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Abstract 

This paper presents a methodological roadmap to assess macro-
economic damages from climate change. To do so, it explores a 
single manifestation of climate change in a single location: an 
increase in hurricane intensity in the United States. The presentation 
starts from a global climate change, namely a homogenous 10 
percent increase in hurricane potential intensity, and follows the 
causal chain to total macro-economic losses. First, the large-scale 
change is downscaled to a spatial scale pertinent to investigate 
socio-economic impacts. Here, the Emanuel hurricane model is used 
to estimate present and future local landfall probabilities. Second, a 
statistical analysis of historical landfalls is used to translate these 
probability changes into direct economic losses. The paper also 
discusses several adaptation strategies that could be implemented to 
limit these losses. Finally, a modified Input-Output model is used to 
investigate indirect losses due to macroeconomic mechanisms and 
feedbacks. This model translates the changes in direct losses into 
changes in total losses. The model suggests that total losses increase 
non-linearly, amplifying the role of the most extreme events. The 
paper then proposes adaptation strategies that can reduce indirect 
losses by improving the ability of the economy to reconstruct and 
deal with the consequences of disaster. 
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1 Introduction and Motivation 

Estimating the economic consequences of climate change is a 
tricky task for various reasons. The first one is that climate and 
weather influence, more or less, almost all human activities from 
leisure to industrial production.  Assessing this influence is made 
difficult by the multiplicity of these human activities. But even when 
considering only a few activities, the task remains problematic. 
Indeed, uncertainties are large in all components of the analysis. The 
future economy that will be impacted by climate change will differ 
from today’s economy, and even small changes in economic 
development can make a difference in climate change impacts. For 
example, a reduction in poverty and an improvement in housing 
quality can reduce vulnerability to climate change. Climate change 
impacts will therefore vary with levels of economic development as 
well as with levels and types of climate change. 

But future economies are not the only unknown components: 
future climate is also uncertain. While there is an agreement about 
the largest patterns of climate change (IPCC, 2007), local changes 
are still very uncertain. Unfortunately, impacts are mainly at the 
local scale, and this uncertainty makes it very difficult to investigate 
climate change impacts. 

Also, all economic agents will respond to climate impacts by 
implementing adaptation strategies, therefore reducing damages. 
Their ability to do so, however, is difficult to predict, as it depends 
on the ability to detect a change in climate conditions in due time, to 
develop technical or institutional responses to this change, and to 
implement these responses in an efficient way (Hallegatte, 2007a). 
Past experience shows that detection failure, ill-adaptation, and 
over-reactions are common in such situations.  This makes the 
efficiency of adaptation dependent on subtle local factors, which are 
difficult to measure and predict. 

Finally, even when impacts can be estimated with some level of 
confidence, e.g. an impact on agriculture in a region, the indirect 
effects of this impact on the entire society or economy is very 
difficult to assess. For instance, if one important sector of the 
economy is made unprofitable by climate change, the overall impact 
on the economy depends on complex interaction of factors including 
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the ability of workers to shift to other economic sectors, the ability 
of investors and entrepreneurs to create rapidly profitable activities 
in new sectors, and the ability of the government to facilitate the 
transitions and support the households in difficulty.  

 
In spite of these difficulties, this paper aims at proposing a 

methodological roadmap to assess sectoral and regional impacts of 
climate change. To highlight methodological issues, it focuses on 
one well-studied phenomenon – hurricanes –, on one period of time 
– the end of this century –, and on one well-studied region, the U.S. 
Atlantic and Gulf coastline. The paper proposes an assessment of the 
additional hurricane losses due to climate change over this region 
and at this time. It summarizes and combines several analyses from 
different disciplines, namely climatology, engineering and economy, 
within an interdisciplinary framework that is presented in Fig. 1. The 
methodology that is described could then be adapted to other regions 
and other climate change phenomena (e.g. winterstorms, flood, etc.). 
Most importantly, the present paper emphasizes the main difficulties 
in the assessment of the economic impacts due to climate change, 
and highlights issues on which additional research is needed.  

 
The study of hurricane risk in the U.S. is a good candidate to 

demonstrate such a methodological roadmap because hurricanes 
represent a real concern in the U.S. and in the rest of the world. 
Indeed, many recent hurricane seasons have been particularly active, 
and the 2005 season remains the most active in recorded history, 
with 28 tropical storms, 15 hurricanes, 7 strong hurricanes (category 
3 and higher); Wilma was the most intense hurricane ever observed 
over the North Atlantic. Some have argued that the level of 
hurricane activity in the North Atlantic exhibits inter-decadal 
oscillations that fully explain the present level of activity (e.g., 
Landsea, 2005), while others have suggested that climate change is 
responsible for the current situation (Emanuel, 2005; Webster et al., 
2005). Regardless, the uninterrupted rise in social vulnerability (e.g., 
Pielke, 2005; Pielke et al., 2007), combined with the possibility that 
climate change may increase future hurricane intensity and 
frequency has raised concerns about the management of hurricane 
risks in the U.S. Investigating hurricane risks in relation to climate 
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change is also important because of the high cost of coastal 
protection and because of the lifetime of these infrastructures. This 
long lifetime makes it essential to anticipate future changes in 
hurricane risks to avoid infrastructure ill-adaptation and sunk costs 
(see, e.g., Hallegatte, 2006).  

 
 

 
Figure 1: The different components necessary to assess climate change impacts. 

In the course of this century, climate change will modify many 
identified drivers of hurricane activity (see, e.g., Bove et al., 1998; 
Murnane et al., 2000; Elsner et al., 2000; Elsner et al., 2001; Jagger 
et al., 2001; Emanuel, 2005): sea surface temperature, vertical wind 
shear, global circulation, tropopause temperature, El Niño and NAO 
properties, etc. The following considers only an increase in potential 
intensity, which summarizes not the full set of drivers but only the 
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thermodynamical drivers of hurricanes. This paper assumes a global 
10-percent increase in potential intensity, which corresponds 
roughly to a 2°C warming of the Atlantic Ocean (Emanuel, 2005), 
all other environmental drivers being unchanged. A more detailed 
analysis accounting for other parameters will be published in a 
follow-up article. 

 
One major drawback of the present analysis is that uncertainty is 

discussed but is not quantified, because only one model is used in 
each component of the analysis. As a consequence, this paper 
proposes only one estimate of the climate change influence on 
hurricane losses. To inform public policy and guide adaptation 
strategies, however, a best guess is insufficient: an uncertainty 
estimate, or at least an assessment of confidence level, would also be 
necessary (on this issue, see the IPCC guidelines, Manning et al, 
2004, and a discussion in the conclusion of this article).  Another 
drawback is that climate change will occur in many other forms than 
through shifts in hurricane activity.  Hurricanes in the U.S. coastline 
represent only a part of the climate change impacts in this region and 
other perils need to be considered in conjunction (e.g., sea level 
rise). However, the narrow focus here is consistent with the aim of 
this paper, which is to demonstrate a methodology to estimate 
climate change damages rather than to provide new estimates of 
aggregate climate change damages. 

