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Abstract

This paper studies containment policies for combating a pandemic in an open-economy
context. It does so via quantitative analyses using a model that incorporates a standard epi-
demiological compartmental model in a general equilibrium multi-country, multi-sector Ri-
cardian model of international trade with input-output linkages. We quantitatively evaluate
the long-run welfare and real-income losses due to the short-run pandemic shocks, and we
study the role of trade in these effects. We devise a novel approach to computing national
optimal policies. We find that (1) the long-run welfare and real-income losses due to just two
years of pandemic shocks are substantial; (2) international trade helps buffer both the welfare
and real-income losses, and it also saves lives; (3) the computed optimal policies indicate that
most countries should have tightened their containment measures relative to what was done;
and (4) compared to the case of autarky, the optimal policy under trade is generally more

stringent.
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1 Introduction

One of the most important questions in a major pandemic, such as the most recent COVID-19
event, is how stringent the containment policies should be. There has been heated debate on this
in many countries, and a large cross-country variation in the stringency of containment policies
is apparent. The key trade-off is obvious: lives vs. economy. But striking the right balance is
not a simple task due to the complexity of the economy and its complicated interaction with
the disease’s epidemiological evolution. There has been a surge of research on containment
policy in macroeconomics literature, but these studies are mostly, if not all, in closed-economy
contexts. As the global economy is interlinked across countries, a country’s containment policy
may have repercussions on other countries” economies through various trade linkages, which
may, in turn, affect the considerations of other countries” containment policies and the ensuing
health outcomes.

This paper attempts to answer questions regarding containment policy in an open-economy
context. We do so by conducting quantitative analyses using a model that incorporates a stan-
dard epidemiological compartmental model (Susceptible-Infected-Recovered-Deceased; SIRD)
in a multi-country, multi-sector Ricardian model of international trade with input-output link-
ages. In particular, our model builds on that of Caliendo and Parro (2015)! by adding how the
pandemic shocks different sectors and countries differently due to the heterogeneity in contain-
ment policy and work-from-home (henceforth WFH) capacity, which in turn reshapes compar-
ative advantages and the distribution of sectoral employment. The rate of disease transmission
is then influenced by such changes in sectoral employment through workplace interactions, and
the SIRD law of motion then influences the next-period labor supply. Thus, this model features
two-way dynamic influences between the economy and the pandemic. It also features cross-
country externality of containment policies through trade linkages.

Our welfare measure for a country is the sum of the expected utilities of individuals in that
country, where the expected utility is evaluated on an infinite time horizon, following the stan-
dard dynastic assumption in macroeconomics. Individuals are concerned with risks in a pan-
demic, as, ex-ante, no one knows how he/she will fare during the pandemic. With risk aversion,
people dislike extreme outcomes; hence, an increase in the probability of death or infection wors-
ens welfare beyond the loss of real income. We intentionally leave out the psychological cost of
mortality, as it is difficult to calibrate; in most cases, the direction of changes in optimal policies
can be easily predicted when this cost is incorporated. In short, this paper aims to gauge the ef-

fect of short-run shocks due to the pandemic from a long-run perspective. The short-run shocks

!Caliendo and Parro (2015) extend the Ricardian model of Eaton and Kortum (2002) by adding input-output link-

ages.



affect the long-run welfare in three ways: (1) by lowering the effective labor supply, (2) by cre-
ating temporary shifts in comparative advantages, and (3) by losing population due to deaths
caused by the pandemic. The former two ways are short-run effects on the economy, whereas the
third way is long-run consequences. But all of these are evaluated in terms of long-run welfare.

We calibrate our model to the pre-COVID-19 economy mainly by using the World Input-
Output Database (WIOD), in which there are 41 countries. Our key disease transmission param-
eters are disciplined by the data on the total deaths from COVID-19. Using the calibrated model,
we conduct various counterfactual analyses. In our simulations, we assume that the pandemic
ends in two years from January 1, 2020. This is mainly because the pandemic situation dras-
tically eased after Omicron became the dominant variant and because most countries adopted
“living with COVID” policies in 2022. See Section 3.2 for a detailed justification.

