adopted.

For example, people may buy insurance services on the market. Insurance com-
panies make profits through arbitrage on risk propensity, but their role is basically the
one of a financial intermediary: funds are collected and reinvested. Alternatively, peo-
ple may save directly, by putting aside money for bad times. Another commonly seen
measure is compulsory contribution to public insurance systems.

Like in the case of pensions, the aggregate effect of all these actions is similar: cur-
rent consumption is reduced and savings first, then investments, are expanded. Since

all these elements are included in final demand and GDP, in the short term everything

9The average rate of killed and affected people was simply obtained as a mean. Because of missing
observations, damage was instead obtained indirectly, using a linear regression between (log of) damage,
(log of) deaths and (log of) affected people.
10Here we are implicitly assuming thaf and N are independent, which is reasonable, and #as not
affected by ENSO and NAO states.

10



boils down to a different composition of demand structure in the economy. Indus-
tries like construction, or durable goods manufacturing, will benefit, whereas others
(e.g., personal services) will suffer. In turn, relative competitiveness of all regions will

change.

To assess these systemic, general equilibrium effects, we make an unconventional
use of a multi-country world CGE model: the GTAP model (Hertel (1996)), in the
version modified by Burniaux and Truong (2002), and subsequently extended by our-
selves. The model structure is briefly described in the Appendik A.

We simulate these effects in our CGE model by assuming that variations (positive
or negative) in expected damage from extreme events translate into changes in savings,
of the same order of magnitude. Equality between additional expected damage and
savings, however, holds globally but not at the regional level, because of the existence
of foreign aid, flowing from developed countries to developing countries.

Accordingly, we divide the world regions in two groups. A regioin the set of
developed countries (Europe - EU, USA, Japan - JPN, Rest of Annex 1 Colihtries

RoA1) will change its total domestic saving,{ by:

AS, =AED, +0,AFA (4)

whereE D, is expected damage in regionF' A is total foreign aid going to developing
countries, and-, is the share contribution of regiarto foreign aid funds, according to
OECD (2003). On the other hand, a developing regi¢gastern Europe and Former
Soviet Union - EEFSU, Energy Exporters - EEx, China and India - CHIND, Rest of

11The GTAP model, and its variants, is very complex. Therefore, the description provided in the Appendix
A only sketches the overall model structure. More detailed information is available in the so-called "GTAP-
book" (Hertel (1996)), or on the technical references and papers available on the GTAP site (www.gtap.org).

12Annex 1 of the Kyoto Protocol on the reduction of greenhouse gases include developed (OECD) coun-
tries.
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Table 1: Reference Regional Temperature Variations (2050)

Region | AT (C.d.)
USA 1.43
EU 1.43

EEFSU 1.75
JPN 1.34
RoA1l 131
EEX 1.09

CHIND 1.23
Row 1.04

the World - RoW) will cover less than 100% of the expected damage:
AS, = ¢;AED; (5)
whereg, < 1 is the coverage shareand foreign aid funds are balanced:
AFA=> (1-¢,)AED, (6)

We consider the effects of climate change on ENSO/NAO-sensitive extreme events,
using 2050 as a reference year. To this end, we use estimates of regional temperature
variations (2000-20569, reported in table 1!* When this information is used in the
statistical models, the relative frequency of ENSO and NAO states, the probability of
extreme events, as well as the expected damage in each region is estimated. Variations
in expected damage are readily obtained by comparing damage from extreme events
with and without changes in average temperature.

Table 2 presents the estimated additional damage, for a set of catastrophic events,
associated with the changed frequency of ENSO and NAO states. All values (in this

and subsequent tables) are expressed in millions of US dollars. Zero values are set

13This is also indirectly obtained from OECD data, on the basis of aid funds received by each country.

140ur elaborations from Giorgi and Mearns (2002).

15These values are consistent with IPCC scenarios, which report for 2050 an increase ranging from 0.5 to
2.5 Celsius degrees.

