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Abstract
This article investigates the economic impacts of a multi-disaster mix comprising
extreme weather, such as flooding, pandemic control, and export restrictions, dubbed
a “perfect storm.” We develop a compound-hazard impact model that improves on
the ARIO model by considering the economic interplay between different types of
hazardous events. The model considers simultaneously cross-regional substitution and
production specialization, which can influence the resilience of the economy to mul-
tiple shocks. We build scenarios to investigate economic impacts when a flood and a
pandemic lockdown collide and how these are affected by the timing, duration, and
intensity/strictness of each shock. In addition, we examine how export restrictions dur-
ing a pandemic impact the economic losses and recovery, especially when there is
the specialization of production of key sectors. The results suggest that an immediate,
stricter but shorter pandemic control policy would help to reduce the economic costs
inflicted by a perfect storm, and regional or global cooperation is needed to address the
spillover effects of such compound events, especially in the context of the risks from
deglobalization.
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1 INTRODUCTION

During the past year, the escalating COVID-19 pandemic
appeared to have diverted attention away from the climate
crisis (Selby & Kagawa, 2020; The Lancet Planetary Health,
2020), despite the fact that just a few years prior, the WHO
had identified climate change as “the greatest threat to global
health in the 21st century” (WHO, 2015). The year 2020 saw
a number of climate disasters. It has been reported to have
been the hottest year on record (Gohd, 2021). The dry and hot
conditions fueled massive record-breaking wildfires across
Australia, Siberia, and the United States. The 2020 Atlantic
hurricane season was also the most active in recorded history
(White, 2020). Devastating typhoons swamped the Indian
subcontinent and Southeast Asia, whereas the Sahel and
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Greater Horn regions of Africa experienced severe droughts
(Boyle, 2020) and devastation from locust swarms linked to
climate change (UNEP, 2020). Early 2021 also saw the Swiss
Alps develop an orange layer caused by heavy sandstorms
from the Sahara Desert, the widest reach recorded in recent
years (BBC News, 2021).

Several aspects of signaling deglobalization have been at
play in recent years. The 2020 World Development Report
reports that growth in global value chains has flattened (World
Bank, 2019). The year 2020 saw increasing trade tensions,
especially in relations between the United States and China,
as well as the UK withdrawing from the EU, but also in some
of the responses by governments to the pandemic. Indeed,
some have argued that the pandemic has further fueled the
process of deglobalization (Oxford Analytica, 2020; Shahid,
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2020). A number of countries have responded by introduc-
ing export restrictions on critical medical equipment and food
and even on vaccines (Eaton, 2021; Espitia et al., 2020).
This raises the issue of whether restrictive trade policy mea-
sures can undermine effective responses when climate and
pandemic crises collide to create a perfect storm (Mahul &
Signer, 2020).

The collision of climate extremes, pandemic control, and
export restrictions creates a triple or compound event. The
concept of “compound event” was originally used in cli-
matic research and defined as the “combination of multiple
drivers and/or hazards that contributes to societal or environ-
mental risk” (AghaKouchak et al., 2020; Field et al., 2012;
Hao et al., 2013; Leonard et al., 2014; Zscheischler et al.,
2018). Unable to foresee such a globally explosive outbreak
of the coronavirus, those studies were mainly focused on the
co-occurrence of multiple dependent climatic hazards. Only
very recently have researchers begun to incorporate the coex-
istence of biological hazards. As the pandemic and global
warming continue, civil society will see a growing probability
of collisions between coronavirus surges and climate crises
(Phillips et al., 2020) in tandem with other global issues, such
as deglobalization or intensifying trade tensions, following
recent trends. Countermeasures against one crisis may jeop-
ardize the effects against another and ultimately exacerbate
the negative impacts of both (Ishiwatari et al., 2020; Salas
et al., 2020; Selby & Kagawa, 2020). As a result, scholars
have advocated for a comprehensive and holistic multi-hazard
approach of disaster management that considers all possible
hazards together with compound ones in the post-pandemic
world (Chondol et al., 2020). Hariri-Ardebili (2020) proposed
a multi-risk assessment tool to qualitatively study the hybrid
impacts of compound-hazard situations on healthcare sys-
tems, whereas Shen et al. (2021) provided a tool to assess the
compound risk from flooding and COVID-19 at the county
level across the United States. Beyond these, researchers also
developed optimization models to study the effectiveness of
evacuation strategies in risk control when floods intersect
with a pandemic (Pei et al., 2020; Tripathy et al., 2021).

An important aspect of risk management is to assess the
economic consequences of hazardous events (Laframboise &
Loko, 2012); however, this has been seldom touched upon
so far in compound-hazard research. Typically, in single-
hazard research, economic models, such as input–output (IO)
and computable general equilibrium models, provide quanti-
tative tools to evaluate the economic footprint of disruptive
events (Botzen et al., 2019). Metrics related to disaster-
induced economic damages, both direct and indirect,1 are
developed to inform cost-benefit decisions in disaster pre-
paredness investment (ESCAP, 2019). With abundant studies
focused on climate extremes (Hallegatte, 2008, 2014; Koks

1 Direct damages refer to damages to humans, physical assets (e.g., buildings and infras-
tructure), and any other elements due to direct contact with disasters, relating directly
in space and time to the disruptive event, whereas indirect damages are the subsequent
losses induced by direct ones, including business interruption losses of affected eco-
nomic sectors, the spread of losses toward other initially non-affected sectors, and the
costs of recovery processes. They often occur, in space or time, after or outside the
disaster event.

et al., 2015; Koks & Thissen, 2016; Lenzen et al., 2019;
Mendoza-Tinoco et al., 2020; Oosterhaven & Többen, 2017;
Willner et al., 2018; Xia et al., 2018; Zeng et al., 2019), only a
few have started studying biological hazards like the COVID-
19 pandemic (Guan et al., 2020; McKibbin & Fernando,
2020). Even fewer studies have looked into the economic
aspects of compound events. Zeng and Guan (2020) con-
structed an IO-based flood footprint model to quantify the
combined indirect economic impacts of successive flood
events. However, the interaction between pandemic control
and flood responses is different from that between two flood
events. Flood events are usually sudden or rapid onset events
that require immediate emergency measures (Bubeck et al.,
2017; Johnstone & Lence, 2009), whereas the pandemic lasts
for longer periods, and the corresponding control measures
could be of various durations and coincide with different
flood periods. A focus on measures to prevent coronavirus
transmission can result in inadequate response toward flood
disasters (Ishiwatari et al., 2020) and constrain the eco-
nomic flows required by post-flood recovery, aggravating the
impact of the flood. Similar perspectives are suggested by
Swaisgood (2020) that the economic consequences of such
compound events are underestimated if the interplay between
individual hazards is not considered. The compound effects
of natural and pandemic hazards increase the complexity
of economic consequences, which cannot be addressed by
traditional single-hazard assessment techniques.

Given the current research gap, we propose a multire-
gional compound-hazard approach to assess the short-term
economic impacts resulting from triple shocks of pandemic
control, flooding, and export restrictions. The model, which
is constructed under the ARIO-Inventory framework (Halle-
gatte, 2014), considers not only the economic-wise interplay
between different types of negative shocks but also the
possibility of cross-regional substitution and production spe-
cialization. We build scenarios on a hypothetical global
economy consisting of four regions and five sectors where
hazardous events with different durations and intensities col-
lide at different spatial and temporal scales. We then use
this approach to explore specific scenarios to understand the
role of trade in disaster recovery during compound climate
and health crises. We look at how export restrictions and the
extent of production specialization influence the magnitude
of economic losses.

Our study provides consistent and comparable loss met-
rics with single-hazard analysis and can be generalized to
various types of compound events. This would support the
formation of an integrated risk management strategy, includ-
ing compound hazards, and the fulfillment of the mitigation
and adaptation targets in the Paris Agreement and Sendai
Framework for Disaster Risk Reduction (UNFCCC, 2015;
UNISDR, 2015).

2 METHODS AND DATA

Our compound-hazard impact model stems from the ARIO-
Inventory model that introduces inventory dynamics and
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ECONOMIC IMPACTS OF A PERFECT STORM 3

overproduction capacities as additional flexibilities in the
production system, compared to traditional IO models (Halle-
gatte, 2014). It has been widely used in single-hazard analysis
to simulate the propagation of negative shocks through-
out the economy (Guan et al., 2020; Koks et al., 2015;
Zhang et al., 2019). Recently, Guan et al. (2020) proposed
an extension of the ARIO-Inventory model, which consid-
ers the cross-regional substitutability of suppliers to assess
the global supply-chain effects of COVID-19 control mea-
sures. Here we draw on this study and characterize the
pandemic control into different combinations of duration and
strictness of global lockdowns. Strictness represents the per-
centage by which transportation capacity is reduced relative
to the pre-pandemic levels. Considering the compound haz-
ards of extreme weather (e.g., flooding), pandemic control,
and export restrictions, our impact model made two improve-
ments following this extended ARIO-Inventory model. First,
it analyses the interaction between climate and pandemic
responses, that is, the negative externality of pandemic con-
trol on the recovery of capital destructed by natural disasters
and the stimulus effects of capital reconstruction to offset the
negative impacts of pandemic control. Second, it considers
the roles of export restrictions and production specialization
in exacerbating the economic consequences of compound
events. Export restriction is a common trade policy signaling
deglobalization, whereas production specialization reduces
the substitutability of regional products and may increase the
economic vulnerability for negative shocks (Boehm et al.,
2019).

Although the impacts of extreme weather events on eco-
nomic growth can last for many years (Hsiang & Jina, 2014;
Lackner, 2018), the compound-hazard impact model pro-
posed here is mainly intended for a short-term analysis, as
it is focused on the impacts between the compound shock
and the return to the pre-shock economic state in 1 or 2 years
(without growth).

It should be noted that when we mention pandemic impact
in this study, we do not mean the impact of pandemic
itself, but the shock of its control measures, mainly referred
to as the lockdowns, to the economy. The total impact
(including the health impact) of the pandemic might be
huge (Cutler & Summers, 2020), but here we only focus
on the economic impact of a global control. The mone-
tarized values of premature deaths and health impairment
caused by coronavirus infections are not within our research
scope. We recognize that differences exist in many aspects
among the pandemic control, flooding, and export restric-
tions, and it is unrealistic to cover all these differences in
our compound-hazard impact model. As the model is mainly
aimed for the economic impact assessment, we then only
extract features that are of economic relevance and parame-
terize them with different values (such as different durations,
intensities, and spatial spreads) for different events in the
model. To keep it simple, we do not distinguish the spe-
cific warning, impact, and response phases of different events,
rather than considering them as a whole in our scenario
settings.

In our modeling, the three types of events enter the
economic system in different ways given their different
characteristics, but they all cause indirect impact, which
sometimes intertwines, through both backward and forward
propagations along the supply chain. First, the flood impacts
start with the direct damage to labors and capital stock
and the increasing reconstruction needs. The labor/capital
damage limits the production and supply of the flooded eco-
nomic sectors, which propagates forward to the production
of downstream sectors because of an input shortage. There
are also large backward propagations to upstream sectors
through reduced demands (when the flooded sectors have
lower production capacities) or increased demands (due to
reconstruction needs). Second, the pandemic control affects
the economy by restricting the transportation capacity and
labor availability, which is different from flood impact. How-
ever, this is also accompanied by forward and backward
propagations due to delivery failures of intermediate inputs
and reduced demand at a low production capacity. Mean-
while, the transport restriction also impedes the process of
flood-related reconstruction, which exacerbates the indirect
impact. Third, a trade restriction limits the maximum export
of specific products from a region to another region below a
certain percentage of the previous level. It causes both for-
ward propagations (when the importing sectors in the latter
region produce less due to a shortage of imported input) and
backward propagations (as the exporting sectors in the former
region also produce less due to a reduced export demand),
which is similar and entangled with flood and pandemic
impact. This is how we package the three types of haz-
ards into a macroeconomic risk assessment. Although these
events are different in many aspects, they have similar and
intertwined risk transmission channels within the economic
system.

Figure 1 presents the framework of our impact model,
which is driven by four modules, that is, an external shock
module, a production module, an allocation module, and a
demand module. The external shock module refers to the
negative shocks of flooding, pandemic control, and export
restriction on various aspects of the economy. The produc-
tion module describes the sectors’ production activities under
production, transport, and import capacity constraints. The
allocation module explains how sectors allocate output to
their clients, including downstream sectors and households,
to satisfy the intermediate demand for inventory refilling and
final demand for consumption and reconstruction. Finally, the
demand module portrays how clients issue orders to their sup-
pliers, which iterates into the next round of production until
the economy recovers to the pre-disaster state.

Our compound-hazard impact model starts with a global
economy in equilibrium. We define two types of economic
agents, namely, sectors and households, distributed in R
regions. Sectors make products that can be consumed by
either downstream sectors or households. There is a total
of P types of products, one-to-one corresponding to P
production sectors; therefore, there are up to R × P sec-
tors in the economy. For simplification purposes, we use a
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4 HU ET AL.

F I G U R E 1 Framework of the compound-hazard impact model.

representative household that consumes multiple types of
products to represent all the households in a region. The total
number of representative households in the economy is equal
to R. A brief description of key variables used in the model is
listed in Table A.1.

