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Abstract: We quantitatively investigate the macroeconomic effects of natural dis-
asters using a standard RBC model with a focus on their impact on capital accumu-
lation. Natural disasters can have ambiguous effects on domestic capital accumu-
lation, through their two opposing effects on households’ incentives for domestic
capital accumulation. On the one hand, natural disasters hurt domestic capital accu-
mulation due to their destructive nature. On the other hand, a high natural disaster
risk leads households to increase precautionary savings, which can increase the
long-run capital stock when it is invested domestically. Our quantitative results
show that in a closed economy, the long-run capital stock exhibits a “U” shape with
respect to the intensity of natural disasters, and that in a small open economy, the
long-run capital stock monotonically decreases with respect to the intensity of nat-
ural disasters. This result can provide an explanation to Skidmore, M., and H. Toya.
2002. “Do Natural Disasters Promote Long-Run Growth?” Economic Inquiry 40 (4):
66487 puzzling empirical finding: Lack of observed negative long-run relationship
between natural disasters and long-run capital stock/economic output. Moreover,
in the event study analysis on the short-run macroeconomic dynamics during the
natural disaster crises, we find that households’ capital flight can exacerbate out-
put costs of the natural disasters. This finding is also in line with Noy, I. 2009. “The
Macroeconomic Consequences of Disasters.” Journal of Development Economics 88
(2): 221-31 puzzling finding that capital market openness adversely affects the short-
run output cost of natural disasters.
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1 Introduction

Over the past few decades, there has been a marked increase in the frequency
and severity of natural disasters worldwide, with notable examples including the
1990 Luzon earthquake (Philippines), the catastrophic 2004 Indian Ocean tsunami
(Indonesia), and the 2017 Hurricane Maria (Puerto Rico). This trend of more fre-
quent and severe natural disasters has drawn the attention of policymakers and
academics alike, highlighting the need for greater understanding of the macroeco-
nomic consequences of natural disasters.

Despite a consensus that natural disasters are harmful due to their destruc-
tive nature, empirical studies in the literature have not yet reached a consensus on
the relationship between natural disasters and economic output/growth, whether
in the short run or long-run.! Several empirical studies such as Skidmore and Toya
(2002) and Cavallo et al. (2013) find a positive or non-negative relationship between
natural disasters and economic output/growth, whereas Felbermayr and Groschl
(2014) and Noy (2009) find, on impact, negative effects of natural disasters on eco-
nomic output/growth. Felbermayr and Groschl (2014) surveyed the 14 empirical
studies investigating the effects of natural disasters on GDP per capita. They find
that among 368 point estimates from these studies, about 38 % are statistically
insignificant at the 10 % level; of the statistically significant estimates, about 44 %
are positive, whereas the remaining 56 % are negative.

Standard neoclassical growth theory also does not provide a clear answer to
this puzzling empirical finding. When a natural disaster initially strikes, destroy-
ing part of a country’s capital stock, economic output immediately decreases. As
the country’s capital stock deviates from its steady state level, households rapidly
increase domestic investment to replenish the destroyed capital stock, putting the
country back to its original steady state. That is, the standard neoclassical growth
theory predicts that a one-off natural disaster would lead to a temporary decline in
output, without affecting long-run capital accumulation and the rate of technologi-
cal progress.

1 See Table 1 in Felbermayr and Groschl (2014) for a nice summary of empirical studies on the
effects of natural disasters on economic output and growth.
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However, natural disasters are recurrent, and this disaster risk influences
households’ consumption and investment decisions, leading to long-term macroe-
conomic effects. At first glance, one might conclude that a high risk of natural
disasters reduces physical capital accumulation, thus reducing long-run economic
output/growth. But such a conclusion can be partial, as there are two opposing
forces at play on capital accumulation, thus affecting economic output/growth.
On the one hand, natural disasters hurt capital accumulation both directly and
indirectly. Directly, natural disasters recurrently destroy a country’s capital stock,
thus increasing the effective depreciation rate of domestic capital. Indirectly, this
increase in the effective depreciation rate undermines households’ incentive for
domestic investment by lowering the expected return on capital. On the other hand,
in the face of a natural disaster risk, households tend to engage in precautionary
saving to insure against an income loss during natural disaster crises. Sawada (2013)
and Skidmore (2001) find that the high risk of natural disasters like earthquakes
has contributed to Japanese households’ high propensity to save, leading to a high
level of capital accumulation. Skidmore and Toya (2002) and Loayza et al. (2012) con-
ducted regression analyses examining the impact of natural disasters on physical
capital accumulation and found that, in most cases, natural disasters have little to
no effect or positive effects on physical capital accumulation.

In a closed economy, one extreme on the spectrum of capital market openness,
this increase in the domestic saving due to precautionary motives can contribute to
domestic capital accumulation, because domestic savings are domestically invested
in a closed economy. However, in an open economy, the opposite extreme on the
spectrum of capital market openness, households can invest their saving abroad
by purchasing foreign assets in the international financial market. In this case, the
increase in saving, driven by precautionary motives, could not contribute to capital
accumulation. Therefore, the relative strengths of the two opposing forces com-
bined with the degree of capital market openness ultimately determine the long-run
levels of capital stock and output for a country facing a risk of natural disasters. It
is difficult to disentangle the effects of each force under different types of capital
market openness without using a structural model.

To provide a quantitative assessment of the macroeconomic effects of natural
disasters, we use an otherwise standard RBC model augmented with a natural disas-
ter shock. We model a natural disaster as a recurring shock that destroys a portion
of the existing capital stock. To capture the non-linear effects of substantial capital
stock destruction and households’ precautionary saving, the model, which is cali-
brated to a sample of emerging market economies, is solved and simulated with a
global solution method.

In the quantitative analysis, we find that natural disasters make the economy’s
business more volatile in general, mainly through high volatility of investment.
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This result is consistent with Raddatz (2007), which finds that natural disasters play
a role in accounting for high volatility of emerging market economies’ business
cycles.

Moreover, the long-run average capital stock obtained from the simulated
ergodic distribution displays different patterns with respect to intensity of natural
disasters, under different types of capital account openness. In a closed economy
model, the average long-run capital stock exhibits a “U” shape with respect to the
intensity of natural disasters: for mild natural disasters, the long-run capital stock
initially decreases, as the intensity of natural disasters increases. However, once
their intensity exceeds a certain threshold, the long-run capital stock starts to grow
with the intensity of natural disasters. It is because as the natural disaster risk
increases, the increase in domestic investment resulting from households’ precau-
tionary savings more than compensates for the decrease in capital stock caused
by the natural disasters. On the other hand, in the small open economy model, in
which households have an option to save in the international financial markets,
the long-run capital stock monotonically decreases with increasing natural disas-
ter intensity. In the face of increasing disaster risk, households still increase their
precautionary saving, not in the form of domestic investment, but in the form of
risk-free foreign financial assets, thus leading to capital flight. That is, our model
predicts that capital market openness negatively affects physical capital accumu-
lation for the countries facing high natural disaster risk, and we find suggestive
empirical evidence supporting this prediction.

Because of this non-linear relationship between the long-run capital stock and
intensity of natural disasters under different types of capital market openness, our
structural model indicates that the long-run cross-country regression between nat-
ural disasters and the long-run capital stock/economic growth could yield a positive
or a non-significant correlation, as in Skidmore and Toya (2002)’s? puzzling empir-
ical finding.

Moreover, in the countries with a high degree of capital account openness,
households during times of natural disaster crises have a strong incentive for
“capital flight”- transferring their resources out of their country to buy safe foreign
assets. Our quantitative analysis on short-run macroeconomic dynamics around
the natural disaster crisis, using the event study technique to simulated data, indi-
cates that this capital flight for the countries with a high degree of capital account
openness exacerbates output costs of natural disasters at the time of natural

2 Skidmore and Toya (2002) is the first paper to empirically investigate the long-run macroeco-
nomic effects of natural disasters and is one of the most highly cited papers in the literature.
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disasters, especially when natural disasters are persistent.? This is consistent with
Noy (2009)’s puzzling empirical finding that capital market openness exacerbates
output costs of natural disasters. To our best knowledge, our paper is the first paper
which finds an important role of precautionary saving and capital account open-
ness in capital accumulation and economic output for the countries facing a high
risk of natural disasters.