12



Table 2: Expected Damages from Climate Change Induced Extreme Events (2050)

Region | Drought | Epid. | Ex.Tem. | Famine | Flood | Slide | W. Fire | Wind S. | Total
USA 921 921
EU -24 246 222
EEFSU 7 258 45 309
JPN 11 -5 7
RoAl 77 7
EEX -279 2 10 17 -26 -18 -11 -306
CHIND 105 -79 26
RowW -4 1 19 13 -10 -16 -44 -39

Figure 3: Expected Damages from Climate Change Induced Extreme Events (2050) -
World Map .

whenever the relationship, between frequency of events and ENSO/NAO state, is found
to be not statistically significant. Figure 3 graphically report the same information on
expected (additional) damages on a world map.

We can see that impacts can be both positive and negative. On the negative side, the
largest potential damage is generated by floods in the USA. Other significant dangers
come from wind storms in Europe, wild fire in Russia and neighboring countries, and
extreme temperatures in China and India. On the positive side, there are significant
reductions of droughts in energy exporting countries and of wild fires in China and

India.
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Table 3: From Damage to Savings

Region | Damage| Covered| Gives | Gets| A Sav.| ¢ o
USA 921 921 -76 844 - 10.38
EU 222 222 -78 144 - 1 0.39
EEFSU| 309 287 23 287 | 093 -
JPN 7 7 -9 -3 - | 0.05
RoAl 77 77 -39 38 - | 0.19
EEx -306 -88 -219| -88 | 0.29| -
CHIND 26 22 4 22 0.86| -
Row -39 -28 -11 -28 | 072 -
Total 1216 1420 | -203 | -203 | 1216 1.00

Equations 4-6 translate variations in expected damage into higher or lower savings
in each region. Changes in expected damage and savings are summarized in table 3.

Even if there are global expected damages in the world, total foreign aid funds
decrease, because developing countries are supposed to experience less severe and fre-
guent natural disasters. This result is mostly driven by expected benefits in energy
exporting countries, getting a substantial fraction of aid funds. On the other hand, all
developed regions need to save more to account for extra damage, although the increase
in savings is partly compensated by reduced international donations.

The estimated variations in savings are used as an input for the CGE model, where
domestic savings are adjusted upward or downward, and a new counterfactual equilib-
rium is computed for the world economy. Table 4 summarizes the output obtained from
the model simulation, when savings in each region are forced to change according to
Table 3.

When savings are increased (decreased), current consumption is decreased (in-
creased), but national income is not directly affected. Since we are not simulating
the economic impact of specific natural disasters, our exercise is mainly about the ef-
fects of a redistribution of resources. In particular, global savings increase in the world
because the global damage is supposed to increase. As a consequence, investment in

all regions increases as well. If a region receives less investment than its domestic sav-

14



Table 4: Impacts on Some Macro-economic Aggregates

Region | G.D. P.| Invest.| Trade B.
USA -745 210 615
EU 141 317 -176
EEFSU | -266 14 279
JPN 348 238 -227
RoAl 19 57 -18
EEX 230 173 -249
CHIND 65 74 -40
Row 185 164 -184

ings, its trade balance will be positive (because of accounting identities). We can see
in table 3 that this is the case of United States only.

Although there are no direct effects on the national income (GDP), the latter does
change, because of variations in the world demand structure and in the terms of trade.
The change is negative in USA, Eastern Europe and Former Soviet Union, and positive
for all remaining regions. Negative effects are associated with investment outflows and
net exports.

Interestingly, even if changes in the terms of trade are based on a sort of zero-
sum game for the regional economies (that is, a redistribution of world demand, under
constant endowments of primary resources), estimated variations in the GDPs (and
other macroeconomic variabldsyn out to be of the same order of magnitude of direct

expected damaggable 3), despite the fact that no damage is actually simulated here.

4 Consequences of Extreme Events on Regional Eco-
nomic Growth

Although changes in savings generate effects on the short run via changes in the de-
mand structure, the primary consequence of different saving levels is on the long run,

in terms of economic growth. For example, if people save more because they foresee a

15



future damage, the economy will grow faster (since capital stock will accumulate more
rapidly), until the time when the adverse event materializes. Then, the economy will
(temporarily) drop below the long run trend of growth. Analogously, if less damage is
expected, the economy will grow slower, but in a smoother way.