2.1 Compound exogenous shocks

We mainly focus on four categories of direct shocks intro-
duced by a perfect storm to an economic system, that
is, damages to production factors (e.g., capital and labor),
transport disruptions, export restrictions, and consumption
adaption.

2.1.1 Capital damage

The amount of productive capital is reduced as physical
assets, such as factories, machines, and equipment, are inun-
dated by flooding and out of operation. The damaged capital
can also be recovered by post-flood reconstruction activities.
The capital stock held by sector i in region r at time t is
expressed as

Kir (t) = Kir (t − 1) − KF
ir (t) + KREC

ir (t − 1) , (1)

where Kir(t) is the surviving capital stock of sector i in region
r at time t. KF

ir(t) refers to the amount of capital damaged
by flooding alone. We assume that the pandemic control has
no direct impact on productive capital. KREC

ir (t − 1) repre-

sents the recovered capital at the end of period t − 1 (see
Equation 15).

We use 𝛾K
ir (t) to denote the percentage reduction in the

capital stock of sector i in region r at time t, relative to the
pre-disaster level, as follows:

𝛾K
ir (t) =

Kir − Kir (t)

Kir

, (2)

where K̄ir is the capital stock held by sector i in region r at the
pre-disaster level. In this article, we use overbars to indicate
values at the pre-disaster equilibrium levels.

2.1.2 Shocks to labor, transport, export, and
final demand

Labor supply is damaged by both flooding and pandemic
crises. First, fewer employees can work because of injury,
illness, or death from flooding and virus infection. Second,
healthy employees spend more time commuting to and from
work due to transport disruptions, which results in work-
ing time losses. The shortage or malfunction of production
factors will reduce the sectors’ production capacity.

Transport disruptions come from two aspects during the
perfect storm. First, public transport restrictions are placed
in the epidemic regions to contain virus transmission. Sec-
ond, the transport infrastructure could also be inundated and
out of operation when the region is hit by a flood. Transport
disruptions not only affect labor supply but also increase the
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ECONOMIC IMPACTS OF A PERFECT STORM 5

difficulty in delivering the intermediate and final products to
downstream sectors and households.

Countries/regions may impose export restrictions on prod-
ucts to secure domestic supply in the short run following
the compound crises. However, this would reduce the
import capacity of downstream clients. The importing coun-
tries/regions without sufficient production capacity will suffer
a shortage of supply of those restricted products (World Trade
Organization, 2020).

Households might also adjust their consumption in
response to the perfect storm. For example, they may spend
less on restaurants, traveling, and other outdoor recreational
activities, whereas more on medical services and emergency
products. The adaptive behavior of consumers during or after
the event will lead to structural changes of the final demands
in the short term.

These four categories of direct impacts are not isolated.
For example, the unavailability of transportation may lead
to labor constraints. Restoring damaged productive capi-
tal, as well as export restrictions, will affect the structure
of final demands in the disaster aftermath. The interactions
between direct shocks lead to complex indirect impacts on
the economic system. Therefore, a systematic assessment
method is needed to address these issues. A full description
about these shocks and their interrelationship is provided in
Section A.2.

2.2 Production system

2.2.1 Production with cross-regional
substitution and specialization

Economic sectors rent capital and employ labor to pro-
cess natural resources and intermediate inputs produced by
other sectors into a specific product. Traditional IO mod-
els adopt the Leontief production function where different
inputs are used in fixed proportions during production and
are not mutually substitutable (Miller & Blair, 2009). This
may overestimate the economic losses from negative shocks
(Okuyama & Santos, 2014). Later, Guan et al. (2020)
improved on this issue by incorporating the possibility of
cross-regional substitution in their analysis where products
of a sector in a region can be substituted by products of the
same sector from a different region. However, some prod-
ucts are less substitutable between regions, particularly when
production specialization occurs. For example, Boehm et al.
(2019) discovered that during the Japanese earthquake, the
economic losses in the United States are highly concen-
trated among affiliates of Japanese multinationals, relative to
non-Japanese firms, due to declines in imported intermediate
inputs from Japan. This suggests that affiliates of Japanese
firms in the United States were unable to quickly substitute
alternative inputs in the short run. Besides, the recent short-
age of microchips, which is driven by the perfect storm of
multiple factors, such as pandemic outbreaks, a fire in an

automotive chip plant in Japan, the trade friction between the
United States and China, has greatly hampered automotive
production in the United States (McCarthy, 2021). Most of
the microchip production is dominated by two foundries in
Asia, namely, TSMC and Samsung, and their customers lack
alternative suppliers who can quickly build a new microchip
fab or catch up with the leading-edge process technologies
(Kuo, 2021).

This study improves on Guan et al. (2020) by incor-
porating non-substitutable specialized products. Although
we keep the possibility of cross-regional substitution, spe-
cialized products cannot be substituted elsewhere. There
are two types of non-substitutability. The first one is non-
substitutability between the P sectors, that is, products of
a sector cannot be substituted by products of a different
sector, though can be substituted by products of the same
sector from a different region. The second one is the non-
substitutability of specialized products which is different
from and cannot be substituted by any products in any sectors
or regions. We assume that there are Q types of specialized
products, each one belonging to one of the P production sec-
tors in one of the R regions. Then sectors can use P + Q
different types of mutually non-substitutable intermediate
inputs to produce their products. The production process is
defined as

xir = min

{
for all j,

zj,ir

aj,ir
; for all k,

vk,ir

bk,ir

}
,

j = 1, … ,P + Q, k = 1, 2, (3)

where xir denotes the output of sector i in region r. zj,ir and
vk,ir are the intermediate input j and primary input k (i.e., cap-
ital and labor), respectively, used to produce xir amount of
output. aj,ir and bk,ir are the input coefficients indicating the
amount of intermediate input j and primary input k required
to produce one unit of product i in region r, as follows:

aj,ir =
zj,ir

xir
(4)

and

bk,ir =
vk,ir

xir
, (5)

where zj,ir, vk,ir, and xir are the intermediate input, primary
input, and output of sector i in region r at the pre-disaster
levels, respectively.

Equation (3) looks like a Leontief production function
but does not distinguish between intermediate products j
from different regions, as we allow for substitution between
products, if not specialized, of the same sector from dif-
ferent regions. Besides, we add the Q specialized products
in Equation (3), as we consider them to be different and
non-substitutable from any other input.
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6 HU ET AL.

2.2.2 Production under compound constraints

In an equilibrium state, sectors use intermediate and primary
inputs to produce goods and services to satisfy demand from
their clients. After the perfect storm, output will decrease due
to the capital, labor, and inventory constraints.

First, embodied in the essence of IO modeling where cap-
ital and labor are considered perfectly complementary and
fully employed in the economy, we assume damage in capi-
tal assets is linearly related to production level and, therefore,
value-added level. Then, the capital productive capacity of
sector i in region r at time t, xK

ir(t), is constrained by the
proportion of the available capital relative to the pre-disaster
level, as follows:

xK
ir (t) = 𝛼ir (t) ×

(
1 − 𝛾K

ir (t)
)
× xir, (6)

where 𝛾K
ir (t) is the proportion of capital damaged by the

perfect storm (Equation 2), and 𝛼ir(t) is the overproduction
capacity modeled in Equation (23).

Similarly, the labor productive capacity, xL
ir(t), is

xL
ir (t) = 𝛼ir (t) ×

(
1 − 𝛾L

ir (t)
)
× xir, (7)

where 𝛾L
ir(t) is the proportion of labor damaged by the perfect

storm ((Equation A.2).
Finally, an insufficient inventory of a sector’s intermedi-

ate products will create a bottleneck for production activities.
The potential production level, xj

ir(t), that the inventory of the
intermediate product j can support is

xj
ir (t) =

Sj
ir (t − 1)

aj,ir
, j = 1, … ,P + Q, (8)

where Sj
ir(t − 1) refers to the amount of intermediate product

j held by sector i in region r at the end of time t − 1. j is one
of the P + Q types of mutually non-substitutable intermediate
products mentioned in Section 2.2.1.

Considering all these constraints, the maximum produc-
tion capacity, xmax

ir (t), of sector i in region r is expressed as
follows:

xmax
ir (t) = min

{
xK

ir (t) ; xL
ir (t) ; for all j, xj

ir (t)
}
, j = 1, … ,P + Q .

(9)
The actual production of sector i in region r depends on
both its maximum production capacity and the total orders
it expects to receive from its clients:

xa
ir (t) = min

{
xmax

ir (t) , TDir (t − 1)
}
. (10)

Here we assume that the sector always expects to receive
the same quantities of orders as the previous period, that is,
TDir(t − 1) (Equation 22).

Therefore, the inventory of product j held by sector i in
region r will be consumed during the production process. We
use Sj,used

ir (t) to denote the amount of intermediate product j
used in the production of this sector at time t, which is

Sj,used
ir (t) = aj,ir × xa

ir (t) . (11)

2.3 Allocation and recovery

Demand in the aftermath of a perfect storm can be cat-
egorized into three strands, that is, intermediate demand,
final demand, and reconstruction demand. Products made
under constraints induced by the compound event will
flow to these demands on the market. However, probably
not all demands can be met by outputs under constraints,
which causes the disequilibrium of the economy. We use a
prioritized-proportional rationing scheme that is subject to
export restrictions to model the resource allocation process
during the disequilibrium period.

2.3.1 Prioritized-proportional rationing
scheme under export restrictions

Under the prioritized-proportional rationing scheme, we
assume that a sector first allocates its output to address the
intermediate demand and then proportionally allocates the
remaining output to other categories of demand. This assump-
tion is based on the observation that business-to-business
relationships are stronger than business-to-client relation-
ships and therefore should be prioritized (Hallegatte, 2008; Li
et al., 2013). This rationing process is similar to Zeng et al.
(2019) except that it is constrained by export restrictions, that
is, the total export of a sector at each time step should be no
more than its maximum quota restricted by the trade policy:

∑
s≠r

P∑
j=1

FRCir,∗
js (t) +

∑
h≠r

HRCir,∗
h (t)

+
∑
s≠r

P∑
j=1

RRCir,∗
js (t) ≤

(
1 − 𝛾E

ir (t)
)
× exir, (12)

where FRCir,∗
js (t), HRCir,∗

h (t), and RRCir,∗
js (t) are the output of

sector i in region r allocated to sector j in region s as interme-
diate use, to household in region h as consumption use and
to sector j in region s as reconstruction use, respectively, as
time t under export restrictions. 𝛾E

ir(t) is the degree of export
restriction imposed on product i by region r at time t. It is
measured by the percentage reduction of the maximum export
volume of this product in region r relative to the pre-disaster
level (see Section 2.1.2 and Section A.2.3). exir represents the
export of this product from region r to other regions under the
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ECONOMIC IMPACTS OF A PERFECT STORM 7

pre-disaster equilibrium state. A detailed description about
this part is given in Section A.3.

2.3.2 Recovery of inventory and capital stock

The sector j in region s receives intermediates from all rele-
vant regions to restore its inventories of product i at time step
t, as follows:

Si,restored
js (t) =

∑
r∈Ri

FRCir,∗
js (t), i = 1, … ,P + Q, (13)

where Ri refers to the set of regions that supply product i. If
product i is a specialized product of sector i in region r, then
r is the only region making product i and Ri = {r}.

Therefore, the quantities of intermediates i held by sector j
in region s at the end of period t are

Si
js (t) = Si

js (t − 1) − Si,used
js (t) + Si,restored

js (t) . (14)

Similarly, the recovered capital of sector j in region s at the
end of period t is equal to

KREC
js (t) =

R∑
r=1

P∑
i=1

RRCir,∗
js (t). (15)

2.4 Demand adjustment

At the end of each period, downstream sectors and house-
holds issue orders to their suppliers according to their
production, consumption, and reconstruction plans for the
next period. When a product comes from multiple suppliers,
the orders are redistributed among suppliers from different
regions according to their transport, export, and production
capacities.

2.4.1 Intermediate demand

A sector issues orders to its suppliers because of the need
to restore its intermediate product inventory. We assume that
sector j in region s has a specific targeted inventory level of
product i, Si,G

js , which is equal to a given number of weeks,

ni
js, of intermediate consumption of product i, based on its

production capacity at the pre-disaster level:

Si,G
js = ni

js × ai,js × x̄js, i = 1, … ,P + Q. (16)

To fill the gap between the targeted and the actual inven-
tory levels of intermediate product i, the sector j in region s
will allocate its orders among suppliers of product i from dif-
ferent regions based on their transport, export, and production
capacities. Then the order issued by sector j in region s to its

supplier of sector i in region r is

FODir
js (t) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩

(
Si,G

js (t) − Si
js (t)

)
×

FOD
ir
js×

(
1−𝛾Z

ir,js(t)
)
×
(

1−𝛾E
ir (t)

)
×xa

ir (t)∑
r∈Ri

FOD
ir
js×

(
1−𝛾Z

ir,js(t)
)
×
(

1−𝛾E
ir (t)

)
×xa

ir (t),

if Si,G
js (t) > Si

js (t)

0

if Si,G
js (t) ≤ Si

js (t) ,

(17)

where FOD
ir

js refers to the order issued by sector j in region s
to its supplier of sector i in region r at the pre-disaster level.
1 − 𝛾Z

ir,js(t) represents the capacity to transport the product
of sector i in region r to sector j in region s at time t
(Equation A.5). 1 − 𝛾E

ir(t) refers to the capacity to export the
product of sector i in region r to sector j in region s at time t.
If s = r, then 𝛾E

ir(t) is equal to zero here.