Our results can have policy implications for governments of countries of high
natural disaster risks. A capital control policy which bans capital flight can con-
tribute to domestic capital accumulation in the long-run, but it comes at the expense
of household welfare. This implication is in line with Liu, Spiegel, and Zhang (2021),
which finds that the Chinese government’s capital control policy has contributed to
China’s economic growth at the cost of household welfare. When natural disasters
are persistent, the capital control policy which bans capital flight can mitigate the
short-run output costs of natural disasters.

1.1 Related Literature

In recent years, the economic impact of natural disasters has become an increas-
ingly important area of research. Despite the growing body of literature on this
topic, the majority of studies tend to be empirical in nature. While these stud-
ies have contributed valuable insights into the macroeconomic effects of natural
disasters, there has been relatively little work using structural models to analyze
the macroeconomic effects of natural disasters. Cantelmo, Melina, and Papageor-
giou (2023) and Marto, Papageorgiou, and Klyuev (2018) among others use a small
open economy DSGE model with a similar natural disaster shock to investigate the
macroeconomic effects of natural disasters, but they mostly focus on welfare impli-
cations of natural disasters and the effectiveness of a government’s disaster mitiga-
tion policy after the natural disaster crises. Our paper complements their work by
investigating the long-run impacts of natural disasters on capital accumulation.
Moreover, Cantelmo, Melina, and Papageorgiou (2023) assumes an ad-hoc func-
tion for a government’s external borrowing/saving decision, not allowing house-
holds for any access to international financial markets, but our paper allows house-
holds to optimally choose the amount of borrowing/saving in the international
financial markets. Even though incorporating households’ endogenous borrow-
ing/saving in the international financial markets significantly increases computa-
tional complexity, our paper successfully identifies the important role of capital

3 Recent research (Van Aalst 2006; van der Ploeg and de Zeeuw 2018) indicates that climate
change leads to more frequent and persistent natural disasters.
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market openness in capital accumulation, a factor Cantelmo, Melina, and Papa-
georgiou (2023) does not address. Our paper shows that households’ precautionary
saving in the face of natural disaster risk, along with their interaction with access
to international financial markets, plays a crucial role in determining a country’s
long-run capital accumulation, and consequently its long-run output. Moreover, we
find that these factors also influence the short-term output costs of natural disasters
as well.

The remainder of the paper is structured as follows. Section 2 presents the
model. Section 3 presents the quantitative analysis of the macroeconomic effects
of natural disasters. Section 4 presents empirical evidence evaluating the model’s
prediction. Section 5 concludes.

2 Model

We introduce a natural disaster shock into an otherwise standard small open econ-
omy RBC model with endogenous capital accumulation (Mendoza 1991). The natural
disaster shock is modeled as an exogenous shock which destroys a certain fraction
of the existing capital stock of economy. Further detail regarding the natural dis-
aster shock will be presented later in this section. The economy is populated by a
continuum of identical households and firms. The households own the firms and
provide capital and labor service to firms, which use both inputs to produce the
tradable consumption good, which is the numeraire in this economy. Households
accumulate capital through investment and have access to the international finan-
cial market, where they can borrow or save through issuing or buying risk-free non-
contingent bonds to/from foreign creditors at the world risk-free rate r*. Finally,
households have perfect information about the stochastic process governing the
natural disaster shock and form expectations accordingly. In the Section 3.1.2, we
also consider the closed economy case, in which households have no access to the
international financial markets.

2.1 Households

The representative household has the preferences given by

(o4
Ey )’ fu(C,, G(L), M

=0
where C; denotes consumption, L, labor, and f the time discount factor. We use
the following GHH (Greenwood, Hercowitz, and Huffman 1988) preference, which
is widely used in the open economy business cycle literature, because it is known
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to well match the business cycles for the emerging market economies. The period
utility function is given by

] 1_}/
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2.1.1 Capital Accumulation and Natural Disaster Shock

The household owns the capital and rent it to the representative firm with the real
rental rate of RX.
Capital is accumulated according to the following law of the motion:

Kuy = (1= 8)ZK, + 1, 3)

where 6 is a depreciation rate, I, investment, and Z is a natural disaster shock,
which is persistent and recurrent over time following a Markov process. Z¢ takes
on the value of one during normal times (i.e. no disaster). However, when a natural
disaster hits an economy, Z{ takes on the value of (1 — #), which lies between zero
and one. That is, when a natural disaster shock hits an economy, it destroys # frac-
tion of the existing capital stock.* Incorporating the disaster shock into the model,
the effective level of the capital stock used for production becomes Z{ K,.
Moreover, we have the following standard capital adjustment cost given by:

2
L\ _x(1
“(3)=5(4)

The capital adjustment cost is typically used to prevent excessive volatility of invest-
ment in the small open economy business cycle models.

The household borrows or saves in the form of one period non-contingent
bonds B, in the international financial markets. In the benchmark model, we
assume that households in this country has full access to the international

4 Other papers in the literature such as Marto, Papageorgiou, and Klyuev (2018); Can-
telmo, Melina, and Papageorgiou (2023) model natural disasters as a negative shock which
decreases the level of TFP shock and destroys the existing capital stock of the economy at the same
time. We model natural disasters as a shock which destroys the existing capital stock as with Ikefuji
and Horii (2012) and Isoré (2018), because the main and direct harmful effect of natural disasters
is through destruction of the existing capital stock. Moreover, using the data, it is difficult to sepa-
rately identify the decrease in the level of TFP shock and the extent of destruction of the existing
capital stock caused by natural disasters.

5 B, < 0 indicates that the household is indebted to the rest of the world, while B, > 0 indicates
that the household has positive foreign bond holdings.
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financial markets. The period budget constraint for the representative household is
given by

Ci+ By +1 + d>< ) =R ZK, + wL,+ 1+T1")B, (5)

I
Kt
where w, is a wage rate. The risk-free rate in the international financial markets is
constant at r*.

2.2 Firms and Production

Firms employ labor L, and capital K, to produce a final good Y, using the following
production function:
Y, = éMF(Z(K,,L,), (6)

where A, is a total factor productivity (TFP) shock. The total factor productivity
shock (TFP) 4, is governed by the following AR(1) process:

A, = pA_, + €, )

where €, isi.1.d and follows a normal distribution of N(0, ). Finally the production
function F(.) exhibits constant returns to scale.

2.3 Recursive Formulation
The Bellman equation for the representative household is given by:

V(A.ZK.B) =  max  w(CyuL)+PEV(Au1, 2, KiyrsB), (8

t>“t»
(el Sl &) t+l’B[+1

subject to the following constraints:

I
Ct+Bl+1+I[+(I><Kf

> = eMF(Z¢K,,L,) + (1 +1*)B, ©)
t

Ky = (1= 8)ZK, +1, (10)

2
Ly_«x(1
o(k)=5(k)x, a

We have two exogenous variables (A[,Zt€ ) and two endogenous variables
(K,, By as state variables. To capture the household’s precautionary saving, the
degree of which depends on the third derivative of the utility function, induced
by a high risk of natural disasters and non-linear macroeconomic effects of natural
disaster shocks during crises, we solve the above Bellman equation using a global
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solution method-the value function iteration method over a discretized state space.5
We focus on the Markov-perfect equilibrium.

2.3.1 Discussion on the Effects of Natural Disasters on Capital Accumulation

Natural disaster risk has two opposing effects on households’ incentives for capital
accumulation. On the one hand, natural disasters hurt capital accumulation both
directly and indirectly. Directly, natural disasters recurrently destroy a country’s
capital stock, thus increasing the effective depreciation rate of domestic capital.
Indirectly, this increase in the effective depreciation rate undermines households’
incentive for domestic investment by lowering the expected return on domestic
capital. On the other hand, natural disasters increase income uncertainty for house-
holds: households suffer from an income loss when natural disasters destroy the
domestic capital. In the face of increased income uncertainty, households tend to
engage in precautionary saving to insure against an income loss during natural dis-
aster crises. It must be noted that natural disasters pose a downside income risk,
and compared to the mean preserving increase in income uncertainty, households’
precautionary saving can be larger.”

In a closed economy, in which all households’ saving is invested domestically
(i.e., S=1), it is not clear whether the long-run capital stock would increase or
decrease in the presence of natural disaster risk. On the other hand, in an open
economy, in which households saving does not have to directly flow into domes-
tic investment (i.e., S # I), households facing a high risk of natural disasters have
an option to save in the form of foreign bonds (i.e., B, > 0) in the international
financial markets rather than domestic capital. Hence, in the case of the open econ-
omy model, access to the international financial markets could work to discourage
households’ incentive for domestic investment, thereby adversely affecting capital
accumulation. In the next section, we solve and simulate the model to quantify the
effects of natural disasters, with a focus on the two opposing forces affecting capital
accumulation.