Effects on regional economic growth can be illustrated by means of a Ramsey dy-
namic model. The Ramsey model (described in Appendix B) is a standard tool of
applied and theoretical macroeconomics (see, e.g., Blanchard and Fisher (1989)). A
representative and infinite-living consumer is assumed to make choices about the share
of income devoted to savings and consumption in each period of time. Savings gener-
ate investments, more capital resources available in the future and, eventually, higher
future income and consumption levels. Therefore, the problem about how much to
save is casted in terms of a trade-off between current and future consumption. The
optimal saving plan is contingent on expectations about future income, which depends
on endogenous capital accumulation, as well as on exogenous events.

We calibrate a simple Ramsey model for the US economy, using the same aggregate
data of the CGE simulation. First, we generate a baseline path of economic growth,
under the assumption that no damages are produced by extreme events. Second, we
consider the problem of optimal consumption planning when there are expected dam-
ages in each year, rising linearly over time, in such a way that the expected damage for
the year 2050 is consistent with figures reported in Table 2. We then make the economy
initially growing on the basis of the faster capital accumulation process, associated with
higher saving rates. However, the economy does not initially suffer any damage.

We arbitrarily assume that, at the year 2030, a series of extreme events generate
damages, whose magnitude equals the total expected damage for the whole period
1997-2050. Although the representative agent faces a positive probability of occurence
of natural disasters in each year, and behaves accordingly, the damage is actually con-

centrated in a single year (2030). In other words, there is expected damage in each

16
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Figure 4: Differences in consumption and capital stock levels between the scenario
“with damages” and the “without damages” baseline.

year, and unexpected damage in 2030. Over the period 1997-2050, total expected dam-
age and total actual damage are equal: expectations are correct, but only on average.
We assume that damage implies destruction of capital resources (infrastructure). At
the year 2030, therefore, the US economy can produce less than previously expected,
so the agent has to revise the saving plan, on the basis of the new income level, still
expecting further possible damages in the future.

We are interested in comparing the two cases of baseline and alternative growth,
where the latter is generated through the combination of precautionary savings and
unexpected shocks on capital resources. Figure 4 displays the differences, over time,
in consumption and capital stock levels between the two cases. We report average
figures (in billions US$) for 5-year periods before and after the year 2030, as well as
for this year.

Before 2030, the representative agent begins accumulating more capital, as a reac-
tion to expectations about future losses in capital and income. However, no damage

materializes before 2030. Capital stock increases, and consumption slightly decreases,

17



because of the need of putting aside more income for bad times (although total income
also increases, because of more capital available).

At 2030, part of the capital stock is destroyed. Production and income fall, bringing
about lower consumption levels. However, consumption also fall because the income
share devoted to savings increases. This is due to the fact that the relative scarcity
of capital resources makes the capital more productive at the margin. This amounts
to saying that the real interest rate increases, making savings more attractive vis-a-vis
current consumption.

After 2030, capital accumulates in accordance with the new saving plan. As we do
not simulate any further shock in the economy, capital starts rising again, eventually
reaching levels higher than in the baseline. Consumption, analogously, also follows the
higher growth path.

This illustrative excercise focuses on the US economy, since this is supposed to
be the biggest loser in terms of extreme events induced by the climate change. How-
ever, the reasoning applies to the other economies as well although, in the case of
expected benefits, it should be reversed. We can therefore interpret the implications of
expected damages in terms of growth volatility: more vulnerable economies become

more volatile, in their path of economic growth, and vice versa.

5 Conclusion

In this paper, we analyzed the economic impact of climate change in terms of extreme
events and natural disasters. We have not considered the case of a major catastrophic
event (like a collapse of thermoaline circulation), for which scientific evidence is in-
sufficient. Rather, we focused on extreme phenomena (floods, hurricanes, etc.), that
already affect several zones in the world, especially in tropical regions.

Climate change can potentially influence when and how natural disasters occur,
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possibly through its effects on the El Nifio Southern Oscillation and the North At-
lantic Oscillation. These are macro-scale phenomena, which in turn affect meso-scale
variables, like regional wind circulation, humidity, etc. Climate scientists are actively
studying these relationships, but a model directly linking climate change to local ex-
treme weather conditions is not yet available. For this reason, we rely on a relatively
simple statistical analysis, focusing on the correlation between ENSO/NAO states and
extreme events, on one hand, and between temperature changes and oceanic circulation
patterns, on the other hand.

