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RARE DISASTERS, THE NATURAL INTEREST RATE
AND MONETARY POLICY

by Alessandro Cantelmo*

Abstract

This paper evaluates the impact of rare disasters on the natural interest rate and
macroeconomic conditions by simulating a nonlinear New-Keynesian model. The model is
calibrated using data on natural disasters in OECD countries. From an ex-ante perspective,
disaster risk behaves as a negative demand shock and lowers the natural rate and inflation,
even if disasters hit only the supply side of the economy. These effects become larger and
nonlinear if extreme natural disasters become more frequent, a scenario compatible with
climate change projections. From an ex-post perspective, a disaster realization leads to
temporarily higher natural rate and inflation if supply-side effects prevail. If agents' risk
aversion increases temporarily, disasters may generate larger demand effects and lead to a
lower natural rate and inflation. If supply-side effects dominate, the central bank could
mitigate output losses at the cost of temporarily higher inflation in the short run. Conversely,
under strict inflation targeting, inflation is stabilized at the cost of larger output losses.
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“First, they [central banks| should incorporate climate risks in their assessment
of potential growth and output as well as the natural equilibrium interest rate
()"

Markus Brunnermeier and Jeann-Pierre Landau, VoxEu column. January 15,
2020.

1 Introduction!

Policymakers and academics have been increasingly engaged in a lively debate about the
short- and long-run macroeconomic effects of natural disasters. As far as advanced economies
are concerned, these are events that have historically occurred with a low frequency but can
have a large impact on GDP.2 Moreover, climate change is bound to make these events more
frequent and powerful (see e.g. IPCC 2014; 2018; Alfieri et al., 2015; IMF, 2017).3 As regards
the economic impact of natural disasters related to climate change, Burke et al. (2015), IMF
(2017), Nordhaus (2019) and Cantelmo et al. (2019) provide evidence of large and nonlinear
effects.? However, it is still uncertain whether natural disasters entail prevalent demand- or
supply-side effects whereby understanding which one prevails is paramount for the conduct
of monetary policy. Focusing on the natural rate, defined as the interest rate compatible with
stable prices and that equals savings and investment, helps unveiling which one prevails.’
Moreover, in the context of the new normal (Summers, 2014) with a persistently low natural
rate, it is particularly important to understand its behavior in response to natural disasters.
Indeed, since central banks would ideally set the policy rate to track it (Barsky et al.,

2014), should downward pressures prevail, the effective lower bound on the policy rate might

T thank Paolo Del Giovane, Stefano Neri, Fabio Busetti, Michele Caivano, and seminar participants at
the Banca d’Italia for extremely valuable comments and suggestions. This paper has been developed during
the Research Fellowship at Banca d’Italia. I am grateful to Massimiliano Pisani for his guidance on this
project. The views expressed in this paper are those of the author and do not necessarily represent those of
Banca d’Italia. All errors are mine.

2Section 2 provides evidence on natural disasters in OECD countries.

3In particular, Alfieri et al. (2015) estimate that river-floods are expected to double their frequency by
2035 in 21 of out of 37 countries in Europe, and further deteriorate in the rest of the century. Similarly,
IMF (2017) estimate that most of natural disasters will more than double their frequency in advanced and
emerging economies by 2100, especially tropical cyclones and heat waves.

4For instance, Burke et al. (2015) estimate that once a country passes a threshold of 13°C, it starts losing
more than proportionally on its GDP as temperature increases. Moreover, Cantelmo et al. (2019) show
that developing countries prone to natural disasters suffer much worse macroeconomic consequences than
developing countries less exposed to them.

Related to the recent Covid-19 shock, Guerrieri et al. (2020) investigate the response of the natural rate
exactly for this purpose. The framework used here can be also applied to study the effects of the Covid-19
pandemic as well as its implications for the transmission of monetary policy.



become more stringent. In the model, the natural rate is affected by natural disasters both
ex-ante and ex-post. However, since it is not clear a-priori whether demand- or supply-side
effects prevail, the natural rate might increases or decrease, depending on the responses of
savings and investment to disaster risk and realizations.® Likewise, inflation might increase
or decrease, which might require different monetary policy responses.

This paper contributes to the ongoing debate on the macroeconomic effects of natural
disasters using a nonlinear New-Keynesian (NK, henceforth) model, calibrated on OECD
countries, under alternative assumptions on the monetary policy responses. We exploit data
on the economic impact and frequency of natural disasters occurred in OECD countries
to calibrate disaster shocks in the model. Those shocks are assumed to generate losses in
physical capital and productivity thus directly impacting the supply-side of the economy,
while demand-side effects of disaster realizations are obtained by assuming a temporarily
higher risk aversion in the aftermath of disasters (as suggested by van den Berg et al. 2009;
Cameron and Shah 2015; Cassar et al. 2017). Given the nonlinearities induced by disaster
shocks, we solve the model with Taylor projection, an effective method to solve DSGE models
with rare disasters (Fernandez-Villaverde and Levintal, 2018). We then use the nonlinear
model to simulate different scenarios and study the effects of natural disasters on the natural
interest rate and inflation, and the monetary policy responses. Ez-ante, we evaluate the
effects of disaster risk on the risky steady state of the natural interest rate and inflation,
under alternative assumptions on the frequency and magnitude of natural disasters inspired
by climate change studies.” Ez-post, we simulate the responses of macroeconomic variables
and monetary policy to disaster realizations.

The results are as follows. First, ex-ante, the risk of disaster realizations lowers the
natural rate while making inflation fall short of the central bank’s target. Although disasters
originate from the supply-side of the economy, disaster risk behaves as a negative demand
shock and induce an increase in precautionary savings.® Moreover, these effects become larger
and in a nonlinear way if extreme events become more frequent, as suggested by climate
change scenarios. Second, ez-post, when disasters realize, if supply-side effects prevail, the
natural rate and inflation are temporarily higher due to the destruction of physical capital and

productivity loss. Indeed, investment becomes more profitable hence a higher interest rate

6The model does not account for the effective lower bound on the policy rate because of the solution
method employed. See the discussion in Section 4.

"The risky steady state is the point where the economy converges after a long series of no disaster
realizations. The risky steady state is determined by uncertainty about shocks realizations and differs
from the deterministic one because agents take into account that shocks can occur, although they do not
materialize.

8As explained by Gourio (2012), disaster risk generates uncertainty about productivity and capital de-
preciation hence risk-averse agents increase savings and decrease investment in risky capital.



is required to stimulate saving, while the lower capital stock reduces supply thus increasing
inflation. In contrast, if demand-side effects prevail because agents become temporarily more
risk averse in the aftermath of disasters, both natural rate and inflation decrease and output
losses are larger. Third, from a monetary policy perspective, if supply-side effects dominate,
the central bank could reduce the output losses at the cost of temporarily higher inflation in
the short run. Conversely, under strict inflation targeting, inflation is stabilized at the cost
of larger output losses. This is not the case if demand-side effects dominate, whereby the

central bank always decreases the policy rate.

Related literature. To the best of our knowledge, there exist only a few, mainly empirical,
papers studying the monetary policy implications of natural disasters. However, their focus
is ex-post, hence on the disaster realizations. Moreover, there is no assessment of the effects
on the natural rate, neither ex-ante nor ex-post. The contribution of this paper is to fill
this gap in the literature through a positive analysis of the ex-ante and ex-post effects of
natural disasters on the natural rate and inflation. In doing so, we dissect the demand- and
supply-side effects of natural disasters, since whether the former or the latter prevail is an
open issue.

Rare disasters have been introduced in macroeconomic models (or as Gabaix, 2011, puts
it: a “disasterization” of the model) in order to provide a unified framework with realistic
macroeconomic and asset pricing properties.” While disasters are typically modeled as rare
large drops in the capital stock and productivity, disaster risk may arise from a time-varying
probability (see Gabaix, 2012; Gourio, 2012; Isoré and Szczerbowicz, 2017) or a time-varying

magnitude (Fernandez-Villaverde and Levintal, 2018) of disasters.'

9Barro (2006) (and later Barro and Ursua 2008; 2012) revived this literature by constructing a detailed
datasets on macroeconomic disasters (excluding natural disasters) to show that embedding them in an en-
dowment economy helps solving the equity premium puzzle. Gabaix (2012) shows how introducing rare
disasters in production economies helps solving several asset price puzzles. Gourio (2012) shows that disas-
ters generate large drops in macroeconomic quantities and asset returns while a small increase in disaster
probability suffices to generate a recession and countercyclical risk premia. Andreasen (2012) sets up a NK
model where disasters hit only productivity and shows that, conditional on disaster realizations, the term
premium is higher than in an economy without disasters. Gourio et al. (2013) shows that rare disasters help
also reproducing stylized facts in international finance. Gourio et al. (2018) investigate whether a leaning
against the wind policy is optimal to reduce the probability of recurring financial crises. Cantelmo et al.
(2019) assess the combination of the ez-ante and the ex-post effects on the development path of small coun-
tries exposed to natural disasters using a calibrated small open economy RBC model and find much worse
macroeconomic outcomes relative to developing countries less prone to natural disasters.

10 Alternatively, the possibility of extreme events can be introduced by changing the distribution of standard
business cycle shocks (Curdia et al., 2014; Kim and Ruge-Murcia, 2019). While there is no formal assessment
of which modeling device is preferable, we decide to remain close to the larger body of literature surveyed
here. Rare events might also reshape beliefs (Kozlowskiet al. 2018; 2020) or highlight that agents rationally
choose to be inattentive to them thus taking bad actions when they realize (Mackowiak and Wiederholt,
2018).