Our analysis consists of two parts. In the first part, we analyze the effects of the COVID-19
pandemic on welfare and real income and investigate the role of international trade in these
effects. In the second part, we study optimal containment policies and examine the role of
international trade in determining these policies. The first finding in the first part is that the
cross-country weighted averages of real-income losses and welfare losses are 2:73% and 2:34%,
respectively. As the losses are measured in terms of the discounted sums on an infinite time
horizon, such losses due to only two years of the pandemic are substantial. We also find that
larger countries tend to suffer more and that there is a larger cross-country variation in welfare
losses than that in real-income losses.

To highlight the role of trade, we compare the losses in welfare and real income during the
pandemic under the benchmark model with those under autarky. Our results show that with in-
ternational trade, the weighted averages of welfare and real-income losses are both smaller than
the case under autarky. However, not all countries benefit from trade, as 7 out of 41 countries
actually suffer from higher losses with trade than under autarky. Despite trade being a more
efficient scheme than autarky, the system of trade can worsen a country’s real-income loss if its
terms of trade worsen significantly during the pandemic. With respect to health outcomes, we
find that the cumulative numbers of confirmed cases and deaths are smaller with trade than
in autarky, implying that trade can help the countries to “flatten the curve”. The reason is that
while the country-sector pairs with relatively higher WFH capability expand during the pan-
demic, trade amplifies the expansions further through international specialization. On average,
the weights of the sectors with high WFH capacities in both consumption and production in-
crease. As a result, people are on average less likely to work onsite, and the disease is less likely
to spread via face-to-face interaction in workplaces.

In the second part, which concerns optimal containment policies, our key challenge is to



devise a reasonable and tractable approach to reduce the space of candidate policies in such a
multi-country, multi-sector, multi-period framework with input-output linkages. To facilitate
efficient computation of optimal policies, we use the effective reproduction number Re as each
country’s policy target instead of optimizing the entire time paths of containment policies for
all countries. The effective reproduction number is a reasonable target because it reflects the
speed of disease spread and is the central concern for epidemiologists and doctors who lead
government responses. Targeting effective reproduction numbers also implies that containment
measures should be stringent initially and generally become more lenient over time, which is
consistent with recent findings in the macroeconomic literature.

To further reduce the computational burden, we compute optimal policies in two steps. In the
first step, we consider a global planner who seeks to maximize global welfare by deciding on an
Re that applies to all countries. The result from this step serves as the starting point to compute
the optimal policies for each country in the second step. In the second step, we solve each
country i’s optimal effective reproduction number Re;j, given other countries” optimal choices
Re: i; this is, indeed, a Nash equilibrium of national optimal policies. Information from the first
step helps to ease the computational burden in this step as it suggests how the grid search can
be efficiently conducted.

Our result indicates that for all countries except China, the optimal Re:i’s are less than their
corresponding average Re;i’s in the benchmark model. This means that for most countries, the
containment measures should be stricter than those actually adopted. Moreover, the optimal
Re;i’s so computed should be interpreted as the upper bounds because we intentionally leave out
the psychological cost of mortality. Once this cost is incorporated, optimal effective reproduction
numbers should be even smaller; hence the containment measures should be even stricter. For
the role of international trade in determining optimal containment policies, we find that most
countries’ optimal containment policies are stricter under trade than the case under autarky. This
result is intuitive because international trade helps buffer real-income losses such that countries
can implement stricter containment measures without significantly reducing real consumption.

We conduct a series of sensitivity analyses, including the effects of capital (and trade imbal-
ances), input-output linkages, income support programs, and epidemiological parameters. We
find that incorporating capital significantly dampens welfare and real-income losses, as it sub-
stantially reduces the effects of labor and hence containment measures. The benchmark results
on welfare and real-income losses and the role of trade remain relatively robust to the consider-

ation of input-output linkages, income support programs, and epidemiological parameters.

