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Abstract

This paper investigates the link between development,aoangrowth, and the
economic losses from natural disasters in a normative acalyramework, with an
illustration on hurricane flood risks in New Orleans. It clugies that, where capital
accumulates through increased density of capital at riskgiven area, it is optimal
for (i) the probability of disaster occurrence to decrea#ib imcome; (ii) the capital
at risk — and thus the economic losses in case of disaster -retedse faster than
economic growth; (iii) the average annual losses to growefadan income at low
levels of development and slower than income at high leviedeeelopment. In that
case, increasing risk-taking reinforces economic groatia, improving protections
transfer risks from frequent low-intensity events to rdrigh-impact events. These
findings are robust to a broad range of modeling choices araher values, and
to the inclusion of risk aversion. Risk-taking is both a driand a consequence
of economic development, and should not be indiscrimigadappressed. The ob-
servation of a trend in disaster losses should not be comfwith the presence of
excessive risk taking. In a descriptive framework, subogtidecision-making (the
introduction of prospect theory’s decision weights, béiserisk perception and my-
opic expectations) may amplify these trends and lead tosskeeor insufficient risk
taking. In all instances, the world is very likely to expege fewer but more costly
disasters in the future.

Keyword: Development; Economic growth; Risk; Natural disasteramic losses.
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1 Introduction

The damages caused by Hurricane Sandy in Haiti and in the b\8 #tat poor and rich
countries are vulnerable to natural hazards. Large damadésw York City and New
Jersey — with a preliminary estimate of direct damages irgsxof $50 billion — raise
guestions on the level of coastal protection in these aned®a the rapid coastal devel-
opments that have driven so many households and so muclalcapd infrastructure in
risky areas. In spite of large financial and technical resesjrthe economic vulnerabil-
ity to hurricanes remain high in the richest country of theldioand statistical analyses
suggest it has been growing in the last hundred years (Retlkie, 2008).

This is not an isolated situation. Increasing investmentisaster risk reduction have
lead to a significant reduction in human casualties (Kah@52Bellenberg and Mobarak,
2008), but economic losses from natural disasters havedreiing as fast or even faster
than economic growth in many countries; see for instandesstal analyses in Barredo
(2009), Miller et al. (2008), Neumayer and Barthel (2010prdhaus (2010), Pielke et
al. (2008), and Bouwer et al. (2007). Climate change is regaasible of this evolution
(Schmidt et al., 2009; Neumayer and Barthel, 2010; Bouw@t,12 IPCC, 2011). The
trend in hurricane losses relative to wealth in the US is mstance fully explained by
migrations toward hurricane-prone areas and increasipglpton wealth (Pielke et al.,
2008). Globally, there is a trend toward more risk takingwsen 1970 and 2010, global
population grew by 87%, but the population living in floodipkincreased by 114% and
in cyclone prone coastlines by 192%. The GDP exposed todabpyclones increased
from 3.6 percent of total GDP to 4.3 percent over the sameg@g€iN-ISDR, 2011).

This global trend in economic disaster losses is a major@&wonicn many countries.
Disaster losses represent an increasing burden on ecanamaepublic finances (e.g.,
Benson and Clay, 2004; Loayza et al., 2009; Fomby et al. 28frbpl 2011), and their
trend threatens the functioning of insurance and reinserararkets (e.g., Michel-Kerjan,
2010). Cross-country studies have suggested that ecortisaister losses are increas-
ing less rapidly than income, making them easier to managyga(&nd Skidmore, 2007;
Mendelsohn et al., 2011). But the trend in economic losseébarnJS and many other
countries suggests that the relationship between econgroveth and disaster vulnera-
bility is more complex than these studies suggest, and liga¢¢onomic vulnerability to
disasters may not always decrease with income (Schumacteéteobl, 2011).

This paper investigates the interlinkages between ecandisaster losses and devel-
opment, first in a normative and optimal framework, and th@soanting for suboptimal
behaviors. It considers the fact that higher income makpsessible to invest in better
protections against disasters, but may also lead to higivesiment in at risk areas. It
also considers the role of investments in at risk areas itriboring to economic growth,
for instance because development of coastal areas isatfiticexport-led growth or be-

http://services.bepress.com/feem/paper780



Hallegatte: An Exploration of the Link Between Development, Economic Gro

cause agglomeration externality and urbanization (oftéfood plains) are major drivers
of development (Ciccone et al., 1996; Ciccone, 2002; WoddkB2008). Compared with
previous investigations of trends in disaster economisdege.g., Lewis and Nickerson,
1989; Schumacher and Strobl, 2011), this analysis propsesplicit modeling of risk
taking (how much is invested in risky areas?) and of prodedtivestment (how much is
invested in protection?), to characterize the two-way bekween economic growth and
disaster losses. It does so in a more general framework tiearops studies, and it con-
firms the robustness of its results by investigating the oblesk aversion and different
forms of behavioral bias.

In a normative and optimal framework — and assuming no chamgémate con-
ditions and hazard characteristics — risk-taking gengialtreases with development.
Natural disasters are likely to become more destructivenenftiture, even relative to
income, and even in the presence of risk aversion. Recillypaacreased risk-taking
reinforces economic growth, suggesting that risk takinguh not be indiscriminately
suppressed. Risk-taking is both a driver and a consequdreenomic development.
In this optimal context, average annual losses from disagt®w with income, and they
grow faster than income at low levels of development and staivan income at high
levels of development. In a descriptive framework thatudels biases in risk perception
and decision-making, these trends can be amplified, andakskg can be excessive or
insufficient, providing a rationale for public action.

The next section describes the most generic model and traitioos under which
disaster losses increase with economic growth. Sectioe8epts more detailed results
for specific specification of protection costs, and Sectionvéstigates special cases of
production functions. Section 5 applies this model to Newe@ns, demonstrating that
reasonable parameter values lead to a situation where mtogoowth incentivizes risk
taking and increases disaster losses. Section 6 showh#sat tesults remain valid with
imperfect decision-making. Section 7 concludes.

2 Development and natural risks

It is generally accepted that richer populations investartorprotect themselves from
natural hazards. A richer population, however, may alsestwvnore in at-risk areas,
increasing exposure to natural hazards. These two trenesdpgposite impacts on risk,
and the resulting trend in risk is thus ambiguous. This tisnmavestigated in this section
with a simple model.
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2.1 A general economic growth framework

We assume there are two categories of capital. Cafitadpresents the capital related
to activities that need to be (or benefit from being) locatedreas that are potentially at
risk of flooding. There are two categories of such capitaistFsome activities directly
depend on being in risky areas, such as ports that are locatsuhstal areas or river
flood plains. Second, positive concentration externasitgnaking it profitable to invest
in at-risk areas even in sectors that are not directly degr@noin being at risk — such
as finance in New York City or manufacturing in Shenzhen — todfie from spill-overs
from the industry that need to be located in flood-prone afgash as ports): (i) lower
long-distance transport cost; (ii) infrastructure fordbtransportation, water, energy, and
communication; (iii) large labor market with access tolskilworkers; and (iv) access to
public services and amenities (art and culture, schoolsetsity, etc.).

Capital S represents the rest of economy, which can be located insedéidns with-
out loss of productivity. These two capitals are inputs mphoduction function:

Y =e"F(R,S) (1)

wheret is time, F' is a production function and is the exogenous growth in to-
tal factor productivity. Classically, we assume thgtf'(R, S) > 0; dsF(R,S) > 0;
0%F(R,S) < 0anddF (R, S) < 0 (decreasing returns).