Isoré and Szczerbowicz (2017) set up a NK version of the RBC model of Gourio (2012)
and show that disaster risk is essentially a negative demand shock, with falling inflation.
Along these lines, Isoré (2018) shows that higher natural disaster risk in five Latin American
countries can trigger a negative demand shock. However, they both focus only on the ex-ante
effects of disasters and neglect the implications for the natural rate.!!

Evidence on the ez-post effects of rare events on the natural rate is provided by Jorda
et al. (2020). They compare its responses to large negative demand and supply shocks, such
as pandemics and wars, respectively. Since the latter entail physical capital destruction, the
natural rate is estimated to increase. However, they do not analyze natural disasters.

As regards the ex-post response of inflation to natural disasters, evidence is mixed. Parker
(2018) and Klomp (2020) find a positive and significant response only to extreme events in
advanced economies. Accordingly, Fratzscher et al. (2020) estimate only modest increases
of inflation in countries adopting an inflation targeting regime, which are mainly advanced
economies. Using evidence on the 2011 earthquake in Japan, Wieland (2019) shows how
negative supply shocks are contractionary and inflationary at the zero-lower-bound.

Turning to the monetary policy responses, Keen and Pakko (2011) use a standard DSGE
model to compute the optimal monetary policy response to a small natural disaster and

2 (Consistent with these theoretical

conclude that it is optimal to raise the policy rate.!
results, Fratzscher et al. (2020) and Klomp (2020) estimate an increase in the policy rate
to contain inflation in countries adopting inflation targeting. However, these findings seem
to contrast with available evidence on the central banks’ behavior in response to natural
disasters. For instance, following the 2011 Christchurch earthquake, the Federal Reserve
Bank of New Zealand (FRBNZ) lowered the policy rate by 50 basis points, while the Bank
of Japan (BOJ), being the policy rate constrained by the effective lower bound, implemented
liquidity measures to support economic activity in the aftermath of the 2011 earthquake.!?

The remainder of the paper is organized as follows. Section 2 reports evidence on natural
disasters in OECD countries. Section 3 describes the model, while Section 4 describes the
calibration and the solution method. Section 5 presents the results and Section 6 concludes.
The Appendix provides details on natural disasters in OECD countries (A), the stationary
version of the model (B), the steady state (C), transmission mechanisms of disasters (D),

sensitivity analysis (E) and an alternative channel of demand-side effects of disasters (F).

HUMoreover, by neglecting the ez-post effects, they solve the model with perturbation methods which might
miss the nonlinearities entailed by natural disasters.

12They calibrate the shock as Hurricane Katrina which caused damages of about 0.4% of U.S. GDP.
Moreover, they solve the model with a second-order perturbation, which would miss much of the effects of
a larger shock.

13See the FRBNZ March 2011 Monetary Policy Statement and the October 2011 BOJ’s Reports and
Research Papers.



2 Natural disasters in OECD countries

Natural disasters in OECD countries characterize themselves as somewhat rare events with
a large impact in terms of damages as a fraction of GDP.!* To construct evidence on natu-
ral disasters in OECD countries, we collected data since 1960 from the Emergency Events
Database (EM-DAT), considering both climate-related natural disasters (droughts, extreme
temperatures, floods, fog, landslides, storms and wildfires) and other events (earthquakes
and volcanic activities).!> To obtain the fraction of GDP destroyed by natural disasters,
we divide damages recorded in the EM-DAT (in USD million dollars) with the previous
year nominal GDP (collected from the World Bank World Development Indicators, in USD
million dollars). Then, we define a threshold of damages at 1% of GDP to select the sam-
ple of natural disasters: all those above the threshold are considered for constructing the
distribution of natural disasters.!® Table 1 summarizes the statistics for natural disasters,
while Table 4 in Appendix A reports the detailed list of events. Given our threshold on the
damages to GDP, 45 events enter the sample, with an average annual probability of 2.2%
and average loss to GDP equal to 2.95%.17

Figure 1 reports the empirical distribution (blue-bars) of damages as a fraction of GDP,
along with theoretical distributions that will be discussed later. A few episodes are high-
lighted as an illustration. While the bulk of events caused rather limited damages to GDP,

there are a number of disasters that had much larger impact. For instance, the extreme event

4The 36 OECD countries are: Australia, Austria, Belgium, Canada, Chile, Czech Republic, Denmark,
Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Israel, Italy, Japan, Korea, Latvia,
Lithuania, Luxembourg, Mexico, Netherlands, New Zealand, Norway, Poland, Portugal, Slovak Republic,
Slovenia, Spain, Sweden, Switzerland, Turkey, United Kingdom, United States.

I5EM-DAT: The Emergency Events Database - Universite Catholique de Louvain (UCL) - CRED, D.
Guha-Sapir - www.emdat.be, Brussels, Belgium. The EM-DAT database is compiled from various sources
including UN, governmental and non-governmental agencies, insurance companies, research institutes and
press agencies. Natural disasters are recorded if they meet at least one of the following criteria: (a) 10 or
more people reported killed; (b) 100 or more people reported affected; (c) declaration of a state of emergency;
(d) call for international assistance. Economic damages cover both direct and indirect losses related to the
disaster. They include the amount of damage to property, crops, and livestock. For each disaster, the
registered figure corresponds to the damage value at the moment of the event. The choice of 1960 as the
starting data is dictated by the availability of GDP series for all countries from the World Bank’s World
Development Indicators.

16Tn the literature on rare macroeconomic disasters, there are different ways to define a threshold to select
the relevant events. In Barro (2006), disasters are defined as events in which, at the trough, GDP is at least
15% lower than at the pre-disaster peak and unfold over several years. Conversely, when considering natural
disasters, events occur in one year and a fraction of GDP is destroyed within that year. It is thus reasonable
to allow for a low threshold to select those events. In empirical studies of the effects of natural disasters
on GDP growth (Fomby et al., 2013) and inflation (Parker, 2018), a similar approach is applied to select
relevant events.

1"The calculation of the annual probability of a disaster follows Barro (2006) and Barro and Ursua (2008;
2012). Details are provided in Appendix A. When more than one event occurred in the same year, the total
damages are summed up.



Table 1: Annual probabilities and damages to GDP from Natural Disasters (%).

Annual probability Damages to GDP (%)

Mean Min Median 97.5*" pctl Max

2.20 295 1.00 2.04 11.8 17.4

Sources: EM-DAT and authors’ calculations. Annual probability is obtained by pooling all countries. Dam-

ages are expressed in percent of previous year’s GDP.

at the 97.5" percentile of the distribution destroyed almost 12% of GDP and essentially co-
incides with the impact of the 2011 earthquake in New Zealand. The largest event in the
sample is the 2010 Chilean earthquake that caused damages by 17.4% of GDP. The average
disaster caused almost a 3% loss in GDP equal to the impact of the flood that hit Italy in
1966 and the volcanic eruption in Iceland in 1973, while another recent episode, namely the

2011 earthquake in Japan, places itself slightly above the average.

3 The model

We set up a NK model with stochastic trend growth and disaster shocks as in Gourio
(2012), Isoré and Szczerbowicz (2017) and Fernandez-Villaverde and Levintal (2018). The
economy comprises a representative household supplying labor and deciding the optimal
level of consumption and investment, while firms combine capital and labor to produce the
single consumption good. Relative to a standard NK model, households feature Epstein-
Zin preferences (Epstein and Zin, 1989), while disaster shocks hit the capital stock and
total factor productivity. Following Gourio (2012), we model total factor productivity as a

combination of a permanent and a stationary component, both affected by disasters.!®

3.1 Disasters

The modeling of disasters closely follows Fernandez-Villaverde and Levintal (2018). Private
investment is subject to adjustment costs (see next subsection for a detailed description),

with the law of motion of capital being:

k;:(1—5)kt+<1—s{foxt, (1)

Ti—1

18Conversely, in Isoré and Szczerbowicz (2017) and Fernandez-Villaverde and Levintal (2018) TFP is only
permanent.

10



Figure 1: Empirical and theoretical distributions of damages as a fraction of GDP.

30 T T

[ Empirical
——Theoretical at average (2.95% of GDP)

- = Theoretical extreme scenario (11.8% of GDP)| |

Italy 1966
Flood 2.95% 7

Japan 2011
Earthquake 3.68%

/ New Zealand 2011 -
/’ Earthquake 12.3%

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Notes: Distribution of damages as a fraction of GDP. Blue bars: empirical distribution from EM-DAT and
authors’ calculations. Red-solid line: theoretical distribution with average damages to GDP as in the data
(2.95% of GDP). Black-dashed line: theoretical distribution depicting an extreme scenario with average
damages to GDP equal to 11.8% of GDP.

where k;_; is the optimal choice of capital at time ¢ — 1, whereas the actual capital stock &,

is the optimally chosen net of disasters:
ky = ki e %0 (2)

The dummy variable d; takes a value of 1 with probability py in case of disaster and 0 with
probability (1 — pg) otherwise. When a disaster occurs, the capital stock falls by 6;, which
is time-varying:

log6; = (1 — pg) log & + pglog ;1 + cgeqy, (3)

where the random variable 6, takes a log-normal distribution with average disaster size  and
stochastic volatility ageat.lg It is important to note that a disaster realization is a one-off
event, i.e. it occurs only in one quarter (when d; = 1). Conversely, disaster risk is persistent:
following Fernandez-Villaverde and Levintal (2018), equation (3) can be interpreted as a
disaster risk shock meaning that agents might temporarily expect the average disaster size

0 to be higher, with py governing the persistence of the risk shock.?’