Related literature. There has been a surge of research studying optimal containment policies:



these studies embed variants of the classic SIR model proposed by Kermack et al. (1927) into
macroeconomic models to study various aspects of the tradeoff between lives and economy.
See, for example, Acemoglu et al. (2021), Alvarez et al. (2021), Atkeson (2020), Atkeson et al.
(2021), Eichenbaum et al. (2021), Farboodi et al. (2021), Jones et al. (2021), Krueger et al. (2022),
and Piguillem and Shi (2023). Our work differs from these in our focus on analyzing optimal
containment policies in an open-economy context. A particularly closely related work is that by
Budish (2020), who formulates a static optimization problem using Re < 1 as a constraint. Our
work differs as Re is used as a policy target (rather than a constraint) in a dynamic setting.

Also closely related are the studies by Antras et al. (2023), Fajgelbaum et al. (2021), and Ar-
gente et al. (2021), all of whom consider disease dynamics in a general equilibrium model of
trade in either a city or an international-trade setting. Our work differs from Antras et al. (2023)
mainly due to our focus on optimal containment policies, and it differs from Fajgelbaum et al.
(2021) and Argente et al. (2021) due to our focus on country-level containment policies. Our
work is also related to Chen et al. (2020), Bonadio et al. (2021), Eppinger et al. (2020), and Sforza
and Steininger (2020), as both our work and these studies evaluate the economic consequences of
the pandemic shocks and study the role of trade and/or input-output linkages. However, these
studies do not incorporate disease dynamics or analyze optimal containment policies, which are
our main contributions relative to these studies.

As our model and counterfactual analyses are already complex with the computation of na-
tional optimal policies in a setup with multiple countries, multiple sectors, input-output link-
ages, trade imbalances, and disease dynamics, it is rather burdensome to account for other dy-
namic aspects. As mentioned above, this paper should be read as gauging the effects of short-run
shocks due to the pandemic from a long-run perspective. We leave out long-run dynamic aspects
to isolate these effects. For these aspects, readers may be referred to Chernoff and Warman (2022)
and Gordon and Sayed (2022) for the effects of the pandemic on technological changes and Hsu
et al. (2022) and Kozlowski et al. (2020) for the long-lasting effects of scarred beliefs.

The rest of the paper is organized as follows. Section 2 describes the model; Section 3 intro-
duces the data and how the model is calibrated; Section 4 presents the quantitative analyses of

the effects of the pandemic and studies optimal containment policies; Section 5 concludes.

2 Model

Our model incorporates the evolution of the pandemic and the labor productivity shocks arising
from the pandemic into a general equilibrium Eaton and Kortum (2002) model with multiple

sectors.



2.1 Preference

There areK countries, each of which has an initial population of Nj;i 2f 1;2;::;;K g. There ared
sectors, each of which consists of a unit continuum of varieties. The nal-good consumption of

an individual in country i in period t, g, consists of a Cobb—Douglas bundle of sectoral goods:

w . ]
Gt = (qFtJ) [
j=1
and each sectoral goodoft;j is made of a CES composite:
i Z Ei 1 T
Gy = . G (1) d! : 1)
where th;j (') is the amount of variety ! used for nal consumptionand > 1is the elasticity of

substitution. The lifetime utility of an individual (in a dynastic sense) is given by

x t
Ui = u(Git);
t=0

where s the discount factor and u is a concave and strictly increasing function.

2.2 Production

Labor and capital are the fundamental inputs for production, and the production in each sector
potentially uses intermediate inputs from all sectors. Countries differ in their productivities
across sectors and varieties. Production technology exhibits constant returns to scale. Both the
goods and factor markets are perfectly competitive.

LetM ij;t (! ) denote the use of the composite intermediate goods by the rms producing vari-

ety ! in sectorj and country i; it is made of a Cobb—Douglas composite:

wh= @’ @
I=1
where the sectoral good q’?’t“' is made by the same CES aggregator across varieties as in (1) with
the inputs being q'\;’t';j (). Note that each sectorj's intermediate composite's expenditure share
on sectorl's good, ij” , IS country-speci c.