 
The paper is organized following the causal chain from global 

climate change to economic damages, which is presented in Fig. 1. 
Section 2 will describe the socio-economic, emission and climate 
scenarios that are used in this article. Section 3 shows how to 
downscale simulations of global climate change, i.e. how to translate 
climate change information at the pertinent scale of analysis. Section 
4 translates the changes in hurricane risk into changes in direct 
losses caused by hurricanes in the U.S. Atlantic and Gulf coastline. 
Section 5 translates these changes in direct losses into indirect 
economic impacts, taking into account macroeconomic feedbacks 
and limitations in reconstruction capacity, and provides a mean to 
estimate total macro-economic costs of the change in hurricane 
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activity. Section 6 concludes from a methodological and substantive 
point of view, and highlights the need for future research. 

2 Socio-economic, emission and climate scenarios 

The first information that is needed to carry out an impact 
assessment is the baseline (or control) scenario, i.e. a scenario in 
which no climate change is included. Such scenarios have been 
developed by the Intergovernmental Panel on Climate Change 
(IPCC), in the Special Report on Emission Scenarios (SRES, 
Nakicenovic and Swart, 2000). The numerous SRES scenarios 
describe the world evolution in terms of demography, technology 
and economy, with different assumptions about, for instance, how 
the world becomes more globalized or remains regionalized or how 
economic development focuses on industrial production. These 
scenarios, however, are at a very low spatial resolution, considering 
only large regions. 

 
From these socio-economic scenarios, global emission scenarios 

can be derived, for all greenhouse gases (GHG). From GHG 
emissions, carbon cycle and climate models (or General Circulation 
Models, GCMs) can produce climate scenarios, i.e., possible 
evolutions of all meteorological variables (temperature, 
precipitation, wind, pressure, etc.) at a resolution of about 200 km.  

 
Both the socio-economic and climate scenarios, therefore, are 

not at a resolution that would allow a local impact analysis to be 
carried out. Hurricane damages, indeed, depend on population and 
exposure in coastal areas, on building norms, on wind speed at the 
scale of a neighbourhood, and other local information. This 
information, obviously, is not available in the scenarios developed at 
the global scale. 

 
First, therefore, an impact assessment requires a socio-economic 

downscaling, i.e. the development of a local scenario that describes 
the socio-economic conditions at a pertinent scale. This is very 
difficult, because predicting social and economic trends is almost 
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impossible. An alternative, therefore, is to consider the current 
society and economy, and to assess the impact the future climate 
would have on current societies and economies. The drawback of 
such an approach is that vulnerability can change over time, as 
explained in Section 4.2. This is especially the case in developing 
countries where (i) the shift from the primary sector (agriculture) to 
other economic sectors reduces the vulnerability to climate events; 
(ii) the improvement in the standards of living (especially for 
housing quality) limits damages due to extreme weather; (iii) 
governments and local institutions become more able to implement 
mitigation policies and emergency measures. In developed countries, 
however, this difficulty in assessing future vulnerability is less 
serious, because economic changes that are expected in the next 
decades are less dramatic. The advantage of considering the current 
economy, moreover, is to control uncertainty and reduce the number 
of unknown parameters in the analysis.  

 
Then, climate change also needs to be downscaled at the spatial 

scale that allows for impact analysis. The next section will discuss 
the methods to do so. 

3 Downscaling from global climate change to local impacts 

To assess climate change impacts, one usually starts from one or 
several socio-economic scenarios and uses one or several GCMs to 
create “climate scenarios”, i.e. low-resolution global simulations of 
climate change. Typically, GCMs will be able to provide time series 
for meteorological variables with a very short time sampling (up to 
hourly) and a medium to low resolution at the horizontal scale (so 
far, up to 100 km). Such a spatial resolution is sometimes good 
enough to carry out impact analyses, e.g. to assess the impact on 
agriculture or forestry.  

 
Quite often, however, impacts are precisely localized, and a 

higher resolution is needed. It is the case when local characteristics 
play an important role and when weather conditions have a high 
variability. Such a situation occurs in mountain areas, where 
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orography is essential, or in cities, where the urban heat island can 
play a significant role. In such situations, it is necessary to 
downscale GCM output, to get climate scenario at a resolution that 
is high enough to be used in impact models. Some sort of 
downscaling is also needed when the phenomena that one wants to 
consider are too small to be adequately reproduced by GCMs. 
Examples of such phenomena are heavy precipitations that have a 
spatial scale of the order of a few kilometres or tropical cyclones. 
Tropical cyclones cannot be reproduced by GCM because their 
intensity depends on small-scale processes around the eye that a 
100km-resolution model cannot resolve.  

 
There are two ways of downscaling: using statistical methods or 

physical models. The first method uses statistical relationships, 
calibrated on historical data, to relate large-scale drivers – which 
GCMs can reproduce – to local phenomena – which GCMs cannot 
reproduce. Even though our knowledge of the laws of physics helps 
selecting potential predictors, this method is not directly based on 
physical laws. Example of this method applied to hurricanes is 
provided by Elsner and Jagger (2006), who estimate the return level 
of extreme hurricane wind on the U.S. coastline, as a function of 
global climate indices like ENSO and NAO. Statistical methods 
have often a good prediction skill. Statistical models, however, have 
two main drawbacks: first, they need long series of reliable data; 
second, it is difficult to know the validity domain of statistical 
relationships. While physical laws will not change in the future, a 
statistical relationship can be different in a different climate. For 
instance, the correlation between sea surface temperature and 
hurricane intensity is very strong in the present climate (see, e.g., 
Emanuel, 2005), but it does not mean that if climate gets 2°C 
warmer, hurricane intensity will automatically increase: the effect of 
a local or temporary perturbation may be different from the effect of 
a global or permanent change.  

 
To avoid this validity problem, one may use physical models, 

which often have a lower skill than statistical models (see an 
example on hurricanes in Emanuel et al., 2006), but which are based 
on physical laws that will not change in the future. These physical 
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models, used to downscale GCM output, can be Regional Climate 
Models (RCM) that take as input a large-scale forcing produced by 
GCM (see examples of this approach in Christensen and 
Christensen, 2007), or specific models like hurricane models. An 
example of application of this method on hurricanes is provided by 
Emanuel (2006), who uses a hurricane model that takes as input 
large-scale conditions (vertical wind shear, potential intensity, etc.), 
and provides hurricane tracks and intensity. Of course, physical 
models often require calibration, so that the distinction between 
physical models and statistical models is sometimes fuzzy. 