2.4.2 Final demand

Similarly, households allocate orders among their suppliers
from different regions based on their adaptive demand and the
transport, export, and production capacities of their suppliers.
The total adaptive demand of the household in region h to
final product i at time t is obtained by adding up the demand
from different regions, as follows:

HDi
h (t) =

∑
r∈Ri

hdir,h (t), i = 1, … ,P + Q, (18)

where hdir,h(t) denotes the adaptive demand of the household
h for product i in region r at time t (Equation A.7).

Then, the order issued by household h to its supplier of
product i in region r is

HODir
h (t) = HDi

h (t)

×
HOD

ir

h ×
(
1 − 𝛾Z

ir,h (t)
)
×
(
1 − 𝛾E

ir (t)
)
× xa

ir (t)∑
r∈Ri

HOD
ir

h ×
(
1 − 𝛾Z

ir,h (t)
)
×
(
1 − 𝛾E

ir (t)
)
× xa

ir (t)
, (19)

where HOD
ir

h refers to the order issued by the household h to
its supplier of sector i in region r at the pre-disaster level.
1 − 𝛾Z

ir,h(t) represents the capacity to transport the product
of sector i in region r to the household in region h at time
t (Equation A.6).

2.4.3 Reconstruction demand

A sector also issues orders to its suppliers because of the
reconstruction demand to recover its damaged capital. Here
we follow the assumption in Hallegatte (2008) that capital
damage will all be repaired, and that insurance companies
will pay the whole repair cost. We also assume that sector j in
region s targets its capital stock at the pre-disaster level, Kjs.
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8 HU ET AL.

We use the capital matrix coefficient, dir
js , to express the quan-

tities of product i in region r invested in one unit of capital
formation in sector j in region s. Therefore, the total demand
for product i to support reconstruction by sector j in region s
at time t, RDi

js(t), is

RDi
js (t) =

∑
r∈Ri

(
Kjs − Kjs (t)

)
× dir

js , i = 1, … ,P + Q,

(20)
where Kjs(t) is the capital stock held by sector j in region s at
time t derived from Equation (1).

Then the order issued by sector j in region s to support its
reconstruction of damaged capital to the supplier of product i
in region r is

RODir
js (t) = RDi

js (t)

×
dir

js ×
(

1 − 𝛾Z
ir,js (t)

)
×
(
1 − 𝛾E

ir (t)
)
× xa

ir (t)∑
r∈Ri

dir
js ×

(
1 − 𝛾Z

ir,js (t)
)
×
(
1 − 𝛾E

ir (t)
)
× xa

ir (t)
. (21)

Finally, the total order received by sector i in region r is

TDir (t) =
R∑

s=1

P∑
j=1

FODir
js (t) +

R∑
h=1

HODir
h (t) +

R∑
s=1

P∑
j=1

RODir
js (t). (22)

2.4.4 Overproduction capacity

The overproduction capacity is modeled with the variable 𝛼ir
following similar principles as in Hallegatte (2014):

𝛼ir (t + 1) = 𝛼ir (t) +
𝛼max

ir − �̄�ir

𝜏𝛼
×

TDir (t) − xmax
ir (t)

x̄ir
.

(23)
It assumes that the overproduction capacity 𝛼ir can

increase up to a maximum value 𝛼max
ir in a time delay 𝜏𝛼

in response to production shortages and also goes back to
the pre-disaster level �̄�ir (equal to one) when the situation

becomes normal. The last term
TDir(t)−xmax

ir (t)

x̄ir
represents the

gap between production capacity and total demand, relative
to the pre-disaster output level. It determines the direction
and size of the movement of 𝛼ir at each time step. 𝛼ir
increases/decreases when the gap is positive/negative, and the
size of such movement decreases to zero when the gap is nar-
rowed to zero. This mechanism ensures the convergence of
the overproduction capacity over time.

2.5 Economic footprint of a perfect storm

Following a perfect storm, sectors and households in all
regions go through the above production, allocation, recov-
ery, and demand adjustment procedures recursively, until a
full economic recovery to the pre-disaster level after all con-

straints are lifted (i.e., damaged productive capital is fully
recovered, all labor constraints are lifted, and all business
linkages are repaired). We define the value-added decrease
of all sectors during this process as the economic foot-
print/impacts of the perfect storm. The impacts of the initial
exogenous shocks continuously propagate through the supply
chain, from one sector to another and one region to another,
leaving footprint in the economic network. The economic
footprint of the perfect storm is calculated as follows:

Footprint =
R∑

r=1

P∑
i=1

∑
t

(
vair − vair (t)

)
, (24)

where vair and vair(t) are the value added of sector i in region
r at the pre-disaster level and at time t, respectively. The value
added of a sector is equal to the value of output minus the
value of intermediate input used to produce that output, as
follows:

vair (t) = xa
ir (t) −

R∑
s=1

P∑
j=1

ajs,ir × xa
ir (t), (25)

where ajs,ir is the input coefficient derived from the IO matrix
indicating the input of product j in region s required to
produce one unit of product i in region r.

2.6 Simulation of a hypothetical global
economy

We apply our compound-hazard impact model to a hypo-
thetical global economy consisting of four regions and five
sectors based on the multi-regional IO (MRIO) table devel-
oped by Zheng et al. (2020) (Table B.1).2 The annual GDP
of this hypothetical global economy is 9613 units. The four
regions are denoted by A–D, which account for 21%, 39%,
28%, and 12% of the global economy, respectively. C is the
only region hit by flooding, amid a global pandemic control
and intensifying trade tensions. B is the largest trade partner
of C. More than half (52%) of C’s total trade volume comes
from region B, which is equivalent to 11% of C’s output. This
is followed by A and D, which accounts for 31% and 17% of
C’s total trade volume, respectively. The five sectors include
agriculture (AGR), general manufacturing (MANG), capi-
tal manufacturing (MANR), construction (CON), and other
services (OTH). “MANR” and “CON” are the two sectors

2 We adopt this MRIO table because of its open accessibility from the CEADs database
(www.ceads.net). It is originally a China multiregional input–output table for 2015, cov-
ering 31 provinces and 42 socioeconomic sectors. We aggregate this table into four
major regions and five sectors to construct a virtual global economy with almost real
and differentiated interregional or inter-sectoral linkages. This helps to enlighten on
how different agents in a global network react to compound shocks. We also examine
the robustness of our analysis using a different GTAP-based MRIO matrix and find con-
sistent results on the economic interplay among flooding, pandemic control, and trade
restrictions (Table B2 and Section C.3.5).
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ECONOMIC IMPACTS OF A PERFECT STORM 9

TA B L E 1 Parameters of the model

Parameters Definitions Values

nj
ir Weeks of intermediate use of inventory product j that sector i in region r wants to hold 4

𝛼max
ir Maximum overproduction capacity of sector i in region r relative to the pre-disaster level 125%

𝜏𝛼 Weeks needed by a sector to achieve its maximum overproduction capacity 52

TA B L E 2 Event settings of flooding and pandemic control

Direct damagea (% losses)

Flooding Scales Labor AGR MANG MANR CON OTH Duration (weeks) Spreads

Small (%) 20 20 10 10 15 15 2 Region
CMedium (%) 40 40 20 20 30 30

Large (%) 60 60 30 30 45 45

Pandemic control Strictness scenarios (%) (30%, 60% of transportation capacity reduction) [8, 24] All regions

aDirect damage of flooding refers to the percentage reduction in labor availability and capital stock in the five production sectors: AGR—agriculture; MANG—manufacture, general;
MANR—manufacture, capital; CON—construction; OTH—other services.

that are involved in the reconstruction of capital damaged by
flooding.

We assume that capital reconstruction largely relies on
local inputs of capital goods and construction services, and
different sectors in the same region have the same capital
matrix coefficients. For example, the “CON” and “MANR”
sectors of C contribute to 68% and 20% of the reconstruction
efforts in C, respectively, whereas the remaining 12% comes
from the “MANR” and “CON” sectors of B and the “MANR”
sector of A. A full capital matrix indicating the sources of
capital formation of each region is provided in Table B.3.

Values of other parameters in the model are presented in
Table 1. Although the values of 𝛼max

ir and 𝜏𝛼 are the same

as in Hallegatte (2014), the value of nj
ir is smaller than that

in Hallegatte (2014). This is due to our assumption of a
just-in-time (JIT) inventory management that is gaining pop-
ularity for its advantages in lowering inventory and related
costs (Yang et al., 2021). In fact, some multinational corpo-
rates, such as Hyundai Motor in South Korea, were threatened
to suspend production by the supply disruption of invento-
ries around 1 month after the coronavirus outbreak in China
(Reuters, 2020). The uncertainty in all these values must be
acknowledged, and a sensitivity analysis on these parameters
is provided in Section C.3. The model is run on a weekly basis
in this analysis.

3 SCENARIOS AND DISCUSSION

3.1 Interaction between pandemic control
and flooding in the free trade scenarios

We first simulate the economic impacts of multi-scale floods
and/or a global pandemic in a free trade world that con-
sists of four regions: A, B, C, and D. Three scales of floods

are defined according to the severity of damages they cause
directly to population and economic sectors (Table 2). All
floods occur in week 5 and last for 2 weeks in region C.
At the same time, a global pandemic happens in all regions,
and measures are taken to bring its spread under control.
The strictness of the control policy, which is measured by
the percentage reduction of the transportation capacity due
to lockdown measures relative to the pre-disaster level, is
benchmarked at 30% for 24 weeks.

3.1.1 Economic impacts of flooding,
pandemic control, and their collision

We find a two-way interaction between the flooding and pan-
demic hazards in terms of economic losses, by comparing
the flood-only, pandemic-only, and flood + pandemic scenar-
ios. First, the pandemic control aggravates the flood impacts
by hampering the post-flood capital reconstruction, under all
flood scales. As in Table 3, the recovery of capital stock dam-
aged by multi-scales of flooding in region C is delayed by
8–10 weeks by the coincidence of a benchmarked global pan-
demic control. The recovery of global GDP is consequently
deferred by 3–7 weeks at different flood scales. Compared to
the flood-only scenario, the intervention of pandemic control
increases the global economic losses by 1040.6–1144.1 units
(10.82%–11.90% of global annual GDP) at different flood
scales.

Consistent results are observed on the regional scale by
comparing the first and third rows of Figure 2, as all regions
suffer additional losses from the concurring pandemic con-
trol when they are already affected by flooding in C. For
region C, which is the only flooded region, the post-flood
recovery curves of its GDP (yellow lines) are signifi-
cantly flattened and delayed by the intervention of pandemic
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control.3 This makes the cumulative losses in region C
increase by 176.0–268.3 units, which is equivalent to 6.51%–
9.92% of its annual GDP at the pre-disaster level, at different
flood scales. However, the greatest loss increases are found
in region B, which accounts for nearly half (41%–45%) of
the global loss increase, followed by region A (22%–24%),
under all flood scales. These two regions first experience
slight GDP gains (by 0.21%–0.96% for B and 0.07%–0.34%
for A) under the flood-only scenarios (Figure 2a–c) but then
suffer significant GDP losses (by 11.56%–12.49% for B and
12.00%–12.41% for A) under the flood+ pandemic scenarios
(Figure 2g–i). Early economic gains come from the stimu-
lus effect of the reconstruction demand to recover the capital
damaged by flooding in C. This happens with the possibil-
ity of substitution between suppliers, which is also observed
by Koks and Thissen (2016). When region C is flooded and
unable to meet the increasing demand for reconstruction,
clients will choose suppliers in other regions to restore their
damaged capital, which stimulates the economic performance
there. Among all regions, B benefits most from flooding in C,
as it accounts for the biggest part (52%) of C’s trade volumes.
Such stimulus effect expands with the flood scales. The gain
in B’s GDP from a small flood in C is 0.21%, which rises to
0.71% from medium flooding and further to 0.96% in large
flooding (Figure 2a–c).

Second, flood response may sometimes alleviate some of
the negative impacts of pandemic control due to the stimu-
lus effect of post-flood reconstruction. It only exacerbates the
negative pandemic impacts when the flood damage is large
enough to exceed such stimulus effect. On the global scale
(Table 3), the concurrence of a small or medium flood in
region C reduces the supply-chain/indirect losses by 48.6 or
21.0 units, respectively, when the global economy is already
burdened by the pandemic. The reduction of losses comes
from the stimulus effect of post-flood reconstruction as men-
tioned above. However, large flood leads to large direct
damage and widespread supply chain losses, which surpass
the stimulus effect of reconstruction activities and therefore
increases the global pandemic impacts by 86.9 units.