9Therefore: log 6, ~ N <log 0; %)

20Gourio (2012) and Isoré and Szczerbowicz (2017) allow for a time-varying probability of disasters hence
disaster risk entails its temporary increase. Conversely, we follow Fernandez-Villaverde and Levintal (2018)
by assuming a fixed probability with a time-varying impact of the disaster hence disaster risk entails a
temporary increase in the average magnitude of disasters. Nevertheless, the effects of a disaster risk shock
is similar between the two modeling choices.

11



In addition to destroying part of the capital stock, disaster shocks affect also total factor
productivity. Following Gourio (2012), aggregate TFP (A;®*#) has both a permanent (A;)
and a stationary (A7) component. The former is defined as a random walk with a drift while

the latter follows a AR(1) process. The equations governing the TFP processes are:

log A#® = log A, + log AT, (4)
IOg At = log At_l + AA + OA€A — W (]_ — Oé) dt9t, (5)
log Al = palog AL — (1 —w) (1 —a)dib, (6)

where Ay is the steady-state TFP growth, o4€4, is the Gaussian component of permanent
TFP. Similarly to Gourio (2012), disasters affect the two components of TFP differently,
where parameter w € [0,1] governs the relative impact.?! Whenever 0 < w < 1, this
mechanism generates a fall in TFP followed by a partial recovery, i.e. disasters temporarily
affect TFP which then converges to its long run impact. Since there is no agreement on
the effects of natural disasters on productivity, we will explore different values of w. The
extreme cases of w = 0 and w = 1 imply that disasters have only a temporary or a permanent
effect, respectively. Hsiang and Jina (2014) estimate that tropical cyclones have a highly
persistent effect on the growth rate and reject hypothesis of “creative destruction” or “build-
back better”. With a focus on other types of disasters, Nakamura et al. (2013) show that
disasters are followed by partial recoveries, hence with a temporary higher growth rate of
output after the disaster relative to the pre-disaster growth rate. By appealing to this
evidence, we will assume that natural disasters have both short- and long-run impact on
productivity hence the aftermath of disasters is characterized by temporarily faster growth
and a partial recovery. We then also explore the two extreme cases of w = 0 and w = 1.
Finally, disaster variables in the two processes of TFP are rescaled by (1 — «) to ensure that

capital and output fall by the same amount.

3.2 Households

The representative household’s utility reads as:

1-v
V;l—lb _ Utl—ll) + 5Et (‘/ti-_l’y) T—y ’ (7)

21Gourio (2012) employes a more general specification, whereby the two components of TFP are subject
to two different shocks when in a disaster state. This nevertheless implies that disasters have a different
relative effect on permanent and temporary TFP.

12



where the period-t¢ utility U; is defined over consumption ¢; and labor l;, U; = e¢; (1 — I;)",
while Vi, is its continuation value and & is an inter-temporal preference shock. Parame-
ter v governs risk aversion while 1/ zﬁ is the inter-temporal elasticity of substitution, where
¢ =1—(1+v)(1—1) is its inverse. As noted by Caldara et al. (2012), the importance
of recursive preferences is twofold. First, they allow for a distinction between ~ and 1/;.22
Second, they imply a trade-off between current and a certainty equivalent of future utility.
Households therefore have preference for early (v > ’l/A)) or later (y < z@) resolution of uncer-
tainty. These features are particularly appealing in our context where agents face the risk of
natural disasters, which induces precautionary savings captured by the recursive structure
of preferences.

Each period, the household’s budget constraint (in real terms) reads as:

Ct + T + by = wily + ik + Ry by + Fy + T3, (8)

where z; denotes investment in capital, w; is the real wage, r; is the rental rate on capital
k;, F; are profits earned from firms, 7; is a lump-sum transfer from the government and b,
represents private bonds which pay a gross return R;.

The household determines the optimal capital stock, k;, which depreciates at a rate
0, and the investment z; needed to achieve it. However, changing investment plans en-
tails a quadratic cost S [L] = ’i< T2 — 2)2 as in Christiano et al. (2005), where

Tt—1 2 \z—1

1

% = ( AAt >m is the technological stochastic trend growth.
t—1

Optimal choices of consumption, financial assets, labor supply, capital stock and invest-
ment are taken to maximize utility (7) subject to (8), and (1) thus leading to the following

first-order conditions:

R
1=E, {MMH t } : (9)
41
c
wt_yl_tlt7 (10>
@ = By (Mypre "% g + gy (1= 6)]) (11)
s s )
Tt Tr—1] Tg—1
2
+ B M1 S [mtﬂ] (@) : (12)
Tt Tt

7/)_
At+1 Vt+17

At Et(th-Q-_l’y) %

Equation (9) is a standard Euler Equation of consumption, where M, =

22The more standard case of expected utility can be achieved by setting v = 1.

13



is the stochastic discount factor with Epstein-Zin preferences, where ), is the Lagrange multi-
plier on the budget constraint (8). Equation (10) represents the marginal rate of substitution
between consumption and leisure, while equations (11) and (12) define the asset price and

investment decisions, respectively.

3.3 Firms

The firms’ side of the model is completely standard and borrowed from Fernandez-Villaverde
and Levintal (2018). Perfectly competitive final good producers combine 7 intermediate goods

according to

—€_
1 e—1

e—1
v = / wi | (13)

0

where € is the elasticity of substitution. Intermediate goods producers combine labor and

capital according to a Cobb-Douglas production function:
Yir = APERLL (14)

where a € [0,1] is the capital share of income. Intermediate firms choose inputs and prices

to maximize profits F;; = y;; — w;¢l;r — 7i1ki+ subject to the production function (14) and

a Dixit-Stiglitz demand function y; s = <%>_ y; and are subject to Calvo price stickiness.

At the symmetric equilibrium all 7 firms are equal hence the first-order conditions read as:

X\ ¢
gtl = mcyyy + 0, B My (H—t) gtl+17 (15)
t+1
. HX 1—e H*
g2 =1y + Op By My (H : ) (HTt) 9152+1a (16)
t+1 t+1
gt = (e~ 1)g?, (17)
i Hi(—l 1_6 k 1—e€
=g, (1= 6, (), (18)
11,
1T\ where
()
ky a w
L z 20
ly 1—ar’ 20)
p Hi(—l 1_6 D * 1—e
vy =0, Tt vp_q + (1 =0,) (1), (21)
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where 6, € [0, 1] denotes the per-period probability of not resetting the price, while x € [0, 1]

governs the degree of indexation to past inflation, II, = pf’il is the gross inflation rate,
Iy = Z;—i is the ratio of the optimal reset price and the price of the final good, mc; is the

marginal cost, g' and ¢* are auxiliary variables, and finally v/ denotes price dispersion.

3.4 Monetary Policy

As in Fernandez-Villaverde and Levintal (2018) the central bank sets the interest rate ac-

cording to the following rule:

G () ()

where v € [0,1] is the interest rate inertia , v > 0 is the responsiveness to deviation of

inflation from the target II, and 7y governs the response to output growth, where A, denotes
the growth rate of output along the balanced growth path. Finally, e™ is a mean zero
normally distributed monetary innovation.

In addition to this standard interest rate rule, we also allow the central bank to directly
react to disasters, as in Keen and Pakko (2011). This disaster-Taylor rule is also in the same
spirit of Hills et al. (2019) who augment a standard Taylor rule to specifically account for
the risk of hitting the effective lower bound.?® The Taylor rule is therefore augmented as

follows

H- () () () (o))

where 7p > 0 governs the reaction to the disaster. This rule implies that, when a disaster

realizes (e.g. d; = 1), the central bank adjusts the policy rate according to the size of the

disaster, in addition to inflation and output growth.

3.5 Aggregation
In equilibrium all markets clear hence the aggregate resource constraint reads as:

Yy = Cp + Ty (24)

ZHowever, Hills et al. (2019) modify the intercept of the Taylor rule by changing the interest rate in
steady state.
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3.6 The natural rate of interest

Following Del Negro et al. (2017) and Neri and Gerali (2017), we define the natural interest
rate as the risk-free rate that prevails in a counterfactual economy without nominal rigidities.