The capitalR can be affected bhazards like floods and windstorms. If a hazard
is strong enough, it causes damages to the capital installatdrisk areas, and can be
labeled as d@isaster We assume that in that case, a fractiorof capital i is destroyed.
It is assumed that this is the only consequence of disasters.

These disasters (i.e. hazards that lead to capital destyt¢tave a probability,
of occurring every year, except if protection investmemetsuce this probability. These
protection investments take many forms, depending on whaalard is considered. Flood
protections include dikes and seawalls, but also draingges to cope with heavy
precipitations in urban areas. Windstorm protections isbmsainly in building retrofits
and stricter building norms, to ensure that old and new imglsican resist stronger winds.

It is assumed that better defenses reduce the probabilkitigasters, but do not reduce
their consequencésThis is consistent with many types of defenses. For instasea
walls can protect an area up to a design standard of proteatiboften fail totally if this

2Disaster fatalities and casualties are not consideredsrsitmple model, assuming that early warning,
evacuation and emergency services can avoid them, whiadnsistent with the observation that disaster
deaths decrease with income, at least above a certain ineveldKahn, 2005; Kellenberg and Mobarak,
2008). Human losses could be taken into account if it is assuthat fatalities and casualties can be
measured by an equivalent economic loss, which is highlyrogarsial; see a discussion in Viscusi and
Aldy (2003).

3This is equivalent to the self-protection of Ehrlich and Bax(1972).
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standard is exceeded; building norms allow houses to negigh a certain wind speed,
but when this wind speed is exceeded, houses are completelgged and require total
rebuilding. This modeling choice is made without loss of gyality, if there is no risk
aversiortt In that case, indeed, reducing the probability of a disamtéine consequences
in case of disaster is equivalent.

Better defenses are also more expensive, and the annualf ciefense€”’ increases
when the remaining disaster probabiljtydecreasé. The functionC(p, R) is assumed
twice differentiable,C'(po, R) = 0 (the probability of occurrence ig, in the absence
of protections),0rC(p, R) > 0 (it is as or more expensive to protect more capital),
9,C(p, R) < 0 (the cost increases when the probability decreadg),p, k) > 0 and
C'(0, R) = +oo (the marginal cost is increasing and it is impossible to cedine prob-
ability to zero) and?gRO(p, R) < 0 (the cost of protecting more capital increases when
the probability decreases).

Any given year, the economic surplass given by:

7=e"F(R,S)—C(p,R)— L —r(R+S) )

wherer is the interest ratel, is the losses from disasters, and is given by a random
draw with probabilityp. If a disaster occurs, losses are equakia, i.e. a fractionX of
the capital located in the risky area is destroyed. Any giwear, the expected lo& L]
is equal top X R and the expected output is equal to:

E[r] =e"F(R,S) - C(p,R) — (r + pX)R —1rS (3)

Note that in this equation, disaster losses appear as atcgddicost of capital at risk,
in addition to the interest rate

We also define theisk-free situationas a situation in which there is no risk, either
because), = 0 (no hazard), becausg€ = 0 (no vulnerability), or becaus€(p, R) = 0
(costless protections). In the risk-free situation, themee still two capitals? and S, but
none of them is at risk.

2.2 Optimal choice ofp, R, and S

We assume that a social planner — or an equivalent decexsitladiecision-making pro-
cess — decides which amounts of capfiaand S are to be located in the risky and safe
areas, and the level of protectigngndC'(p, R)) that is to be built. Its program f:

4The role of risk aversion is investigated in Appendix B.

5The probabilityp here includes both the probability that an event exceedsgtion capacities, and the
defense failure probability, even for weaker events.

5This model is more general than the model of Schumacher aodI2011). In the latter, the only
decision concerns protection investments that mitigatasier consequences, and there is no benefit from
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max, rs E[r]
s.1.0 < p < po

We assume first that there is no risk aversion and we assuitri¢hexpected surplus
is maximized. From the social planner’s perspective, deimgs acceptable if disaster
losses remain small compared with aggregated income,stendly with the Arrow-Lind
theorem for public investment decisions (Arrow and Lind7@P As discussed in Mahul
and Ghesquiere (2007), this theorem holds only if some t¢omdi are met, including if
disaster losses can be pooled among a large enough popykatio, a large country), and
with many other uncorrelated risks, i.e. in the presenceofgrehensive insurance cov-
erage or post-disaster government support, or if disasteek can be smoothed over time
thanks to savings and borrowing (i.e. self-insurance) mistgance. In other terms, the
optimal pathways determined by this analysis are validragsg that the social planner
ensures that individual losses remain small thanks to teahgmoothing and redistribu-
tion or insurance across individuals. Appendix B investgdhe case with risk aversion.

If p = po, then there is no protection in place — because protecti@®a expensive
— and the situation is highly simplified: disaster risk reglsidy a fixed fraction the
productivity of the capital at risk. Classically, this rexds the amount of such capital
without influencing its growth rate on the balanced growtthpay. In the following, we
assume that < py.

First order conditions lead to the optimal valuepR, andsS:

(4)

M ORF (R, S) — 0rC — (pX +1) = 0 (5)
9sF(R,S) —r = 0 (6)
9,C = —XR (7)

While the marginal productivity of capitd is r, the marginal productivity of capital
Ris 0grC + pX + r, i.e. the cost of capital plus the capital losses due to disasieks
plus the incremental cost of protectiopC'. The termozC' + pX + r is what we define
as therisk-adjusted cost of capitabnd it is larger than the risk-free cost of capital, to
account for natural risks.

SincepX > 0, dzrC > 0, anddrF is decreasing, the first equation shows that the
presence of riskX > 0 andC' > 0) leads to a reduction if.

taking risks and thus no trade-off between safety and incofrtés model also differs from Hallegatte
(2011) in that it is more general on the shape of producti@hmotection cost functions, and it introduces
the interest rate to account for the consumption—investinaahe- off.

"Equivalently, one can define the risk-adjusted marginadlpetivity of capital as the marginal produc-
tivity of capital reduced by the cost of protection and disasapital lossest"'dr F'(R, S) — OrC — pX.

http://services.bepress.com/feem/paper780



2.2 Optimal CH@)'@@agpp,AR'Edﬁ@@tion of the Link Between Development, Economic Gro 7

Proposition 1 The presence of risk and the possibility to protect lead teduction in
the capital that is located in the risky area, compared wité tisk-free situation.

Taking the derivative of the three equations with respetinte ¢, one gets:

Ve OpF + [V ORF — O3C1O,R + €' 035 F9,S = (X + 025C)Oup (8)
ve" OsF + e 02 F0,S + 0% FO,R = 0 (9)
OpdiC = —(X + pC)OR (10)

Equation (10) shows that ifX + @?RO) < 0, then an increase of at-risk capital
(everything else being unchanged) leads to a decrease ticponm (i.e. an increase in
the probability of occurrence), because the cost of primethen increases more rapidly
with R andp than the avoided disaster lossesX1f+ 8330 = 0, then the probability of
occurrence is independent8f and thus constant over time even in presence of economic
growth.

If we have

(X +02:,C) >0, (11)

then having more capital at risk leads to an increase in gtiotg and the probability
of occurrencey and the amount of capital at rigk evolve in opposite direction. In the
following, we assume that this condition is met.