 
As an illustration of the methodology, the present paper 

summarizes the main findings of Hallegatte (2007a), which 
investigates the changes in hurricane risk due to a 10-percent 
increase in potential intensity. To do so, this work uses the synthetic 
hurricane tracks, which were produced using a physical model 
described in Emanuel (2006). Two sets of tracks are used. First, a set 
of 3000 tracks (with 1862 landfalls), which has been produced using 
large-scale drivers that correspond to the present climate. This set is 
referred to as Present Climate (PC). Second, another set of synthetic 
tracks, which has been produced assuming a 10 percent increase in 
potential intensity, compared with the present climate conditions. 
Such an increase in potential intensity, together with other 
environmental changes and with a large uncertainty, is expected at 
the end of this century (Emanuel, 2005). This set also contains 3000 
tracks, with 1912 landfalls, and is hereafter referred to as Modified 
Climate (MC). Comprehensive description and validation of these 
synthetic tracks are provided in Emanuel (2006). 

 
These tracks are used to assess how the increase in potential 

intensity could modify the annual probability of hurricane landfall 
on the U.S. Atlantic and Gulf coastline. Figure 2 shows these 
probabilities as derived from the HURDAT database, from the 
Emanuel’s model in the present climate, and from the Emanuel’s 
model in a climate where potential intensity has increased by 10 
percent. It can be seen that the model is able to reproduce fairly well 
the historical probability of landfall, except for the weakest 
hurricane of category one. This discrepancy arises probably from the 
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track model that assumes that the storm is well structured, which 
might not be the case of weak storms. For the strongest hurricanes, 
of category 2—5, the model fits well with present-day data. For 
these intense hurricanes, the model predicts an increase in the annual 
probability of landfall, and the higher the category, the larger is the 
probability increase. For category 5 hurricanes, the annual 
probability of landfall even soars from 7 percent to 21 percent, 
suggesting that the risk of large-scale disaster could be significantly 
increased by climate change. 
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Figure 2: Annual probability of landfall of a hurricane of a given category, according to 
historical data (HURDAT), and synthetic tracks in the present (PC) and modified (MC) climate. 

More useful for risk analysis, Table 1 and 2 provides the annual 
probability of landfall for the five categories of the Saffir-Simpson 
scale, in 11 regions of the U.S. Atlantic and Gulf coastline (see the 
region definition in Hallegatte, 2007a or in the United States 
Landfalling Hurricane Project website, http://www.e-
transit.org/hurricane/map.asp). These tables highlight where 
hurricane risk could be enhanced. In particular, one can notice (i) the 
10-fold increase in the category-5 landfall probability in region 3, 
which includes New Orleans; (ii) the possibility of category 4 
landfalls in the regions 9, 10, and 11, that lies from Virginia State to 
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the Canadian border and include Washington D.C., New York City, 
Boston, and several other major American cities. 

 
 Category 
Region 

1 2 3 4 5 

1 8.9% 2.6% 1.0% 2.9% 0.0% 
2 17.0% 3.2% 2.6% 3.2% 0.6% 
3 11.6% 4.8% 3.6% 2.3% 0.3% 
4 14.2% 5.5% 3.6% 1.0% 1.3% 
5 22.1% 6.4% 7.3% 5.1% 3.6% 
6 4.2% 1.9% 1.6% 0.3% 0.0% 
7 6.1% 4.8% 3.9% 1.3% 0.6% 
8 5.8% 1.3% 2.9% 2.3% 0.3% 
9 7.0% 2.6% 0.6% 0.0% 0.0% 
10 2.3% 0.6% 0.0% 0.0% 0.0% 
11 1.3% 1.0% 0.3% 0.0% 0.0% 

Table 1: Annual probability of landfall of a hurricane of each category, in the 11 regions, for the 
present climate. 

  Category 
Region 

1 2 3 4 5 

1 13.9% 2.9% 2.9% 3.9% 1.9% 
2 22.8% 7.3% 5.8% 3.2% 3.6% 
3 15.6% 5.8% 6.7% 2.9% 2.9% 
4 20.5% 7.0% 6.7% 3.2% 2.3% 
5 26.9% 9.8% 10.4% 6.4% 9.5% 
6 6.4% 3.6% 1.6% 1.0% 0.0% 
7 7.0% 3.9% 2.9% 5.5% 2.3% 
8 6.7% 3.2% 3.6% 4.2% 0.3% 
9 9.8% 5.1% 1.3% 0.3% 0.0% 
10 2.9% 0.3% 0.0% 0.3% 0.0% 
11 2.9% 0.6% 0.3% 0.3% 0.0% 

Table 2: Annual probability of landfall of a hurricane of each category, in the 11 regions, for the 
Modified Climate (MC). 

These results are useful because they describe how hurricane 
risks could change, which is the most important information for risk 
managers. They do not tell anything, however, about the economic 
impact of such a change. To investigate this question, it is necessary 
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to go from hurricane risks – expressed in terms of probability – to 
the direct losses – expressed in terms (i) of mean annual direct losses 
and (ii) of probability of exceeding a given level of losses. In 
particular, these two variables are of the foremost importance for the 
insurance industry that needs to assess insurance premiums and 
capital requirements. 

4 From local impacts to direct losses 

This section assesses how changes in hurricane risk could 
translate into changes in “direct losses”, i.e. in the value of the 
damages to property caused by the hurricane. It is important to note 
that this paper does not consider fatalities and injuries. This choice 
can be justified by the fact that, in most cases, fatalities and most 
injuries due to hurricanes can be avoided thanks to warning systems 
and evacuation schemes, as shown by the usually small number of 
fatalities in developed countries. Hurricane Katrina is an outlier in 
terms on human toll, but such a situation is exceptional and could 
have been avoided thanks to a more efficient warning and 
evacuation system. One can expect, therefore, that the human toll of 
hurricane will remain very low in the future and can, therefore, be 
disregarded in this analysis. 

4.1 Assessing direct losses 

There are two methods to assess how a change in hurricane risks, 
including surge and wind, would translate into destruction of 
buildings, equipment and infrastructure. The first one is based on 
physical models, while the second one is purely statistical.  