Some links are found to be statistically significant, some others are not, but nonethe-
less all estimates are surrounded by uncertainty. Therefore, our simulation exercises are
only meant to provide an illustrative analysis of the economic implications of higher or
lower frequency of extreme events in different regions of the world.

From an economic point of view, we found that consequences are mainly of the
distributional type, for two reasons. First, some extreme events will happen more of-
ten, some other events less often. Some regions will be hit more frequently, some other
regions less frequently. Second, changes in the demand structure will be induced by
increased or decreased likelihood of extreme events, thereby affecting regional com-
petitiveness and the terms of trade. An interesting finding is that short-term indirect ef-
fects, only due to a redistribution of demand, without any loss of productive resources,
can be of an order of magnitude comparable to those of direct damages, generated by
extreme events.

We have also pointed out the implications of a changing saving propensity on the
regional economic growth. Regions expecting more damage from extreme events will
experience more variability in economic growth: capital stock accumulates faster, but
it is subject to periodic (partial) destructions. On the other hand, regions expecting
a reduced total burden from extreme events will exhibit a relatively steadier growth,

around a long term trend.
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Appendix A: Concise Description of the GTAP-EF Model
(Static)

The GTAP model is a standard CGE static model, distributed with the GTAP database
of the world economywww.gtap.org ).

The model structure is fully described in Hertel (1996), where the interested reader
can also find various simulation examples. Over the years, the model structure has
slightly changed, often because of finer industrial disaggregation levels achieved in
subsequent versions of the database.

Burniaux and Truong (2002) developed a special variant of the model, called GTAP-
E, best suited for the analysis of energy markets and environmental policies. Basically,

the main changes in the basic structure are:

e energy factors are taken out from the set of intermediate inputs, allowing for
more substitution possibilities, and are inserted in a nested level of substitution

with capital,

e database and model are extended to accoudt @y emissions, related to energy

consumption.

The model described in this paper (GTAP-EF) is a further refinement of GTAP-E, in
which more industries are considered. In addition, some model equations have been
changed in specific simulation experiments. This appendix provides a concise descrip-
tion of the model structure.

The model is currently available in two versions: recursive dynamic and compar-
ative static. The dynamic version generates a sequence of temporal equilibria, linked
by capital and debt accumulation. The comparative static version, the one used in this

paper, is instead used to get counterfactual scenarios from baseline reference equilibria.
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A key characteristic of the static model is that the baselines refer to hypothetical equi-
libria in the future, rather than, as it is standard in the CGE methodology, to calibration
equilibria in the past.

We derived benchmark data-sets for the world economy at selected future years
(2010, 2030, 2050), using the methodology described in Dixon and Rimmer (2002).
This entails inserting, in the model calibration data, forecasted values for some key
economic variables, to identify a hypothetical general equilibrium state in the future.
Since we are working on the medium-long term, we focused primarily on the supply
side: forecasted changes in the national endowments of labour, capital, land, natural
resources, as well as variations in factor-specific and multi-factor producfivit\pst
of these variables are “naturally exogenous” in CGE models. In some other cases we
considered variables, which are normally endogenous in the model, by modifying the
partition between exogenous and endogenous variables.

As in all CGE models, GTAP-EF makes use of the Walrasian perfect competition
paradigm to simulate adjustment processes, although the inclusion of some elements
of imperfect competition is also possible. Industries are modelled through a represen-
tative firm, minimizing costs while taking prices are given. In turn, output prices are
given by average production costs. The production functions are specified via a se-
ries of nested CES functions, with nesting as displayed in the tree diagram of figure
5. Notice that domestic and foreign inputs are not perfect substitutes, according to the
so-called “Armington assumption”, which accounts for product heterogeneity. In gen-
eral, inputs grouped together are more easily substitutable among themselves than with

other elements outside the nest. For example, imports can more easily be substituted

16\e obtained estimates of the regional labour and capital stocks by running the G-Cubed model (McKib-
bin and Wilcoxen (1998)). We got estimates of land endowments and agricultural land productivity from the
IMAGE model version 2.2 (IMAGE (2001)). A rather specific methodology was adopted to get estimates
for the natural resources stock variables. As explained in Hertel and Tsigas (2002), values for these variables
in the original GTAP data set were not obtained from official statistics, but were indirectly estimated, to
make the model consistent with some industry supply elasticity values, taken from the literature. For this
reason, we computed stock levels in such a way that prices of natural resources vary over time, in the baseline
scenario, in line with the GDP deflator.
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Figure 5: Nested tree structure for industrial production processes

in terms of foreign production source, rather than between domestic production and
one specific foreign country of origin. Analogously, composite energy inputs are more
substitutable with capital than with other factors.