On the regional scale, the flood-related alleviation effects
of negative pandemic impacts are mainly found in the three
non-flooded regions (i.e., A, B, and D), comparing the second
and third rows of Figure 2. Taking region B, which benefits
most from the stimulus effect of post-flood reconstruction,
as an example, its relative GDP losses fall from 12.87%
(pandemic-only) to 12.49% (small flood+ pandemic), then to

3 Taking the small flood as an example, delays in the recovery of region C could be
seen from both Table 2 and Figure 2. In Table 2, capital recovery only takes place
in region C, which is hit by the flood. It takes 49 weeks during the compound crises
of a small flood and pandemic control, which is 8 weeks more than in the flood-only
scenario. In Figure 2, the yellow lines depict the dynamics of GDP recovery in region C
by weeks. Comparing with the yellow line in Figure 2a (flood-only), the yellow line in
Figure 2g (pandemic + flood) is flattened by the intervention of the pandemic control.
It takes about 38 weeks for region C to recover its GDP to the pre-disaster level in
Figure 2g, which is around 12 weeks more than in Figure 2a. In addition, the yellow
line in Figure 2g is similar with that in Figure 2d (pandemic-only), which is because
that the flood impact is so small that the pandemic control has dominated the GDP
recovery of region C.
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ECONOMIC IMPACTS OF A PERFECT STORM 11

F I G U R E 2 Weekly changes of regional GDPs, relative to the pre-disaster levels, in the four regions, under flood-only, pandemic-only,
flood + pandemic scenarios without trade restrictions. The numbers in each plot indicate the cumulative losses or gains of regional GDPs over time, relative to
the pre-disaster levels of the annual regional GDPs. From left to right, each column represents the small-, medium-, and large-scale flooding in region C. From
top to bottom, each row stands for one of the three disaster scenarios: (a) flood-only; (b) pandemic-only; (c) flood + pandemic. The attached row below zooms
in on the GDP dynamics of regions A, B, and D in subplots f and i.

12.12% (medium flood + pandemic), and finally to 11.56%
(large flood + pandemic). The alleviation effect becomes
more significant as the pandemic control intersects with a
larger flood. At the bottom of Figure 2, we zoom in on the
GDP dynamics of regions A, B, and D in subplots f and i
to take a close look at the regional differences between the
pandemic-only and large flood + pandemic scenarios. On the
one hand, the post-flood reconstruction demand has buffered
the negative impact of the pandemic control in the first place
for all the three regions and accelerated the GDP recovery of
at least region B afterward, which is because that region B is
the most involved in region C’s capital reconstruction. On the
other hand, however, the intervention of flooding also makes
the three regions go through earlier and longer shortages of
intermediate inputs, which is signaled by further drops of
GDPs between weeks 24 and 30, as the pandemic-related
transport constraint continues.

By contrast, flood damage aggravates the pandemic
impacts in the flooded region C when the flood is above and
equal to the medium scale. The region suffers GDP losses of
13.20% from the pandemic control alone, whereas 13.80%
from the combination with a medium flood and 18.75% with
a large flood. These regional results are in consistency with
the global results in revealing the role of the stimulus effect
associated with post-flood reconstruction.

In addition, it is worth noting that the continued pandemic
control may have a secondary negative impact on regional
GDPs by restricting the transport and delivery of intermediate
inputs needed to recover production. For example, the second
drops of regional GDPs around weeks 28–29 in Figure 2d–f
are due to the shortage of intermediate inputs arising from
delivery failures under persistent transport constraints dur-
ing the pandemic control. As mentioned above, the inventory
shortage may appear earlier due to the intervention of
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12 HU ET AL.

flooding and last longer as the flood scale increases
(Figure 2g–i). On the contrary, it could be avoided by a
shorter but stronger pandemic control (Figure 3g,h). Its occur-
rence is also linked with the size of inventories held by
economic sectors. A large inventory size could improve the
inventory resilience and reduce the risk of inventory short-
age. As in Section C.3.1 and Figure C.3, the second GDP
decline resulting from an inventory shortage in each region is
delayed by weeks as the inventory size increases and finally
disappears as the inventory size is large enough.

3.1.2 Pandemic control in different flood
periods with different strictness and duration

To investigate how the timing, duration, and strictness of
pandemic control impact the economic footprint of the per-
fect storm, we build three scenario sets: (1) a 30%–24
global pandemic control occurs 7 weeks before flooding;
(2) a 30%–24 global pandemic control occurs 7 weeks after
flooding; (3) a 60%–8 global pandemic control occurs 7
weeks after flooding. Here the flood hits region C in week
10 and lasts for 2 weeks on the small, medium, or large
scale (Table 2). The pandemic control is implemented in all
regions.

We summarize the global and regional indirect impacts
under these perfect storm scenarios in Table 4 and Figure 3,
respectively. Note that we focus on the indirect or GDP losses
rather than the direct damage brought by the perfect storm,
as the latter is simply correlated with the scale of flooding.
First, it is evident from Table 4 that slightly more economic
losses are expected when the pandemic control occurs after
than before flooding, regardless of the flood scales. The rel-
ative losses of global GDP increase by 0.53% (small flood),
0.51% (medium flood), and 0.31% (large flood) when a 30%–
24 global pandemic control occurs after than before flooding.
On the regional scale, region C suffers the greatest increase in
relative GDP losses from the postponement of the pandemic
control. For example, the cumulative indirect losses of region
C are 19.60% of its annual GDP at the pre-disaster level when
a 30%–24 pandemic control takes place 7 weeks before a
large flood striking region C (Figure 3c). This figure rises to
20.22% when the control occurs after flooding (Figure 3f).
The loss increase of region C is therefore calculated at 0.62%,
which is significantly larger than that of region A (0.25%),
region B (0.16%), and region D (0.16%). As in Figure 3f, the
post-flood economic recovery in region C (the yellow line)
is curbed by the pandemic control from week 17, suggesting
that a subsequent pandemic control has long-lasting impacts
on flood-induced reconstruction and recovery activities.

F I G U R E 3 Weekly changes of regional GDPs, relative to the pre-disaster levels, in the four regions, when the pandemic control coincides with different
flood periods with different strictness and duration. The numbers in each plot indicate the cumulative losses or gains of regional GDPs over time, relative to
the pre-disaster levels of the annual regional GDPs. From left to right, each column represents the small-, medium-, and large-scale flooding in region C. From
top to bottom, each row stands for one of the three perfect storm scenarios: (a) a 30%–24 global pandemic control takes effect 7 weeks before flooding; (b) a
30%–24 global pandemic control takes effect 7 weeks after flooding; (c) a 60%–8 global pandemic control takes effect 7 weeks after flooding.
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ECONOMIC IMPACTS OF A PERFECT STORM 13

TA B L E 4 Global indirect impacts, relative to the global annual GDP at the pre-disaster level, of the pandemic control intersecting in different flood
periods with different strictness and duration

Flood scales in region C

Scenarios Small (%) Medium (%) Large (%)

Global pandemic control 30%–24 control 7 weeks before flooding 12.43 12.79 14.06

30%–24 control 7 weeks after flooding 12.96 13.30 14.37

60%–8 control 7 weeks after Flooding 10.50 11.26 12.55

Second, we find that a combination of shorter duration
and higher strictness of pandemic control would result in
less economic losses for all regions, regardless of the flood
scales. As shown in Table 4, the relative losses of global
GDP are 14.37% when a 30%–24 pandemic control inter-
faces with the recovery from a large flood. This figure falls to
12.55% when the strictness–duration combination of the con-
trol becomes 60%–8. Similar results are found for the small
and medium flood scenarios. The reduction in indirect losses
happens ubiquitously in all regions (Figure 3g–i). This is con-
sistent with the results of Guan et al. (2020) who studied the
global economic costs of COVID-19 control measures in a
single-hazard setting. Therefore, an important insight here is
that a stricter pandemic control policy for a shorter duration
could reduce economic costs when battling both flooding and
a pandemic.

3.2 Influence of export restrictions on the
magnitude of economic losses from the perfect
storm

In this section, we explore the scenarios of triple shocks from
flooding, pandemic, and export restrictions. Global shocks
such as the pandemic increase pressures toward deglobaliza-
tion, including the imposition of export restrictions on critical
goods, such as medical products and food (Eaton, 2021; Espi-
tia et al., 2020). Export restrictions in one region may push
other regions to introduce retaliatory restrictions and trigger a
domino effect (World Trade Organization, 2020). The import-
ing regions will suffer if they cannot quickly find alternative
trading partners, which relates to the substitutability of the
restricted products.

We compare two groups of scenarios with different cross-
regional substitutabilities of economic production. First, in
Section 3.2.1, we assume an ideal situation without produc-
tion specialization, that is, all products can be replaced by
products of the same sector from other regions. We also
assume that region C, which suffers from the flood, restricts
the export of capital manufacturing products (“MANR-C”)
to “protect” its domestic recovery. The export restriction is
applied in parallel with the 30%–24 global pandemic con-
trol, which coincides with multi-scales of flooding defined
in Table 2. The degree of the export restriction, which lim-
its the maximum export volume of the products concerned, is
set at 50%. We also explore the impact of different degrees
of export restriction in Section C.2. Then we assume that

2 weeks later, other regions, such as region B, take retalia-
tory restrictions of the same degree on capital manufacturing
products (“MANR-B”). We compare the indirect economic
impacts under the restrictive trade scenarios with the free
trade scenario to analyze the role of trade restrictions in
disaster recovery under this ideal situation without produc-
tion specialization. It is worth mentioning that we focus on
these two “MANR” sectors as they produce tradable capital
products and face increasing demand during the post-flood
reconstruction.

Then in Section 3.2.2, we investigate how production spe-
cialization, which creates non-substitutable products, influ-
ences the economic footprint of the perfect storm together
with trade restrictions. We assume that the “MANR-C” and
“MANR-B” sectors make specialized capital products that
cannot be substituted elsewhere. We compare the economic
consequences under the same restrictive trade scenarios as in
Section 3.2.1 with the free trade scenario to study how pro-
duction specialization interacts with trade restrictions during
the compound crises. The settings of trade scenarios with or
without production specialization are summarized in Table 5.

3.2.1 Export restrictions without production
specialization

As shown in Table 6 and the first two rows of Figure 4, a 50%
export restriction on “MANR-C” raises the global indirect
losses by 0.16%–0.23% during different flood and pandemic
intersections. The indirect losses in regions A and D increase
by an average of 0.43% and 0.45%, respectively, faster than
other regions from C’s restrictive trade policy. By compari-
son, region B experiences a less significant loss increase of
around 0.17%. It appears that the export restriction on a spe-
cific product has moderate impacts on the importing regions
when they can easily find a replacement from other exporters.

As for region C itself, it benefits from the export restriction
on “MANR-C” only when the flood is at least the medium
scale. On the plus side, the export restriction on “MANR-
C” could prevent outflows of capital products and accelerate
domestic reconstruction during the flood aftermaths. On the
minus side, it may reduce foreign demand for C’s products
as other regions import and produce less than before. During
the small flood, the demand for capital reconstruction is not
enough to compensate for the reduction in foreign demand
and hence higher indirect loss in region C from the export
restriction (Figure 4a,d). By contrast, a larger flood evokes
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14 HU ET AL.

TA B L E 5 Settings of trade scenarios

Trade scenarios Definitions Duration
Production
specialization

Free trade No export restrictions – MANR-C and
MANR-B if
production
specialization exists

Restrictive trade without
retaliation

50% reduction of the
maximum export volume on
MANR-C

24 weeks

Restrictive trade with
retaliation

Same degreea of retaliatory
restrictions from MANR-B
2 weeks after the MANR-C
restriction

24 weeks for MANR-C; 22
weeks for MANR-B

aDegree of export restriction refers to the percentage reduction of the maximum export volume relative to the pre-disaster level.

TA B L E 6 Global indirect impacts, relative to the pre-disaster level of the annual global GDP, of the perfect storm under different trade scenarios without
production specialization

30%–24 pandemic control

Scenarios Small flood (%) Medium flood (%) Large flood (%)

Free trade 12.42 12.71 13.83

50% Export restriction On MANR-C 12.65 12.91 13.99

On MANR-C with retaliation from MANR-B 14.34 14.21 15.50

F I G U R E 4 Weekly changes of regional GDPs, relative to the pre-disaster levels, in the four regions, when multi-scale floods collide with pandemic
control and export restriction without production specialization. The numbers in each plot indicate the cumulative losses or gains of regional GDPs over time,
relative to the pre-disaster levels of the annual regional GDPs. From left to right, each column represents the small-, medium-, and large-scale flooding in
region C. From top to bottom, each row stands for one of the three export restriction scenarios: (a) free trade scenario without any export restrictions; (b) 50%
export restriction on product MANR-C; (c) 50% export restriction on product MANR-C and 2 weeks later 50% retaliatory export restriction on product
MANR-B.
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ECONOMIC IMPACTS OF A PERFECT STORM 15

higher demand for capital reconstruction, which makes the
positive impact of the export restriction outweigh the negative
one, that is, the backfire effect of restricting the production
of other regions. For example, the indirect loss in region C
decreases from 18.75% to 18.62% when region C adopts the
export restriction during the confluence of the large flood and
pandemic control (Figure 4c,f).

We then consider the impact of a 50% retaliatory export
restriction from region B on its “MANR” sector. As shown in
Table 6 and the bottom two rows of Figure 4, such retaliation
adds another 1.30%–1.69% to the global indirect losses com-
pared to the single “MANR-C” restriction. At the regional
level, regions A and D are still the most vulnerable to the
escalating trade friction, the cumulative GDP losses of which
increase by an average of 3.22% and 2.57%, respectively,
during different flood and pandemic intersections. They also
encounter inventory shortages earlier than other regions and
themselves in the former two trade scenarios. By compar-
ison, region B is the least affected by its trade policy but
still goes through an increase by around 0.32% in its indi-
rect losses. This may be partly related to the different levels
of trade dependence of the regional economies. Specifically,
for regions A and D, their trades with other regions account
for around 30% and 31% of their total output, respectively,
which are higher than the other two regions. Higher depen-
dence on interregional trade increases economic vulnerability
when countries impose trade restrictions.