In the flexible price model, the Euler equation contains the natural rate:

1=EM/ R (25)

where Mt’iH is stochastic discount factor. When the system is detrended (see Appendix B

for more details), it reads as:

- ~ =y _
S R (VL) R ) o
Mt+1 = N (th) ) (26)

~ ~ 1—y _ T—v
' Ey <(Vti1/vf’ss) (5’t+1)1 V)

where variables with a superscript f are detrended, variables with a < > are detrended,

and 2, = *- is the growth rate of productivity. Fernandez-Villaverde and Levintal (2018),
following the literature on asset prices (see e.g. Lucas, 1978; Lettau, 2003; Gourio, 2012; van
Binsbergen et al., 2012; Nakamura et al., 2013; Isoré and Szczerbowicz, 2017), show that the

price of a one-period risk-free bond can be defined as:
gl = EM{,,. (27)

It follows that the risk free rate can be calculated as its inverse. With a single (risk-free)
bond in the economy, the natural rate coincides with the risk-free rate in the flexible-price

economy, hence we can define

n 1 f -1
R} = v = <EtMt+1) : (28)
4
. o\ Y v(1=4)
! o _
From the household’s first order condition, we know that % = Cté—f %
t t ot

, which means that, as shown by Del Negro et al. (2017) and Neri and Gerali (2017), the
natural rate depends on consumption growth and the growth in hours worked. However,
there are two departures from the natural rate in standard models. First, it depends on the
disasters through the technological growth rate. Second, there is an additional term due to

the recursive preferences that captures the effects of uncertainty.
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4 Calibration and solution method

Table 2 reports the calibration at a quarterly frequency. The calibration is disciplined either
by data or by the literature, with a few departures, discussed in details. To calibrate the
disasters, we use data on OECD countries on natural disasters reported in Section 2. The
annual probability is set at 2.2% while the average loss in GDP is 2.95%. Given the average
GDP loss (logf), the persistence of disaster risk (pg) and its standard deviation (oy) are
calibrated to obtain a theoretical distribution of damages as close as possible to the observed
one. In particular, we adjust these two parameters to match the first two moments of the
empirical distribution. The red line in Figure 1 reports the theoretical distribution using the
average GDP loss of 2.95% (red line) and also a distribution in which the average GDP loss
is increased to 11.8% (the 97.5'" percentile in the data, black-dashed line), while keeping
the same standard deviation (oy). This scenario will be discussed in Section 5.24 Two other
parameters are important for the effects of natural disasters. First, we assume that the shock
distributes equally between the permanent and stationary components of TFP, e.g. w = 0.50.
As discussed in Section 3.1, this implies a temporary higher growth rate after the disaster
and a partial recovery. In addition, we set the autoregressive parameter of temporary TFP
at p, = 0.1.%

For the remaining parameters, we consider the euro area to be the core of OECD countries

26 Therefore, most of the parameters are set according to

and calibrate them accordingly.
the estimates of Smets and Wouters (2003; 2005) and Coenen et al. (2018) for the euro area,
including the shock processes. The scaling parameter on the disutility of labor (v) is set to
get hours worked of 1/3 in the deterministic steady state. Risk aversion () is set to obtain
a natural rate in the risky steady state in line with the estimates of Holston et al. (2017) and
Neri and Gerali (2017), while the inter-temporal elasticity of substitution (1&) is calibrated
as in Gourio (2012) and Fernandez-Villaverde and Levintal (2018).2

Finally, following Coenen et al. (2018), the trend growth rate of technology A4 is such

that the annual GDP growth rate is 1.5%, while the discount factor (/) is set such that the

24Tt is important to note that while these are the distributions of damages as a fraction of GDP, the
disaster probability determines how often there is a random draw from them.

25Sensitivity on this parameter reveals no significant changes in the results.

26parameters are nevertheless quite similar between EA and US, as e.g. estimated by Smets and Wouters
(2005) and Villa (2016).

2TRisk aversion is usually calibrated to match a measure of risk premium. As first shown by Barro (2006),
followed by Gourio (2012), Nakamura et al. (2013), and Fernandez-Villaverde and Levintal (2018), among
others, the combination of EZ preferences and rare disasters allows to match risk premia without relying on
extremely high values of risk aversion. However, in those papers, disasters on average cause GDP losses in
the range 22%-40%, hence are much larger than the average natural disaster size we calibrate. We therefore
need a slightly higher value of v to match the risk-free rate.
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Table 2: Calibrated parameters.

Parameter Value  Source/target
Disaster probability pq  0.0055 EMDAT

Mean disaster size 6  0.0299 EMDAT

Persistence of disaster risk shock po  0.95 Damages distribution
Std. of disaster risk shock og 0.22 Damages distribution

Weight of disasters on permanent TFP  w  0.50 Tentative

Persistence of stationary TFP pa 0.10 Tentative

Leisure preference v 1.55 L=0.33

Risk aversion vooT Ries ~ 1.6%

Inverse IES v 05 Gourio (2012)

Trend growth of technology A4 0.0026 Coenen et al. (2018)
Discount factor S 0999  Coenen et al. (2018)
Capital share of income a 030 Smets and Wouters (2003)
Capital depreciation rate ) 0.025 FVL

Investment adjustment cost parameter k£  6.92 Smets and Wouters (2003)
Calvo price stickiness parameter 6, 0.905 Smets and Wouters (2003)
Automatic price adjustment X 0472  Smets and Wouters (2003)
Elasticity of substitution e 6 Villa (2016)

Inflation target II  1.0047 Coenen et al. (2018)
Inflation parameter in Taylor rule vy 1.69 Smets and Wouters (2003)
Output growth parameter in Taylor rule 7, 0.095  Smets and Wouters (2003)
Interest rate smoothness in Taylor rule vz 0.95 Smets and Wouters (2003)
Std. of productivity shock o4 0.0062 Smets and Wouters (2003)
Std. of preference shock e 0.0039 Smets and Wouters (2003)
Std. of monetary policy shock om 0.0010 Smets and Wouters (2003)

annualized net real rate in the is almost 2% in the deterministic steady state. Prices are set
to last on average 10 quarters. The remaining parameters are pretty standard and for some
of them we will experiment alternative values, as discussed in Appendix E.

To simulate the model, we resort to Taylor projection, a recently developed solution
method proposed by Levintal (2018) and Fernandez-Villaverde and Levintal (2018) to solve
DSGE models with rare disasters. Fernandez-Villaverde and Levintal (2018) demonstrate
that a Taylor projection up to third order is more accurate and generally faster to compute
than perturbation methods up to a fifth order of approximation and projection methods
(Smolyak collocation) up to a third order to solve a wide range of DSGE models with rare
disasters. Taylor projection essentially combines the setup of standard projection methods
with approximation methods via Taylor expansions. There are essentially four steps to
compute the solution. The first two are standard in projection methods, while the last

two use Taylor approximations. In particular: i) approximate the policy function with a
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n-order polynomial; ii) construct a residual function which depends on the state variables
and unknown coefficients; iii) rather than using a grid to find the coefficients that make the
residual function zero (as in standard projection methods), take a n-order Taylor expansion
of the residual function at a particular point of the state-space; iv) find the coefficients that
make the resulting Taylor series zero. The method hence yields a solution that, although
not global, is possible to approximate at many points of the state-space, and this makes it
accurate in dealing with large nonlinearities. The main limitations of this method are that
the solution is not global and cannot account for occasionally binding constraints. Moreover,
the number of state variables allowed to find an accurate solution is quite limited. In the
simulations below we use a third order Taylor projection where the residual function is

approximated around the stochastic steady state.

5 Results

5.1 FEzx-ante: disaster risk

This section shows the effects of disaster risk on the natural interest rate and inflation under
different interest rate rules and calibration of disasters by computing the risky steady states
of the natural rate and inflation. Following Coeurdacier et al. (2011) and Hills et al. (2019),
the risky steady state is defined as the steady state at which variables converge after a long
series of zero realizations of shocks. Differently from the deterministic steady state, agents
are aware that shocks can occur therefore uncertainty affects their optimal decisions despite
the fact that no actual shock realizes.?®

Three natural disaster scenarios are simulated. The top panel of Table 3 shows results
from the baseline calibration, where the average natural disaster is considered (scenario (i)
labelled average disaster). The remaining panels show results when an extreme event is con-
sidered. Following Fratzscher et al. (2020), we select the 97.5™ percentile of the distribution
of damages to GDP. This disaster destroys 11.8% of GDP (roughly the impact of the 2011
earthquake in New Zealand), but it is extremely rare since, in the data, it’s annual prob-
ability is 0.05% (scenario (ii) labelled eztreme disaster). Finally, the bottom panel shows
what happens when the extreme event becomes more frequent, a scenario foreseen by many
climate change studies as discussed in Section 1 (scenario (i) labelled extreme disaster -
worst scenario). Effectively, the extreme disaster scenarios entail a shift of the distribution

of damages, e.g. a change in the first moment (6) from 0.0299 to 0.1256, as depicted by the

28As in Fernandez-Villaverde and Levintal (2018), the risky steady state is calculated by simulating the
model for 100 periods without shocks.
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Table 3: Risky steady state under different distributions of disasters and monetary policy
regimes.

Risky Steady State
No disasters Standard Taylor Rule Inflation Targeting Disaster Taylor Rule
(1) Average disaster (p3"™ = 2.2%; Average damages to GDP = 2.95%)

Natural rate 1.61 1.55 1.55 1.55
Inflation 1.88 1.85 1.88 1.88
(it) Extreme disaster (p§™" = 0.05%; Average damages to GDP = 11.8%)
Natural rate 1.61 1.60 1.60 1.60
Inflation 1.88 1.87 1.88 1.88
(i11) Extreme disaster - worst scenario (p&™" = 2.2%; Average damages to GDP = 11.8%)
Natural rate 1.61 1.26 1.26 1.26
Inflation 1.88 1.48 1.87 1.71

Notes: Risky steady state of the natural rate and inflation under three alternative distribution of disaster
shocks (panels (i) to (44)) and three monetary policy rules (second to fourth columns). The first column
reports the risky steady state of an economy without disasters. The risky steady state is calculated by
simulating the model for 100 periods without shocks. Inflation and interest rates are in % annualized values.
The central bank’s inflation target is 1.9%.

black-dashed line in Figure 1.

As regards the interest rate rules, in the baseline case the central bank follows the stan-
dard Taylor rule (22). Then two alternative monetary policy regimes are studied. First, we
study an inflation targeting regime by setting the reaction parameter of the standard Taylor
rule (22) to inflation to a very large value, i.e. Ay = 25. Then, we set a disaster Taylor
rule according to equation (23) with a strong direct response to disasters, vp = 0.30, several
times larger than the response to output growth. Crucially, interest rate rules affect the
second moments of variables hence the risky steady state.