Replacingd;p in Eq. (8) and replacing” 0z F’ by (r + pX + 0rC) gives:

op_ 0= G +pX 4 0e0) 2)
e @GP\ g o K0P
7 (O 92F ) + 20
Sinceang < 1, the capital at risk increases over time when:
S
82 F)2 (X—|—82 0)2
_WtaQF_(RS >—820 PR 13

To interpret this inequality, we can disregard for now theractions betweeR and
S (i.e. assuming thad%,F = 0) and assume that protection costs are independefit of
(i.e. 042C =0 and&ﬁRC = 0). In this case, the capital at risk increases over time when:

t 02 X2
—e7 aRF > ag—c (14)
This inequality is verified if the marginal productivity die capital at risk decreases
more rapidly withR than the marginal cost of protection increases withn this same
situation, the probability of disaster decreases with eoan growth.

Published by Berkeley Electronic Press Services, 2013
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Proposition 2 If X + 8§RO > 0 and if the concavity of the production function is high
enough — or if the convexity of the protection costs is highugh — then economic
growth leads to an increase in capital at risk (i.e. an ingean losses when a disas-
ter occurs), and a decrease in the probability of occurrentfethe concavity is lower,
then economic growth leads to a decrease in capital at rigkl @n increase in disaster
probability).

It is interesting to note that — counter-intuitively — thepdal at risk increases over
time when the production function concavity is high (i.eturas of capital at risk are
rapidly decreasing), and decreases otherwise.

Note that if development leads to a reduction in capitalsk & and an increase in,
then at one point the economy reaches a situation whereitheogrotection ang = p,.

In such a situation, as already stated, capital at Hgkows at the same rate than in the
risk-free situation.

The capitalR in the risk-free situation is referred to &S, and its evolution is:

0% F
Ar(1 - )

e (GhF — Chh)

(‘3tR5 -

(15)

Assuming that the capitd increases with economic growth, i.e. that condition (13) is
verified, then the comparison of Egs. (12) and (15) explaawstie protection influences
the evolution of capital:

e The termpX + 0rC' in the numerator is the impact of risk and protection margina
costs on marginal productivity; it increases the numeratar accelerates the abso-
lute growth inR.

e The termd%C in the denominator is the decreasing or increasing retunprotec-
tion; if the returns on protection are constant (€.gp, R) = RC(p) or C(p, R) =
C(p)), then this term does not exist; if the returns are decrgagia. costs are
convex and3C > 0), then this term increases the denominator and slows down
the growth inR; if the returns are increasing, then the growtlris accelerated.

(X+92,0)% . . . . . .

e The term———7=— in the denominator is the impact of the change in protection

. . P, . . . . . . .-
that is provided if more capital is installed in at risk ar¢dighe probability of
occurrence is fixed, this term does not appear). Sﬂﬁéb> 0, this term is negative
and reduces the denominator and thus accelerate the gmowth i

2.3 Trend in average annual losses

The average economic losses due to disasters are edidl|te- p X R.

http://services.bepress.com/feem/paper780
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OE[L] = XRO,p + pXO,R (16)
It can be rewritten:
pdC
OE[L] = Oip | 0,C — . (17)
1+ e

Sinced,C' < 0 andd>C > 0, and under condition (11), the&[L] andp evolve in
opposite directions.

Proposition 3 If X + 8330 > 0, then average annual disaster losses increase when the
probability of occurrence decreases over time.

This result highlights the need to consider the combinaticexposure R) and prob-
ability (p) to investigate risks. In particular, a reduction in thelgability of occurrence
does not mean that average losses decrease; on the opiisgeneral analysis suggests
that under mild conditions a decrease in the probabilityooluorence leads to an increase
in average losses, because of the increase in capital at risk

Importantly, this analysis illustrates that protectioduees the hazard (the probabil-
ity of occurrence of an event), but its impact on risk is mooenplex, because it also
increases exposure (here, the capital at fi3k As a result, protection transfers part of
the risk from one kind of risk (frequent and low-cost evetdsanother kind (exceptional
and high-impact events), a process already stressed in @i189€9).

3 Special cases for protection costs

We already made assumptions on the shap€'(@f R), but it is useful to explore two
extreme cases for the dependencé€'¢f, R) to R.

In a first case, we can consider a coast or a river, where addltcapital investments
are done at a fixed density and are thus using additional \ahdh in turn requires
additional protection. In such a case, the protected areasases proportionally with
the invested capital in the risky zone, afi¢ip, R) = RC(p). This is the case in Florida,
or in the south of France, where population density is low #oad exposure increases
mainly through the construction of individual houses, &t tensity. This situation can
be labeledhorizontal” or “area-increasing” accumulation.

In a second case, we consider a given risky areas, which isqteal against coastal
floods and where investment takes place. In such a caseskiyeand protected area does
not increase with investments, and the cost of protectiamdspendent of the amount of

protected capitalC'(p, R) = C(p). This is notably the case where additional investments

Published by Berkeley Electronic Press Services, 2013



3.1 Horizontal acchf\§R#RI§ Eni Enrico Mattei Working Papers, Art. 780 [2013] 10

take place through higher concentration and density, onvengarea. Examples of such
places are the Netherlands, New Orleans, or Manhattan inYoekvCity. This situation
can be labeletivertical” or “density-increasing”accumulation.

Let us explore the consequence of these two patterns on flslad r

3.1 Horizontal accumulation

In that case, we can assume that the protection cost funktisrthe formC(p, R) =
RC(p). The marginal cost and benefit of protection are equal (EY, {hich means
R,C(p) = —X R. Thereforep is independent oR and constant over time.

Deriving the previous equation with respectRRogives X + 8§RO = 0, and we can
rewrite Eq. (5) as:

,,,,/

A

MORF(R,S) = C(p) + pX +7 (18)

SinceC(p) is constant and positive, the risk-adjusted marginal petidity 1 is also a
constant, larger than In this caseR evolves like a capital without risk, but with a larger
interest rate”’ instead ofr. Since marginal productivity needs to be larger, the amotint
capital is lower in presence of decreasing retus<( i°), i.e. risk leads to a reduction
in capital k. With classical production functions (CES or Cobb-Douplasd neutral
technological change, the capital at riekncreases at the same rate as economic growth.
Sincep is constantg;E[L] = pX 0, R, and average annual losses grow at the same rate as
capital at risk and as risk-free economic growth.

Proposition 4 In horizontal-accumulation locations — i.e. where flood esyre in-
creases because the developed area at risk is expanded aerd piotection costs in-
crease therefore proportionally with protected capital ational decision-making leads
to annual flood losses growing at the same rate as economistrovith a constant
flood probability, regardless of how protection costs varthwhe residual probability of
occurrence.

3.2 \Vertical accumulation

In that case, we can assume thédp, R) = {p~" + Cy. Assumingp < p,, we can use
Eq. (7) to find:

We haved’,C' = 0, and thusX + 92,C > 0 if there is risk, so that condition (11) is
always verified. As a consequence, we know ghahd i evolve in opposite directions:

http://services.bepress.com/feem/paper780
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11

if capital increases (resp. decreases), the protectiompsaved (resp. weakened) and
disaster probability decreases (resp. decreases). We thre situation wherg decreases
andR increases when condition (13) is verified, and it can be téswri

(a%%SF)Q) - X2p1/+2
OLF v(v +1)¢

Also, we know from the general analysis tlgE|[L] is positive and average disaster
losses are increasing over time.

— M (OLF — (20)

Proposition 5 In locations where flood exposure rises as a result of in@dakensity in a
given protected area (e.g., New Orleans), rational decisizaking results in a continuous
increase in annual flood losses, when flood probability deses over time.