6 We also use Tauchen (1986)’s method to discretize the TFP’s shock process. We use 100 grid points
for the bond holdings and 200 grid points for the capital stock.

7 When the marginal utility function is convex (i.e., u’’/(c) > 0), it follows from the standard
Euler equation-u/(c,) = p(1+r)E, [u’ (c;41)|-and Jensen’s inequality that an increase in consump-
tion variability leads to an increase in E,|u/(c, +1)]. Natural disaster risk causes c,,; to be more
variable, because natural disasters incur income loss for households. Moreover, since natural dis-
asters pose only a downside income risk, they cause c, ., to belower than a mean preserving income
risk. Hence, in order to the Euler equation to continue holding, households decrease c, by saving
more.
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3.1 Calibration and Quantitative Performance of the Model

3.1.1 Calibration and Functional Forms

The model is calibrated to match a number of business cycle moments for emerg-
ing market economies.® Table 1 lists baseline parameters. A period is a year. The

Table 1: Parameters.

Parameter Value Description Source/target moments

y 2 Risk aversion parameter Literature

Iy 4% Annual risk free rate Standard value

w 2 Curvature parameter of labor supply Literature

a 0.6 Labor income share Literature

p 0.96 Subjective discount factor Annual interest rate of
4%

6 0.1 Annual depreciation rate Literature

K 0.175 Capital adjustment cost Volatility of investment
for EME’s (Uribe and
Schmitt-Grohé 2017)

p 0.6 Persistence of TFP shock Estimate for Mexico (Boz,
Daude, and Durdu 2008)

o, 0.0245 Volatility of TFP shock Volatility of GDP for EME’s
(Uribe and Schmitt-Grohé
2017)

n 0.022 Fraction of decrease in the existing capital % Decrease in GDP at the
time of disaster

Pad 0.333 Probability of recurring natural disaster Persistence of natural
disaster

Prn 0.965 Transition probability of natural disaster Annual frequency of

natural disaster

8 We calibrate the model to match emerging market economies, because even though natural dis-
asters affect both developed and emerging market economies, emerging market economies are
significantly more vulnerable, with their business cycles being even affected by natural disaster
risk (Raddatz 2007). It is mainly because developed countries have more advanced disaster man-
agement systems, and that is why most studies in the literature (Marto, Papageorgiou, and Klyuev
2018 and Cantelmo, Melina, and Papageorgiou 2023) calibrate their DSGE models to match emerg-
ing market economies. However, Fried (2022) investigates the role of adaptive capital as a disaster
management system for the U.S.
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risk aversion coefficient y is set to be 2. The parameter that determines the labor
supply elasticity of wage in the GHH utility function w is set equal to 2, which is
within the range of the values used in the literature. The annual interest rate is set
at 4 %. Labor’s share of income « and the subjective discount factor for the house-
hold g are, respectively, set to be 0.6 and 0.96. The annual capital depreciation rate
¢ is 0.1, which is a widely used value in the emerging market economy business
cycle literature. To estimate a stochastic process for the total productivity shock,
we need a reliable series for emerging market economies’ Solow residuals. How-
ever, many emerging market economies do not provide reliable labor statistics. We
set the persistence parameter of the TPF shock p to be 0.6, which is the estimate for
Mexico from Boz, Daude, and Durdu (2008), and we set the volatility parameter of
TFP shock o, to match the average volatility of HP filtered output for the emerging
market economies, 3.98 % (Uribe and Schmitt-Grohé 2017). The capital adjustment
cost k is set to be 0.175 to match the average volatility of investment to GDP ratio
for the emerging market economies (Uribe and Schmitt-Grohé 2017).

The natural disaster shock Z{ follows a 2-state Markov chain with realizations
Z,s =1and Z; = 1 — 5, and the transition matrix for the Markov chain is given by

I = (12)

Pna  Pnn

Daa pdn]

The realization Z,; corresponds to when a natural disaster shock hits the econ-
omy, whereas Z,; normal times (no disaster). In the transition matrix 1%, p,, is
the probability of a natural disaster occurring again in the next period, given the
economy gets hit with the natural disaster shock in the current period. Likewise,
Pnq 1s @ transition probability of the economy getting hit with a disaster shock in
the subsequent period, given that the economy is in normal times in the current
period. We calibrate these probabilities such that the annual frequency of a nat-
ural disaster shock is 5 % (i.e., once in every 20 years), which falls in the range of
estimates for the emerging market economies from Cantelmo, Melina, and Papa-
georgiou (2023), and that the recurring probability of natural disaster is computed
using the persistence of the disaster shock from Gourio (2012), Isoré and Szczerbow-
icz (2017), and Cantelmo, Melina, and Papageorgiou (2023). The calibrated p,,; and
Pna are, respectively, 0.333 and 0.965.

The degree of persistence of natural disasters varies significantly depending
on the type of disaster. Natural disasters are classified into two types based on their
duration: slow-onset disasters and rapid-onset disasters. Geological disasters, such
as earthquake and volcano eruption, are generally considered rapid-onset disas-
ters, while climate-related disasters, such as drought and sea-level rise, are slow-
onset disasters. In this paper, we investigate the quantitative effects of a slow-onset
disaster, which emerges gradually over time and is primary attributed to climate
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change. Compared to the rapid-onset disasters, this slow-onset disaster demon-
strates a high degree of persistence. In Appendix A we present the main quantitative
findings for the case of an i.i.d natural disaster shock, intended to model a rapid-
onset disaster. We find that the persistence of the disaster shock also has significant
macroeconomic effects in both the short and long-run by affecting household’s
consumption and investment decisions.

The parameter #, representing the fraction of the existing capital stock
destroyed at the time of a natural disaster; is calibrated to 0.022 (i.e., a natural disas-
ter shock destroys 2.2 % of the existing capital stock) to match the average decrease
in GDP of 1 percent at the time of the natural disaster. This decrease in GDP at the
time of the natural disaster is also in the range of estimates by Cantelmo, Melina,
and Papageorgiou (2023) using the data for a sample of 129 countries spanning the
years from 1998 to 2017.

3.1.2 Quantitative Performance of Model

3.1.2.1 Business Cycle and Long-Run Moments

Table 2 shows the business cycle and long-run moments from the simulations under
different scenarios for the small open economy benchmark model. The first column
shows those moments for the calibrated benchmark model with a natural disaster
shock, and the simulation results for the other columns are obtained with using a
different parameter at a time, holding the other parameters at those in the baseline
calibration. Compared to the case of no natural disaster (column 2), the business

Table 2: Business cycle and long-run moments from simulations.

(I) Baseline (II) No (III) (Iv) (V)  (VI) Frequent

(7 =0.022) disaster(n=0) #=0.01 #n=0.05 #=0.07 disaster
o(Y) 3.98 3.91 3.93 4.21 4.32 4.02
o(C)/o(Y) 0.67 0.66 0.67 0.70 0.74 0.68
o()/o(Y) 3.79 3.62 3.65 4,54 4.64 3.85
E(Y) 2.95 3.00 2.98 2.92 2.91 2.90
E(C) 2.09 213 2.1 2.08 2.08 2.06
E(K) 8.29 8.48 8.38 8.16 8.11 8.08
E(K/Y) 2.81 2.83 2.82 2.80 2.79 2.7
E(B/Y) —19.4 % —-215% —211% —8.44% 6.73 % —18.03 %

Y, C, L, K, and B respectively denote GDP, consumption, investment, capital stock, and external bond
holdings. When computing the volatility (o), all variables are HP-filtered with a smoothing parameter
of 100. E(x) is the mean value of x obtained from the simulated ergodic distribution. The simulated
volatilities of output and investment precisely their empirical counterparts, which are our target
moments.
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cycles for the model with natural disasters exhibits higher volatility, with output
volatility being 1.8 % higher, consumption volatility 1.5 % higher, and investment
volatility 4.6 % higher. This result is consistent with Raddatz (2007)’s empirical find-
ing that natural disasters accounts for a significant fraction of the business cycle
volatility of the emerging market economies.

The long-run average capital stock, denoted as E(K) and obtained from the sim-
ulated ergodic distribution for the benchmark model, is lower (8.29) than that of no
natural disasters (8.48); this lower level of long-run capital stock results in a lower
level of the long-run average output for the case of natural disasters. That is, the
natural disaster shock, which on impact destroys 2.2 % of the existing capital stock,
leads to a decrease in the long-run average output by 1.7 % from 3.00 to 2.95.