It is worth noting that region C also suffers increasing indi-
rect losses (by around 1.37%) under all flood scales with
retaliation from “MANR-B.” This suggests that it is unwise
for region C to initiate trade restrictions in the first place if
retaliation is expected in responding to the perfect storm.

Whether at the global or regional level, the indirect losses
increase faster with the “MANR-B” restriction than the
“MANR-C” restriction, as the former sector is a key node
sector in terms of having large trade volumes with other sec-
tors in the economic network. The trade volume with the
“MANR-B” sector reaches 8.2% of the global GDP, ranking
the third among all sectors, whereas that with the “MANR-C”
sector is only 2.7%.

We also investigate how the economic impacts change with
the degree of export restriction on “MANR-C” in Section
C.2. The results show that both global and regional indirect
losses, except for losses of region C, increase with the degree
of export restriction. The indirect losses in region C increase
with the degree of export restriction when the flood is at the
small scale and decrease with the degree of export restriction
when the flood is at the medium or large scale. The results
found in this section are robust with the degree variations of
the export restriction.

3.2.2 Export restrictions with production
specialization

Assuming the “MANR-C” and “MANR-B” sectors make
specialized capital products that cannot be substituted else-

where, Table 7 shows that the 50% restriction on the export
of “MANR-C” increases global indirect losses by 12.10%–
12.73% during the confluence of different scales of floods and
the 30%–24 pandemic control, and the accompanying retalia-
tory restriction on the export of “MANR-B” raises the global
indirect losses by another 3.44%–4.09%.

When looking into the regional details, Figure 5 shows
that the indirect losses in regions A, B, and D more than
double under the compound scenarios with the export restric-
tion on the non-substitutable “MANR-C” as these regions
cannot find an alternative to refill the inventory shortage.
Specifically, their losses are significantly increased by an
average of 16.72%, 16.65%, and 15.97%, respectively, of
their annual GDPs. This also in turn damages the post-
disaster economic performance of region C, by an additional
∼1.72% of its annual GDP, through the propagation effect of
the global supply chain. Second, the subsequent retaliation
from “MANR-B” has little extra impact on regions A, B, and
D, as their production has been already greatly constrained
by the inadequate input of “MANR-C”. Instead, region C,
which encounters ∼13.12% increase in the indirect losses, is
severely afflicted by the “MANR-B” retaliation.

Comparing the results in Sections 3.2.1 and 3.2.2, we find
that production specialization severely aggravates the eco-
nomic impact of export restrictions when they collide with
each other. In general, the export restriction of a region in
response to the compound shock always comes at the cost of
global economic resilience, while not necessarily promoting
its own recovery, notably with insufficient domestic demand,
retaliatory actions, and production specialization. Only when
the increase in domestic demand suffices to offset the neg-
ative impact of the deterioration of the external economic
environment could the region benefit from its restrictive trade
policy.

In addition, comparing the two free trade scenarios with
or without production specialization in Tables 6 and 7, we
find that the production specialization of “MANR-C” and
“MANR-B” slightly increases the global losses by 0.01%
and 0.46%, respectively, during the medium and large floods
colliding with the pandemic control. This indicates that the
production specialization, which reduces the cross-regional
substitutability of the products concerned, may lead to higher
vulnerability of the global economy toward the perfect storm.

Similar to Section 3.2.1, we also examine the sensitivities
of the economic impacts to the degree of the export restric-
tion on “MANR-C” with production specialization and find
robust results that both global and regional indirect losses
(including losses in region C) increase with the degree of
the export restriction at faster rates than without production
specialization (see Section C.2).

4 CONCLUSION

In this study, we construct a compound-hazard impact
model to simulate the economic footprint of a pandemic-
induced perfect storm, taking the collision of flooding,
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16 HU ET AL.

TA B L E 7 Global indirect impacts, relative to the pre-disaster level of the annual global GDP, of the perfect storm under different trade scenarios with
production specialization

Scenarios 30%–24 pandemic control

Scenarios Small flood (%) Medium flood (%) Large flood (%)

Free trade 12.42 12.72 14.29

50% Export restriction On MANR-C 24.52 25.06 27.02

On MANR-C with retaliation from MANR-B 28.61 29.03 30.46

F I G U R E 5 Weekly changes of regional GDPs, relative to the pre-disaster levels, in the four regions, when multi-scale floods collide with pandemic
control and export restriction with production specialization. The numbers in each plot indicate the cumulative losses or gains of regional GDPs over time,
relative to the pre-disaster levels of the annual regional GDPs. From left to right, each column represents the small-, medium-, and large-scale flooding in
region C. From top to bottom, each row stands for one of the three export restriction scenarios: (a) free trade scenario without any export restrictions; (b) 50%
export restriction on product MANR-C; (c) 50% export restriction on product MANR-C and 2 weeks later 50% retaliatory export restriction on product
MANR-B.

pandemic control, and export restrictions as an example.
Our compound-hazard impact model improves the standard
ARIO model, which is commonly used in single-hazard
impact analysis, by considering the interplay between dif-
ferent types of hazardous events for the first time. We also
incorporate the possibilities of cross-regional substitution and
production specialization, which have opposite impacts on
the substitutability of suppliers of the same sector from dif-
ferent regions; thus, the economic resilience toward a perfect
storm and estimates of the economic consequences. We build
various scenario sets to test the robustness of our model on a
hypothetical global economy of four regions and five sectors.
These scenarios are designed to investigate how the economic

impacts of the perfect storm react to (1) the timing, strict-
ness, and duration of the pandemic control; (2) the export
restrictions imposed on specific sectors and regions; and (3)
the presence of specialized production. The latter two special
scenario sets are included here as a reflection on the ongoing
deglobalization and intensifying trade tensions.

Two major conclusions can be drawn from the simulation
results. The first conclusion is about the economic interplay
between pandemic control and flood responses in a free trade
global economy. On the one hand, a global pandemic con-
trol aggravates the flood impacts by hampering the post-flood
capital reconstruction. This confirms the idea from an eco-
nomic perspective that restrictions targeted at coronavirus
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ECONOMIC IMPACTS OF A PERFECT STORM 17

containment result in inadequate flood responses, aggravating
the flood impacts (Ishiwatari et al., 2020; Selby & Kagawa,
2020; Swaisgood, 2020). On the other hand, a flood disas-
ter exacerbates the pandemic impacts only when the flood
damage is large enough to exceed the stimulus effect from
the flood-related reconstruction activities. The flood disas-
ter would accelerate and extend the shortage of inventories
brought by the pandemic control and increase the negative
impact on GDP. Its related reconstruction demand, however,
could stimulate regional recoveries, which is also confirmed
by Koks and Thissen (2016), and alleviate to some extent the
negative impact of the pandemic control.

We make two suggestions on pandemic intervention with
flood disasters under the free trade scenarios. First, we sug-
gest an early pandemic intervention strategy to reduce the
economic footprint when the pandemic outbreak is colliding
with flood disasters. Our results show that when the pan-
demic control takes place after flooding, this leads to more
severe economic impacts than when the control is imple-
mented before the flooding, due to long-lasting disruption
of the post-flood recovery. Second, we suggest a stricter but
shorter pandemic control to reduce the economic impacts
of the perfect storm. We compare the impacts of a 30%–24
pandemic control with a 60%–8 pandemic control applied
intermittently in the recovery period of multiple scales of
flooding and discover that the latter one results in less eco-
nomic losses in all regions. This is in-line with one of the
major insights provided by Guan et al. (2020).

The second conclusion refers to the role of trade in the
economic footprint of compound risks. When the increas-
ing trade barriers intertwine with the collision of flooding
and pandemic control, it creates a triangled perfect storm. In
general, a region implementing export restriction is always
at the cost of global economic recovery, whether it benefits
from this policy or not. Although the export restriction pri-
oritizes domestic needs for post-disaster recovery, it does not
necessarily mitigate the economic losses of the region if the
stimulus of the surge in domestic demand cannot overtake the
negative impact of the decline in exports. For other regions,
those with high trade dependence would be more vulnerable
to the export restriction and suffer faster increases in indirect
losses.

For another, specialization, which leads to the concen-
tration of key sectors in particular regions and limits the
possibilities for substitution, may sometimes delay economic
recovery and raise the vulnerability of the economic network
to such compound risks. The export restriction imposed on
the non-substitutable specialized sector in a region would
put other regions at higher risks with significant surges in
economic losses. This may also backfire on the economic
resilience of the region itself through the propagation effect
of the global supply chain.

A trade restriction may also push other regions to make
retaliatory movements, which further deteriorate the global
recovery and make everyone lose. Among all the regions,
the region which initiates the trade war loses much more
when the retaliatory restriction is also imposed on a non-

substitutable product. The collision of export restriction and
production specialization, particularly with the expectation
of retaliation, can trigger devastating impacts on the global
economy at a time when it is already heavily burdened by
tackling the compound hazards of extreme weather events
and pandemic control.

Therefore, we advocate regional or global cooperation to
ease the negative impacts of deglobalization, at least rigor-
ous trade policies that avoid highly specialized sectors are
required confronting a perfect storm. Policies that lead to
higher trade barriers undermine the efforts of other countries
battling extreme weather events and a pandemic. The use of
trade restrictions has a particularly deleterious impact in a
world with production specialization in key sectors raising
the need for effective discipline at the global level of the use
of such measures.

Beyond these policy implications, our impact model has
demonstrated its flexibility in addressing various compound-
hazard scenarios and can help governments refine their
emergency policies by identifying the potential positive or
negative externalities on wider economic systems. This could
be used to guide regional or global cooperation in mitigating
such spillover effects of the compound shocks, particularly in
the context of deglobalization. Our research also highlights
the importance of an integrated approach in managing the
compound risks. By utilizing our impact model, people can
grasp a better view of the economic interlinkages between
multiple hazards that ultimately develop into a perfect storm.
Knowing the constraints from one hazard while responding
to another assists in the formation of a balanced strategy,
which can minimize the economic losses from the trade-offs
between emergency response and pandemic control.

Finally, our model provides consistent and comparable loss
metrics with that of single-hazard analysis, as it is based
on the popular ARIO model in this field. One of the com-
monly used metrics should be the ratio between indirect
and direct economic impacts resulting from a disaster, the
so-called cascading effect indicating the resilience of the
supply chain toward the disruption (Mendoza-Tinoco et al.,
2020). In our analysis, the indirect/direct ratio is 0.16–0.30
for the flood of multiple scales. This is close to the esti-
mate (0.17) of Hallegatte (2014) for Hurricane Katrina, but
lower than that (0.39) of Hallegatte (2008) for the same
event. This is because our analysis and Hallegatte (2014)
both consider a certain level of substitutability and inventory
dynamics that improves the economic resilience. Under the
compound scenarios, this ratio soars up to 1.27–3.93 with the
intervention of pandemic control, further to 1.41–4.35 with
export restrictions on substitutable products, and ultimately
to 2.73–8.67 when the restrictions are imposed on specialized
non-substitutable products. Our model will facilitate future
comparisons between various compounds or single hazards
under a similar methodological framework.

Nevertheless, our model is limited by not considering
technical progress and is relevant for a short-term time
scale, where the production patterns of economic sectors do
not shift significantly. This outlook explains why we only
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18 HU ET AL.

consider the substitution between intermediate inputs of the
same kind from different regions, rather than the substitu-
tion between different types of inputs. Our model follows the
assumption in Hallegatte (2008) that capital damage will all
be repaired, and that the insurance companies will pay the
whole repair cost. The financial constraints for the recon-
struction of uninsured capital damage should be considered
in future research. In addition, the event settings for flooding,
pandemic control, and export restriction in each scenario are
simple abstractions of reality, which only characterize their
economic-wise features. We do not distinguish their differ-
ences in other aspects in the warning, impact, and response
phases but focus on their interconnections in economic risk
transmission. Admittedly, there are other kinds of interac-
tions between natural and biological hazards, but it is not
in our scope to model all these factors. For one thing, some
response measures toward flooding, such as evacuation and
displacement, could increase the number of people exposed
to the pandemic and the burden on the healthcare system.
For another, some pandemic mitigation measures like test-
ing, therapeutics, and vaccines may benefit the economic
recovery under complex situations. The health-related inter-
actions and the accompanying economic consequences could
be incorporated into future studies.
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A P P E N D I X A : S U P P L E M E N TA R Y
M E T H O D S
This section provides supplementary information about the
pre-disaster economic equilibrium, perfect storm-induced
external shocks to the economy, and prioritized-proportional
rationing scheme under export restrictions in our compound-
hazard impact model.

A.1 Pre-disaster economic equilibrium
Initially, under the equilibrium conditions, the output of sec-
tor i in region r is equal to the aggregate demand for its
products from both downstream sectors and households over
all regions, as follows:

xir =

R∑
s=1

P∑
j=1

air,js × xjs +

R∑
h=1

hdir,h, (A.1)

where xir denotes the output of product i in region r in the
equilibrium state. We use overbars to indicate values at the
pre-disaster equilibrium levels. The first summation on the
right-hand side represents the intermediate demand for prod-
uct i in region r from downstream sectors. air,js refers to
the amount of product i in region r required to produce one
unit of product j in region s, which can be derived from the
input–output matrix. The second summation calculates the
final demand from households. hdir,h is the equilibrium quan-
tity of product i produced in region r and consumed by the
household in region h.