To know whether capital at risk and flood losses grow more g8 tapidly than eco-
nomic growth, assumptions are needed on the shape of thaqtiaa function. This is
what is investigated in the next section.

4 Special cases for the production function

In this section, we keep the “vertical-accumulation” asption, i.e. C(p, R) = &pY +
Cy. All qualitative results are however valid@f(p, R) = {Rp™" + Cy, where0 < ¢ <
1. We will assume that capital at risk and safe capitab are separable inputs in the
production function (the Cobb-Douglas case is exploredppéndix A).
If F'(R,S)= f(R)+ g(S), thend?,F = 0, and all equations can be simplified.
The evolution of the capital at risk is:

v(r + pX + 0g(C)

9%,.0)2
— SR (R) + 03 — g

R = (21)

In absence of risk and protection, the evolution would be:

S _ T
R = R () (22)

We can also calculat@ .S as:

yr
- 23
0,8 i 029(S) (23)

If we now assume that(R) = AR* andg(S) = aAS*, we can solve Eq. (6):

1 Yyt —1

S = (a\p)TreTrri-n (24)
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and we have:

oS O, RS Y
S RS 1—yp
So, with this shape of production function, a productivitpwth at ratey leads to a
risk-free economic growth at ratlé; (i.e. R? andS grow at ratel%u).

1

With p = (%) ™ we can rewrite Eq. (5):

(25)

X
ENUR T =r +pX =r+ X (z/ﬁ) R T (26)

This equation cannot be solved analytically, but its betvawi special cases can be
analyzed.

4.1 Low development level

If productivity is low, capital is also limitedR is small) and thus the probability of occur-
rence of a disaster is largg is large)® In such an extreme situation, the capital interest
rater is small in the at-risk area compared with the flood-relaipital losses.X, and
Eq.(26) can be simplified by removingleading to the solution:

R(t) = Rye "' (27)

If 1> T R decreases angincreases over time, until it reachgs i.e. the absence
of protection. Then, capital at risk grows at the same ratessdree economic growth.

In the situation in which protection improves over time,< 1=, the growth rate
of capital at risk is , Which is always larger tha@— In this case, therefore, the
capital at risk grows more rapidly than the safe capital asidfree income. The relative
vulnerability of the economy can be measured by the amoudtsafster losses when a
disaster occurs divided by income or by the “fraction atisle. the share of capital
at risk R in total capitalR + S. This vulnerability is increasing over time, as shown in
Fig.1. Interestingly, the growth in capital at risk is moseid whenv is smaller, i.e.
when the convexity of protection costs is lower and protectosts increase slowly with
the protection level.

Average lossegs X R have a growth rate equal to:

8We assume here thay is large, i.e. that the area-at-risk has a large flood prdibabi absence of
protection, and that < po. If productivity is so low thap = pg, thenp X can be replaced by, X, which
is independent oR. Then, Eq. (26) can be simplified by replacing its right-haide byr + po X = r'.
In this situation, the capital at risk is lower than in abseon€risk (R < R?), but it grows at the same
rate. When developmentincreases productivity, thereim@when protection is such that< py, and the
following calculation holds ify, is large enough.
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Figure 1: Evolution of the “fraction at risk”, i.e. the shawécapital at riskR in total
capitalR+ S, as a function of time. The fraction at risk increases withati@oment, until
it stabilizes at high development level. Calculations gsmimerical values from New
Orleans (see Section 5) and= 2.

Published by Berkeley Electronic Press Services, 2013

13



4.2 High developn@ﬁ‘ﬂ@i@le Eni Enrico Mattei Working Papers, Art. 780 [2013]

14

g

YL = w (28)
In the situation in which protection improves over time,< *, average losses

increase over time, and they increase more rapidly til%'?}mnd thus more rapidly than
risk-free economic growth, i.e. the growth ratef®fandS (in other terms, the income
elasticity of average annual losses is larger than one).

So, in this case, annual disaster losses grow more rapidly tisk-free economic
growth at low levels of development, when disaster lossesidate the interest rate in the
assessment of the cost of capital, and when the returns a@lcaiprisk are decreasing
rapidly, more rapidly than a limit value defined by the shafine production costs.

In that case, the economic surplus (generated by the atajsikal) is

Elr] =" F(R,S) — C(p,R) — (r + pX)R

and is growing at the same rate as Iosses,t%. It means that the process of
increasing risk-taking leads to a growth in economic swgphat is more rapid than risk-
free economic growth. So, increasing risk-taking is alsaiaed of economic growth
(even though the presence of risk leads to a lower outpupreg®sition 1).

Note that this case is equivalent to the case explored iretjatte (2011) where the
total amount of capitalR + S) is fixed at an exogenous leval, and is independent of
the risk level (which is equivalent to = 0 provided thatR < K). Itis a situation in
which there is no consumption—investment trade-off, anghich the capital at risk can
keep increasing more rapidly than growth, until all the talps located in the risky area.
What follows shows that accounting for the consumptionestinent trade-off changes

significantly the results at high level of development.

4.2 High development level

At a high development level, capital productivity is larged the amount of capital at
risk R is large® As a consequence, the probability of occurrengeig small. In such
an extreme situation, the capital interest rate large compared with flood-related cap-
ital lossesp.X, and EQ.(26) can be simplified by removipg, leading to the risk-free
solution:

R(t) = RyeT 7' (29)

9Using areductio ad absurdurargument, it is easy to show from Eq. (26) ttiatends toward infinity
when productivity grows. Assume thatis bounded when — +oc. In this case, the left-hand-side of
Eqg. (26) tends toward infinity whehincreases, so the right-hand-side has to do the same. Iodbaj-
becomes negligible over time, and the solution of Eq. (26)isetoward Eq. (27), which is not bounded
whent — +o0. This is in contradiction with our initial hypothesis.
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At high level of development, when disaster probabilityesywlow, the capital at risk
grows at the same rate than economic growth. This is why #uotiém at risk stabilizes at
high income, as shown in Fig.1.

When productivity is high, the average losgeSk has a growth rate equal to:

14

v — — (30)

t=too 1 — p (14 v)

Average annual losses are thus growing less rapidly thanossiz growth at high
level of development, but they never decrease in absolutesteAt high development
level, the growth rate in annual disaster losses is equaldoamic growth multiplied by
a“protection factor” (v/(1+v)), which depends only on the shape of the protection costs
and is lower than one.

The protection factor is also the income elasticity of agerdisaster losses (in a given
region, for a given hazard). It should not be confused wighiticome elasticity of disaster
damages (when a disaster occurs), which is larger than one.

In that case, the different terms of the economic surplus fab-risk capital E[x] =
e"F(R,S) — C(p,R) — (r + pX)R) are growing at different rates. The production
e’ F(R, S) and capital costR are growing ata rat?j—u. The protection costs and average
lossep X R are growing at a rat?j—u 1=, I.e. more slowly than production. It means that
when productivity tends to the infinity, the economic susgpisigrowing at the ratgj—“,

i.e. at the rate of risk-free economic growth.

4.2.1 Development and disaster trends

Appendix A shows that these results are unchang&dihd.S are two production factors
in a Cobb-Douglas function. This analysis leads to threeclksions, concerning the
trends in capital at risk, average annual losses, and edorsamplus.