The first column of Table 3 reports the risky steady state values in an economy without
disaster risk, hence subject only to the other business cycle shocks. These have very little
effect on the economy, with the implied natural rate close to the estimates of Barsky et al.
(2014) and Neri and Gerali (2017) and inflation virtually at target. Under the average
disaster scenario (1), when the economy is potentially hit by disasters and monetary policy
is set according to a standard interest rate rule (second column), at the risky steady state,
the natural rate is 6 basis points lower due to precautionary savings, while inflation falls
short of target by 5 basis points. Conversely, both the alternative Taylor rules (third and
fourth columns) are able to keep inflation close to target, although for different reasons.?

Indeed, while under inflation targeting the central bank stabilizes inflation in all states, the

29Note that changing parameters in the Taylor rule does not affect the natural rate since, by definition,
monetary policy is neutral in the flexible-price equilibrium.
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disaster Taylor rule stabilizes more output hence agents anticipate it and save less ex-ante
and inflation is higher. Nevertheless, the impact of the average natural disaster on the risky
steady state of the natural rate and inflation is rather limited. This holds also for under the
extreme disaster scenario (ii). It is hence possible to infer that, given their past frequency
and size, the effect of natural disasters risk on the natural rate and inflation has been small.
However, rather than taking an historical perspective, it is interesting to design a future
scenario in which extreme events become more frequent, as climate change studies suggest,
and evaluate the ex-ante effects on the natural interest rate and inflation.?® Results under
this scenario are reported in the bottom panel (iii) of Table 3. Under a standard Taylor
rule, the natural interest rate settles at 1.26%, 35 basis points lower than in the economy
not subject to disaster risk. Inflation falls short of the central bank’s target and it is 40
basis points lower than without disasters. Therefore, ez-ante effects of natural disasters
become more relevant as the frequency and/or magnitude of natural disasters increase. The
mechanism of disaster risk is as follows. Agents only know that disasters may occur with
a certain probability and on average are of a certain magnitude but their actual realization
is uncertain. This source of uncertainty, coupled with agents’ risk aversion, leads to engage
in precautionary savings which decreases consumption and investment. It follows that the
natural rate and inflation settle at lower levels than in a model without disasters.?!

The impact of disasters on the risky steady state of inflation and the natural rate clearly
depends on the distribution of those shocks, e.g. average size, variance and annual probabil-
ity. Intuitively, the larger the expected impact and/or the probability of natural disasters,
the lower are the natural rate and inflation at the risky steady state. To generalize these
results, Figure 2 plots the natural rate and inflation for different size of disasters (left plot)
and probability (right plot), under the standard Taylor rule. In particular, the average dis-
aster size varies from 0% of GDP to 17.4% of GDP, which is the range of disaster impact
in the data, while keeping the annual probability of the event fixed at 2.2%.3? The annual
probability of experiencing a disaster varies from 0% (no disasters) to 10%, which would
imply, on average, one disaster in 10 years, while keeping the average size of the events fixed
at 2.95% of GDP. For inflation (blue-solid lines) and the natural rate (red-dashed lines),
Figure 2 also reports the values at the baseline calibration (vertical black-solid lines) and

the inflation target (horizontal black-dashed lines). The natural rate and inflation stabilize

308ee e.g. TPCC (2014; 2018), Alfieri et al. (2015) and IMF, (2017) for projections on the frequency of
natural disasters.

31 Appendix E.1 discusses sensitivity analysis on various parameters, including those related to preferences
and the disaster risk process (3).

32 Assuming no damages from disasters is equivalent to a no disaster scenario. Indeed, results are equal to
a distribution in which the annual probability of disasters is zero.
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Figure 2: Risky steady state of natural rate and inflation for different average disaster size
and annual probability.
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Notes: Risky steady state of the natural rate and inflation under the standard Taylor rule for different
average disaster size (with fixed annual probability at 2.2%, left plot) and annual probability (with fixed
average damages at 2.95% of GDP, right plot). The risky steady state is calculated by simulating the model
for 100 periods without shocks. Inflation and interest rates are in % annualized values. The central bank’s

inflation target is 1.9%.

at lower values as the average size and probability increase, suggesting that more frequent
and powerful natural disasters, ez-ante, induce stronger precautionary savings. Results show
that more frequent and/or more powerful natural disasters lead to stronger ez-ante effects
whereby the natural rate and inflation fall to almost zero and these effects are nonlinear,
especially as regards the average disaster size. The source of nonlinearities lies in the speci-
fication of preferences (e.g. risk aversion and the intertemporal elasticity of substitution).??
Figure 3 reports the risky steady states of the natural rate and inflation under different size
of disasters and for three different calibrations of risk aversion (left plot) or of the inverse of
the intertemporal elasticity of substitution (IES, right plot). In general, it can be observed
that while risk aversion has a strong nonlinear effect on the natural rate and inflation, the
IES mainly affects the deterministic steady state of the model, e.g. the point in which the
average disaster size is zero. The left plot of Figure 3 reports the risky steady states for

the baseline risk aversion (y = 7, solid lines), for a halved risk aversion (v = 3.5, dashed

33Tt does not arise from occasionally binding constraints, e.g. borrowing constraints or the zero-lower-
bound. While these represent interesting mechanisms, they would require a different solution method. We
leave their assessment for future research.
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Figure 3: Risky steady state of natural rate and inflation for different preference parametersm
and average disaster size.
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Notes: Risky steady state of the natural rate and inflation under the standard Taylor rule for different
average disaster size (with fixed annual probability at 2.2%), for three values of risk aversion (left plot) and
inverse of the intertemporal elasticity of substitution (right plot). The risky steady state is calculated by
simulating the model for 100 periods without shocks. Inflation and interest rates are in % annualized values.

The central bank’s inflation target is 1.9%.

lines), and for a very low risk aversion (v = 0.5, dotted lines). The latter case is particularly
interesting since utility collapses to the standard expected utility with risk aversion equal to
the inverse of the IES.3* Clearly, larger risk aversion makes the model more nonlinear in the
average size of disasters. This highlights the importance of using Epstein-Zin preferences in
such a context, that would otherwise miss much of the nonlinear effects of natural disasters.
Indeed, when risk aversion is lowered to equal the inverse of the IES, much of the nonlin-
earities disappear. Conversely, the inverse of the IES mainly affects the level of the natural
rate. Indeed, the right plot of Figure 3 reports the risky steady states for the baseline inverse

~

IES (1) = 0.5, solid lines), for a twofold value (¢ = 1, dashed lines), and for a larger value
adopted by Isoré and Szczerbowicz (2017) (zﬂ = 2, dotted lines). Higher inverse IES requires
a higher natural rate in order for households to save. At the same time, a higher inverse IES
lowers inflation which turns negative for large events.

To sum up, natural disasters risk might generate strong precautionary savings that cause

34These values of v are close to those employed in the literature on rare disasters (see e.g Barro, 2006;
Gourio, 2012; Isoré and Szczerbowicz, 2017; Fernandez-Villaverde and Levintal, 2018) while delivering a level
of the natural interest rate at the risky steady state close to available estimates, as discussed in Section 4.
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the natural rate and inflation to stabilize at lower levels relative to an economy without
disaster risk. The effects are particularly large and nonlinear if extreme events become more
frequent, such that the natural rate might fall below 1% and inflation might substantially
fall below target.

5.2 FEz-post: disaster realization
5.2.1 Supply-side effects

We now turn to study the dynamic implications of natural disasters under the three al-
ternative monetary policy regimes. Figure 4 reports the impulse responses to an average
disaster realization when the central bank alternatively follows a standard Taylor rule (blue-
solid lines), a disaster-adjusted Taylor rule (red-dotted lines) and a strict inflation targeting
(black-dashed lines). Since natural disasters are assumed to affect the growth rate of the
real variables, capital, output, consumption and investment are in non-stationary form. Re-
gardless of the monetary policy regime, a disaster destroys the capital stock and causes a
loss in aggregate productivity.>® Since both the transitory and permanent components of
productivity are affected, there is a partial recovery in aggregate productivity, output and
consumption, that temporarily grow at a faster rate relative to their pre-disaster growth
rate.’® However, there is a permanent effect meaning that the level of real variables and
aggregate productivity is permanently lower than the level they would have reached with-
out the disaster. Given the capital destruction, the marginal product of capital falls and
investment becomes more profitable, households save less and invest more thus leading to a

37 Moreover, capital destruction also leads

temporary increase in the natural interest rate.
to lower supply thus generating a temporary increase in inflation.

While the dynamics are pretty similar across the three regimes in the aftermath of disas-
ters, some differences are worth discussing. A disaster-adjusted Taylor rule halves the initial
output loss at the cost of temporarily higher inflation. Relative to the standard Taylor rule,
the policy rate is lower than the pre-disaster level for about 6 quarters which allows pri-
vate investment to drive the recovery. Conversely, inflation targeting calls for an immediate

increase of the policy rate despite the drop in output in order to mitigate the inflationary

35The main transmission channel is found to be through the effect on productivity relative to the capital
destruction.

36This result hinges on the calibration of w, the parameter governing the relative impact of disasters on
the components of productivity. In this case, the persistence of the effects of natural disasters are driven by
parameter p,. For both parameters sensitivity analysis is conducted in Section E of the Appendix.