 
In most cases, physical models have been developed by 

consulting companies that advise the insurance industry and help 
them assess their level of risk. These models are based: (i) on a 
comprehensive dataset of the exposure, i.e. the characteristics and 
value of the property exposed to a hazard at a fine spatial resolution; 
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and (ii) on vulnerability models, which relate wind speed, flooding 
depth and any other physical description of a disaster, to a damage 
ratio, which is the share of the exposure that is destroyed or 
damaged for a given hazard level. These models describe a hurricane 
by its wind field and storm surge and estimate damages to 
properties. The drawback of these models is the amount of data they 
require – this information is for instance not available for developing 
countries – and the fact that it is particularly difficult to create 
scenarios to project exposure over long timescales. 

 
Statistical models, on the other hand, can be very simple. They 

use past hurricanes, and data on the resulting direct economic losses 
to create statistical relationships able to predict future damages 
(Howard et al., 1972; Nordhaus, 2006; Hallegatte, 2007a; Sachs, 
2007).  

 
In Hallegatte (2007a) each coastal county is considered 

separately, using the normalized damages proposed by Pielke and 
Landsea (1998) and refined in Pielke et al. (2007). In this data set, 
historical hurricane losses, due to wind and surge, are normalized to 
remove the influence of changes in population, wealth and price 
level. As a consequence, for a given hurricane, the dataset estimates 
the amount of losses that would result if it occurred today. One can 
assume that the normalized losses due to a hurricane making landfall 
in the coastal county i depend upon the hurricane intensity and on 
the vulnerability of the landfall county.  This can be approximated 
by: 

3WL i ⋅= α  

where W is the maximum wind speed of the hurricane (as 
provided for instance by the HURDAT database), and αi is a 
vulnerability parameter, which describes the vulnerability of the 
entire U.S. to a hurricane making landfall in the coastal county i 
(even if all the losses are not only in the county i). It is interesting to 
note that losses are assumed here to depend on the cubed wind 
speed, which is a proxy for the energy dissipated by the hurricane. 
This relationship is very conservative compared with other analyses: 



14  

the statistic analysis by Sachs suggests a much larger value of 6.3; 
Howard et al. (1972) suggest a mean value of 4.36; and Nordhaus 
(2006) cites values between 4 and 9. Of course, the larger this value, 
the larger is the sensitivity of direct losses to a change in hurricane 
intensity, and our analysis can be considered as conservative on this 
point. 

 
In spite of data availability problems, this method provides an 

assessment of local vulnerability parameters, which are reproduced 
in Fig. 3. Most of these values are consistent with what one can 
expect, with large values in New York, Miami, New Orleans, 
Galveston and Currituck County, but an unrealistic value appears in 
the Lee County. As an illustration of data availability issues, 
negative bars show counties where no landfall occurred in the recent 
past and where no vulnerability information can be estimated.  
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Figure 3: Historical local vulnerability coefficients, coastal county per coastal county. The 
negative bars represent the counties where no data is available. 

Using this assessment of county vulnerability, one can estimate 
the mean direct losses due to a set of synthetic hurricanes. For the 
present climate, this method gives a value of 1578 million U.S.$ per 
landfall and 980 million U.S.$ per track. These values are close to 
historical values, which are 1833 million U.S.$ per landfall and 1005 
million U.S.$ per track. Hallegatte (2007a) shows that the difference 
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between values estimated from the model and the historical values is 
not statistically significant.  

 
Using these values, and assuming that there is no change in price 

level, wealth and population, one can produce an estimate of how a 
change in hurricane intensity or frequency would translate in terms 
of direct losses. Here, with the Modified Climate assumption with a 
10-percent increase in potential intensity, annual direct hurricane 
losses increase by 54 percent, from about $8 billion to about $12 
billion. This cost could then be adjusted as a function of 
expectations about how the region will develop (how the population 
will change, how wealthy this population will be, where and how the 
population will settle). Regardless, this 54-percent increase in the 
mean annual normalized loss is significant, but it does not seem 
really threatening for this region, which is one of the richest in the 
world. This change, nevertheless, should cause an equivalent rise in 
insurance premiums that can create local issues of insurance 
affordability (e.g., see RMS, 2006, on the insurability of New 
Orleans).  

 
Possible changes in the frequency of extreme hurricanes, 

however, are more worrying: among the 3000 tracks produced by 
the hurricane model in the present climate, only 59 cause direct 
losses exceeding $10 billion, and only 4 exceeding $50 billion. 
Among the 3000 tracks produced for a climate in which potential 
intensity has been increased by 10 percent, as many as 99 cause 
direct losses above $10 billion, and 10 cause direct losses above $50 
billion. Figure 4 shows the major increase in the probability of the 
most intense and destructive hurricanes. More than the change in 
annual losses, therefore, it is the doubling of catastrophic event 
frequency that seems the most problematic for society and the 
economy.  

 
One important drawback of this assessment is that sea level rise 

is neglected, even though it is likely to cause a large increase in 
coastal flooding risks in the future. Nicholls et al. (2007), for 
instance, found that a 50 cm sea level rise would double the 
population exposed to the 100-yr flood event in Miami and Greater 
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New York. A more complete analysis would have to take into 
account this important factor. 
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Figure 4: Cumulative distribution of hurricane losses, including wind and surge, in the present 
climate and in a climate in which the potential intensity has been increased by 10 percent. For 
instance, this figure shows that the 0.10% probability event causes about $55 billion losses in the 
present climate but up to $90 billion in the modified climate.  

4.2 Adaptation, positive and negative effects 

Since the analysis uses normalized losses that remove the 
influence of inflation, population and wealth, one can then use 
scenarios about how these parameters will change in the future to 
estimate the value of future losses. But this approach cannot take 
into account other changes, like building norms, protection 
measures, etc. Only physical models can explicitly take into account 
how, for example, a change in building norms could reduce 
hurricane losses.  

 
Numerous actions have been undertaken in the last one hundred 

years to reduce hurricane damages and these actions demonstrate 
that adaptation can be effective.  First, there are investments in new 
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protection infrastructures like flood protection systems, dams and 
building elevations. For example, the sea wall built in Galveston in 
the aftermath of the 1900 hurricane largely mitigated the 
consequences of Alicia’s landfall in 1983. On a smaller scale, the 
town of Belhaven, Florida, in the aftermath of hurricane Fran (in 
1996), implemented a program to elevate 379 houses. When 
hurricane Floyd struck in 1999, damages were reduced by 80%, 
thanks to this program (Williams, 2002). Hopefully, the new 
protection system that is currently built in New Orleans will be more 
efficient that the system in place before Katrina in 2005. 

 
Second, building codes have been improved and they have 

limited hurricane damages. The best example is the building code 
implemented in Florida after Andrew’s landfall, even though its 
effects are only starting to be visible. Also, existing norms have been 
enforced more rigorously, since hurricanes have shown that the lack 
of compliance with existing rules had significantly increased 
damages. The impact of building codes is far from negligible: 
according to Ryland (2002), “if all buildings in South Florida were 
either retrofitted or in compliance with the post-Andrew South 
Florida Building Code, or the new Florida Building Code that went 
into effect this year [2002], another Hurricane Andrew would cause 
only about half as much damage to residences and 40 percent less 
damage to commercial property. The combined loss reduction would 
be about $10.4 billion, according to the study”.  