Proposition 6 If (i) capital at risk and safe capital can be separated in ffreduction
function or are two factors in a Cobb-Douglas function, @otection costs grow less
than proportionally with the amount of capital to protectyda(iii) capital returns are
decreasing more rapidly than a threshold that depends ocdheexity of protection cost
(i.e. if u < v/(1 4 v)), then economic losses in case of disastér grow more rapidly
than risk-free economic growth, but their rate of growthwenges toward the rate of risk-
free economic growth as development proceeds. The relatlaerability of the economy
(the “fraction at risk”) is thus increasing over time.

Proposition 7 The average annual disaster losses follow a bell-shapedecur relative
terms with income: disaster losses are growing more rapitdgn risk-free economic
growth at low stages of development and then keep growin@solate terms but more
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slowly than risk-free economic growth at higher produdyivevels. At high productiv-
ity, the growth rate of annual losses is the risk-free ecacayrowth rate reduced by a
“protection factor” that depends only on the convexity obfaction costs.

Proposition 8 The presence of risk reduces the economic surplus. But beaaiuin-
creasing risk-taking, the growth rate of economic surpkigarger than risk-free eco-
nomic growth at low development level, and it tends to niek-Economic growth at high
development level.

As already stated, this result can be generalized to caseewip, R) = {Rp™ +
Cpand0 < ¢ < 1. If ¢ = 1, then protection is constant and average losses and capital
risk grow at the same rate than economic growth.

Importantly, we do not need capital to be “more productiveat-risk areas to have
capital at risk increasing more rapidly than risk-free emoic growth and the capital
located in safe areas. We only need a separable productictidn with two decreasing-
return and imperfectly-substituable categories of capftaand S), where R is related
to activities located in risk-prone areas. In that caseretl® an incentive to invest in
at-risk areas to benefit from high marginal returns at lowitehfevels. Results are then
independent of the relative productivityof the two capitals. The productivity ratio)
determines the ratio between the two capitalsK) at high development level.

5 Numerical application to New Orleans

We apply these formulations to the case of New Orleans, ubmdpllowing illustrative
assumptions:

e The capitals are separable. The capitat located in the flood-prone area of New
Orleans, and> is the capital located in safe areas in the rest of the regidheo
country. The interest rate is= 5 %.

e The area is fixed, and the protection costs depend only onrdiability of occur-
rencep, not on the amount of capital to protect{p, R) = ¢&p~ + Cy. In that case,
condition (11) is always verified, andand R evolve in opposite directions.

e In absence of protection, the city would be flooded every {gae 1).

e The cost of protecting New Orleans against category-3 stasmnabout $3 billion
in investment, and we assume a 10% per year maintenancelesgt,obability of
such a storm is one out of 50 years. The annualized protectishisC'(1/50) =
$450 million per year, taking into account the cost of capital amintenance costs.
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e Protecting New Orleans against category-5 hurricane floamgd cost about $30
billion, with also a 10% per year maintenance cost, and tbéadrility of such a
storm is one out of 200 years, so tlfatl /200) = $4.5 billion per yeart

Even though each of these assumptions can be discussedyrthegle an order of
magnitude for the cost of protecting the city. Using thesaiagptions, we have:

Cp)=¢(" —n") (31)

withpy = 1, v = 1.66, andé = 6.8 - 1074,

For New Orleans, we assume that 50% of capital at-risk isifostase of floods.
This large fraction translates the facts that part of thg isitnder normal sea level and
stayed flooded for weeks after Katrina hit the city, amphfyidamages to houses and
buildings, and that floods occur through dike failure, legdio high water velocity and
large damages (RMS, 2005).

The production function i§” = "' F(K) = \e"*R¥, with u = 0.3 andvy = 0.015
(total factor productivity grows by 1.5% per year). The fiske growth rate, i.e. the
growth in the capitab located in safe areas in the rest of the country%ius ~ 2.1% per
year.

The variableY is the local GDP in the flood-prone areas of New Orleans. Using
a New Orleans exposed population of 500,000 people, and Dife g&r capita of New
Orleans ($24,000 per year in 2009), we have a city GDP of $llidrhi To estimate),
we solve numerically Eq. (26) to fin® as a function of\, and we chose so that the
income in absence of disastertis= AR* = $12 billion (in economic data, protection
expenditures are included in income). The valua is 3.53. We find that the optimal
capital at risk in New Orleans i& = $59 billion, i.e. about 5 times the local income.
Losses in case of flood would be about $30 billion, which isststent with data for the
flood due to Katrina (removing losses due to wind) (RMS, 2008k optimal probability
of flood is found at 2.2% per year, i.e. a return period of 45y¢anhich is also close to
the return period of a category-3 hurricane, i.e. the cupesiection level in the city).

Then, we can solve numerically Eq. (26) for a series tf investigate the dependence
of risk to income. We can calculate the trendA(¥) and in average annual loss. We find
that R is growing at a rate 2.4% against 2.1% for the growth withkt rAverage annual
losses due to floods are growing at a rate 1.5%, slower tharoedo growth. Thanks to
increased risk taking, the economic surpiuis growing at a rate 2.2%, i.e. more rapidly
than risk-free economic growth.

In the case of New Orleans, therefore, a rational decisiakemwould make average
disaster losses increase less rapidly than economic grg@wshvs. 2.1%), but would

0state officials estimated the cost of Category 5 protectamween $2.5 and $32 billion (Carter, 2005;
Revkin and Drew, 2005; Schwartz, 2005). More recent andlddtastimates by Louisiana Coastal Protec-
tion and Restoration (LACPR, led by the U.S. Army Corps of iBegrs) reach even larger values.
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Figure 2: Annual growth rate of capital at rigk, average annual disaster losses, and
economic surplus growth rate, as a function of local incoifiee horizontal line is the
rate of risk-free economic growth. Growths in capital ak r@d in economic surplus
are more rapid than economic growth at early developmegéstnd these growth rates
converge toward economic growth rate over time. Growth ierage annual losses is
faster than risk-free economic growth at low income and sloat high income. The
vertical dashed line shows the current income in New Orleans
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Figure 3: Optimal disaster probability of occurrence in N@weans, as a function of
local income.

increase capital at risk more rapidly than risk-free gro(@th vs 2.1%). The consequence
is that the average cost of disasters is decreasing relatiregional or national wealth,
but the consequences when a flood occurs increase, evenalgléd wealth. It means
that the New Orleans region evolves toward fewer disastérss@nsequences that are
growing relative to income, leading to an increased needeoovery and reconstruction
support.

One can investigate how this result depends on the locamedao New Orleans (and
thus on total factor productivity), assuming that evenythelse remains unchanged (in-
cluding protection cost€'(p) and the fraction of capital at risk lost in case of flo&q.
Results are reproduced in Fig. 2 and 3. Figure 2 shows theaagmwth rates of capital
at risk R, of average annual lossesX R), and of the economic surplus, as a function of
local incomeY'. The vertical line shows the current income in New Orleand,the hor-
izontal line the rate of risk-free economic growth. At veowl productivity, the growth
in capital at riskR would be 4.6% per year, i.e. more than twice the rate of niek-f
economic growth. In this situation, the annual probabitifyflood would exceed 80%
(see Fig. 3). This growth then converges toward the rateséffree economic growth
(the horizontal dashed line) as development proceeds. ddreenic surplus growth rate
is also larger than the risk-free economic growth rate at di@welopment level, and it
converges toward it as development proceeds.

Published by Berkeley Electronic Press Services, 2013

19



Fondazione Eni Enrico Mattei Working Papers, Art. 780 [2013] 20

Figure 1 shows how the fraction at risk — i.e. the fraction apital located in at
risk area — increases with income, assuming 2 (i.e., that in the absence of risk, this
fraction would be 38 percent, according to Eq. (24)).