Denote a country-sector-time-speci ¢ pandemic shock parameter on the production function
by B{;t, which will be speci ed later; for the pre-COVID-19 economy, this term drops out as
B{;t = 1. The production function of a variety ! insectorj and country i is given by

_ h [ Li h [ i Lok
z (1) BlLi (1) Ki (1) M () T

Liy Yoo Kjy K L;j K b K
(ij)'(ij)'(l iJ ij)l' :

yh (1) = : 3)



where L{;t (') and Kij;t (1) are the labor and capital hired for this variety and the Hicks-neutral
productivity z{ (1) is drawn i.i.d. from a Fréchet distribution: Pr(x <z) = exp( Tij z ), where
Tij > 0is the country-sector-speci ¢ scaling parameter and > 1is the shape parameter. The
draws are also independent across countries and sectors.

The trade cost is of the standard iceberg-cost form: to deliver one unit of sector-j variety from

country i to country n, ij;n 1 units are required to ship. The unit cost of delivering a good from
country i to country nis c!;t ij;n :z{';t(! ), Where
o
. Wit ! Kij M Lij Ki
oy = Bill (rie) © (P )t (4)
it

where w;y and rix are country i's wages and capital rent. Here, c{;t is indeed the unit cost to
produce a sectorj variety under unit productivity. In this environment with perfect competition

and constant returns to scale, prices equal then(delivered) m%rginal costs, and each country n
buys from the cheapest source: pj,, (! ) = min; ¢, {,=2,(!) . Standard derivations yield the
price indices of the sectoral goods Pij;t, those of the nal consumption goods Pj;, and those of

the sectoral intermediate goods Pi';\t";j , respectively:

Z T Y h i

PJ - 1pj 1)1 O = T— p) . PM;j — ¥ P_| e 5
it~ i;t(- ) ) it — it ) it T ( |;t) b (5)
0 j=1 =1

2.3 Pandemic and Economy

We incorporate a standard epidemiological model, i.e., an SIRD model, as follows. At any pe-

riod t, the population of country i, N;, consists of people who are Susceptible (S;;, have not
been exposed to the disease)) nfectious (I, have contracted the disease),Recovered (R;, have
recovered and are immune), and Deceased D, died from the disease). As we abstract away

from population growth, N; = St + It + R;t + Djt: The epidemiology is characterized by

Si;t+1 = Si;t Ti;t + SRi;t
lit+r = lig + Tix  ( "+ i(?t)li;t
Rit+1 = Rix + "lig °Riy

— d .
Di;t+1 = Di;t + i;tli;tv

where " and ,dt are the probabilities of recovering and dying from the infectious state, respec-
tively, S is the probability of losing immunity for the recovered, and  T;: is the number of newly
infected people. To capture the fact that the strain of the number of infectious people on the

medical system generally increases the mortality rate i‘.’t , We assume i‘.’t = 944 |1=N;, where



> O0and Yis the base mortality rate. This linear form is also assumed by Alvarez et al. (2021).
Next, we link the SIRD model back to our economic environment. As deaths reduce the labor
force and infections negatively affect individuals' labor supply, the effective labor force at time  t

is
Lit = Sit + Rix +  'lig; (6)

where a fraction 1 I of labor time is lost from contracting the disease.

Let { 2 [0; 1] be the capacity to work from home for sector j in country i, and let ; 2
[0; 1] be the degree of the containment measure in country i at time t; ;; = 1 means a total
lockdown whereas i+ = 0 means totally laissez-faire, but a containment policy can be anywhere
in between. Assume that during a pandemic, workers who can work from home (the fraction of
such workers is ’, ) work from home regardless of the containment policy, but for those workers
who are unable to work from home, they must still meet in workplaces if allowed. If a country's
containment measure is t, then a fraction (1 %) of workers are locked away. Only those
who are not locked away still meet; the fraction of such workersis (1 )1 ’, ). Assume that
the containment measure also applies to interactions in general activities. The number of newly

infected individuals is given by

p h o
@ i) {Silie+ L@ e Dl sl
i ;

Tit =
it Ni ’

(7)

where ‘{;t is sector j 's employment share in country i attime t,and - and ! are the infection
rates from interactions at workplaces and from general activities other than working, respec-
tively. Similar forms have been used in Eichenbaum et al. (2021) and Jones et al. (2021). The
key difference between our study and these macroeconomic models is that instead of focusing
on how households react to the pandemic by cutting their consumption and labor supply, we
expand in the country and sector dimensions to study how sectoral employment shares f‘{;t gre-
act to changing circumstances of containment policies, augmented by the sectoral WFH capacity,
and subsequently affect the speed of disease spread.