The above equilibrium breaks up following a pandemic-
induced perfect storm, which triggers direct and knock-on
effects on the whole economic system.

A.2 External shocks introduced by a perfect storm to
labor, transport, export, and final demand

Labor damage
Labor damage induced by the perfect storm is twofold. First,
it increases the number of employees unable to work because
of injury, illness, or death from flooding or virus infection.
Second, employees also spend less time working due to the
damage to transport infrastructure and services during the
event. Therefore, labor damage, 𝛾L

ir(t), is expressed as the
fraction of working hour loss in each sector and region during
each time step:

𝛾L
ir (t) =

(
LC

ir (t) + LF
ir (t)

)
× whir +

[
Lir − LC

ir (t) − LF
ir (t)

]
× Δwhir (t)

Lir × whir

,

(A.2)
where Lir and whir represent the number of employees and
working hours per capita of sector i in region r at the pre-
disaster levels. LC

ir(t) and LF
ir(t) are the numbers of workers

unable to work due to virus infection and flooding at time t,
respectively. Δwhir(t) is the loss of working hours per capita
in sector i in region r at time t. It is determined by the degree
of transport disruption in region r, 𝛾Z

r (t), as defined in Section
A.2.2, and a sector-specific impact multiplier, 𝜂i:

Δwhir (t) = 𝜂i × 𝛾
Z
r (t) × whir, (A.3)

where 𝜂i captures the impact of transport disruption on the
operation of sector i. It is based on three factors: the degree
of exposure of the sector (e.g., the extent of in-person interac-
tions), whether it is the lifeline sector (e.g., electricity) and the
possibility for work at home (Guan et al., 2020). For exam-
ple, the multiplier for the education sector could be low (e.g.,
0.1) because of the development of online learning.

Transport disruption
The pandemic control and flooding have different but parallel
impacts on the transportation system. For one thing, restric-
tions on public transport are placed in the epidemic regions
to contain virus transmission. Those restrictions may include
reducing the number of passengers to keep social distance
and suspending international flights from epidemic areas. We
use 𝛾

Z,C
r (t) to denote the percentage by which transporta-

tion capacity is reduced by lockdown measures relative to the
equilibrium levels in region r at time t, a metric for the strict-
ness of pandemic control. Second, the transport infrastructure
(e.g., roads, railways, and airports) may be inundated and out
of operation in flooded regions. We use 𝛾Z,F

r (t) to represent
the percentage of submerged transport infrastructure during
flooding. We assume that the transport capacity from region
r to region s is simply constrained by the transport condi-
tions in region r, which is further determined by the severer
one between epidemic and flooding constraints in that region.
Therefore, the relative reduction of transport capacity from
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region r to region s at time t, 𝛾Z
r,s(t), is calculated as

𝛾Z
r,s (t) = 𝛾Z

r (t) = max
{
𝛾

Z,C
r (t) , 𝛾Z,F

r (t)
}
. (A.4)

The impacts of transport disruption are twofold. First, it
affects labor supply as mentioned above. Second, it increases
the difficulty in delivering the intermediate and final products
to downstream sectors and households. Similar to the labor
constraint, we define the connectivity losses between supply
and demand in different regions as follows:

𝛾Z
ir,js (t) = 𝜂i × 𝛾

Z
r,s (t) (A.5)

and

𝛾Z
ir,h (t) = 𝜂i × 𝛾

Z
r,h (t) , (A.6)

where the connectivity losses, 𝛾Z
ir,js(t) and 𝛾Z

ir,h(t), are
expressed by the relative reductions in the capacity to trans-
port the product of sector i in region r to sector j in region s
and to the household in region h, respectively, at time t.

Export restrictions
With the ongoing process of deglobalization, particularly in
the complex pandemic and natural crises, export restrictions
may be imposed by countries/regions on critical products
(e.g., food and medical gear). Although the export restric-
tions applied by large exporters may in the short run increase
domestic availability, the measures reduce the world’s sup-
ply of the products concerned, and the importing countries
incapable of self-sufficiency will suffer (World Trade Orga-
nization, 2020). We use 𝛾E

ir(t) to denote the degree of export
restrictions introduced by region r on product i at time t. It is
measured by the percentage reduction of the maximum export
volume of that product in region r relative to the pre-disaster
level.

Final demand shock
Finally, households adjust their consumption in response to
the perfect storm. For example, they spend more time in stay-
ing at home and less money on eating out, hotels, and other
outdoor entertainment. Households in disasters also show
a propensity for stocking medical and emergency products,
such as medicine, masks, and life jackets. We assume that
the local consumption, import and export of the accommoda-
tion, and food and recreation services decline by 𝛼% in the
epidemic and flooded regions, whereas the local consump-
tion and import of medical services and emergency products
increase by 𝛽% in these regions. This adaptive behavior of
households is expressed as

hdir,h (t) = (1 − 𝛼%)I(i∈Ω𝛼)×I(r,h∈RC∪RF)

×
(
1 + 𝛽%

)I
(
i∈Ω𝛽

)
×I(h∈RC∪RF)

× hdir,h, (A.7)

where hdir,h(t) refers to the consumption of the household in
region h for product i in region r at time t. I(i ∈ Ω𝛼) is the
indicator function that takes value 1 when product i belongs
to the sector set of accommodation, food, and recreation ser-
vices (Ω𝛼), otherwise it takes value 0. I(r, h ∈ RC ∪ RF) is
the indicator function that takes value 1 when region r or h
is one of the epidemic regions (RC) or flooded regions (RF),
otherwise it takes value 0. Similarly, I(i ∈ Ω𝛽) is the indi-
cator function that takes value 1 when product i belongs to
the sector set of medical services and emergency products
(Ω𝛽), otherwise it takes value 0. I(h ∈ RC ∪ RF) is the indi-
cator function which takes value 1 when region h is one of
the epidemic or flooded regions, otherwise it takes value 0.

A.3 Prioritized-proportional rationing scheme under
export restrictions

First, products made by sector i in region r are allocated to
sector j in region s in quantities, FRCir

js(t), as follows:

FRCir
js (t) =

⎧⎪⎪⎨⎪⎪⎩

FODir
js (t−1)

R∑
s=1

P∑
j=1

FODir
js (t−1)

× xa
ir (t) , if xa

ir (t) <
R∑

s=1

P∑
j=1

FODir
js (t − 1)

FODir
js (t − 1) , if xa

ir (t) ≥
R∑

s=1

P∑
j=1

FODir
js (t − 1)

,

(A.8)
where FODir

js(t − 1) refers to the order issued by sector j
in region s to its supplier of sector i in region r at time
t − 1. If the actual output of sector i in region r is smaller
than its expected total orders from downstream sectors, that

is,
R∑

s=1

P∑
j=1

FODir
js(t − 1), it will allocate all its output to the

business clients in proportion to the orders. Otherwise, it
will allocate just enough products to satisfy the expected
intermediate demand.

The remaining products of sector i in region r, after sat-
isfying the intermediate demand, at time step t, is equal to

xrem
ir (t) = xa

ir (t) −
R∑

s=1

P∑
j=1

FRCir
js (t). (A.9)

Then, the remaining products will be proportionally allocated
to the final demand and reconstruction demand, respec-
tively. The quantities allocated to the household in region h,
HRCir

h (t), and the reconstruction agent of sector j in region s,
RRCir

js(t), are

HRCir
h (t) =

HODir
h (t − 1)

R∑
h=1

HODir
h (t − 1) +

R∑
s=1

P∑
j=1

RODir
js (t − 1)

× xrem
ir (t) (A.10)

and

RRCir
js (t) =

RODir
js (t − 1)

R∑
h=1

HODir
h (t − 1) +

R∑
s=1

P∑
j=1

RODir
js (t − 1)

× xrem
ir (t) , (A.11)
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where HODir
h (t − 1) refers to the order issued by the house-

hold h, and RODir
js(t − 1) refers to the order issued to rebuild

damaged capital of sector j in region s, to the supplier of
sector i in region r at time t − 1.

The allocation of outputs should also be subject to the
export restrictions, which means that the total export of a sec-
tor at each time step should be no more than its maximum
quota restricted by the trade policy:

∑
s≠r

P∑
j=1

FRCir
js (t) +

∑
h≠r

HRCir
h (t)

+
∑
s≠r

P∑
j=1

RRCir
js (t) ≤

(
1 − 𝛾E

ir (t)
)
× exir, (A.12)

where 𝛾E
ir(t) is the degree of export restriction imposed on

product i by region r at time t. It is measured by the per-
centage reduction of the maximum export volume of that
product in region r relative to the pre-disaster level (see Sec-
tion A.2.3). exir represents the export volume of this product
at the pre-disaster equilibrium level.

We adjust the export of sector i in region r to down-
stream sectors, FRCir

js(t), to households, HRCir
h (t), and to

reconstruction activities, RRCir
js(t), where s, h ≠ r, to sat-

isfy the constraint (Equation A.12) according to a similar
prioritized-proportional rationing scheme. Specifically, the
output allocated to the downstream sector j in region s (s ≠ r)
after adjustment to the export restriction, FRCir,∗

js (t), is equal
to

FRCir,∗
js (t) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩

FRCir
js (t)∑

s≠r

∑P
j=1 FRCir

js (t)
×
(
1 − 𝛾E

ir (t)
)
× exir ,

if
∑

s≠r

∑P

j=1 FRCir
js (t) >

(
1 − 𝛾E

ir (t)
)
× exir

FRCir
js (t) ,

if
∑

s≠r

∑P

j=1 FRCir
js (t) ≤

(
1 − 𝛾E

ir (t)
)
× exir

, for s ≠ r.

(A.13)
Here we still assume that the intermediate demands of down-
stream sectors are given the priority to be satisfied under
export restriction. The asterisk stands for the adjusted value
according to export restrictions.

Afterward, the remaining export quota, exqrem
ir (t), is

exqrem
ir (t) =

(
1 − 𝛾E

ir (t)
)
× exir −

∑
s≠r

P∑
j=1

FRCir,∗
js (t).

(A.14)

Then the remaining export quota is allocated to the final
and reconstruction demands, as follows:

HRCir,∗
h (t) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩

HRCir
h

(t)∑
h≠r HRCir

h
(t)+

∑
s≠r

∑P
j=1 RRCir

js
(t)
× exqrem

ir (t) ,

if
∑

h≠r HRCir
h (t) +

∑
s≠r

∑P
j=1 RRCir

js (t) > exqrem
ir (t)

HRCir
h (t) ,

if
∑

h≠r HRCir
h (t) +

∑
s≠r

∑P
j=1 RRCir

js (t) ≤ exqrem
ir (t)

, for h ≠ r

(A.15)
and

RRCir,∗
js (t) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩

RRCir
js

(t)∑
h≠r HRCir

h
(t)+

∑
s≠r

∑P
j=1 RRCir

js
(t)
× exqrem

ir (t) ,

if
∑

h≠r HRCir
h (t) +

∑
s≠r

∑P
j=1 RRCir

js (t) > exqrem
ir (t)

RRCir
js (t) ,

if
∑

h≠r HRCir
h (t) +

∑
s≠r

∑P
j=1 RRCir

js (t) ≤ exqrem
ir (t)

, for s ≠ r.

(A.16)
After export adjustment, the remaining output of sector i in

region r available for local clients, xloc
ir (t), is calculated as

xloc
ir (t) = xa

ir (t) −
∑
s≠r

P∑
j=1

FRCir,∗
js (t) −

∑
h≠r

HRCir,∗
h (t)

−
∑
s≠r

P∑
j=1

RRCir,∗
js (t). (A.17)

Finally, the products of sector i in region r allocated to
the local sectors, household, and reconstruction agents are
adjusted proportionally as follows:

FRCir,∗
jr (t) =

FRCir
jr (t)

FRCir
jr (t) + HRCir

r (t) + RRCir
jr (t)

× xloc
ir (t) ,

(A.18)

HRCir,∗
r (t) =

HRCir
r (t)

FRCir
jr (t) + HRCir

r (t) + RRCir
jr (t)

× xloc
ir (t) ,

(A.19)
and

RRCir,∗
jr (t) =

RRCir
jr (t)

FRCir
jr (t) + HRCir

r (t) + RRCir
jr (t)

× xloc
ir (t) .