 
Third, hurricane track forecasts have improved and better 

warning systems have been implemented to help people and 
business to prepare for hurricane landfalls and avoid damages. With 
early warning, people and businesses can protect houses and 
suspend dangerous industrial processes, which in turn will reduce 
direct and indirect damages. For instance, flood damages experts 
quoted in Carsell (2004) estimate that a 48-hour warning can reduce 
flood damages by up to 50%, thanks to small-scale preparation 
actions inside houses. Also, protecting windows reduces wind 
damages by 12 to 54 percent (Williams, 2002). Preparing industrial 
facilities can also avoid large pollution and other ancillary damages 
that can be deadly and costly (e.g., RMS, 2005).  
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Fourth, individual responses to natural risks may have improved 

thanks to the direct observation of hurricane consequences or thanks 
to educational efforts implemented in disaster aftermaths.   Nathe 
(2000) assess the efficacy of public education to reduce earthquake 
losses and this analysis has parallels with other types of natural 
disaster.  

 
Most importantly for future vulnerability, much can be done to 

reduce risk through urban planning and land-use management 
(Burby and Dalton, 1994). According to the National Research 
Council’s Board on Natural Disasters (1999), “Communities can 
often achieve significant reductions in losses from natural disasters 
by adopting land-use plans,” and the Second National Assessment 
on Natural and Related Technological Hazards concluded that “No 
single approach to bringing sustainable hazard mitigation into 
existence shows more promise at this time than increased use of 
sound and equitable land-use management” (Mileti 1999). It seems, 
therefore, that including risk management in land-use planning could 
very efficiently reduce vulnerability to hurricanes and therefore 
reduce the direct losses from hurricane. The drawback of this 
method is its long timescale for implementation. A building has a 
long lifetime and the stock of buildings already present cannot be 
replaced instantaneously.  Better land-use management would 
reduce hurricane damages only after several decades. Looking 
forward to assess hurricane risks by the end of this century, 
however, it is possible that improved land-use and urban planning 
could decrease vulnerability and largely compensate for almost any 
increase in hurricane risk. 

 
When considering adaptation, however, one has to look at the 

details of how adaptation strategies can be implemented. In 
particular, as demonstrated in Hallegatte (2006) and Hallegatte et al. 
(2007a), uncertainty about future climate is a strong obstacle to the 
implementation of adaptation measures. Indeed, while the cost of 
adaptation is immediate, the benefits from adaptation measures are 
uncertain and delayed in the future. For instance, rejecting building 
permits in a zone that may become excessively vulnerable to 
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hurricane storm surge if hurricane intensity increases in the future 
has an immediate political and economic cost. But the benefits of 
such a measure, namely limiting losses from future property 
expropriation because hurricane risk has become too high, are 
uncertain. These benefits depend on how hurricane characteristics 
will change in the future, which is still largely unknown. It is 
understandable, therefore, that costly adaptation and risk-
management decisions are not always made, in spite of estimates 
suggesting that there will be long term benefits if climate change 
projections are correct. To improve this situation, innovative 
decision-making frameworks have to be promoted, especially those 
that favour decisions that can be reversed if necessary. As an 
example, allowing the urbanization of an area is hardly reversible: 
when buildings have been built, it is economically and politically 
costly to retreat from the area. On the opposite, prohibiting the 
urbanization of an area is highly reversible, since urbanization can 
then be allowed at any time and at no cost. In presence of 
uncertainty, the latter option should, therefore, be valued higher.  

 
Regardless, it is important to make a difference between (i) 

optimal adaptation measures that can be theoretically implemented if 
future climate and risks were known, and if decision-making 
processes were perfectly rational, and (ii) realistic adaptation 
strategies, that take into account political and economic constraints 
and uncertainties about future climate. 

 
To measure the benefits from adaptation measures, it is essential 

to take into account also their negative side-effects. For instance, in 
the case of coastal infrastructure to protect against storm surge such 
as sea walls, these may threaten the tourism industry because they 
change landscape, ecosystem health and beach leisure attractions. 
Coastal attractiveness for leisure and tourism activities is closely 
linked to various parameters such as landscapes (Lothian, 2006), the 
quality of the environment, water availability, etc. As a 
consequence, in some contexts, hard protection would simply not be 
an option.  
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Also, even if successful cases do exist, geographers around the 
world have repeatedly demonstrated that adverse effects of dike 
construction are almost the norm in the past decades (see e.g. 
Paskoff, 1994). Beach landscape degradation, marine ecosystem 
damage and loss of leisure activity (e.g. diving) would surely lead to 
a drastic reduction in tourism flows – or at least to a decrease in the 
willingness to pay of tourists – leading in turn to declining local 
incomes. Equally important, hard protection could contribute to fish 
stocks depletion by further damaging coastal ecosystems (Clark, 
1996). Since 90 percent of fishes depend on coastal zones at one 
point in their life cycle (Scialabba, 1998), such impacts could have a 
significant impact on economic income from fisheries.  

5 From direct losses to indirect losses 

Different actors in climate change risk management process are 
interested in different types of information. City planners and flood 
protection designers are mainly interested in landall probabilities; 
insurers focus on average annual direct losses and probabilities of 
exceeding a given level of damages. But national and local 
governments, when they perform cost-benefit analyses to assess the 
desirability of new infrastructure, cannot consider only direct losses. 
The communities they represent, indeed, suffer not only from direct 
loss but from total losses, which include many indirect effects 
including production losses during the recovery and reconstruction 
periods (see, e.g., Tierney, 1995; Pielke and Pielke, 1997; Lindell 
and Prater, 2003; Hallegatte et al., 2007b).  

 
Direct cost can be amplified (i) by spatial or sectoral propagation 

into the rest of the economic system over the short-term (e.g., 
through disruptions of lifeline services) and over the longer term 
(e.g., sectoral inflation due to demand surge, energy costs, insurance 
company bankruptcy, larger public deficit, or housing prices that 
have second-order consequences on consumption); (ii) by responses 
to the shock (e.g., loss of confidence, change in expectations, 
indirect consequences of inequality deepening); (iii) by financial 
constraints impairing reconstruction (e.g., low-income families 
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cannot finance rapidly the reconstruction of their home); and (iv) by 
technical constraints slowing down reconstruction (e.g., availability 
of skilled workers, difficulties in equipment and material 
transportation, difficulties in accommodating workers). 