As the effective labor time supplied per worker in sector j and country i is reduced to { +
(1 it)(d {) =1 it (1 ‘,) the employers can pay the full wages even when workers'
effective time supplied is reduced or they can choose to lay off workers or hire part-time. In the
former case, employers absorb the shocks directly, whereas the workers absorb the shocks in the
latter case. Both scenarios are present in reality, and their effects are similar. To keep the model
tractable, we focus on the former case. Thus, the pandemic-shock parameter in the production
function (3) is B{;t 1 (1 {) 2 [0; 1]. In the case where 1 = 0 (as would be the case when

there is no pandemic or when a laissez-faire policy is adopted), B{;t =1.
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Observing (3) and (7), a more stringent containment measure (higher ) reduces infections
but hurts production; both effects are mitigated if the sector of concern has a larger WFH ca-
pacity. Both effects also differ across countries due to the differences in infection probabilities
f I, Lgand country-speci c production parameters. The international division of labor re-
ected by f ‘{;t g provides an endogenous souroé cross-country heterogeneity in the rate of trans-
mission. We allow for | and } to differ across countries because these may re ect country-
speci ¢ environments, such as geography, climate, or culture, that potentially affect the rate of
disease transmission given the same intensity of interactions in workplaces and in general.

Assuming < +1, the price index of a sectoral good is given by

| x 7
Prt = T St kin : (8)
k=1

+1 1=1 )

where , and the expenditure share of sector-j goods that country n pur-

chases from country i is given by
j ~ TiJ C:;t iJ;n _ )
it T P K . . . '

k=1 TIJ< Clk;t lj<;n

Importantly, note that the effect of the pandemic shock Bf(;t is already incorporated in c!;t asin
(4).

Containment policies combined with WFH capacity create temporary shifts in comparative
advantages during the pandemic. If all countries adopt the same containment policy, a country i
gains a comparative advantage in those high { sectors as the corresponding Bf;t 's are larger.
This means that a country's containment policy affects its own and othecountries' distributions of
sectoral employment. Subsequently, their rates of disease spread change, thus affecting the labor
supply (and hence wages and comparative advantages) in the next period. Such a cross-country
externality of containment policies cannot be captured in a closed-economy model. Moreover,
this model is not a Caliendo—Parro model repeatedly shocked by a disease evolution that runs
independently. Instead, it features a dynamic mechanism in which the economic situations also
change the speed of disease spread.

Here, we can already comment on the potential roles of international trade during the pan-
demic. First, besides trade being a more ef cient scheme, it may dampen the adverse effects of
containment measures on the economy because it ampli es the expansion of the WFH sectors,
which are less subject to these measures, relative to the expansion in an autarkic world. Second,
when the economy shifts its weight toward WFH sectors, the sectoral employment shares ‘{;t

of these sectors increase. Thus, infections through interactions in workplaces are reduced, as is
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evident from the second term in the numerator of (7). Because trade ampli es the expansion of
WFH sectors during the pandemic relative to autarky, it is expected to help reduce infections

and hence total deaths.

2.4 Equilibrium

Let R{;t denote the total revenue of country i's sectorj, Xim denote the total expenditure of

country n on goods in sectorj, and X+ denote the total expenditure of country n. By de nition,

. P : .
RL, = ' L. X} Thelabor and capital market clearing conditions are therefore
X Li Ri XX Li o i
Wit Li:t = P Ri;t = P in;t Xn;t (10)
i=1 j=1 n=1
X Ki Ri X X Ki ] i
Fie K = i Ry = i bt Xt (11)
ji=1 j=1 n=1