Columns 3 through 5 show the business cycle and long-run moments for vary-
ing degrees of natural disaster intensity. As a natural disaster gets more severe,
business cycles become increasingly more volatile, and the long run average cap-
ital stock decreases in tandem with the long-run average output. Finally, as the
frequency of natural disasters increases from once every 20 years to once every 10
years (last column), business cycles become more volatile, and the average long-run
capital stock and output decrease.

Our quantitative results indicate that natural disasters hurt the small open
economy’s long-run output through a decrease in the long-run capital accumula-
tion. These results support the empirical studies documenting the negative long-run
economic effects of natural disasters but contradicting Skidmore and Toya (2002)
’s findings among others. However, in Section 3.2.3, in which we conduct a sensi-
tivity analysis with respect to the intensity of natural disasters for the economies
with different types of capital market openness, we show how our structural model
can predict positive or insignificant long-run effects of natural disasters on capital
accumulation and economic output.

Moreover, as natural disasters become more severe, the average ratio of exter-
nal bond holdings to GDP (g) increases from —21.5 % (no disaster) to 6.73 % (severe
natural disaster (Column 5)). That is, faced with increasingly severe natural disaster
risk, which lowers the expected return on domestic capital, households with access
to the international financial market shift their investment away from domestic
capital and towards the foreign bonds.

When the natural disaster is significantly severe (7 = 0.07), the country expe-
riences capital flight® so that it has a positive foreign bond holding (i.e., E( %) > 0).

9 While there is no generally accepted definition of capital flight (Epstein 2005), capital flight is
commonly understood as the transfer of domestic assets to foreign locations to reduce loss of prin-
cipal, loss of return, or loss of control over one’s financial wealth for various economic/political
reasons.
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Figure 1: Simulated ergodic distributions of capital stock and foreign bond holdings.

If this external savings had been invested in domestic capital, it would have lead
to an increase in domestic capital accumulation, thus increasing economic output.
This result indicates that capital market openness can adversely affect long-run
economic output by hurting long-term capital accumulation.

The Figure 1 shows the simulated ergodic distributions of capital stock (K)
and foreign bond holdings (B) for the cases of the baseline calibration (Column
1 of Table 2) and severe natural disasters (the last column), thus comparing the
stochastic steady states of the two cases.!® This figure illustrates households’ portfo-
lio choice between the domestic capital (K) and foreign bonds (B) for the cases of two
different disaster intensities. For the case of the severe natural disaster, the ergodic
distribution of capital stock (grey) is located to the left compared to the henchmark
case (black), with a lower mean of 8.11. However, there is a stark contrast in the
ergodic distributions of the foreign bond holdings between the two cases: house-
holds confronted with severe natural disasters tend to have positive foreign bond
holdings (B > 0), indicating a great shift from domestic capital to foreign bonds.
That is, in the case of a small open economy, the increase in households’ savings
tends to be invested in the form of risk-free foreign bonds, rather than in domestic
capital, when natural disasters are severe.

3.2 Exploring the Model’s Mechanism

In this section, we examine the model’s mechanism, focusing on the roles of
households’ precautionary saving behavior in the face of natural disaster risk and
capital market openness in capital accumulation. To this end, we present the policy
functions of the model for both the small open economy and closed economy cases,

10 The model is simulated for 100,000 periods, and to rule out the initial condition problem, we
only use the last 95,000 simulated data points to obtain the ergodic distribution for each variable.
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and conduct a sensitivity analysis with respect to the intensity of natural disasters
under different types of capital market openness.

3.2.1 Small Open Economy Case (S # I)

Figure 2 presents policy functions across the capital stock K for domestic saving
(S =Y — (), investment (I), and current account (CA = S — I) for three different
levels of disaster intensity during normal times. The figure separately illustrates
the two opposing effects of natural disasters on households’ incentives for capital
accumulation. As a natural disaster gets more severe, households increase domes-
tic saving (top left panel), which could have a positive effect on domestic capital
accumulation if additional savings are invested domestically. However, they simul-
taneously decrease domestic investment (top right panel), which has a negative
effect on domestic capital accumulation. Thus, in a small open economy, natural
disasters’ two opposing effects lead to a divergence between domestic saving and
investment.
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Figure 2: Policy functions for domestic saving (S=Y-C) and investment w.r.t intensity of natural
disasters. Note: the policy functions are obtained for the case of no disaster, fixing the bond holdings
(B) and TFP shock (A) at their respective steady state values. S = Y(4,Z¢ =1,K,,B) — C(A,Z¢ =1,K,,B)
andI =1(A,z¢ =1,K,B).
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In a small open economy, where households have an option to save/borrow in
the international financial markets, the excessive domestic saving (S — I) flows out
of the country, thus improving the current account (CA> 0). The policy functions for
the current account (bottom panel) show why there is a stark contrast in the ergodic
distributions of the foreign bond holdings between the two cases in the Figure 1. For
the benchmark case, the current account is in deficit around the steady state level of
capital stock (K=8.29), whereas for the severe disaster case, it is in surplus around
the steady state (K=8.11); this difference leads to an external debt position for the
benchmark case and a positive bond holding position for the severe disaster case.

Figure 3 presents the policy functions for varying degrees of household risk
aversion (y), a key parameter determining the degree of households’ precautionary
saving in our model. As households become more risk-averse (i.e., as y increases),
they increase domestic saving but decrease investment, thus improving the cur-
rent account. This result highlights the important role of households’ precautionary
saving in determining the long-run capital accumulation.
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Figure 3: Policy functions for domestic saving (S=Y-C) and investment w.r.t household’s risk
aversion (y). Note: the policy functions are obtained for the case of no disaster, fixing the bond
holdings (B) and TFP shock (A) at their respective steady state values. S = Y (4,Z° = 1,K,B) —
C(A,Z¢ =1,K,B) andI =I(A,Z¢ =1,K,B).
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In the Appendix B we present the policy functions for additional two scenarios
for the small open economy case: (i) varying frequencies of natural disaster and
(ii) different degrees of persistence of natural disaster crises. The main takeaway
from the Appendix B is that as natural disasters become more harmful, whether
through increased frequency or persistence, households increase domestic savings
due to precautionary motives but decrease investment, similar to the results as in
the Figures 2 and 3, leading to a divergence between saving and investment in a
small open economy.

3.2.2 Closed Economy Case (S =1)

In this section, we show the quantitative results for the case of a closed economy.
As we discussed in the previous section (subsection 2.3), in a closed economy where
saving abroad (i.e., buying foreign bonds B) is not an option for households, domes-
tic saving is equal to domestic investment (S = I). Then, unlike the small open
economy case featuring a separation between domestic saving and investment, the
relative strengths of the two opposing forces affecting capital accumulation would
determine the long-run level of capital stock/output. We use the same parameters
for simulation as those in the benchmark parameters in Table 1 except for the world
interest rate r*.1

Figure 4 plots the average long run capital stock, output, and consumption
obtained from the simulated ergodic distribution of each variable for the case of
a closed economy, as the intensity of natural disaster, denoted by #, increases. The
blue solid line with circles denotes the cases in which the household risk aversion
parameter y in the utility function is set to 2 (the benchmark value), and the orange
dashed line denotes those in which households are more risk averse (y = 4).

The long-run average capital stock shows a “U” shape with respect to the inten-
sity of natural disasters for the closed economy case. For mild natural disasters, the
long-run average capital stock first decreases in tandem with the long-run aver-
age output/consumption, as 7 increases. Above a certain threshold of #* at around
0.035, the long-run capital stock starts to increase with #. When natural disasters
are severe, households aware of the high risk significantly increase precautionary
savings with the increasing intensity of natural disasters in order to prepare for a
substantial income loss associated with capital destruction during a natural disas-
ter crisis, and unlike the small open economy case, in which households save in the
international financial markets, this increase in the precautionary savings directly

11 The domestic interest rate r for the closed economy case is endogenously determined in
equilibrium.
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Figure 4: Long run average capital stock, output, and consumption w.r.t intensity of natural disasters
(closed economy). Note: 7 denotes the intensity of natural disasters, the fraction of the existing capital
stock destroyed when a natural disaster shock hits the economy.

flows into capital accumulation for the closed economy case. When this increase
in investment, driven by households’ precautionary saving motives, gets to exceed
the decrease in the amount of capital due to natural disasters, the long-run capital
stock gets to increase. For the closed economy, one extreme on the spectrum of cap-
ital account openness, the relative strength of the two opposing forces determines
the long-run average capital stock, and thereby the long-run average output and
consumption.