 
To measure the impact of these effects, Hallegatte et al. (2007b) 

introduced the Economic Amplification Ratio (EAR), which 
measures the ratio between the overall economic cost and the direct 
loss due to a disaster. While this ratio is less than one for small-scale 
disasters, EAR is found, using a simple model, to increase 
dramatically for large-scale disasters like the New Orleans floods. 
This increase arises mainly from propagation effects between sectors 
or regions, and from the addition to capital replacement costs of the 
production losses during the reconstruction phase. For example, if a 
$1 million plant is destroyed and immediately rebuilt, the loss is 
equal to $1 million; if its reconstruction is delayed by one year, the 
total loss is the sum of the replacement cost and of the value of one 
year of production. For housing, the destruction of a house with a 
one-year delay in reconstruction has a total cost equal to the 
replacement cost of the house plus the value attributed to inhabiting 
the house during one year. The value of such production losses, in a 
broad sense, can be very high in some sectors, especially when basic 
needs are at stake (housing, health, employment, etc.). 

 
To carry out cost-benefit analyses in a fair way, indirect losses 

must be estimated in spite of the difficulties to do so. A model able 
to provide an assessment of a fraction of these indirect losses will 
now be proposed and applied, as an illustration, on the landfall of 
Katrina on Louisiana. This case study illustrates how indirect losses 
can be estimated, and how difficult this assessment is.  
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5.1 Assessing indirect losses 

5.1.1 Case study on Katrina and Louisiana 

The assessment of the total cost of disasters is the topic of 
intense research (e.g., Rose et al., 1997; Brookshire et al., 1997; 
Gordon et al., 1998; Cochrane, 2004; Okuyama, 2004; Rose and 
Liao, 2005; Greenberg et al., 2007). In this literature, however, 
nobody pretends to reproduce all the mechanisms involved in 
disaster aftermaths. In the present article, only two types of indirect 
effects are accounted for: (i) the propagation effect between sectors; 
(ii) the reconstruction duration and the production loss during this 
period.  

 
Many models used to assess disaster consequences are based on 

Input-Output (IO) models, which are powerful tools to assess how a 
shock, on one or several sectors, propagates into the economy 
through intermediate consumption and demand. In Hallegatte 
(2008a), a modified IO model has been proposed: the Adaptive 
Regional Input-Output (ARIO) model, which is based on IO tables 
and a hybrid modelling methodology, in the spirit of Brookshire et 
al. (1997). This dynamic model takes into account changes in 
production capacity due to productive capital losses and adaptive 
behaviour in disaster aftermaths. Importantly, the model takes as an 
assumption that the Louisiana economy will eventually return to its 
pre-storm situation. Of course, the uncertainty in results is still very 
high and the model results must be considered only as indicators of 
the disaster seriousness. 

 
As an illustration, this model is applied to the landfall of Katrina 

on Louisiana. Following the classification by the Bureau of 
Economic Analysis, the Louisiana economy is constituted of 15 
sectors: (1) Agriculture, forestry, fishing, and hunting; (2) Mining; 
(3) Utilities; (4) Construction; (5) Manufacturing; (6) Wholesale 
trade; (7) Retail trade; (8) Transportation and warehousing; (9) 
Information; (10) Finance, insurance, real estate, rental, and leasing; 
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(11) Professional and business services; (12) Educational services, 
health care, and social assistance; (13) Arts, entertainment, 
recreation, accommodation, and food services; (14) Other services, 
except government; and (15) Government. From the U.S. Input-
Ouput tables, a regional one for the state of Louisiana is built, and 
used to assess how the (very uncertain) sectoral losses due to Katrina 
(see Figure 5) translate into a macroeconomic production loss.  
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Figure 5: Sector-per-sector estimated losses due to Katrina in Louisiana. 

From these sectoral losses, the model simulates the 
reconstruction of the region, as shown in Figure 6. In its upper panel, 
this figure provides the evolution of the “regional economic 
production”, i.e. the sum of the value added by all sectors of the 
economy. In the bottom panel, one can see that the model predicts a 
reconstruction period of about 10 years.  

 
Comparisons with available data in Louisiana are proposed in 
Hallegatte (2008a). The orders of magnitude reproduced by this 
model are realistic, with an instantaneous production reduction of 8 
percent after the shock, and a production loss over the four last 
months of 2005 of 2.8 percent of annual Gross State Product. This 
production loss underestimates the observed growth loss, which is 
close to 4.5 percent according to BEA data when exogenous growth 
is removed. This underestimation is likely to arise from the model 
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inability to reproduce the New Orleans disorganization in the 
months following Katrina, which is caused by lifeline interruptions, 
bankruptcy, and supply-chain issues. Additionally, the political and 
practical issues linked to the reconstruction of New Orleans are not 
taken into account. 
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Figure 6: Louisiana output variation, in percent of pre-Katrina output (upper panel); and 
reconstruction needs in U.S.$ billion (bottom panel). 
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This model also provides the evolution of the production of each 
sector over time, as shown in Fig. 7. This figure shows (i) the 
generalized decrease in production following the event (the 
horizontal blue region); (ii) the large increase in production in the 
construction sector (sector #4) caused by the large demand for 
reconstruction, and the subsequent production increase in the sectors 
that are large suppliers of the construction sector (e.g., the retail 
trade sector, sector #7). The sum of these production losses (positive 
and negative) over the entire reconstruction period is estimated at 
$28 billion.  

 
Also, the model provides an assessment of the “production loss” 

in the housing sector. Indeed, the decrease in housing services 
because of damaged houses and buildings has to be taken into 
account. The model, because it reproduces the reconstruction period 
and duration, can assess the total loss in housing service production. 
In the Katrina’s case, the model estimates this loss at $19 billion. As 
a consequence, the total production loss (sector production plus 
housing services) is estimated at $47 billion, i.e. 44% of direct 
losses. Total losses, i.e. the total production loss plus the part of 
production that has to be dedicated to reconstruction instead of 
normal consumption, are estimated around $154 billion. The 
Economic Amplification Ratio, the ratio of total losses to direct 
losses, is, therefore, equal to 1.44. 

 
Importantly, this model cannot capture all indirect losses. For 

instance, it does not assess which portion of customer demand will 
be satisfied and which fraction will be rationed. Such an assessment 
is not easy, because customers will be more or less able to turn to 
external producers, depending of the category of goods and services 
that is considered. If customers are rationed, there is an additional 
loss that is not included in the present analysis. Also, it is essential to 
repeat that the model assume that the economy will return to its 
initial situation, which is not automatic. In the New Orleans case, it 
is even quite unlikely. It is difficult to do better, however, because 
the final state will depend on political choices that cannot be 
modelled. Finally, this model does not include losses outside the 
affected region (e.g., through higher energy prices in the New 
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Orleans case), and social and psychological costs, which are 
nevertheless very important (e.g., disruption of social networks, 
psychological trauma, loss of cultural heritage). 
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Figure 7: Louisiana output variation, sector per sector (X-axis) as a function of time in quarter 
(Y-axis), in percent of pre-Katrina output. Blue colors show decrease in production; green to red 
colors show increase in production. 