(A.20)
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A.4 List of key variables

TA B L E A . 1 List of key variables

Variables Definitions

R Number of regions in the world economy

Ri Set of regions supplying product i

P Number of production sectors making unique products

Q Number of specialized products

aj,ir Intermediate input j required to produce one unit of product i in region r

bk,ir Primary input k required to produce one unit of product i in region r

dir
js Product i in region r invested in one unit of capital formation of sector j in region r

nj
ir Weeks of intermediate use of inventory product j that sector i in region r wants to hold

𝛼max
ir Maximum overproduction capacity of sector i in region r relative to the pre-disaster level

𝜏𝛼 Weeks needed by a sector to achieve its maximum overproduction capacity

exir Export of product i from region r to other regions under the pre-disaster equilibrium state

xa
ir(t) Actual output of sector i in region r at time t

xmax
ir (t) Maximum production capacity of sector i in region r at time t

vair(t) Value added of sector i in region r at time t

Kir(t) Capital stock of sector i in region r at time t

KF
ir (t) Capital damaged by flooding of sector i in region r at time t

KREC
ir (t) Capital recovered of sector i in region r from reconstruction at the end of time t

𝛾K
ir (t) Percentage reduction in capital stock of sector i in region r at time t relative to the pre-disaster level

𝛾L
ir(t) Fraction of working hour loss in sector i in region r at time t

𝛾Z
ir,js(t) Relative reduction in the capacity to transport the product of sector i in region r to sector j in region s at time t

𝛾Z
ir,h(t) Relative reduction in the capacity to transport the product of sector i in region r to the household in region h at time t

𝛾E
ir(t) Degree of export restriction imposed on product i by region r at time t

Sj
ir(t) Inventory of intermediate input j held by sector i in region r at the end of time t

Sj,used
ir (t) Intermediate input j used in the production of sector i in region r at time t

Sj,restored
ir (t) Inventory of intermediate input j restored by sector i in region r at time t

Sj,G
ir (t) Targeted inventory level of intermediate input j held by sector i in region r at time t

FRCir,∗
js (t) Output of sector i in region r allocated to sector j in region s as intermediate use at time t under export restrictions

HRCir,∗
h (t) Output of sector i in region r allocated to household in region h as consumption use at time t under export restrictions

RRCir,∗
js (t) Output of sector i in region r allocated to sector j in region s as reconstruction use at time t under export restrictions

FODir
js(t) Orders issued by sector j in region s to the supplier of sector i in region r at time t

HODir
h (t) Orders issued by the household in region h to the supplier of sector i in region r at time t

RODir
js(t) Orders issued to rebuild damaged capital of sector j in region s to the supplier of sector i in region r at time t

TDir(t) Total demand of product i in region r at time t
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26 HU ET AL.

TA B L E B . 3 Capital matrixa

Region-Sector A B C D

A AGR 0 0 0 0

MANG 0 0 0 0

MANR 0.15 0 0.02 0

CON 0.61 0 0 0

OTH 0 0 0 0

B AGR 0 0 0 0

MANG 0 0 0 0

MANR 0.06 0.25 0.06 0

CON 0.12 0.7 0.04 0

OTH 0 0 0 0

C AGR 0 0 0 0

MANG 0 0 0 0

MANR 0.02 0.05 0.2 0

CON 0.04 0 0.68 0

OTH 0 0 0 0

D AGR 0 0 0 0

MANG 0 0 0 0

MANR 0 0 0 0.3

CON 0 0 0 0.7

OTH 0 0 0 0

aThe matrix presents the quantities of products required to rebuild one unit of capital in
each region. We assume that different sectors in the same region have the same capital
matrix coefficients.

A P P E N D I X C : S U P P L E M E N TA R Y
R E S U LT S

C.1 Direct and indirect impacts under free trade
scenarios

This section discusses the direct and indirect economic
impacts of flooding, pandemic control, and their collision
under the free trade scenarios. The direct damage refers to
the monetary value of damage due to inundation of phys-
ical assets and occurs only in the flooded region C. The
indirect losses are the GDP losses along the global sup-
ply chain caused by the compound event. They start from
the directly affected regions and spill over to other regions
through inter-sectoral and inter-regional dependencies.

On the global scale
As shown in Table 3, when there is only flooding in region
C, the direct damage increases from 317.2 to 951.5 units as
the flood scale grows from small to large. Apart from direct
damage, the flood disaster brings about additional supply
chain losses of 50.0–288.9 units according to flood scales.
The ratios between indirect and direct losses range from
0.16 to 0.30 as flood scale increases and are lower than the
ratio of 0.39 estimated by Hallegatte (2008). This is because
the incorporation of cross-regional substitutability increases
the resilience of the economy against disastrous events and
reduces estimates of indirect losses.

In the scenario where there is only pandemic control,
there is no direct damage as the pandemic has no impact on
physical assets. The indirect losses due to a 30%–24 global
pandemic control are assessed at 1242.6 units, equivalent to
12.9% of the annual global GDP.

Then we examine the economic footprint of the compound
event of flooding and pandemic control. The direct damage
under such circumstances is always equal to that caused by
flooding alone, as the pandemic does not create any direct
damage. The indirect losses resulting from the compound
events show diverging patterns according to flood scales.
First, when the flood in region C is on the small or medium
scale, the indirect losses of the compound event are between
the separate losses brought by flooding and pandemic con-
trol. For example, the concurrence of a small flood in region
C and a 30%–24 global pandemic control incurs 1194.1 units
of indirect losses to the global economy, which is larger
than the indirect losses caused by the flood (50.0 units) and
slightly smaller than the indirect losses of the pandemic con-
trol (1242.6 units). Second, when the flood in region C is on
the large scale, the indirect losses of the compound event,
which is measured at 1329.5 units, exceed the separate losses
of both flooding and pandemic control.

On the regional scale
As shown in Figure 2, under the flood-only scenario
(Figure 2a–c), the cumulative indirect or GDP losses in region
C (yellow lines), relative to its pre-disaster level of its annual
GDP, increase from 2.18% (small flood), to 6.41% (medium
flood), and finally to 12.25% (large flood). Region D also
experiences increasing losses in its GDP, although very tiny
(0.01%–0.05%), attributable to the spill-over effects along the
supply chain. By contrast, the other two non-flooded regions
A and B witness slight growth in their GDPs (0.07%–0.34%
for A and 0.21%–0.98% for B). This comes from the stimulus
effect of reconstruction activities to recover capital damaged
by flooding, which has been discussed in the main text.

Figure 2d–f shows the regional economic footprint of the
pandemic control, which is irrelevant to the flood scales. The
four regions experience similar weekly relative changes in
their GDPs during a 30%–24 global pandemic control. Their
GDPs drop gradually by around 22% during the first 3 weeks
(weeks 5–8) of the pandemic control, then remain almost con-
stant for the remaining weeks of the pandemic control, and
finally recover back to the pre-disaster levels when the con-
trol measures are lifted. The recovery takes another around
10 weeks in all regions. Before that, there are sudden slumps
of regional GDPs around week 30, due to the shortage of
intermediate inputs arising from delivery failures under per-
sistent transport constraints during the pandemic control. The
cumulative GDP losses in regions A–D caused by a 30%–24
pandemic control account for 12.61%, 12.87%, 13.20%, and
13.04% of their annual GDP at the pre-pandemic levels.

Figure 2g–i illustrates the regional losses resulting from
the perfect storm of flooding and pandemic control. It takes
longer weeks in region C to recover its economy compared to
the above two groups of scenarios, particularly with the large
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ECONOMIC IMPACTS OF A PERFECT STORM 27

TA B L E C . 1 Changes in cumulative GDP losses on regional and global scales by each 25% increase in the degree of the export restriction on
“MANR-C” without production specializationa

Export restriction (%) Region A (%) Region B (%) Region C (%) Region D (%) Global change (%)

0–25 0.08 0.00 −0.03 0.06 0.02

25–50 0.35 0.17 −0.03 0.39 0.18

50–75 0.38 0.21 −0.03 0.52 0.22

aThe cumulative GDP losses are in relative terms of the annual GDPs at the pre-disaster levels. The results are given as the ensemble mean of scenarios where different scales of
floods collide with a 30%–24 pandemic control.

flood scale. The cumulative GDP losses in region C increase
significantly with the flood scale from 12.11% to 18.75%.
By comparison, other regions experience different levels of
declines in their GDP losses as the flood scale increases
(12.41%–12.00% for A, 12.49%–11.56% for B, and 12.96%–
12.86% for D), owing to an expanding stimulus effect of
post-flood reconstruction.

C.2 Economic impacts of different degrees of export
restrictions

In this section, we investigate how the economic impacts of
the perfect storm change with the degree of the trade restric-
tion limiting the export of sector “MANR” in region C. We
assume that the degree of the export restriction increases from
0% to 75% with an interval of 25%.

First, Table C.1 illustrates the changes in cumulative GDP
losses, both on the regional and global scales, by the export
restriction without production specialization, that is, products
in one region can be freely replaced by products of the same
sector from other regions. We find that not only the global
loss but also its increment expands with the degree of the
export restriction. In other words, a stronger export restriction
results in a larger increase in the GDP loss than a weaker one.
For every 25% increase in the degree of the export restric-
tion, the global loss rises by an average of 0.02%, 0.18%,
and 0.22%, respectively, during different flood and pandemic
intersections. The GDP loss in each region, except region C,
follows the same pattern as the global one with increases in
the degree of the export restriction. In comparison, regions A
and D appear to be more vulnerable to the escalating trade
restriction than other regions. In region C, its loss increases
by 0.01% with each 25% increase in the degree of the export
restriction under the small flood colliding with pandemic con-
trol but decreases by 0.03% and 0.07%, respectively, under
the medium and large floods (Figure C.1).

Second, we examine the role of production specializa-
tion in compound scenarios with varying degrees of the
export restriction on “MANR-C.” As shown in Table C.2 and
Figure C.2, the regional and global GDP losses both grow
rapidly with the degree of the export restriction when the
restricted sector “MANR-C” happens to make specialized
products that cannot be substituted elsewhere. Such restric-
tive policy of region C puts other regional economies, as well
as the global economy, at considerably higher risks than the
former one, which in turn damages its own recovery through
the propagation effect of the global supply chain.

These results are consistent with those of Section 3.2 in the
main text.

C.3 Sensitivity analysis
We perform a sensitivity analysis on key parameters, mainly
about the inventory and overproduction adjustment, to check
the robustness of modeling results. We examine how the
regional and global indirect impacts (i.e., losses of GDP
relative to the pre-disaster levels), which are caused by a
perfect storm, change with these parameters. For simplicity,
we only demonstrate a typical compound scenario covering
triple shocks, that is, region C, which is hit by a large flood,
restricts the export of its “MANR” sector by 50%, and region
B imposes retaliatory restriction on the same sector by the
same degree during a 30%–24 pandemic control. The refer-
ence results are illustrated in Table 6 and Figure 4i in the main
text. Here we do not consider the possibility of production
specialization to avoid extreme simulations that may obscure
the variability of results.

Finally, we examine how economic losses, as well as our
main findings, change if we use a different multiregional
Input–Output (MRIO) table to construct the hypothetical
global economy. The new MRIO table is obtained from an
aggregated 2014 version of GTAP 10 Data Base (Aguiar
et al., 2019), still consisting of four regions and the same
five sectors. We scale the new table to keep the global annual
GDP the same as in the main text (9613 units), but the pro-
portion that each region accounts for is changed, that is, 24%
for region A, 29% for region B, 25% for region C, and 22%
for region D (Table B.2).

Inventory size
As explained in Section 2.4.1, the targeted inventory size of
each sector before and after the compound shock is defined
by the parameter ni

js. Figure C.3 shows that model results
are quite sensitive to this parameter, notably with regions
A and D. Increasing inventory size can help improve eco-
nomic resilience by lowering the risk of inventory shortage
amid negative shocks. For instance, the production constraint
resulting from an inventory shortage in region A is delayed
from weeks 10 to 31 as the inventory size increases from 2 to
8 weeks, and there is no more such reduction in production
when the inventory size is larger than or equal to 10 weeks.
Globally, the cumulative GDP losses resulting from the per-
fect storm decrease from 18.1% to 12.5% as the inventory
size increases from 2 to 12 weeks.
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28 HU ET AL.

F I G U R E C . 1 Weekly changes of regional GDPs, relative to the pre-disaster level, in the four regions, when the export restriction is imposed on
“MANR-C” at different degrees without production specialization during the compound flood and pandemic crises. The numbers in each plot indicate the
cumulative losses or gains of regional GDPs over time, relative to the pre-disaster levels of the annual regional GDPs. From left to right, each column
represents the small-, medium-, and large-scale flooding in region C. From top to bottom, each row stands for the 0%, 25%, 50%, or 75% export restriction on
the “MANR” sector in region C.

TA B L E C . 2 Changes in cumulative GDP losses on regional and global scales by each 25% increase in the degree of the export restriction on
“MANR-C” with production specializationa

Export restriction (%) Region A (%) Region B (%) Region C (%) Region D (%) Global change (%)

0–25 7.26 7.27 0.56 6.56 5.30

25–50 9.46 9.38 1.17 9.41 7.09

50–75 9.87 9.85 1.05 9.86 7.38

aThe cumulative GDP losses are in relative terms of the annual GDPs at the pre-disaster levels. The results are given as the ensemble mean of scenarios where different scales of
floods collide with a 30%–24 pandemic control.