When we recalibrate the model to a higher level of households’ risk aversion
(y = 4), a key parameter determining the degree of precautionary saving in our
model, the long-run average capital and output are higher than those under the
case of lower risk aversion (y = 2). Moreover, the long run capital stock starts to
increase at a lower threshold value of #. It should be, however, noted that the long-
run average consumption in the high risk aversion case (orange dashed line) is
lower than the low risk aversion case (the bottom panel of Figure 4) for most values
of . This indicates that heightened precautionary saving, resulting from increased
household risk aversion, actually leads to an “inefficiently” high level of capital (i.e.,
much higher than the steady-state capital stock K* achieved under the Golden Rule
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of saving in the Solow (1956) model), thereby reducing household consumption and
welfare.

3.2.2.1 Policy Functions for Saving (Investment) in a Closed Economy

Theleft panel of Figure 5 presents the policy functions for households’ saving (S = I)
across the capital stock K for different values of # and illustrates the underlying
mechanism driving the “U”-shaped relationship between the long-run capital stock
and the intensity of natural disasters. As  increases, natural disasters cause greater
destruction of the capital stock during the crises period. In response, households
increase domestic savings (investment) during normal times, but for a low range of
n (n < n*), the increase in saving (investment) is not sufficient to compensate for
the destruction of the capital stock during the natural disaster crises; then the long
run capital stock decreases with # (the left segment of “U” shape). In contrast, when
the natural disasters are more severe, as # increases from 0.05 (the green dashed
line) to 0.07 (the red solid line), the rise in domestic savings is significantly larger
than the increase observed when # increases from 0 to 0.22. When natural disas-
ters are severe, households aware of the high disaster risk significantly increase
their investment (saving) in domestic capital in anticipation of a substantial income
drop during natural disaster crises. When the increase in investment induced by
households’ precautionary saving exceeds the decrease in the capital stock due to
the natural disasters, the long-run capital stock increases with # (the right segment
of “U” shape).

The right panel of Figure 5 shows the policy functions for households’ saving
for different values of y. As households become more risk-averse, they increase
domestic saving across the capital stock, which is consistent with the Figure 4,
showing that the long-run average capital and output for the high risk aversion
case are higher than those under the low risk aversion case (y = 2). This figure,
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-=--No Disaster (n=0)

0.94 Benchmark (n=10.22)

--- Severe Disaster (= 0.05)

0921 —— Very Severe Disaster (n=0.07)

-=-- Low Risk Aversion (y=1.5)
Benchmark
—— High Risk Aversion (y=4)

8.00 8.25 8.50 8.75 9.00 9.25 9.50 9.75 10.00 8.00 825 8.50 8.75 9.00 9.25 9.50 9.75 10.00
Capital Stock Capital Stock

Figure 5: Policy functions for domestic saving (investment) (closed economy). Note: The policy
functions are plotted against the capital stock () for the case of no disaster (Z¢ = 1), fixing the TFP
shock (A) at its state values. S =T = V(4,26 =1,K) — C(A, 26 = 1,K).
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therefore, highlights the important role of precautionary saving in determining the
long-run capital stock in a closed economy.

In the Appendix B we present the policy functions for additional two scenarios:
(i) varying frequencies of natural disaster and (ii) different degrees of persistence
of natural disaster crises for the closed economy case. The main takeaway from
the Appendix B is that as natural disasters become more harmful, whether through
increased frequency or persistence, the eventual determination of the average long-
run capital stock for the closed economy depends on the relative magnitudes of
the increase in investment and the decrease in capital stock resulting from natural
disasters.

3.2.3 Sensitivity Analysis with Respect to Intensity of Natural Disaster under
Different Types of Capital Market Openness

In this section, we conduct a sensitivity analysis with respect to the intensity of nat-
ural disasters, #, under different types of capital market openness, to investigate
the long-run macroeconomic effects of natural disaster risk. Besides #, all other
parameters are set to those in the baseline calibration. Figure 6 shows the simu-
lation results. The blue dashed line, orange line with circles, and green solid line,
respectively, denote the cases of a closed economy, a small open economy with a
complete ban on external saving, an extreme form of quantity-based capital con-
trol policy intended to curb capital flight associated with natural disasters,? and
the small open economy case with full access to the international financial markets
as in the benchmark model.

As with the closed economy case, the long-run average capital stock, capi-
tal output ratio, and output for the case of the ban on external saving (orange
line) exhibit a “U” shape, even if it has less curvature compared to that of the
closed economy, with respect to the intensity of natural disasters. This indicates
that even in a partially open economy, households increase precautionary savings
in the face of increasingly devastating natural disasters, and that a government’s
policy which completely bans capital flight can contribute to domestic capital
accumulation when natural disasters are severe. In contrast, when households
have full access to the international financial markets, the long-run capital stock,
capital-output ratio, and output monotonically decrease with the intensity of nat-
ural disasters. Moreover, for values of # above 0.06, the small open economy gets
to become a net lender (g > 0), accumulating foreign financial assets to prepare

12 Bhargava et al. (2023) documents that most emerging market economies use a quantity based
capital control to curb capital flight.
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Figure 6: Sensitivity analysis w.r.t intensity of natural disasters under different types of capital market
openness. Note: 7 denotes the intensity of natural disasters, the fraction of the existing capital stock
destroyed when a natural disaster shock hits the economy. In a closed economy, the external debt to
GDP ratio is, by definition, zero.

for recurrent severe natural disasters (the right panel at the bottom of Figure 6).
The result that the long-run capital stock is larger when agents have no access to
insurance markets (i.e., the closed economy) as compared to the capital stock when
agents have access to insurance markets is consistent with the findings of Aiyagari
(1994) and Huggett and Ospina (2001). These studies indicate that in the absence
of financial instruments for income insurance, precautionary savings can lead to
“excessive” accumulation of capital.

The government’s policy of banning external saving while still allowing exter-
nal borrowing does not increase the long-run domestic capital stock as significantly
as in a closed economy (i.e., less pronounced U-shape), in which both external bor-
rowing and saving are not allowed, when the natural disasters are severe. This
indicates that an option to borrow externally is also important for households’
incentives for domestic capital accumulation.

In a closed economy capital is not only a factor of production, but also a
consumption smoothing vehicle, with which households can increase households’
consumption through de-investment. Figure 7 plots the mean long-run capital stock
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Figure 7: Long-run capital stock for different values of costly De-investment (closed economy case).

for the closed economy case with different costs of de-investment (i.e., I < 0), using
the same value of the parameter determining the cost of capital accumulation (I >
0) as in the benchmark calibration. That is, for the capital adjustment cost function-
qD(II{—f[) = g( 1% )2K, we use asymmetric values of k., _, whenI > 0 and I < 0, respec-
tively. For the case of capital accumulation (I > 0), we use the benchmark value
(i.e., Kk, = k), but for the case of de-investment (I < 0), we use different values
of x_. When «_ is low, households in a closed economy can easily de-cumulate
capital to increase consumption, similar to how they would use external borrow-
ing in an open economy with access to external borrowing options. The Figure 7
shows that as x_ increases, the long-run capital stock increases across all levels of
natural disaster intensity (). That is, as capital becomes a less effective consump-
tion smoothing vehicle, households in the closed economy accumulate more capital.
This indicates that in a closed economy, precautionary saving comes not only from
convex marginal utility, but also comes from lack of sufficient borrowing vehicle."®

Figure 8 plots the value function E,|V(A,Z¢,K,,B,)|, which measures
households’ welfare for the three cases. As the natural disaster gets severe, the
value functions for all three cases decrease. Furthermore, the value function is
consistently the highest for the small open economy and the lowest for the closed

13 We are grateful to an anonymous referee for highlighting this important property of our model.
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Figure 8: Comparison of value functions under different types of capital market openness. Note: The
figure shows the value functions £, [V (A, Z¢, K;, B;)] for the three different types of capital market
openness. The expectation is taken over Z using the stationary probability that a natural disaster
shock occurs. A, B, and K are, respectively, set to 1, 0, and 8.48-the mean capital stock for the case of
no natural disaster.

economy. In a small open economy, where households face no constraints on exter-
nal borrowing or saving, the resulting welfare surpasses that of both a closed econ-
omy, which has restrictions on external borrowing and saving, and an economy that
has a restriction on external saving.