A representative consumer in each region receives income, defined as the service
value of national primary factors (natural resources, land, labour, capital). Capital
and labour are perfectly mobile domestically but immobile internationally (although
foreign investment is possible). Land and natural resources, on the other hand, are
industry-specific.

This income is used to finance three classes of expenditure: aggregate household
consumption, public consumption and savings (figure 6). The expenditure shares are
generally fixed, which amounts to saying that the top-level utility function has a Cobb-
Douglas specification. Also notice that savings generate utility, and this can be in-
terpreted as a reduced form of intertemporal utility. Public consumption is split in a
series of alternative consumption items, again according to a Cobb-Douglas specifica-

tion. However, almost all expenditure is actually concentrated in one specific industry:
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Non-market Services. Private consumption is analogously split in a series of alterna-
tive composite Armington aggregates. However, the functional specification used at
this level is the Constant Difference in Elasticities form: a non-homothetic function,
which is used to account for possible differences in income elasticities for the various
consumption items.

In the GTAP model and its variants, two industries are treated in a special way and
are not related to any country, viz. international transport and international investment
production. International transport is a world industry, which produces the transporta-
tion services associated with the movement of goods between origin and destination
regions, thereby determining the cost margin between f.o.b. and c.i.f. prices. Trans-
port services are produced by means of factors submitted by all countries, in variable
proportions.

In a similar way, a hypothetical world bank collects savings from all regions and
allocates investments so as to achieve equality of expected future rates of return. Ex-
pected returns are linked to current returns and are defined through the following equa-

tion:

Ke,\ *
ii=r () )

where: r is the rate of return in region (superscript stands for expected, for
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current ), Kb is the capital stock level at the beginning of the ydae, is the capital
stock at the end of the year, after depreciation and new investment have takerpplace,
is an elasticity parameter, possibly varying by region.

Future returns are determined, through a kind of adaptive expectations, from current
returns, where it is also recognized that higher future stocks will lower future returns.
The value assigned to the paramei@etermines the actual degree of capital mobility
in international markets. Since the world bank sets investments so as to equalize ex-
pected returns, an international investment portfolio is created, where regional shares
are sensitive to relative current returns on capital. In this way, savings and investments
are equalized at the international but not at the regional level. Because of accounting
identities, any financial imbalance mirrors a trade deficit or surplus in each region.

A general equilibrium is said to exist if demand clears supply in all markets: goods,
services and primary resources. Structural parameters of the model are calibrated,
which amounts to assume that the world economy is in a hypothetical equilibrium
state at a base year. Comparative static simulation exercise are performed by shocking

exogenous variables and parameters.
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Appendix B: A Ramsey Model of Economic Growth

To study the implications of extreme events damages on regional economic dynamics,
we adapted a standard Ramsey model (from Ramsey (1928)), in the version proposed
by Manne (1986).

A consumer maximizes a discounted logaritmic utility of consumption:

T
U=) p'loge (®)

t=0
whereg is a subjective discount factor (0.95 in our simulation). Income is produced
using exogenous factors (exogenously growing at 2% in our exercise) and capital

stockk. Income can be consumeg) or saved ¢) in each period:

n%fak? =c;+ 8¢ (9)

Exogenous factors and initial capital are given. In our setting, initial capital and the
parametery are set at values consistent with the GTAP 5 data set for 1997 (time zero),

for the US economy. Capital accumulates according to:

kiv1 = (1 —0)ks + st — di (10)

whered is a depreciation factor (4%), addtands for damage (capital destruction).
When the consumer selects an optimal saving plan, by maximizingd(8fers to
damage at yedras expected at tim@& The expected damage for year 2050 is the one
reported for USA in Table 2. When (8) is used to generate actual dynamic plaths,
refers to actual damage (in our simulations, always zero, except at year 2030).

The model specification is completed with terminal conditions for the final Jear
chosen in such a way that the numerical model replicates the outcome of a theoretical

model with infinite horizon.
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