For average annual disaster losses, the growth rate is Z28%ear at low development
level, i.e. 40% faster than economic growth. At an income®imllion USD per year in
the city, the growth rate of annual losses is equal to theabgeonomic growth (2.1%),
and this growth rate keeps decreasing until 1.3% per yeachanl economic growth
(2.1%) corrected by the “protection factor”, equal to 0.62he case of New Orleans.

In this case, therefore, the income elasticity of averagasier losses would be equal
t0 0.62 (i.e. a 1% growth in the US would lead to a 0.62% growtvierage annual losses)
and the income elasticity of disaster losses (when a disasters) would be equal to 1.1
(i.e. a 1% growth in the US would lead a 1.1%-increase in the af disasters when they
occur).

6 Taking into account biases in risk perception

This normative analysis suggests that capital-at-risksds in case of disasters, and av-
erage annual losses can increase with income, even in amalptontext with perfect
information and a benevolent social planner (at least irc#s where human losses can
be avoided). Therefore, the observation that disasteesosgrease over time does not
automatically mean that risk taking is excessive and shbelduppressed by public ac-
tion.

Interpreting real-world disaster loss data series requargescriptive approach, where
realistic characteristics of decision-making and otherses of suboptimality are consid-
ered. There are many reasons why risk taking is very likehetexcessive in many cases
(and potentially insufficient in others).

First, there are externalities and moral hazard issueskntaking and risk manage-
ment. Insurance and post-disaster support are often hiailadeveloped countries, and
households and firms in risky areas do not pay the full costefisk, and may take more
risk than what is socially optimal (e.g., Kaplow, 1991; Byidi al., 1991, Laffont, 1995).
Also, Lall and Deichmann (2010), Hallegatte (2008) and ltret al (2012) show that
risk mitigation has positive externalities and that prevahd social costs of disaster losses
may differ, leading to inappropriate risk taking.

Here, we focus on the fact that risk perceptions are somstbiased by information
constraints and cognitive and behavioral failures. Siheertformation on natural hazards
and risk is not always easily available, households andibgses may decide not to spend
the time, money and effort to collect them, and disregastitiiormation in their decision-
making process (Camerer and Kunreuther, 1989; and HogadiKanreuther, 1995).
And individuals do not always react rationally when confezhto small probability risks.
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They for instance defer choosing between ambiguous chflaessky and Shafir 1992;
Trope and Lieberman, 2003). They do not always adequatkéyltang and very long-
term consequences into account (Kunreuther et al. 1978effli#®99). Kahneman and
Tversky (1979) proposed the prospect theory to better expidividual behaviors, taking
into account observed behaviors and experimental results.

In the following, we modify the model to account for some oésh effects. We
assume that capital investment decisions are made withrfegbd&knowledge, or with bi-
ases in risk perception or behavior. This assumption isistarg with the observation that
most capital investment decisions are not made using albda disaster risk informa-
tion. On the other hand, we model protection decisions asemaith perfect knowledge
of natural risks and assuming (wrongly) that capital innesit decisions will then also be
made optimally and with perfect knowledge. There is thusaomnsistency in the model
between protection decisions and capital investment &ss This hypothesis is justi-
fied by the fact that (public and private) decisions congeggrdisaster protections (e.g.
the design of a dike system) are most of time designed threaghisticated risk analyses
taking into account all available information.

We borrow from the prospect theory (Kahneman and Tversky9)l%he idea that
people weight different outcomes of a decision not usingpitedability of the outcome
(here, the probability of occurrengg, but a “decision weight’r. In a classical decision-
making framework — based on expected utility maximization—ean be interpreted
as the perceived probability of disaster occurrence, arddifierence betweep and
7 is the bias in risk perception. In a prospect theory framéwthre decision weights
“should not be interpreted as measure of belief” but theyataa be influenced by other
factors such as ambiguity (Kahneman and Tversky, 1979)hitndase, there are thus
two distinct issues: the misestimating of probability otomence (due for instance to
biased risk perception) and over- or under-weighting of s@mssible outcomes (which
is a preference, not a mistake).

In the model;r is used by investors to decide of the amount of capital talhist at-
risk areas. In this section, we assume however that potévdises remain small enough
for the utility function (in an expected utility maximizat framework) or the value func-
tion (in a prospect theory context) to remain lin€aEquation (5) therefore becomes:

MORF(R,S) — 0pC — (71X +1) =0 (32)

We investigate two ways of modeling the decision weighthe first model assumes a
static relationship between the actual probability of sosucep and the decision weight
w. The second model takes a dynamic view on risk perceptionrgnobuces myopic
adaptive expectations.

The reference point used by decision-makers to assessadiitis a situation with zero economic
surplus. As shown by Kahneman and Tversky, different refezgoints can lead to different behaviors.
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6.1 Systematic perception bias or decision weighting

A first model can be proposed where the relationship betwedme real probability of
occurrence, and, the decision weight, can be represented as:

7 = B(p) (33)

Kahneman and Tversky (1979) propose that (i) the decisiogiwes higher than
probability for low probabilities; (ii) “subcertainty” nmens thatr is less sensitive to
change in probabilities than perceived probability; @ihanges abruptly near the end-
points, withm(0) = 0 andr (1) = 1. One function that satisfies these conditions is:

m(p)= 1 if p > pras (34)
p, +p®  otherwise

Events with a probability below,,;,, are considered impossible; low-probability events
with probability higher tharp,,;, are overweighted; and non-certain higher-probability
events are underweighted.

Since protection is done with perfect knowledge about theusllmof installed capital,

T 14w

the actual probability of occurrence remains equal te (%) . Calculation from
Section 4 can be redone with decision weight, leading taaspEq. (26) by:

AR = X (35)
1

At very high development level, protection is so high that p,.;, and disasters are
considered impossible. This may be the situation in the &&thds for most decision-
makers. In that case, as in previous cases, the capitalkaRrigrows as fast as risk-
free economic growth, and is higher than what is optimal iateonal framework. It is
therefore a situation of excessive risk taking.

At lower development leveh > p,.;, and we have:

X\ T
EALRF T =1+ Xpp+ X (—5) Rt (36)
14

In that case, a high productivity still leads to a situatidmene the fixed term + Xp,
dominates the right hand side of Eq. (36), and the capitatktr still grows as fast as
risk-free economic growth.

So at high development level, risk perception bias or a proidjeory decision frame-
work still leads to a growth rate in capital at risk that is astfas risk-free economic
growth, and thus to a growth rate in average annual lossestoaver than risk-free eco-
nomic growth (namely, the risk-free rate reduced by theqmtidn factor, like in previous
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cases). In this case, risk taking can be either excessivesaofficient compared with the
optimal situation (depending on the parameters of the tsktionr).

Biases in risk perception change results at lower developfeeel. If the fixed term
r + Xp, is dominated in the right hand side of Eq. (36), then the gnoate in capital at
risk R becomes:

YR = il B (37)

In locations where capital at risk and the protection level would be increasing with
economic growth (i.e., where the probability of occurrepaecreases), the presence of
a large underestimation (or underweighting) of risk (adaby can lead to the opposite
outcome, that is a decrease of capital at risk and protelsi@h over time.

If the growth rate ofR is positive 1 < 1 — %), then this growth rate increases with
[. It means that capital at risk increases more rapidly if hdszare more under-weighted.
Regardless of risk perception, however, the growth in eapitrisk is larger than capital
in a risk-free situation, and the economy evolves towardemigk taking.