Given that both the closed economy model and the model with a government’s
capital control on external saving exhibit higher average output and capital stock
than the small open economy, this result implies that the “forced” investment
of the household’s saving into domestic capital serves to increase domestic cap-
ital, but at the same time it causes economic inefficiency, especially distorting
households’ inter-temporal allocative efficiency as represented by the standard
Euler equation.’* This result is in line with Liu, Spiegel, and Zhang (2021), which
finds that the Chinese government’s capital control policy has contributed to China’

14 In the previous version of this paper, we presented the ratio of ¢(C)/c(Y) as a measure of
households’ inter-temporal allocative inefficiency in the sensitivity analysis with respect to 7. As
7 increases, we found that the ratio also increases for all three cases. However, the ratios for the
cases of the closed economy and the economy with the capital control consistently exceed that of
the small open economy, and this gap widens as # increases. This finding indicates that natural
disasters more severely distort households’ inter-temporal allocative efficiency in economies with
limited consumption smoothing vehicles.
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economic growth by bolstering domestic industries, albeit at the cost of household
welfare.

Appendix A we presents the business cycle and long-run moments, and the
sensitivity analysis with respect to the intensity of natural disasters for the case
of an i.i.d natural disaster shock, the case aimed to model rapid-onset natural dis-
asters like earthquakes. Even with the i.i.d shock, we have qualitatively similar
results. However, compared with the case of the benchmark persistent disasters,
we find that the business cycles become more stable, and that households engage
less precautionary saving for the i.i.d shock case. Since the i.i.d disaster shock case
entails a lower recurrence probability of natural disasters, households are less con-
cerned about a significant income loss during a disaster crisis. In the Section 3.3,
in which we investigate the natural disaster’s short-run macroeconomic effects,
we find that depending on the persistence of the disaster shock, households show
different optimal saving/investment decisions during the natural disaster crises.

3.3 Short-Run Macroeconomic Dynamics Around Natural
Disaster Crisis under Different Types of Capital Market
Openness

Noy (2009) empirically investigates the short-run output cost of natural disas-
ters and finds that for the emerging market economies, a one standard deviation
increase in the intensity of natural disasters is associated with a reduction in the
annual output growth rate by 9 percentage points following the disaster. Noy (2009)
argues that this output cost is excessively large, far beyond what could be pre-
dicted by a standard growth model. Noy (2009) also discovers that the output cost
of natural disaster increases with the degree of capital account openness, using the
Chinn-Ito index (Chinn and Ito 2008) as a proxy. Given that empirical growth studies
typically associate a high degree of capital account openness with positive economic
output/growth, this latter finding can be puzzling, although Noy (2009) conjectures
that capital flight during natural disaster crises can be a culprit.

To investigate the short-run macroeconomic dynamics around natural disas-
ter crises, we employ event study techniques to simulated time series data. The top
left panel of Figure 9 plots the model’s average path of percentage changes in GDP
relative to the level at period —1 around the natural disaster crisis. The event win-
dow spans 5 years, with the natural disaster crisis normalized to date 0 (shaded
area in the figure). At period 0, a severe natural disaster shock with # being 0.07 is
fed into the model, hitting the model economy. All the variables at period —1, such
as output, capital stock (K_;), and TFP shock are set to their mean values from the
stochastic steady state of the model economy. We simulate the model for 1000 times
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Figure 9: Short-run macroeconomic dynamics around natural disaster crisis under different types of
capital market openness. Note: at t=0 (grey bar), the natural disaster shock with # = 0.07 hits the
model economy. The simulated line represents the average of 1000 data points, each simulated for
the relevant variable for every period under consideration. For the closed economy, the current
account over GDP is zero by definition. For the investment and current account, the ratios of
investment to GDP (I/Y) and the current account to GDP (CA/Y) are plotted. For the GDP and
consumption, we plot their percentage changes from the steady state values.

using the TFP and Natural disaster shock processes and the optimal policy func-
tions for the endogenous variables in the model, and the value at each period is the
average of the 1000 simulated points. Hence the top left panel of the Figure 9 rep-
resents the average behavior of percentage changes in output around the natural
disaster crisis, given that the model was at the stochastic stationary state at period
—1. The blue solid line with triangles, solid orange line and green dashed line with
circles, respectively, denote the cases of a closed economy, a small open economy
with full access to international financial markets and a small open economy with
a ban on external saving with the aim of preventing capital flight resulting from
natural disasters.

Atperiod 0, when the natural disaster shock hits the economy, output decreases
by about 4.8 % in all cases; this nearly uniform decrease is attributed to the fact that
the capital stock at period 0 (K,) was chosen in advance at period —1, and that at
period —1, all the variables are set to the mean values from the ergodic distributions.
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This results in almost the same K, using the optimal policy function for capital (K, =
K(A_,Z¢ 1,K_1,B_1)) for all three cases. Consequently, this results in almost the
same decrease in output when the disaster shock hits the economy at period 0.

However, at period 0, investment shows significantly different behaviors
across the models with different types of capital account openness. It should be
noted that at t=0, households are aware that due to the persistence of the natural
disaster shock, there is a substantial likelihood of its recurrence in the next period
(t=1). With the possible impending natural disaster, households in the economies
with certain access to the international financial markets substantially reduce their
investment and move their resources out of the country (i.e. capital flight); they
rather wait now and want to replenish the destroyed domestic capital once the nat-
ural disaster has finally ended. The substantial decrease in domestic investment
leads to a significant drop in the GDP at period t=1, about 9 % decrease from the
mean value of GDP at period —1. In other words, households’ capital flight in antic-
ipation of an impending natural disaster results in a sharp decrease in output at
period 1 through a sharp decrease in domestic investment at period 0. The magni-
tude of this decrease in GDP is comparable to the empirical estimate of Noy (2009),
which argues that this large GDP decrease is far beyond what could be predicted by
a standard growth model. However, our model predicts that capital flight can really
exacerbate the short-run output cost of natural disasters through a sharp decrease
in domestic investment, when natural disasters are persistent.

Households’ capital flight can be seen in a surge in the current account (the
bottom left panel) for all the open economy cases except for the closed economy.’
Among the open economy models, the output decline is the largest for the case of the
open economy with full access to international financial markets (the orange solid
line), because the households have no restrictions on moving their resources in and
out of the country. On the other hand, for the case of the closed economy, which must
finance its investment with its own saving, it does not reduce its domestic invest-
ment at the time of the natural disaster; it rather slightly increases its investment
to replenish the capital stock destroyed from the natural disaster: its cannot rely
on external borrowing to replenish the destroyed capital. As a result, output in the
closed economy does not decrease as sharply at the period following the natural
disaster (t=1) compared to the cases of the open economies.

This result is consistent with Noy (2009)’s two puzzling empirical findings
regarding the short-run output cost of natural disasters: i) The short-run output
cost of natural disaster is very large. ii) Capital market openness adversely affects
the output cost of natural disasters. With access to international financial markets,

15 The simulation result shows that in the small open economy with a ban on external saving,
the current account also sharply increases at t=0. Households in this case sharply reduce their
external debt even though they are not able to purchase foreign bonds.
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whether full or partial, households, being aware of the recurring likelihood of nat-
ural disasters, have a strong incentive for capital flight, which in turn exacerbates
the output cost of natural disasters.

3.3.1 When the Natural Disaster Shock is not Persistent

We conduct the same event study using an i.i.d natural disaster shock (i.e., no per-
sistence in the natural disaster shock process), aimed to model rapid-onset natural
disasters like earthquakes as opposed to the persistent natural disaster shock for
slow-onset natural disasters. Figure 10 shows the results, and these results with
an ii.d disaster shock are sharply contrasted with those with a persistent disas-
ter shock. In particular, when the natural disasters are not persistent, households
do not delay their investment upon the economy being hit by a natural disaster,
in contrast to their response to a persistent disaster shock. The GDP immediately
rebounds at t=1, not further decreasing as in the case of the persistent shock. For
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Figure 10: Macroeconomic dynamics around natural disaster crisis (i.i.d natural disaster shock). Note:
at t=0, the natural disaster shock with # = 0.07 hits the model economy. For the closed economy, the
current account over GDP is zero by definition. For the investment and current account, the ratios of
investment to GDP (I/Y) and the current account to GDP (CA/Y) are plotted. For the GDP and
consumption, we plot their percentage changes from the steady state values.
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the two open economy cases, the current account sharply decreases at the time
of natural disasters, as households significantly borrow from abroad to finance
immediate domestic investment to replenish the destroyed capital stock. That is,
when the disaster shock is not persistent, we do not observe capital flight. This result
indicates that capital control policies, which aim to ban capital flight, can mitigate
the short-run output costs of natural disasters, only when they are persistent.