But the most interesting aspect of this model is the fact that it 
allows to relate various amount of direct losses to the corresponding 
total losses. Figure 8 shows that, for the same sectoral structure than 
Katrina (shown in Fig. 5), total losses are increasing nonlinearly 
with total aggregated direct losses. When direct losses are below 
U.S. $40b, indirect losses are negative. It means that, for most 
disasters, the response of the economic system damps the shock and 
limits the economic consequences. But when direct losses exceed 
U.S. $40b, the economic system is not able to react efficiently any 
more. Indeed, a larger disaster causes more damages and reduces 
production capacity in the sectors involved in reconstruction. 
Because of the interplay of these mechanisms, the Economic 
Amplification Ratio (EAR), the ratio of total losses to direct losses, 
increases with the size of the disaster. For a disaster like Katrina, 
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with about $100 billion direct losses, the EAR is found equal to 
1.44. For a disaster with $200 billion direct losses, this ratio reaches 
2.00, with total costs twice as large as direct costs.  
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Figure 8: Indirect losses as a function of direct losses, for a disaster with the same sectoral 
structure than Katrina. The equation in black is the polynomial regression of indirect losses to 
direct losses, for this case study. 

This relationship between direct losses and indirect losses has 
been estimated for the state of Louisiana in 2005, and for the 
consequences of Katrina. Of course, results would be different for 
different states, for instance because the production capacity of the 
construction sector would be different. Results would also be 
different for different disasters, for instance because affected sectors 
would not be the same.  

 
Regardless, results would be different if considering an economy 

in 2030 or 2080, as needed to assess climate change impacts. It 
seems out of reach, however, to predict how IO tables will change 
over several decades. Considering the huge uncertainty that would 
surround any attempt to do so, it seems reasonable to use the present 
IO table, possibly scaled to account for economic growth, assuming 
that all sectors will growth at the same rate. In the present analysis, 
however, we assess how future hurricane risks would impact the 
present-day economy, disregarding the impact of economic growth. 
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This assumption corresponds to the suppression of the right-hand 
arrow in Fig. 1, from the top box on scenarios to the bottom box on 
indirect impacts. Even though this method is not satisfying, it is the 
only one available: one can doubt it will soon be possible to project 
IO tables over decades with enough accuracy to perform this type of 
analysis on future economies. 

 
In the following, in spite of these large uncertainties, the 

nonlinearity in total losses is assumed valid for all regions and all 
disasters, and the Katrina’s case is used as a benchmark to provide a 
first-order estimate of how the changes in direct losses suggested in 
Section 4 could translate into changes in total losses. 

5.1.2 Assessing indirect losses 

Using a polynomial regression on the relationship between direct 
and indirect losses calculated for Louisiana and Katrina, one can 
assess the total losses due to the 3000 synthetic tracks created by the 
Emanuel’s model (see Section 3 and 4). In the present climate, 
averaged direct losses were estimated at 1578 million U.S.$ per 
landfall and 980 million U.S.$ per track. These values translate into 
averaged total losses estimated at 1426 million U.S$ per landfall and 
885 million U.S$ per track. These values are lower than direct losses 
only, because the economic system is able to limit total losses and 
make them lower than direct losses for the weakest hurricanes, 
which constitute the large majority of hurricanes. Indeed, indirect 
losses are positive only for hurricane causing direct losses in excess 
of $40b, and only 8 landfalls cause such losses in the 3000 synthetic 
tracks created for the present climate. The taking into account of 
indirect effects leads, therefore, to a reduction in the mean annual 
economic losses due to hurricanes. 

 
In the modified climate, since hurricane intensity is increased 

according to the Emanuel’s model, total losses are larger than in the 
present climate: the model estimates averaged total losses at 2272 
million U.S.$ per landfall and 1448 million U.S.$ per track. When 
considering indirect losses, the Emanuel’s model suggests, therefore, 
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that a 10-percent increase in potential intensity would translate into a 
59 percent increase in total economic losses.  

 
Like in Section 4, when were considered only direct losses, the 

most worrying result concerns the very rare, most intense hurricanes. 
According to the present analysis, with all its drawbacks including 
the use of a single hurricane model, a 10-percent increase in 
potential intensity would double the likelihood of a hurricane 
landfall causing more than $50 billion of damages in the U.S. 

5.2 Adaptation to reduce indirect losses 

Adaptation options able to reduce direct losses were discussed in 
Section 4.2. But different adaptation options may be able to reduce 
indirect losses, independently of direct losses. As explained in 
Section 5.1, indirect losses arise mainly from propagation between 
sectors and from production losses during the reconstruction. 
Measures can be implemented to limit these two sources of indirect 
losses. 

 
First, a resilient economic, i.e. an economy able to cope with a 

disaster in an efficient manner, is an economy where all producers 
are not too dependent on their suppliers. This can be the case (1) if 
the production of the most important production factors (especially 
the non-stockable goods like electricity) can be rapidly restored; (2) 
if each company has several redundant suppliers, implying that if 
one of its suppliers becomes unable to produce because of the 
hurricane, the company will not be forced to stop its own 
production; (3) if companies have inventories and can keep 
producing even when a supplier cannot produce. In that respect, the 
most recent and efficient industrial organization, with a limited 
number of suppliers, on-demand production, and small stocks, 
increases the vulnerability of the economy to disasters.  

 
The resilience is also increased if imports from outside the 

affected region can replace local production. To do so, essential 
infrastructures have to be repaired as fast as possible, to reconnect 
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the affected region to the rest of the economy: roads, railways, ports, 
airports, phone, internet, etc. Much can be done to improve this 
aspect of resilience: (i) making sure that utility companies and the 
organizations in charge of transport and communication 
infrastructures can mobilize enough workers to restore rapidly their 
services; (ii) facilitating imports in case of disasters (e.g., by 
simplifying administrative requirements). 

 
Emergency services can also be improved, emergency 

management plans can be established and maintained, and new 
institutional structures can be created (see for instance, Hecker et al., 
2000), to facilitate a more rapid recovery after the event.  