Average losses X R have a growth rate equal to:

v
= 38
7L 1— IulJVrV 1;5 ( )
In the situation in which protection improves over time< =, and in presence of

risk under-weighting, average losses increase over timeflzey increase more rapidly
than whens = 1, and thus more rapidly than risk-free economic growth. largtthe
introduction of a systematic bias in risk perception (or etidion weights instead of
probabilities) does not change the main conclusion of thpep, namely that development
leads to more risk taking (capital at risk increases morelhaphan risk-free economic
growth). Biases in risk perception can however amplify #ffect.

Even with biases in risk perception, situations where tesadssses increase more
rapidly than risk-free economic growth are not always situes where risk taking is
excessive: there are cases where risk taking is insuffi¢earpared with the social
optimum) but increases more rapidly than income. Again,abgervation of trends in
economic losses should not be confused with conclusiont@presence of excessive
risk taking.

6.2 Myopic expectations

This modeling disregards the dynamics of risk perceptionprictice, it is likely that
perceived risk is higher than actual risk during the yeali®iong an event, and lower
after some times and when the memory of disaster losses bagsl@cuteness. After
Hurricane Katrina hit New Orleans in 2005, the number of Uh&iseholds with flood
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risk insurance increased by 53 percent a year, only to drog tapre-Katrina levels
in three years, with a 33 percent cancellation rate. Mey@1@2 also shows that the
primary motivator of decisions to invest in disaster pratetis the size of losses already
experienced in the past, not losses that were avoided oredecped.

To account for these effects, a second model can be proposerkwecisions on
the amount of capital to install in the risky area are based disaster probability that
is estimated empirically, based on previous disasters k&g Hallegatte 2011). The
empirically estimated disaster probabilityisand is given by:

(t) = & / T Fu)du (39)

T Jue—oo

WhereF'(u) is aDirac distribution if a disaster occurs at time and zero otherwise.

This modeling corresponds to backward-looking adaptiyeeetation, in which past
events have an exponentially decreasing weight (with tica&es). In other terms, agents
assess future disaster risks from past events, with a meamamacteristic time. The
consequence is that the estimated disaster probabilitgl®hthan the real one just after
a disaster, and lower than the real one when no disaster kasred for a while. This
behavior appears consistent with many observations ¢eugreuther and Slovic, 1978;
Tol et al., 1998).

The efficiency of this empirical process depends on the gisagsobability. If there
are many disasters over a periodi.e. if 1/p << 7), the estimated probability remains
close to the real one. If the memory is too short, i.er i§ too low, then the estimated
probability will often be different from the real one.

Here, we are interested in the dynamics between two disd$té&ssuming that the
last disaster occurs at tinig, we havel’(t) = 0 for t > t,, and:

]_ u=to t—u ]_ u=t t—u t—t
m(t) = — / e F(u)du+ — / e~ = F(u)du = 7(ty)e™ = (40)
u T

T =—00 u=to

Replacingy by 7 in EqQ. (26) gives:

t—tg

MR =r +7X =7+ Xn(tg)e

(41)

When no disaster occurs during a long period of time, ecoa@uiors know that
disaster probability is low, them.X is very small compared with, and the introduction
of myopic expectations does not change anything: capitaisktincreases as fast as
economic growth.

But after disasters, where risk perception is highi large), then Eq. (41) can be
simplified, and the growth rate in capital at rigkis equal to:

2A more complete dynamical analysis is made using a numaeriodel in Hallegatte (2011).
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_ oty
l—p (1= p)
In that case, therefore, capital at risk increases fastan the risk-free economic
growth (ys). Here, the growth rate is independent of the shape of theeqgon cost
function (), and only depends on the expectation timescalM/e have:

YR Vs + (42)

Y v 1 v
T R )

The last term of the equation is due to myopic expectatiam$jtdeads to an increase
in the growth rate of average annual losses. Since the mskgrowth is equal tqj—u, the
growth rate of annual losses can be either slower or fasterribk-free economic growth,
depending on the values pfandr.

After disasters, annual average losses are growing moidydpan risk-free growth
if:

YL (43)

v>7(l — ) (44)

This is the case if protection costs increase rapidly wiehdésired safety standand (
is large), if expectation are short-sightedg small), but also if economic growth is slow
(v is small) or if the production function of capital at risk i®se to constant returnu(is
close to one). Using parameter values from our New Orleass study, this condition
is met if 7 is lower than 158 years, which is a very long timescale. lhsetherefore
possible that when disasters are relatively frequent, amyo bias in risk perception
leads to mean annual losses that increase more rapidlyithafiee economic growth.

7 Conclusion and discussion

This paper proposes an analytical framework to analyzertdetoff between disaster
losses and investment returns in areas at risk from natazdrds, and to explore the
relationship between development and risk taking. Thigags analyzed under various
assumptions on decision-making, including the presenceslkofaversion, biases in risk
perception, and alternative decision theories such asrdspect theory.

In an optimal framework, and under conditions that ensuagé pinotection improves
over time, the presence of risk and the possibility to priosg@inst disasters lead to a
lower amount of capital in risky area (compared with thefige situation), but it also
increases the growth rate of capital at risk where protaatimsts increase less rapidly
than the amount of protected capital (i.e. where investmare at least partly done by
increasing capital density and concentration).
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By improving protection, economic development drives ther®my toward more
risky behaviors (i.e. a growing share of capital is insthlle at-risk areas). Protection
reduces the probability of occurrence of an event, but ifsaich on risk is more complex.
In particular, it transfers part of the risk from one kind &kr (frequent and low-cost
events) to another kind (exceptionnal and high-impact&yen

Reciprocally, the increase in risk-taking is found to aecatle economic growth. Along
an optimal growth pathway, increasing risk-taking is thaghka driver and a consequence
of economic development. This interlinkage between dgraknt and risk taking sug-
gests that risk should not be reduced at all cost, and thablikervation of a trend in
disaster losses should not be confused with the presenceed®ve risk taking.

Most econometric studies have focused on average lossasnitk the probability
of occurrence and the amount of losses in case of occurramcehave left out of their
analysis the potential increase in damagi®n a disaster occufe.g., Toya and Skid-
more, 2007; Rashky, 2008). Current trends in disaster $oggpear however consistent
with the prediction of this paper, namely a trend toward fetug larger disasters (e.qg.,
Etkin, 1999; Nordhaus, 2010; Bouwer et al., 2007; Pielkel.e2808; Bouwer, 2011;
Schumacher and Strobl, 2011). These results are also iniitheUN-ISDR (2009),
which observes that poor countries suffer from frequentlandcost events, while rich
countries suffer from rare but high-cost events.

The paper suggests that natural disasters will becomeregsent but more costly
with development and economic growth, and this result hasespolicy-relevant con-
sequences. In patrticular, it means that development egjmrore resilience, i.e. an
improved ability to deal with and recover from rare eventhjoli exceed the protection
capacity. The Tohoku Pacific earthquake could thus be astidition of the type of events
the world will have to deal with in the future. Such a trend &ov/larger disasters trans-
lates into a strong and increasing need for crisis manageamehpost-disaster support,
through (1) forecasts and early warning to mitigate humasds (e.g., Subbiah et al.,
2008; Hallegatte 2012); (2) rainy-day funds and insuramge reinsurance schemes to
support reconstruction (e.g., Ghesquiere and Mahul, 20afiee et al., 2010; Michel-
Kerjan, 2010); and (3) new international instruments fostpdisaster support and soli-
darity (e.g., Linnerooth-Bayer et al. 2009). Finally, thhewing role of exceptional disas-
ters, on which knowledge and data is the scarcest, call fwsid®-making processes that
are able to cope with large uncertainty (Lempert and Cql2@07; Paté-Cornell, 2012;
Hallegatte et al., 2012).
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A Capital at risk and safe capital as substituable inputs
in a Cobb-Douglas function

If R andS are imperfectly substituable, we can assume @, S) = AR* .S#2. This
section demonstrates that this situation is similar to ttumgon whereR andS are sep-
arable in the production function.