4 Empirical Evidence

4.1 Suggestive Empirical Evidence Supporting the Main
Prediction of the Model

The main prediction of our model is that the capital market openness negatively
affects physical capital accumulation for those countries facing severe natural dis-
aster risk (left bottom panel of Figure 6). In this subsection, we provide suggestive
empirical evidence supporting our main prediction of model, with a focus of the
role of capital market openness in capital accumulation.
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Figure 11: Scatterplot of K/Y against capital market openness. Note: We also conducted three
regression analyses for 95 countries classified as emerging market economies, as identified by the
IMF in the October 2022 Fiscal Monitor. The three regression models are as follows.



DE GRUYTER Natural Disasters and Capital Accumulation == 403

Figure 11 shows the scatterplots of capital-output ratio (K/Y) against the Chinn-
Ito index for emerging market economies with high natural disaster risk for the last
four decades (1980s, 1990s, 2000s, and 2010s). The Y-axis is the 10-year average cap-
ital output ratio (K/Y), and X-axis is the 10 year average of the Chinn-Ito index for
the respective decade. There are nineteen emerging market countries'® in the sam-
ple, which are classified as high natural disaster risk countries by the INFORM Risk
Index,'” a global open-source risk assessment for humanitarian crises and disasters
developed by the Inter-Agency Standing Committee Reference Group. The INFORM
Risk Index assesses natural disaster risk for 191 countries worldwide and creates an
index for natural hazards ranging form 0 to 8, with 8 indicating the highest natural
hazard risk. Countries with an index score of 6 or higher are considered to have high
natural disaster risk. The figure shows that there is a negative association between
the degree of capital market openness and capital-output ratio across the last four
decades.

(%), =@+ m+BNH+ BKAO, + e, 13
it
(3),, =@+ s+ i+ BKAO, X NH, + f,KAO, + ¢, 14)
it
K
()., =@+ mi+ ue+ BKAO, X Dy + KAy, + €, (15)
L

i denotes a country, t a decade, (K/Y);, the 10 year average of capital output
ratios for the country i and during the decade t. 4, is a time fixed effect and y; a
country fixed effect. KAO; , represents the 10 year average of Chinn-Ito index, which
measures the degree of capital market openness. NH; is the natural hazard risk
index for country i, as provided by the INFORM Risk Index. D; is a dummy variable
indicating whether the country faces high natural disaster risk, taking a value of
one when NH; > 6.

The main estimated coefficient of interest is f, in the second and third regres-
sion equation (eq (14) and (15)). The negative value of f; aligns with our model’s
prediction: capital market openness exacerbates the negative effect of natural dis-
aster risk on capital accumulation.

Table 3 reports the regression results. The first regression result shows that
thereis a negative association between both natural disaster risk and capital market
openness and capital accumulation. These results are consistent with our model’s
prediction that natural disasters and capital market openness generally have a

16 The nineteen countries are Albania, Chile, Colombia, Costa Rica, Dominican Republic, Ecuador,
El Salvador, Guatemala, India, Indonesia, Islamic Republic of Iran, Mexico, Pakistan, Panama, Peru,
Philippines, Thailand, Turkey, and Venezuela. These countries are classified as emerging market
economies by IMF and face high natural disaster risks according to the IMFORM RISK Index.

17 https://drmke.jrc.ec.europa.eu/inform-index/INFORM-Risk.
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Table 3: Regression Results (Dependent Variable: 10-year average of K/Y).

Model 1 Model 2 Model 3
NH —0.0765***
(0.0139)
KAO —0.637*** —0.335 —0.753***
(0.0818) (0.247) (0.0975)
KAO X NH —0.108**
(0.0501)
KAO X D —0.282*
(0.170)
Time fixed effect v v v
Country fixed effect v v
Observations 2,980 2,980 2,980
Number of countries 95 95 95
R-Squared 0.167 0.724 0.723

Standard errors in parentheses. ***p<0.01, **p<0.05, *p<0.1.

negative effect on capital accumulation. It must be noted that there is no consen-
sus in the empirical literature that capital market openness has a positive effect on
economic growth or capital accumulation (Bonfiglioli 2008; Damasceno and Guedes
2024; Kose et al. 2006), although these studies do not control for a country’s natural
disaster risk.

The estimated coefficient of f; on the interaction term between capital market
openness and natural disaster risk (Model 2: KAO X NH) is negative at the 5 % level.
That is, capital market openness exacerbates the negative effect of natural disaster
risk on capital accumulation. Moreover, the estimated coefficient of #; on the inter-
action term (Model 3:KAO X D) is also negative at 10 % level. This result is also con-
sistent with our model’s prediction that for the countries facing with high natural
disaster risk, capital market openness negatively impacts capital accumulation.

4.2 Why We don’t Observe a Negative Long-Run Relationship
Between Natural Disasters and Long Run Capital
Stock/Economic Output?

The sensitivity analysis in the subsection can provide an explanation to the puz-
zling empirical finding in the literature: lack of observed negative long-run rela-
tionship between natural disasters and long-run capital stock/economic output.
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Figure 12: Average Chinn-Ito index for countries in Skidmore and Toya (2002)’s sample during
1970-2000. Note: All countries refer to the subset of 50 countries in Skidmore and Toya (2002)’s
sample that have an available Chinn-Ito index (Chinn and Ito 2006), and the blue dashed line
represents the average Chinn-Ito index for the 50 countries spanning the years 1970 through 2000.
Emerging/developing countries are the 34 countries in the sample, classified by IMF as emerging
market economies or developing countries. A value of one in Chinn-Ito index indicates that the capital
account restrictions are non-existent.

Skidmore and Toya (2002)® among others find that in the cross-country empirical
analysis over the period from 1960 through 1990, there is a positive correlation or a
non-significant correlation between natural disaster risk and the long-run physical
capital stock/economic growth, after controlling for economic variables considered
to be important in the empirical growth literature. They suggest that this finding is
puzzling, because a high risk of capital destruction due to natural disasters should
reduce physical capital investment and therefore, curtail the long run capital stock.

Since the mid-1980s, an increasing number of countries have started to liber-
alize their capital accounts, opening up to international financial markets, but to
varying degrees as indicated in Chinn and Ito (2008) and Ferndndez et al. (2016).
Our model predicts that when an economy has full access to international financial

18 Skidmore and Toya (2002) use the number of disasters per unit of land area as their measure
of natural disaster frequency, drawing data from the EM-DAT database. However, it is important to
note that the EM-DAT database only records disasters that result in significant damages (Noy 2009).
Consequently, their measure of disaster frequency inherently captures aspects of disaster intensity
as well. The subsequent studies such as Cavallo et al. (2013) and Loayza et al. (2012) use the intensity
measures of natural disasters such as the ratio of the number of killed by the population size and
economic damage per capita, and do not find any significant effect of natural disasters on economic
growth/output.
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markets, its long-run capital stock/output is negatively associated with the inten-
sity of natural disasters as many researchers expected, but that with partial or no
access to international financial markets, the relationship between natural disas-
ters and long-run capital stock/output can be positive or negative, depending on the
level of the intensity of natural disasters as in the “U” shape of the long-run capital
stock/output (Figure 6). During the sample period from 1960 through 1990 in Skid-
more and Toya (2002), most countries exhibited limited degrees of capital account
openness as in Figure 12, and for those countries in the sample, our model pre-
dicts a non-linear relationship between natural disasters and the long-run capital
stock/output.

5 Conclusions

We investigate the macroeconomic effects of natural disasters using a quantitative
RBC model with a focus on their impact on capital accumulation. Natural disas-
ters can have non-linear effects on domestic capital accumulation, through their
two opposing effects on households’ incentive for capital accumulation. On the one
hand, both directly and indirectly, they hurt domestic capital accumulation due to
their destructive nature. On the other hand, a high natural disaster risk leads house-
holds to increase precautionary saving, which can increase domestic capital stock
when it is invested domestically. Our quantitative results shows that depending on
the types of capital market openness, there can be a negative or positive relation-
ship between the intensity of natural disasters and long-run capital stock, and thus
a negative or positive relationship between the intensity of natural disasters and
long-run economic output. This result can provide an explanation to Skidmore and
Toya (2002)’s puzzling empirical finding. Moreover, in the event study analysis on
the short-run macroeconomic dynamics during the natural disaster crises, we find
that capital flight during the natural disaster crises can exacerbate output costs of
the natural disasters. This finding is also in line with Noy (2009)’s finding that capital
market openness exacerbates the output cost of natural disasters.