37Jorda et al. (2020) estimate that wars, being essentially negative supply shocks, make the natural rate
increases in response to them. They posit that the effect of natural disasters are similar to wars hence they
expect the natural rate to increase.
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Figure 4: Impulse responses to an average disaster shock under alternative monetary policy
regimes.
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Notes: Impulse responses to an average disaster shock equal to 2.95% of GDP. Output, consumption,
investment, capital and productivity are expressed in non-stationary form and in percent deviations from
the risk steady state. The risky steady state is calculated by simulating the model for 100 periods without

shocks. Inflation and interest rates are in percent annualized terms.

pressures. This is consistent with the empirical evidence in Fratzscher et al. (2020), who
estimate that in inflation targeting countries inflation rises only modestly, contrary to what
happens under alternative regimes (they estimate an increase of annualized inflation of 0.56
percentage point in inflation targeting countries against 3.2 percentage points in non inflation

targeters).

5.2.2 Demand-side effects

The model presented in Section 3 allows only for the supply-side effects of disaster realizations
via capital destruction and TFP loss. However, empirical evidence is rather limited and not
conclusive. While some papers support the view that natural disasters (as well as wars) are
negative supply shocks, with capital destruction and higher natural rate and inflation (see e.g.
Heinen et al., 2018; Fratzscher et al., 2020 and Jorda et al., 2020), they may entail larger

demand-side effects with inflation falling and central banks responding by implementing
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expansionary policies.®® It is therefore interesting to explore what would happen should
demand-side effects prevail on the supply-side effects a disaster realization. In order to do
so while keeping the model parsimonious, we assume that agents are temporarily more risk

averse in the aftermath of disasters.?”

While some empirical evidence (mainly based on
experiments) for developing and emerging market economies supports this assumption (see
e.g. van den Berg et al. 2009; Cameron and Shah 2015; Cassar et al. 2017) it is not hard to
imagine that also in OECD countries risk attitudes might change in the aftermath of natural
disasters. Without referring to natural disasters, Kozlowski et al. (2020) show that one a
rare event occurs, it permanently enters agents’ information set and the tail of the shock
distribution becomes larger, e.g. they attach a larger probability to the tail event because
they believe it will materialize again. Such belief revisions ultimately induces precautionary
savings and keeps output and interest rates low. Without modifying beliefs in our model,
we can capture a similar effect by making risk aversion v time-varying and depending on
disasters:

= 7e o), (29)

where ( governs the responsiveness of risk aversion to the exogenous variable 7;, whose

logarithm follows a AR(1) process:

log (2) = o, (722) + i (30)

According to (29) and (30), when a disaster realizes agents become temporarily more risk
averse, with p, € [0, 1] governing the persistence of this effect. For a sufficiently high ¢ and
pr, demand-side effects might prevail, with higher precautionary savings causing the natural
rate and inflation to fall.

This scenario is depicted in Figure 5 where the blue lines report the impulse responses to
an average natural disaster in the baseline model with only supply-side effects are at work,
while the blue-solid lines describe the dynamics when the shock to risk aversion is activated.
The central bank is assumed to follow a standard Taylor rule. As an illustration, we calibrate
¢ = 0.5 and p, = 0.85. A high persistence of the shock to risk aversion is consistent with
Kozlowski et al. (2020) since it captures the persistent effects of a disaster on households’
behavior who increase their precautionary savings. However, there is uncertainty about how
to calibrate them. Intuitively, lower values of ¢ and p, would make the demand effects

milder, possibly weaker than the supply-side effects. The values chosen to produce Figure

38See the anecdotal evidence on the responses of the FRBNZ and BOJ to the earthquakes that hit
Christchurch and East Japan in 2011 discussed in Section 1.

39 Alternatively, one could assume that natural disasters might generate financial distress and increase risk
premia. Qualitatively, the effects are similar to those shown here and are discussed in Appendix F.
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Figure 5: Impulse responses to an average disaster shock with and without shock to risk
aversion.
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Notes: Impulse responses to an average disaster shock equal to 2.95% of GDP under the standard Taylor
rule, when the shock to risk aversion is not activated (supply effects only, blue-solid lines), and when it
is activated (supply + demand effects, red-dotted lines). Output, consumption, investment, capital and
productivity are expressed in non-stationary form and in percent deviations from the risk steady state. The
risky steady state is calculated by simulating the model for 100 periods without shocks. Inflation and interest

rates are in percent annualized terms.

5 generate larger demand-side effects. In addition to temporarily lower natural rate and
inflation, the main differences relative to the baseline model are in the policy response, which
is persistently expansionary when demand-side effects dominate. Despite the policy response,
the amplification induced by the shock to risk aversion more than doubles the output loss.
While illustrative, this mechanism shows that if demand-side effects of natural disasters
prevail, output losses might be larger.*® Finally, Figure 6 reports the impulse responses to an
average disaster shock when the shock to risk aversion is activated under the three alternative
monetary policy regimes under scrutiny. While a strict inflation targeting regime brings
inflation at target faster, the disaster Taylor rule generates an overshoot in inflation because

the policy rate, after an initial larger decrease, it is more gradually increased. Nevertheless,

40Ex-ante, the effects are very small. The natural rate is slightly higher because agents know that they
will be more risk averse ex-post hence save less ex-ante.
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Figure 6: Impulse responses to an average disaster shock with shock to risk aversion under
alternative monetary policy regimes.
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Notes: Impulse responses to an average disaster shock equal to 2.95% of GDP under the three alternative
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despite the regime implemented, the central bank lowers the policy rate when demand-side

effects of natural disasters prevail.

6 Conclusions

This paper contributes to the ongoing debate on the macroeconomic effects of natural disas-
ters in OECD countries, by assessing the ex-ante and ez-post effects of natural disasters on
the natural interest rate and inflation. Ez-ante, disaster risk exerts downward pressures on
the natural rate and inflation. These effects are shown to become particularly sizable and
nonlinear if extreme natural disasters become more frequent, as suggested by climate change
scenarios, potentially bringing the natural rate to a very low level and inflation far below

target. FEz-post, a disaster realization might lead to temporarily higher or lower natural
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rate and inflation, depending on whether supply- or demand-side effects dominate. From a
central bank’s perspective, these require different policy responses in order to keep inflation
close to target and/or mitigate output losses.

The paper hence shows the relevance of incorporating climate change risk and the occur-
rence of natural disasters in the central bank’s assessment of the natural rate and inflation.
A welfare analysis of the effects of natural disasters and optimal monetary policy responses,
as well as of the relevance of occasionally binding constraints, are left for future research.
Finally, the methodology employed lends itself to the study of other types of rare events,

such as the Covid-19 pandemic and its implications for the conduct of monetary policy.
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Appendix

A Evidence on natural disasters

Table 4: Natural disasters in OECD countries (1960-2018).

Country Year Type(s) Climate-related Damages (% of GDP)
Chile 2010 Earthquake No 17.40
New Zealand 2011 Earthquake No 12.30
Chile 1985 Earthquake No 7.64
Turke 1999 Earthquake No 7.62
New Zealand 2010 Earthquake No 5.36
Ttal, 1980 Earthquake No 5.08
Chile 1963 Earthquake No 4.34
Australia 1981 Storm Yes 4.14
Japan 2011 Earthquake No 3.68
Czech Republic 2002 Storm, Flood Yes 3.58
Luxembourg 1990 Storm Yes 3.56
Ttaly 1966 Flood Yes 2.94
Iceland 1973 Volcanic activity No 2.94
Greece 1999 Earthquake No 2.91
Czech Republic 1997 Flood Yes 2.76
Chile 1971 Earthquake No 2.62
Australia 1967 Wildfire Yes 2.45
Latvia 2005 Storm Yes 2.26
Chile 1965 Earthquake, Flood No 2.26
Mexico 1985 Earthquake No 2.23
New Zealand 2016 Earthquake, Flood No 2.21
Poland 1997 loo Yes 2.19
Japan 1995 Earthquake, Flood, Storm No 2.04
Spain 1983 Flood Yes 1.99
Australia 1974 Flood, Storm Yes 1.73
Greece 1981 Earthquake No 1.58
Italy 1976 Earthquake No 1.58
Greece 1986 Earthquake No 1.56
Denmark 1999 Storm Yes 1.47
Canada 1977 Drought Yes 1.45
USA 2005 Storm, Wildfire Yes 1.30
Portugal 2003 Wildfire Yes 1.29
Greece 1990 Drought Yes 1.26
Austria 2002 Storm Yes 1.22
Japan 1964 Earthquake No 1.15
Chile 2015 Flood, Earthquake, Volcanic Activity No 1.11
Hungary 1992 Drought Yes 1.10
Australia 2010 Flood, Storm Yes 1.09
Spain 1990 Drought Yes 1.08
stonia 2005 Storm Yes 1.07
Republic of Korea 1967 Flood Yes 1.05
USIA)A 2017 Wildfire Yes 1.02
Japan 2004 Earthquake, Flood, Storm No 1.01
Mexico 2005 Storm Yes 1.01
Slovenia 2007 Storm Yes 1.00

Sources: EM-DAT and authors’ calculations. Damages are expressed in percent of previous year’s GDP.

Calculation of annual probability Following Barro (2006) and Barro and Ursua (2008;
2012), it is computed as follows:

1. The sample length is ¢ years.
2. The number of countries considered is 36.
3. Pool the countries and obtain a sample length of t x 36 = n years.

4. Sum the disaster years (peak-to-trough years of GDP) of all countries: z years with
disasters.
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5. Compute the number of normalcy (e.g. no disasters) years: n — z years without
disasters.