Inventory restoration rate
Dynamic instabilities, or the so-called bullwhip effect, may
sometimes set in when sectors try to restore their inven-
tories too quickly. To address these instabilities, although
not encountered in the main text, we could introduce a new

parameter 𝜏s to control the speed of inventory restoration. It
describes the proportion of inventory losses that economic
sectors try to restore in the next time step. For instance,
if they lose x unit of their inventory, compared to the pre-
disaster level, then they will increase their intermediate order
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ECONOMIC IMPACTS OF A PERFECT STORM 29

F I G U R E C . 2 Weekly changes of regional GDPs, relative to the pre-disaster level, in the four regions, when the export restriction is imposed on
“MANR-C” at different degrees with production specialization during the compound flood and pandemic crises. The numbers in each plot indicate the
cumulative losses or gains of regional GDPs over time, relative to the pre-disaster levels of the annual regional GDPs. From left to right, each column
represents the small-, medium-, and large-scale flooding in region C. From top to bottom, each row stands for the 0%, 25%, 50%, or 75% export restriction on
the “MANR” sector in region C.

by 𝜏s × x unit right in the next time step, and 0 ≤ 𝜏s ≤ 1.
Therefore, the order made by sector j in region s for inter-
mediate input of product i at time t is calculated as follows:

FODi
js (t) = 𝜏s ×

(
Si,G

js (t) − Si
js (t) − ai,js × x̄js

)
+ ai,js × x̄js,

(C.1)
where Si,G

js (t) − Si
js(t) is the gap between targeted and actual

inventory levels at time t, and ai,js × x̄js is that gap at the pre-
disaster level. The latter is also the intermediate orders made
each time before the disaster.

In the main text, 𝜏s is equal to 1, and FODi
js(t) = Si,G

js (t) −

Si
js(t).

Then the order issued by sector j in region s to its supplier
of sector i in region r is

FODir
js (t) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩

FODi
js (t) ×

FOD
ir
js×

(
1−𝛾Z

ir,js(t)
)
×
(
1−𝛾E

ir(t)
)
×xa

ir(t)∑
r∈Ri

FOD
ir
js×

(
1−𝛾Z

ir,js(t)
)
×
(
1−𝛾E

ir(t)
)
×xa

ir(t)
,

if FODi
js (t) > 0

0
if FODi

js (t) ≤ 0,

(C.2)
which corresponds to Equation (17) in the main text.

Figure C.4 illustrates how the regional and global eco-
nomic losses change with five different values of inventory
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30 HU ET AL.

F I G U R E C . 3 Weekly changes in regional and global GDPs, relative to their pre-disaster levels, for the six values of inventory size, during the perfect
storm of flooding, pandemic control, and export restrictions. The first four plots illustrate the robustness of results in regions A–D, respectively, and the last
plot stands for the global economy. The table at the bottom right presents the cumulative losses of regional and global GDPs, relative to the pre-disaster annual
levels, for the six values of inventory size.

restoration rate. In general, these losses are less sensitive
to the inventory restoration rate than the inventory size.
Although lowering the inventory restoration rate may spare
more goods for reconstruction and other final demands, it
accelerates the occurrence of inventory shortages and finally
slows down the whole recovery process. The economic losses
in regions A, B, and D grow by roughly 1% when the inven-
tory restoration rate is cut from 1 to 0.2. By contrast, the
loss in region C, which is hit by the flood, is the least sensi-
tive to this parameter, reaching its lowest when the inventory
restoration rate is between 0.4 and 0.6.

Maximum overproduction capacity
As explained in Section 2.4.4, the overproduction module
describes how economic sectors, particularly those involved
in reconstruction, adapt their production capacity to an

increasing demand for post-disaster recovery. It introduces
two important parameters: the maximum overproduction
capacity 𝛼max

ir and the overproduction adjustment time 𝜏𝛼.
We first examine the result robustness to the first param-

eter 𝛼max
ir , which defines the upper limit of overproduction

capacity. As shown in Figure C.5, the economic recovery of
region C is much more sensitive to this parameter than that
of other regions. This is not surprising as region C is the only
region hit by the flood. When the maximum overproduction
capacity is large, the production in sectors involved in recon-
struction (i.e., the “MANR” and “CON” sectors) soars to
address the increasing need for reconstruction, which offsets
some of the output loss in other sectors. The economic losses
in regions A and B also decrease slightly with the increase
in maximum overproduction capacity, as some of their prod-
ucts are needed by region C for reconstruction. Globally, the
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ECONOMIC IMPACTS OF A PERFECT STORM 31

F I G U R E C . 4 Weekly changes in regional and global GDPs, relative to their pre-disaster levels, for the five values of inventory restoration rate, during
the perfect storm of flooding, pandemic control, and export restrictions. The first four plots illustrate the robustness of results in regions A–D, respectively,
and the last plot stands for the global economy. The table at the bottom right presents the cumulative losses of regional and global GDPs, relative to the
pre-disaster annual levels, for the five values of inventory restoration rate.

cumulative GDP loss declines from 17.0% to 15.3% when the
maximum overproduction capacity increases from 100% (no
overproduction) to 150%.

Overproduction adjustment time
Here we assess the influence of the second parameter,
overproduction adjustment time 𝜏𝛼, in the overproduction
module on disaster-induced economic losses. This param-
eter describes the time (in weeks) needed for economic
sectors to achieve their maximum overproduction capacity.
The results are presented in Figure C.6. Compared with
the previous section, the economic losses are less sensitive
to overproduction adjustment time than maximum overpro-
duction capacity. This is consistent with the results of the
sensitivity analysis in Hallegatte (2008), which concludes that
the overproduction adjustment time does not matter much

in post-disaster economic recovery. Nevertheless, the eco-
nomic loss in region C is still more sensitive than in other
regions and shows an upward trend as the adjustment time
increases. This is because the adjustment time is essen-
tially an inverse of the adjustment speed. When sectors need
more time to reach their maximum overproduction capac-
ity, their production climbs in smaller steps each time after
the shock, leading to a slower recovery and more economic
losses.

A different MRIO table
In this section, we use a different MRIO table (Table B.2),
which is an aggregation of the 2014 version of GTAP 10
Data Base (Aguiar et al., 2019), to construct the hypothetical
global economy of four regions and five sectors and explore
how our main findings will change.
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32 HU ET AL.

F I G U R E C . 5 Weekly changes in regional and global GDPs, relative to their pre-disaster levels, for the five values of maximum overproduction
capacity, during the perfect storm of flooding, pandemic control, and export restrictions. The first four plots illustrate the robustness of results in regions A–D,
respectively, and the last plot stands for the global economy. The table at the bottom right presents the cumulative losses of regional and global GDPs, relative
to the pre-disaster annual levels, for the five values of maximum overproduction capacity.

First, we summarize the global economic losses result-
ing from flooding, pandemic control, and their compound,
respectively, without trade restrictions for the GTAP MRIO
table in Table C.3, and compare the results with Table 3 in
the main text. The GTAP MRIO table results in less eco-
nomic losses under the pandemic-only scenario but more than
doubles the direct damage of floods at various scales. This
is because the GTAP MRIO table implies a higher capital
intensity in the same amount of GDP than the table used
in the main text. This also incurs higher indirect losses and
longer recovery time correspondingly. However, the ratios
between indirect and direct impacts of flooding, ranging
from 0.12 to 0.38, stay close to the results in the main
text.

Besides, it is obvious from Table C.3 that similar findings
on the interaction between flooding and pandemic control

(see Section 3.1.1) can be elicited with the GTAP MRIO
table. On the one hand, a global pandemic control will extend
the recovery time of capital damaged by flooding and there-
fore exacerbate its economic consequences. On the other
hand, flood responses can sometimes alleviate the negative
impacts of pandemic control due to the stimulus effect of
post-flood reconstruction, but this only happens when the
flood damage is small. If the flood damage is large enough
to exceed the reconstruction stimulus, then the pandemic
impacts will be aggravated.

Second, we then examine the results related to pandemic
control in different flood periods with different strictness and
duration. As shown in Table C.4, a pandemic control occur-
ring after flooding leads to slightly more economic losses
than it before flooding, and a stricter but shorter pandemic
control is conducive to mitigate the negative impacts of the
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ECONOMIC IMPACTS OF A PERFECT STORM 33

F I G U R E C . 6 Weekly changes in regional and global GDPs, relative to their pre-disaster levels, for the six values of overproduction adjustment time,
during the perfect storm of flooding, pandemic control, and export restrictions. The first four plots illustrate the robustness of results in regions A–D,
respectively, and the last plot stands for the global economy. The table at the bottom right presents the cumulative losses of regional and global GDPs, relative
to the pre-disaster annual levels, for the six values of overproduction adjustment time.

TA B L E C . 3 Global economic footprint under the flood-only, pandemic-only, and flood + pandemic scenarios without trade restrictions for GTAP
MRIO table

Scenarios Direct damage Indirect losses Total impacts

Percentage of
global annual
GDP

Capital
recovery
weeks

GDP
recovery
weeks

Pandemic-only 0.0 1150.2 1150.2 12.0 – 40

Small Flood-only 748.0 91.7 839.8 8.7 81 60

Flood + pandemic 748.0 1138.5 1886.5 19.6 90 68

Medium Flood-only 1496.0 386.1 1882.1 19.6 122 92

Flood + pandemic 1496.0 1385.9 2881.9 30.0 132 100

Large Flood-only 2244.0 852.6 3096.6 32.2 160 125

Flood + pandemic 2244.0 1843.5 4087.5 42.5 168 131
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34 HU ET AL.

TA B L E C . 4 Global indirect impacts, relative to the global annual GDP at the pre-disaster level, of the pandemic control intersecting in different flood
periods with different strictness and duration for GTAP MRIO table

Scenarios

Flood scales in region C

Small (%) Medium (%) Large (%)

Global pandemic control 30%–24 control 7 weeks before flooding 11.97 14.47 19.22

30%–24 control 7 weeks after flooding 12.14 14.62 19.36

60%–8 control 7 weeks after flooding 10.09 12.73 17.61

TA B L E C . 5 Changes in cumulative GDP losses on regional and global scales by escalating export restrictions without production specialization for
GTAP MRIO tablea

Scenarios Region A (%) Region B (%) Region C (%) Region D (%) Global change (%)

Free trade 0.00 0.00 0.00 0.00 0.00

Export restriction MANR-C 0.33 0.70 −0.08 1.18 0.53

MANR-C, MANR-B 0.24 −0.70 1.37 0.57 0.32

aThe cumulative GDP losses are in relative terms of the annual GDPs at the pre-disaster levels. Results in each row are the loss changes compared to the scenario of the previous row.
The results are given as the ensemble mean of scenarios where different scales of floods collide with a 30%–24 pandemic control.

TA B L E C . 6 Changes in cumulative GDP losses on regional and global scales by escalating export restrictions with production specialization for GTAP
MRIO tablea

Scenarios Region A (%) Region B (%) Region C (%) Region D (%) Global change (%)

Free trade 0.24 0.37 0.36 0.26 0.31

Export restriction MANR-C 14.46 17.13 2.27 15.77 12.52

MANR-C, MANR-B 0.17 0.17 6.76 0.20 1.80

aThe cumulative GDP losses are in relative terms of the annual GDPs at the pre-disaster levels. Results in each row are the loss changes compared to the scenario of the previous
row, whereas those in the first row are compared to the free trade scenario without production specialization. The results are given as the ensemble mean of scenarios where different
scales of floods collide with a 30%–24 pandemic control.

compound crises. These findings are consistent with those in
Section 3.1.2 in the main text.

Third, we explore the role of export restriction in the eco-
nomic footprint of a perfect storm for the GTAP MRIO table.
Table C.5 presents the changes in cumulative GDP losses,
both on the regional and global scales, by different export
restriction scenarios without production specialization. The
first row sets the free trade scenario when there are no export
restrictions and thus no changes in the losses resulting from
the compound crises. The second row assumes that region C
imposes a 50% restriction on the exports of its “MANR” sec-
tor to “protect” its post-flood reconstruction. The results show
that all regions but C suffer loss increases to various extents
due to the restriction. Region C, in particular, is the only
region that benefits from the restriction under all flood scales.
This is because the flood-induced capital damage is large with
the GTAP MRIO table at all flood scales, making the eco-
nomic stimulus from the reconstruction demand outpace the
negative impact of export declines. The third row presents
the loss changes from the “MANR-C” restriction scenario to
an escalating scenario, including B’s retaliation. This time,
region C also suffers a loss increase by an average of 1.37%,
which exceeds the economic gains of its own restriction and

leads to a net increase of its GDP loss by 1.29% compared to
the free trde scenario. In addition, the loss of region B falls
by 0.7%, back to the loss level of the free trade scenario. This
may in turn enhance the motivation of region B to take retalia-
tory measures, which supplements the result in Section 3.2.1
in the main text.

Finally, we take into account the effect of production spe-
cialization with the presence of export restrictions. Table C.6
is similar to Table C.5, except that all scenarios are simulated
under the assumption that the “MANR-B” and “MANR-C”
sectors make specialized goods that cannot be substituted
elsewhere. The loss changes in the first row, which reflects
the role of production specialization under the free trade
scenario, are obtained by comparing with the free trade sce-
nario without production specialization (i.e., the first row in
Table C.5). It is obvious that the specialization itself raises
the vulnerabilities of both regional and global economies to
the compound crises. From the second row, we find that the
export restriction of region C on a specialized product trig-
gers much severer economic losses to other regions, which
in turn makes region C also suffer more losses through the
propagation effect of the supply chains. The third row tells
that the retaliation from another region and sector would trap
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ECONOMIC IMPACTS OF A PERFECT STORM 35

region C, which initiates the trade war, into further losses,
and ultimately slow down the global recovery. These results
are consistent with those in Section 3.2.2 in the main text.

Overall, despite higher flood-induced direct damages and
stronger retaliatory motivation toward trade restrictions,

switching to the GTAP MRIO table has not changed our
main findings about the economic interplay between flooding
and pandemic control, or about the roles of trade restriction
and production specialization in the economic footprint of a
perfect storm.
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