In this case, the marginal productivity Sfgives us:

1
vt T-pg H1
g — (6 )\,ug) w2 R (45)

r

1

With p = (%)7”_", we have:

23

and the marginal productivity at gives us:

X\ i
DX = X (_) R (46)

K2

I
)\Iul (@) 1—po eﬁR}tl{‘r_/f?—l - b% ({) 1+v R_l}rl’
r v€

(47)

Here, we can use the same approach as before.

A.1 Low development level

At low level of development, and using the same assumptiang @ X is larger than-,
and the equation can be approximated by assuming that p.X, which gives:

~
T—

e —
R(t) _ Roelf(mﬂtz)* 1_&2 (48)

SoRisincreasing ifl — (u1 + p2) > i’f, e ifv > % Using classical values
for decreasing return (i.eu; + p2 ~ 0.3), and assuming that the capital at risk and the
safe capital have the same exponent, it leads t00.64, which is the case if protection
costs are convex.

Since economic growth in absence of risk would%, the capital at risk in-
creases more rapidly than risk-free economic growth. Ayelasse¥[L] = pXR are

growing at a rate:

Y 14

L= () -2 v+

Average losses increase more rapidly than risk-free ecangrowth if:

YL (49)
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v v > v
L= (4 p) -2 v+17 1= (u+ po)
If R isincreasing, then the denominator is positive, and thegurlity is always ver-
ified. So, in this setting, at low level of development andemahild conditions insuring
that the probability of occurrence decreases with timerame disaster losses increase

more rapidly than risk-free economic growth.

(50)

A.2 High development level
At high level of developmenp X is very small compared with, and the equation can be
solved by assuming atX = 0:

R(t) = Rpe 1*(#¥+u2)t (51)

Which is also the rate of risk-free economic growth. Averlgsest[L] = pX R are
then growing at a rate:

Y v
= 52
g 1—(M1+M2)V—|—1 ( )

In this case, the growth rate of disaster losses is lower tiwamate of risk-free eco-
nomic growth. Indeed, the growth rate in annual disastesdess equal to economic
growth multiplied by the sam#rotection factor” v/(1 + v) as in the case of a separable
production function.

Proposition 9 The case wher®& and S are substituable inputs in a Cobb-Douglas func-
tion is equivalent to the case where the production fundsmseparable.
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B Taking into account risk aversion

The present analysis does not include risk aversion, fatigwrrow and Lind (1970). It
thus assumes that the social planner who determines thempgie level of risk ensures
that (i) aggregate losses remain limited compared witfonatiincome; (ii) there is risk
sharing across individuals in the country to avoid largevidial losse$®; and (iii) there
is temporal smoothing of disaster losses, through savindg$arrowing (self-insurance)
or reinsurance. In absence of these elements, risk aversais to be taken into account.
This is the case, for instance, in small countries where ttieeseconomy can be affected
(as in Grenada after hurricane Ivan in 2004 where lossefhe€da200% of GDP) and
where the risk-free level of capitd (R*) would be large compared with the rest of the
economy.

To take into account risk aversion, we need to introduce #itydtinction, which we
assume to depend on the economic surplus and to have decreasing retura$r) >
0 andu”(w) < 0. The utility cost of disasters can be approximated by therarsce
premiumo that the region would be ready to pay to avoid all losses, iwisdefined by:

u(mp — 0) = pu(mo — L) + (1 — p)u(m) (53)

wherery is the surplus in absence of disaster and is equal'to( R, S) — C'(p, R) —
r(R + S). This equation defines a functiaiip, R, S,t), which replacepX R in Eq. (3)
when risk aversion is accounted for.

T
A

E[u] = €' F(R,S) — C(p,R) —r(R+ S) — 6(p, R, S, t) (54)

And the maximization program becomes:

max,ps 7
5.1.0 < p < po

We use a constant relative risk aversion (CRRA) utility fiiore under the formy =
=—, then we have:

(55)

§=mo— [p(mo— RX)'" 7+ (1— p)ﬂ'é_p} () (56)

Sinced > pRX in presence of positive risk aversion, the taking into aotad risk
aversion makes perceived risk larger and creates a noarlipdetweenr and risk. To
go further, the optimization program can be solved numbyieath the parameters and

13Since fatalities and casualties cannot be shared, it mémtsdrecasts and early warning systems
reduce human losses, as is observed in most developed iesuntrere economic losses have increased
while human losses have decreased.
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Figure 4: Evolution of the “fraction at risk”, i.e. the shawécapital at riskR in total
capitalR+ S, as a function of time, with and without risk aversion. Rigkision reduces
the fraction at risk at all development levels. Calculasiasing numerical values from
New Orleans (see Section 5) and= 2.

functional forms from Section 5 on New Orleans, and usingsidm®e methodology to
calibrate\. Since risk aversion introduces total income in the equatiaf R andp, it
creates a link betweefl andS even when the two capitals are separable in the production
function. It means that the value §f(i.e. «) also needs to be calibrated. In practice, the
value ofS depend on how disaster risks in New Orleans are shared sknee capital

(or capital that is subject to a risk independent of hurrecaisk). As an illustration,
equations are solved assuming that 2.

Results for the fraction at risk are presented in Fig. 4, fosk aversionp = 2. It
shows that risk aversion leads to locating less capital nsktareas, at all development
levels.

Figure 5 shows that risk aversion has an ambiguous impabiegprobability of occur-
rence: at low development level, the capital at risk is somaraller with risk aversion
that it is optimal to increase the probability of occurrenaehigher development level,
risk aversion leads to better protection and to a decrea$e iprobability of occurrence.
Finally, Fig. 6 shows that capital at risk still grow more idip than income at all devel-
opment levels, and the growth rate converges toward thefmegkgrowth rate. At high
development level and in this simulation, the capital & rsslower but increases more

http://services.bepress.com/feem/paper780

34



Hallegatte: An Exploration of the Link Between Development, Economic Gro

35

0.16

\
0.14p
\
\
8 012r\"
c \
g v Risk
3 01k v\ aversion
s = ', (=2)
S
2 0.08F
o
@
Qo
o
5 0.06
=
=}
£
£ 0.04+
0.02

10°

Aggregated income (billion USD)

Figure 5: Evolution of the annual probability of occurrenegthout risk aversion and
with risk aversion f = 2).

rapidly with risk aversion than without risk aversion. Aghidevelopment level, average
annual losses grow at a lower rate than risk-free econorigtyy, like in the case without
risk aversion.

Numerical simulations suggest therefore that the quadéaesults in the case without
risk aversion remain valid with risk aversion. An explooatiof various values of risk
aversion p) and of various risk sharing level (modeled througthere) confirms that
results are robust to the presence of risk aversion.
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Figure 6: Evolution of capital at risk and average annual disaster losses as a function
of time, without risk aversion and with risk aversign=€ 2).
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