6. Compute the probability of experiencing a disaster in a normalcy year (number of

disaster years over normalcy years): pd"" = .

n—=x

B The stationary model

The model exhibits a stochastic trend growth rate hence we detrend it before finding the
1
solution. In general, variables are detrended by z; = A, unless otherwise stated. We

denote the detrended variable with a < > | ie. #; = QZ’—:, while growth rates are denoted

by a < >, ie. &y = -%-. The full detrended system is the following:

Te—1"

dpy1 = p* + (a1 — 1) (31)
log 0:11 = (1 — pg)log 8 + pglog 0; + g€ i1 (32)
ZAt+1 = OA€A1+1 (33)
Mi+1 = OmCEm,t+1 (34)
i1 = pele + Oc€g it (35)
log fig41 = Ou€p i1 (36)
log Ay = Ag + 244 — (1 — ) dyb; (37)
log 2 = ———log A, (38)
Vi =G B (Vi a) T (39
Uy = ¢ (1—1,)" e (40)
U= (1—1,)" e (41)
Ul,t = —vé (1 — lt)”_1 et (42)
M= (1=¢) U Uey (43)
Ny = (1 =) U, YUy (44)
~ Ve YV su—ry
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@ = E (Mt+12t+1 (dgvt+1 + Cjt6+1>) (63)
dgvt = Y — Wl — Ty (64)
d = EM (65)

C Steady state

To solve the steady state, the real wage w solves equation — Ny = (1—1) Ut_¢Ul,t, while

remaining variables are found recursively as follows:

II=1I (66)
WP =1 (67)
d— (68)
0=0 (69)
log A=Ay —(1—a)dd (70)
log z = ] ! log A (71)
j=1 (72)
M =pz7¥ (73)

_ q -
"= Mexp(—db) (1-9) )

k o W

T 1-ar (%)
kT = 7 exp (di0;) 2 (76)
— (gb + %) é (kT exp (—d9)> + === (1 . (—dQ))] (77)
= (79)
k= gexp (—do) (79)
i=k"—-(1-0k (80)
. (1 — l) w (81)



j=i+17 (82)
U=¢(1-1)" (83)
Ue=(1-1)" (84)
A=(1—-) U, (85)
S=0 (86)
S =0 (87)
T = —vé(1—1)""" (88)
div = §j — wl — & (89)
M zdiv
vy (90)
i = My (91)
nwzz(Lia)a<é)aw““W* (92)
R— % (93)
-1 mey
T 1—0,M: (54)
7= —7" (95)

D The mechanics of disaster realizations and disaster risk

This section briefly shows how disasters propagate in the model both via their actual real-
ization (Section D.1) and via risk without their occurrence (Section D.2). The aim of this
section is purely illustrative hence some simplifying assumptions are made, e.g. disasters hit
only permanent TFP (i.e. w = 1) and occur once in 100 years (i.e. the annual probability
of disasters is pi™™ = 0.01).

D.1 Disaster realization

Figure 7 reports relevant simulated variables for 100 years. The top-left panel shows the
evolution of the disaster variables. While 6, fluctuates over time, it affects productivity and
output only in quarter 300, when the disaster occurs (d; = 1). It follows that the level of TFP

(bottom-left panel) drops and then returns to grow at the same rate as before the occurrence
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Figure 7: Simulated variables with a disaster realization.
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Notes: Selected variables simulated for 100 years, with a disaster shock occurring at period 300.

of the disaster, i.e. the growth rate of TFP is only temporarily affected (bottom-right panel).
However, the effect on the level of TFP is permanent, i.e. the level is permanently lower
than the level without the shock. Likewise, output (top-right panel) drops on impact and
then grows again at the pre-disaster rate, thus its level is permanently affected. Assuming
that also the stationary component of TFP is affected implies that, in the aftermath of
the disaster, output and aggregate TFP would experience a period of higher growth thus

generating a partial recovery.*!

D.2 Disaster risk

In addition to the realization of the disaster, also the risk of it, without the realization of the
event itself, affects the economy. While this risk shock is studied in Fernandez-Villaverde and
Levintal (2018), Gourio (2012) and Isoré and Szczerbowicz (2017), it takes slightly different
specifications among them. Indeed, since Gourio (2012) and Isoré and Szczerbowicz (2017)

allow for a time-varying probability of disasters, the risk shock entails an increase in this

4'Nakamura et al. (2013) provide evidence that rare disasters are events with a large impact on GDP and
consumption followed by partial recoveries, although they do not consider natural disasters.
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Figure 8: Impulse responses to a disaster risk shock.
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Notes: Impulse responses to a disaster risk shock, e.g. a temporary increase in expected damages to GDP,
under the standard Taylor rule. Output, consumption and investment are expressed in percent deviations
from the risk steady state. Inflation and interest rates are in percent annualized terms.

probability, e.g. agents perceive that a disaster is more likely to occur. Conversely, in
Fernandez-Villaverde and Levintal (2018) the probability is fixed (while the magnitude of
the disaster is stochastic) hence the risk shock manifests itself in a higher expected impact of
the disaster. Specifically, the risk shock entails a temporary increase in ; which, according
to equation (3), decays at a rate governed by its persistence parameter py.

Crucially, risk affects agents’ preferences thus shifting the economy from the deterministic
to a stochastic (or risky) steady state (see proofs in Gourio (2012) and Isoré and Szczerbowicz
(2017); and Coeurdacier et al. (2011) and Hills et al. (2019) for formal definitions of the risky
steady state). Following Gourio (2012), it is possible to rewrite agents’ discount factor § as

follows .
3= 81— pa (1 - -0t 5 o)

where f3 is an equivalent discount factor. As long as the inverse of intertemporal elasticity of
substitution (7,@) is smaller than one, § < 3 agents become more impatient and invest less.

The economy thus shifts to a lower steady state (the risky steady state). Moreover, as already
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discussed in Gourio (2012) and Isoré and Szczerbowicz (2017), risk entails a mix of first and
second moment effects. Indeed, agents expect lower productivity, higher depreciation and
lower return on capital thus invest less and a recession occur. This is the first moment effect.
In addition, uncertainty about the disaster realization and, conditional on its occurrence, on
the size of the disaster generates a recession. This is the second moment effect. To show
how a risk shock propagates in the model, Figure 8 reports impulse responses of output,
consumption, investment (all detrended), inflation, policy and natural interest rates, when
agents expected the average GDP loss to increase from the average in the data (2.95%) to its
97.5" percentile (11.8%). This shock, without the occurrence of the disaster itself, suffices
to trigger a recession and a fall in inflation. Moreover, higher demand of risk-free bonds
induced by precautionary savings generates a fall in the natural rate.*> The magnitude of
these responses are nevertheless in line with Fernandez-Villaverde and Levintal (2018). They
simulate an increase of the average GDP loss from 40% to 45% and find that output at the
trough is 0.015% below its stochastic steady state.

E Sensitivity analysis

In this section we discuss sensitivity analysis on uncertain parameters, both ex-ante and
ex-post. Qualitatively, the main results of the paper carry through the various sensitivities.
Some parameters have a stronger quantitative effect and are discussed more in detail. All

sensitivities are conducted under the standard Taylor rule, unless otherwise stated.

E.1 FEzx-ante

Table 6 shows the sensitivity of the risky steady states of the natural rate and inflation to
preference parameters and the disaster process (3). The first column reports the baseline
results for comparison. The second and third columns report two cases that are extracted
from Figure 3. Lowering the risk aversion coefficient to equal the inverse of the IES keeps
the natural rate and inflation higher than in the baseline hence the model would not capture
any ex-ante effect of natural disasters. Increasing the inverse of the intertemporal elasticity
of substitution ¢ to 2, the value used by Isoré and Szczerbowicz (2017), increases the natural
rate while lowering inflation because agents require a higher interest rate in order to save.

Changing the standard deviation of the disaster risk shock (oy) affects the distribution of

420ne key parameter determining the magnitude of these responses is risk aversion . Obviously, higher
risk aversion amplifies the responses, especially that of the natural rate.

43Magnitudes are also of the same order as in Isoré and Szczerbowicz (2017) despite the different modeling
of the disaster risk shock.
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Table 6: Risky steady states under alternative calibrations of preferences and disaster pro-
cess.

Risky Steady State

Baseline Preferences Disaster process
v=05 =2 o9=0 09=05 pg=0
Natural rate 1.55 1.56 2.39 1.55 1.54 1.55
Inflation 1.85 1.87 1.83 1.87 1.72 1.87

Notes: Risky steady state of the natural rate and inflation under the standard Taylor rule and alternative
calibrations of preferences and disaster process. The risky steady state is calculated by simulating the model
for 100 periods without shocks. Inflation and interest rates are in % annualized values. The central bank’s
inflation target is 1.9%. Baseline calibration: v = 7; 1]) = 0.5;09 = 0.22; pg = 0.95.

disasters but has a larger effect on inflation rather than the natural rate, as reported in the
fourth and fifth columns of Table 6. Finally, making the disaster risk shock i.i.d. (ps = 0,
last column) slightly increases inflation. Sensitivity on other parameters (persistence of the
stationary TFP process, Taylor rule, price stickiness and investment adjustment costs) barely
affect the results hence are not reported.**

Next, Figure 9 repeats the same exercise as in Figure 2, however under the inflation
targeting regime. Specifically, the risky steady state of the natural rate and inflation are
reported for a range of average disasters while keeping the annual probability fixed at 2.2%
(left plot), and for a range of annual probabilities while keeping the average disaster size at
2.95% of GDP (right plot). While the natural rate is exactly the same as in Figure 2 because
monetary policy is neutral in a flexible price world, inflation only slightly decreases as the
average size or probability increase, hence the central bank manages to keep it close to the
target.