Our results can have policy implications for governments of countries of high
natural disaster risks. A capital control policy which bans capital flight can con-
tribute to domestic capital accumulation in the long-run, but it comes at the expense
of household welfare. When natural disasters are persistent, the capital control
policy which bans capital flight can mitigate the short-run output costs of natural
disasters.

Acknowledgements: JungJae Park is grateful for the financial support from Yonsei
university (New Faculty Research Seed Funding (2021-2024)).
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Appendix A: Quantitative Results for the Case of
I.I.D Natural Disaster Shock

In Appendix A, we present the main quantitative results for the case of an ii.d
natural disaster shock, the case aimed to model rapid-onset natural disasters like
earthquakes. We modify the Markov chain for the natural disaster shock so that
the shock process is i.i.d, and that the unconditional probability of a natural disas-
ter shock occurring is maintained at 5 % (once every 20 years), the same as in the
benchmark model. Apart from the degree of the persistence in the natural disaster
shock process, we use the same values for all other parameters as in the henchmark
model. The main findings are as follows.

First, when the natural disaster shock process exhibits no persistence, (i.e., the
occurrence of a natural disaster shock in the current period does not increase the
likelihood of the shock recurring in the subsequent period.), the business-cycle and
long-run moments are relatively stable compared to those of the benchmark case
(Table 4). Notably, the investment volatility is significantly lower than that of the
benchmark case.

Second, since the ii.d disaster case entails a lower recurrence probability of
natural disasters, households are less concerned about a significant income loss
during a crisis. Consequently households facing an iid shock tend to engage less
precautionary saving compared to the case of the persistent shock. This households’
behavior results in increased external borrowing and a reduced level of the long-
run capital stock (Table 4). Furthermore, in the case of the severe natural disaster

Table 4: Business cycle and long-run moments from simulations (i.i.d disaster Shock).

(I) Baseline (II) No (I1I) (1Iv) (V)  (VI)Frequent

(n=0.022) disaster(n=0) #x=0.01 #=0.05 #=0.07 disaster
o(Y) 3.94 3.91 3.92 4.05 4.7 3.97
o(C)o(Y) 0.67 0.66 0.66 0.69 0.71 0.68
o()/a(Y) 3.63 3.62 3.61 3.76 3.90 3.66
E(Y) 2.96 3.00 2.98 291 2.88 2.90
E(C) 2.10 213 21 2.06 2.05 2.05
E(K) 8.30 8.48 8.39 8.09 7.99 8.09
E(K/Y) 2.81 2.83 2.82 2.79 278 2.79
E(B/Y) —20.6 % -21.5% -214% —146% —455% —19.7 %

Y, G, I, K, and B respectively denote GDP, consumption, investment, capital stock, and external bond
holdings. When computing the volatility (o), all variables are HP-filtered with a smoothing parameter
of 100. E(x) is the mean value of x obtained from the ergodic distribution from simulation.
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Figure 13: Sensitivity analysis w.r.t intensity of natural disasters (L.I.D disaster shock).

shock (7 = 0.07), we do not observe capital flight as seen in the benchmark case (5th
column of Table 4).

Third, the sensitivity analysis with respect to the intensity of natural disasters
(Figure 13) shows that due to a lesser degree of households’ precautionary saving,
the long-run capital stock for the closed economy exhibits a less pronounced “U”
shape. Additionally households tend to borrow more from abroad.

Business Cycle and Long-Run Moments (Small Open Economy
Case)

Appendix B: Policy Functions for Saving and
Investment under Different Scenarios
In Appendix B, we present the policy functions for saving and investment for the

cases of i) different frequencies of natural disasters and ii) different degrees of per-
sistence of natural disaster crises for the following three types of capital market
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openness: the small open economy, small open economy with a ban on external
saving, and closed economy. The main takeaway from the Appendix B is that for
the open economy cases, as natural disasters become more harmful, households
increase domestic saving due to the precautionary motives but decrease invest-
ment, thus leading to a divergence between saving and investment. For the closed
economy case, the relative strength of the two opposing forces affecting households’
incentives for capital accumulation determines the long-run capital stock.

Policy Functions for Saving and Investment w.r.t Frequency of
Natural Disasters

Figure 14, 15, and 16 present policy functions for domestic saving and investment
with respect to frequency of natural disasters under the three different types of
capital market openness.
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Figure 14: Policy functions for domestic saving (S=Y-C) and investment w.r.t frequency of natural
disasters (small open economy). Note: The policy functions are obtained for the case of no disaster,
fixing the bond holdings (B) and TFP shock (A) at their respective steady state values.
S=Y(Az¢=1K,B) - C(A,Z¢ =1,K,B) andI = I(A,Z¢ =1,K,B). The low frequency refers to the
case of no-disaster, and high frequency refers to the case in which a natural disaster occurs every 10
years. The benchmark frequency of natural disasters is every 20 years.
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Figure 15: Policy functions for domestic saving (S=Y-C) and investment w.r.t frequency of natural
disasters (open economy with ban on external saving). Note: The policy functions are obtained for the
case of no disaster, fixing the bond holdings (B) and TFP shock (A) at their respective steady state
values.S =Y(A,Z¢ =1,K,B) — C(A,Z¢ =1,K,,B) andI = I(A,Z¢ =1,K,,B). The low frequency
refers to the case of no-disaster, and high frequency refers to the case in which a natural disaster
occurs every 10 years. The benchmark frequency of natural disasters is every 20 years.

Policy Functions for Saving and Investment w.r.t Persistence of
Natural Disaster Crises

Figure 17, 18, and 19 present policy functions for domestic saving and investment
with respect to the persistence of natural disaster crises under the three different
types of capital market openness.
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Figure 16: Policy functions for domestic saving (investment) w.r.t frequency of natural disasters
(closed economy). Note: The policy functions are plotted against the capital stock (K) for the case of no
disaster (Z¢ = 1), fixing the TFP shock (A) at its state values. S =1 = V(4,26 =1,K) — C(A,Z¢ = 1,K).
The low frequency refers to the case of no-disaster, and high frequency refers to the case in which a
natural disaster occurs every 10 years. The benchmark frequency of natural disasters is every 20 years.
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Figure 17: Policy functions for domestic saving (S=Y-C) and investment w.r.t persistence of natural
disaster crises (small open economy). Note: The policy functions are obtained for the case of no
disaster, fixing the bond holdings (B) and TFP shock (A) at their respective steady state values.
S=VY(AZ¢ =1,K,B) — C(A,Z =1,K,B) andI = I(A,Z¢ =1,K,,B). The low (high) degree of
persistence denotes p,, = 0.1(pyy = 0.5), and the benchmark value of p,, is 0.333.
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Figure 18: Policy functions for domestic saving (S=Y-C) and investment w.r.t persistence of natural
disaster crises (open economy with ban on external saving). Note: The policy functions are obtained
for the case of no disaster, fixing the bond holdings (B) and TFP shock (A) at their respective steady
state values. S = Y(A,2¢ =1,K,,B) — C(A,Z¢ =1,K,B) andI = I(A,Z¢ = 1,K,, B). The low (high)
degree of persistence denotes p,, = 0.1(p,y = 0.5), and the benchmark value of p,, is 0.333.



414 = | Park DE GRUYTER

Policy Function for Saving (Closed Economy)

0.94 4 ——- Low Persistence
Benchmark

—— High Persistence

0.92 A

0.90

0.88

0.86 -

0.84 -

0.82 A

8.00 8.25 8.50 8.75 9.00 9.25 9.50 9.75 10.00
Capital Stock

Figure 19: Policy functions for domestic saving (investment) w.r.t persistence of natural disaster
crises (closed economy). Note: The policy functions are plotted against the capital stock (K) for the
case of no disaster (Z¢ = 1), fixing the TFP shock (A) at its state values. S =1 =Y(A,2¢ = 1,K) —
C(A,Z¢ =1,K).The low (high) degree of persistence denotes p,, = 0.1(p,; = 0.5), and the
benchmark value of p, is 0.333.
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