Following Caliendo et al. (2019), we incorporate the observed trade imbalance. In each country i,
local capital is owned by immobile rentiers, and rentiers send all rents to a global portfolio and
then receive a xed share ' ; from the global portfolio. Let Y;: be the total income of country i at
time t, satisfying
X
Yit = WigLie + i K (12)

n=1
By the de nition of X ij;t , producers also spend shares of costs in purchasing intermediate inputs
from various sectors; total expenditure X ij;t is given by
I; L;l K;l .
X ij;t = J| i + iJ (1 i i) il;n;t X rll;t- (13)
=1 n=1
Note that in this model with trade imbalances, the total revenue of a country may differ from its

total income, which is its total expenditure on nal goods. Thus, a country has a trade de cit
J

j:
intermediate inputs (the second term on the right-hand side of [13]).

if its total income Y;; is larger than its total revenue ( 1 R{;t) net of its total purchases on
A brief description of the equilibrium algorithm is given as follows; the detailed algorithm

is relegated to the online appendix.? We rst solve the equilibrium at time t given the SIRD

objectsf Sit; lit; Rit; Dixgand f Lt g from (6). Given wages and rental prices of capital fwi;rit 0,

fde P Pl PR ; X k0 are obtained from (4), (5), (8), (9), and (13). Equilibrium wages

and rental prices of capital are obtainedﬁ‘rom (10) andi (11). In particular, sectoral employment

i i
(N ;n;t

shares are computed by‘{;t = iL;J' R{;t = i";' R, . Then, the next-period SIRD objects are

2The online appendix is available at https://wthsu.com



obtained from the law of motion speci ed in Section 2.3 with the number of newly infected fT;tg

given by (7).

2.5 Welfare

A pandemic poses uncertainty to individuals as to how one will fare in terms of the compart-
ments f St ; it ; Rit; Dix 9. For a country i, its welfare is measured by the sum of individual ex-
pected lifetime utility in which everyone's probability of falling into each compartment is given
by the fraction of people in that compartment. Note that this probability is unconditional when
viewed at time O.

The welfare of country i is given by

3 wit + b 'wie + by
U= U(SprRou MR Ly MR L pue) s e
t=0 It it
where
P
by = L w:l Kn:itMn:it
Si;t + Ri;t + Ii;t

is country i's capital income per capita. Note that the concavity of u re ects the degree of risk
aversion. This formulation treats an individual's death as a complete loss of labor, which implies
zero income and hence zero consumption. If u(0) = 0, then the loss from death is simply the loss
of utility from the other two outcomes before one's death. When u(0) 6 0, its value actually
re ects the psychological cost that one may have toward death. As it is dif cult to calibrate
psychological costs, we setu(0) = 0 for a relatively clear benchmark. In most cases, it is easy
to predict the direction of how our results change when psychological costs are incorporated.

When u is linear, i.e., the risk-neutral case, a country i'slyvelfare actually becomes the present

. P Lt + i N Kt
value of aggregate real income: U = = -, e Wit S lP n=1 »nit nt.
it
The global welfare is de ned analogously:
X
U= Ui
i=1
xR wii + b 'wit + b
= Y (Sit + Rix)u 'tpht + liu 'Ft,ht + Di;u(0) : (15)
i=1 t=0 "t "

As U; is already the aggregate welfare that takes into account the population in country i, the

global welfare is simply the sum of individual countries' welfare.
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3 Calibration

This section describes how we quantify the model. We rst present the calibration for the inter-
national trade model and then discuss how to calibrate the epidemiological parameters. More

details of the quanti cation are relegated to Appendix A.

3.1 Economic Parameters

For our quantitative analyses, we set the per-period utility as

u@= @DT_L

We choose this functional form for three reasons. First, this speci cation is similar to the CRRA
(constant relative risk aversion) utility if the term g+ 1 is replaced with g. Thus, it is approx-
imately CRRA when qis large; the parameter measures the degree of relative risk aversion.
Second,u(0) = 0, which satis es our requirement to leave psychological costs out of the model;
note that the exact CRRA utility entails limg ou(q) ! 1 when 1 and is therefore not
implementable. Third, = 0 corresponds to the risk-neutral case. Following Low and Pistaferri
(2015), the relative risk aversion is setto 1.5. Following Farboodi et al. (2021), we set the annual
discount factor as 0:95. Therefore, the daily discount factoris = 0:95%5  0:99986 As will be
explained below, we will simulate the economic module of the model at a quarterly frequency;
thus, in our computation, the economic module repeats for 90-92 days with the daily discount
factor being applied.