Finally, we show how the stochastic steady state is affected by the assumption about the
distribution of natural disasters on TFP (e.g. for different values of w) in Table 7. The first
column reports the baseline case when the effects are equally distributed, while the second
and third columns show the two extreme cases of only permanent effects of natural disasters
(second column) and only temporary effects (third column). Not surprisingly, the larger
(smaller) the effects on permanent TFP, the smaller (bigger) are inflation and the natural

rate.

44These are available upon request. Nevertheless, repeating these sensitivities for a more extreme scenario
leads to larger differences relative to the baseline, although it is still preference parameters that have the
largest impact.
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Figure 9: Risky steady state of natural rate and inflation for different average disaster size
and annual probability under inflation targeting.
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fixed average damages at 2.95% of GDP, right plot). The risky steady state is calculated by simulating the
model for 100 periods without shocks. Inflation and interest rates are in % annualized values. The central

bank’s inflation target is 1.9%.

E.2 FEx-post

Figure 10 plots the impulse responses to the average disaster under alternative assumption
of the impact on the two components of productivity. As expected, the larger the impact on
the permanent component of productivity (i.e. larger w) the more persistent are the effects
of natural disasters. In the extreme case of effects only on permanent TFP (ie. w = 1),
the effects are clearly permanent. Conversely, as the effect becomes larger on the stationary
component of TFP (i.e. smaller w), productivity partially recovers to the pre-disaster level
as also the other macro variables do. In the extreme case of w = 0, the impact of disasters
is only temporary. As regards the natural rate, the increase is much smaller when only the
permanent component of TFP is affected by disasters. The intuition behind these results
is that productivity and physical capital are permanently (or very persistently) dampened
by the disaster hence investment rises less. It follows that inflation stabilizes below target
hence the central bank has room to accommodate an increase in the aftermath of the rare
event.

To investigate the role of disaster risk persistence on the ex-post effects of disasters,
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Table 7: Risky steady states under different distributions of disasters on productivity.

Risky Steady State
Half on perm. TFP  All on perm. TFP All on temp. TFP

w=0.5 w=1 w=20
(i) Average disaster (p3™™ = 2.2%; Damages to GDP = 2.95%)
Natural rate 1.55 1.53 1.57
Inflation 1.85 1.82 1.87
(it) Extreme disaster (p§"™ = 0.05%; Damages to GDP = 11.8%)
Natural rate 1.60 1.59 1.60
Inflation 1.87 1.85 1.88
(i1i) Extreme disaster - worst scenario (p™" = 2.2%; Damages to GDP = 11.8%)
Natural rate 1.26 1.08 1.44
Inflation 1.48 0.57 1.81

Notes: Risky steady state of the natural rate and inflation under the standard Taylor rule and alternative
calibrations of the distribution of disasters on permanent and temporary TFP. The risky steady state is
calculated by simulating the model for 100 periods without shocks. Inflation and interest rates are in %

annualized values. The central bank’s inflation target is 1.9%.

Figure 11 reports the impulse responses under the baseline calibration with high persistence
(pg = 0.95, blue-solid lines) and no persistence (py = 0, red-dotted lines). Clearly, lower
persistence only changes the risky steady state of inflation and the policy rate while leaving
the dynamics after the disaster unaffected.

Finally, the dynamics after a disaster, in particular that of inflation and the policy rate,
may be affected by the degree of price rigidities in the economy. Figure 12 shows the impulse
responses to an average disaster shock under the baseline calibration of price rigidities (6, =
0.905,xy = 0.472, blue-solid lines) where prices last on average for 10 quarters, and two
alternative calibrations. One in which price stickiness is diminished to 8, = 0.60 meaning
that on average prices last for 2.5 quarters, while keeping the same degree of price indexation
(6, = 0.60, x = 0, red-dotted lines). The other removes price indexation in addition to lower
price stickiness (black-dashed lines). Impulse responses show that lower price rigidities make
inflation react much stronger on impact and increasing well above the target. This requires
a strong tightening of monetary policy, where the policy rate is immediately increased.

However, output, consumption and investment are only slightly affected by the tighter policy.
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Figure 10: Impulse responses to an average disaster shock under alternative distribution of
disasters on permanent and transitory productivity.
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Notes: Impulse responses to an average disaster shock equal to 2.95% of GDP under the standard Taylor
rule and under alternative distribution of disasters on permanent and transitory productivity. Output,
consumption, investment, capital and productivity are expressed in non-stationary form and in percent
deviations from the risk steady state. The risky steady state is calculated by simulating the model for 100
periods without shocks. Inflation and interest rates are in percent annualized terms. For w = 0, disasters
hit only stationary TFP. For w = 1, disasters hit only permanent TFP. For w=0.50, disasters are equally
distributed on both components of TFP.

F Demand-side effects of disaster realizations: an alter-

native channel

Alternatively to allowing for temporarily higher risk aversion described in Section 5.2.2, we
introduce a simple risk-premium shock linked to the realization of rare disasters. Starting
from Smets and Wouters (2007), this shock has been widely used in New-Keynesian models
to generate business cycle comovement among macroeconomic variables. This type of shock
can be interpreted as a structural shock for demand of safe and liquid assets (Fisher, 2015)
and has been used also in the literature on the natural interest rate (see e.g. Barsky et al.,
2014 and Neri and Gerali, 2017) to capture the effects of higher demand for safe assets in the
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Figure 11: Impulse responses to an average disaster shock under alternative calibrations of
disaster risk persistence.
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Notes: Impulse responses to an average disaster shock equal to 2.95% of GDP under the standard Taylor rule
and under three alternative calibration of the persistence of the disaster risk shock (equation 3). Output,
consumption, investment, capital and productivity are expressed in non-stationary form and in percent
deviations from the risk steady state. The risky steady state is calculated by simulating the model for 100

periods without shocks. Inflation and interest rates are in percent annualized terms.

aftermath of the global financial crisis. Moreover, models of rare disasters (see e.g. Barro,
2006; Gabaix, 2012; Gourio, 2012 and Isoré and Szczerbowicz, 2017) introduce this type of
shock to allow for partial defaults on government bonds, i.e. conditional on the realization of
disasters, the stock of bonds is lower due to the default thus causing a drop in the price and
an increase in the rate of return. The model is therefore modified as follows. The household’s

budget constraint (8) now reads as:
4 Ty + brar = wily + reky + Re_1bet BT + F, + T4, (98)
where the risk premium shock is triggered by disasters and follows a AR(1) process:

log7i = (1 — pr)log 7 + prlog i1 + ds0;. (99)
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Figure 12: Impulse responses to an average disaster shock under alternative calibrations of
price stickiness and indexation.
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Notes: Impulse responses to an average disaster shock equal to 2.95% of GDP under the standard Taylor
rule and under alternative distribution of disasters on permanent and transitory productivity. Output,
consumption, investment, capital and productivity are expressed in non-stationary form and in percent
deviations from the risk steady state. The risky steady state is calculated by simulating the model for
100 periods without shocks. Inflation and interest rates are in percent annualized terms. Baseline: 6, =
0.905,x = 0.472. Lower price stickiness: 0, = 0.60,x = 0.472. Lower price stickiness + no indexation:
0, = 0.60,x = 0.

It follows that two parameters determine the amplification effects of the risk premium shock:
the elasticity of the interest rate to disasters ({) and the persistence of the risk premium

shock (p,). Given the budget constraint (98), the Euler equation (9) now reads as:

1=E, {Mm e e@“log”] . (100)
4

Obviously, there is large uncertainty around the two parameters ( and p,. Figure 13 re-

ports the impulse responses to an average disaster shock in the baseline model (black-solid

lines) where there is no risk premium (¢ = 0) and in a model with a risk premium on bonds

(red-dotted lines). As an illustration, the risk premium shock is assumed to be persistent

(pr = 0.85) with an elasticity of ¢ = 0.5. This combination of parameters leads to a substan-
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Figure 13: Impulse responses to an average disaster shock under with and without the risk
premium channel.
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Impulse responses to an average disaster shock equal to 2.95% of GDP under the standard Taylor rule,
when the risk premium shock is not activated (blue-solid lines), and when it is activated (red-dotted lines).
Output, consumption, investment, capital and productivity are expressed in non-stationary form and in
percent deviations from the risk steady state. The risky steady state is calculated by simulating the model

for 100 periods without shocks. Inflation and interest rates are in percent annualized terms.

tial amplification of the real effects of an average disaster, with output, consumption and
investment falling more than in the baseline. Capital and aggregate productivity are the
same, at least on impact, because the shock is the same across the two models. However,
since with a risk premium investment is discouraged, in the long run the capital stock is
lower than in the model without the risk premium channel. Moreover, inflation falls before
slightly overshooting the target after about 10 quarters. Finally, the natural rate falls below
zero upon impact before converging back to the pre-disaster level. While this combination
of parameters shows that it is possible to generate demand effects from supply shocks, there
exist other parameters values according to which the supply channel still prevails. In partic-
ular, Figure 14 shows different combinations of the two parameters generate (blue dots) or

not (red dots) a stronger demand effect, with natural rate and inflation falling for at least
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Figure 14: Combinations of parameters that generate demand effects with risk premium
shock. Red dots: supply effects prevails. Blue dots: demand effects prevail.
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Notes: Blue dots: natural rate and inflation fall for at least two quarters after the disaster. Red dots: natural

rate and/or inflation increase after the shock or they fall for only one quarter.

two quarters after the disaster.?

45This criterion used to discriminate between the two effects is obviously arbitrary. A tighter one would
shrink the parameter space that generates demand effects while a looser one would enlarge it.
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