 
Second, reconstruction must be done as fast as possible to restore 

production and housing. First, utility companies and the institutions 
in charge of transport infrastructure must be equipped to face large-
scale disasters and reduce as much as possible the period during 
which their production is interrupted or unreliable. Second, the 
construction sector has a specific role in a disaster aftermath. There 
are numerous examples of cases where the reconstruction was 
slowed down by the lack of qualified workers in the construction 
sector. For instance, after the explosion of the AZF chemical plant in 
Toulouse in 2001, tens of thousand of windows had been damaged, 
and the number of glaziers was far insufficient to satisfy the 
demand, even though glaziers from all over France came to 
Toulouse. In the same way, after the particularly destructive 
hurricane season in 2004 in Florida, roofers were unable to satisfy 
the demand and reconstruction costs increased by up to 40 percent in 
some regions (Hallegatte et al., 2008). In most cases, reconstruction 
involves a few specialties (among which glaziers and roofers), and 
increasing the number of such specialists can reduce in a significant 
manner the reconstruction duration. As a consequence, preparing for 
disasters by organizing a special status for foreign workers in this 
needed specialties can speed up the reconstruction, and therefore 
reduces the total cost of a disaster. Also, administrations can 
facilitate reconstruction, for instance by making it easier and faster 
to obtain building permits.  
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Finally, disasters can also be opportunities. For instance, when a 
factory has been destroyed, the reconstruction can be done using the 
most efficient new technology, therefore improving productivity. 
Examples of such improvement are: (a) for households, the 
reconstruction of houses with better insulation technologies and 
better heating systems, allowing for energy conservation and 
savings; (b) for companies, the replacement of old production 
technologies by new ones, like the replacement of paper-based 
management files by computer-based systems; (c) for government 
and public agencies, the adaptation of public infrastructure to new 
needs, like the reconstruction of larger or smaller schools when 
demographic evolutions justify it. Capital losses could, therefore, be 
limited by a higher productivity of the economy in the event 
aftermath (see also Albala-Bertrand, 1993; Stewart and Fitzgerald, 
2001; Okuyama, 2003; and Benson and Clay, 2004). Several factors, 
however, make it doubtful that this effect is totally effective in 
disaster aftermaths (Hallegatte, 2008b). First, production has to be 
restored as fast as possible to avoid unbearable losses, especially for 
small businesses. Second, the productive capital is most of the time 
only partially destroyed, and the remaining capital creates 
“inheritance” constraints on the replacement capital, preventing the 
embodiment of new technologies or the adequacy of the capital to 
new needs.  

6 Conclusions 

This paper presents a methodological roadmap to assess climate 
change economic impacts. To go from the large-scale climate 
change projected by global climate models to its consequences on 
society, one has first to downscale this change at the spatial scale 
that is pertinent to investigate economic impacts. Then, one has to 
translate local changes into possible changes in direct losses. Of 
course, adaptation strategies could be undertaken to limit these 
losses and these possibilities have to be investigated, even though it 
is often out of reach to provide a quantification of their benefits. 
Finally, economic mechanisms enter into action to reduce or amplify 
direct losses: propagation from sectors to sectors, production losses 
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during the reconstruction period, macroeconomic feedback, etc. 
These indirect effects have to be investigated. Again, adaptation 
strategies can reduce indirect losses. The quantitative effects of these 
adaptation strategies are often difficult to assess, but possible 
options have to be discussed.  

 
Here, this roadmap is applied to one type of climate change 

economic impacts, namely the hurricanes, in one region, the U.S. 
Atlantic and Gulf coastline. Despite the difficulty of the exercise, the 
aim is to illustrate the usefulness of such an assessment and a 
methodology to do so. The complexity of this interdisciplinary 
analysis, the multiplicity of the models that have to be used, the 
uncertainty in the results from each of these models, and the number 
of unknown parameters demonstrate the difficulty of climate change 
impact assessment.  

The series of modelling exercises presented in this article can 
inform various stakeholders, who need specific information. City 
planners and flood protection designers need information about 
probability of landfall; insurers need projections of future average 
annual direct losses and of future probabilities of exceeding various 
loss levels; national and local governments have to take into account 
economic indirect effects and, therefore, need assessments of future 
total losses and ideas about adaptation strategies. The current 
analysis, in spite of its numerous limitations, tries to provide a 
comprehensive view of future hurricane risks, as pertinent as 
possible for all stakeholders.  

 
Obviously, the tools used to assess the changes in landfall 

probabilities, direct losses and indirect losses are far from perfect, 
and their results can, and must, be questioned. Different models, 
based on different assumptions, would have found different results. 
In presence of so much uncertainty, the main shortcoming of this 
paper is the fact that only one model was used for each component 
of the analysis. In a more comprehensive analysis, several models 
would be used across a range of possible assumptions to bracket the 
uncertainty of possible results.  

With respect to hurricane intensity and frequency, indeed, it 
seems that the Emanuel’s model is particularly pessimistic, 
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predicting a strong increase in hurricane intensity in response to 
global warming. There is no consensus in the scientific community 
about future levels of hurricane activity and other researchers (e.g., 
Landsea, 2005) are more optimistic. City planners and flood 
protection designers, nevertheless, should take into account the 
possibility that future hurricane risk could change by as much as is 
predicted by Emanuel’s model. This is especially true when 
alternatives to be decided about involve very long timescales and are 
not easily reversible. Many strategies to limit hurricane damages are 
obviously “no-regret” strategies, meaning that they would yield 
significant benefit even if hurricane frequency and intensity remain 
unchanged. But climate change could make their benefits larger, and 
other strategies could also become cost-effective because of the 
additional risk that climate change causes.  

 
Clearly, it is much more difficult to design a flood protection 

system or to manage land-use when there is such a large uncertainty 
about one of the main natural hazard risks. This is, however, 
inescapable with the reality of a future with climate change. Climate 
change introduces more complexity in all decisions that is related 
with climate conditions, but there is much to be gained by taking 
into account possible future changes in climate and their full 
economic impacts. Moreover, this uncertainty is associated with a 
cost, the cost of uncertainty, because, to avoid extensive retrofitting 
in the next decades, all infrastructures must be designed much more 
resilient than it was the case in absence of climate change.  

 
This analysis demonstrates that the magnitude of costs 

associated with extreme-event changes are likely to be large and that 
the indirect costs are a significant portion of total costs and therefore 
need to be included in cost estimates. In spite of the difficulties to 
assess economic costs of such events, the large orders of magnitude 
suggest that decision-makers should not ignore these in designing 
responses to climate change. Decision-makers, from land-use 
planners and insurers to those involved in the design and 
implementation of climate policies, will be better able to manage the 
risks of climate change if they understand the dynamic nature of 
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climate change, the uncertainty that it creates, and the potential 
scope and extent of its economic impacts. 
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