The economic environment is calibrated to the world economy prior to the COVID-19 pan-
demic using the World Input-Output Database (WIOD) and Centre d'Etudes Prospectives et
d'Informations Internationales (CEPII) data. There are 41 countries in this data set. We aggre-
gate the 56 WIOD industries into six sectors (one primary sector, three manufacturing sectors,
and two service sectors distinguished by high skill and low skill). Hence, K =41 andJ =6.

The share parametersf {g in the utility and production functions are calibrated using the
input-output information in the WIOD. With data on total capital compensation for each country
from the Social Economic Account (SEA) in the WIOD, the country-speci ¢ portfolio shares f' ‘, g
are calibrated to t trade imbalances. Given the data on trade shares and geography from the
WIOD and CEPII, the model's gravity equations and hence trade costs f ij;n g can be estimated.
Following Simonovska and Waugh (2014), we set the value of trade elasticity = 4. Given trade
elasticity, estimated trade costs, the share parametersf { g, and data on wages obtained from the
SEA, the productivity parameters fTij g can then be backed out using the model structure, as in
Fieler (2011) and Ravikumar et al. (2019).
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The values of WFH capacity f {g are obtained from Dingel and Neiman (2020), who com-
pute such capacity by occupation and then aggregate to NAICS industries. We map their 3-
digit NAICS results to WIOD industries and our aggregate sectors. The containment measures
f itg are obtained from the Stringency Indexof the Oxford COVID-19 Government Response
Tracker (OXCGRT; Hale et al. 2020) at a daily frequency. This index summarizes a government's
responses in terms of various closures and containment measures, including school and work-
place closures, stay-at-home requirements, border control, and restrictions on gatherings, public

events, public transport, and internal movements, as well as public information campaigns.

3.2 Epidemiological Parameters

Next, we turn to the epidemiological parameters f ; ¢ S;; !; L. 1:1;0g. Note that recov-
ery rate ', death rate d reinfection rate S, medical preparedness , and reduction in produc-
tivity ' are the same across countries, while | and [, the infection rates from workplace and
general activities, are country-speci c. We now describe how these parameter values are set.

For the parameter values that are the same across countries, we follow the choices in the
literature. As in Atkeson (2020) and several other macro-SIRD models, we set " + 9 = 1=18;
which means that it takes on average 18 days to either recover or die from the infection. The case
mortality rate is setat 9 = 0:016 1—18 According to Helfand et al. (2022), we set ° = 0:476%
Following Alvarez et al. (2021), we set = 0:05 %. As a WHO (2020) COVID-19 Situation
Report indicates that asymptomatic and mild cases account for about 80% of the infections, we
set ' =0:8.

As for parameters that are country-speci ¢, we describe how to calibrate them. For our pur-
pose, itis important to account for the variations in the rate of disease reproduction across coun-
tries, the key parameters for which are the two infection probabilities f !; Lgin (7). Also, for
the epidemiological evolution to commence, an estimate of 1o is required (as Sio = Ni o
and R;j.o = Dj.0 = 0); ;.0 is generally unknown and must be estimated because the society might
be unaware of, unprepared for, or on low alert for the disease so that the number of the rst few
reported cases may be quite off. From the SIRD module of the model, we can simulate daily
time series of the cumulative total death for each country during the pandemic. The time period
of the pandemic is set to be the entire two years of 2020 and 2021, the reasons for which will
be explained shortly. For each country, parameters f !; L;l;.0g are estimated by the non-linear
least squares method that minimizes the sum of squared distance in the cumulative total deaths
between data and model. The data on total deaths is downloaded from the Humanitarian Data

Exchange website3 Our estimated model ts the data reasonably well, as the cross-country av-

3See Dong et al. (2020)fttps://data.humdata.org/dataset/novel-coronavirus-2019-ncov-cases ) for data.
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(a) Average Effective Reproduction Number Rei  (b) Calibrated Basic Reproduction Number Rg;

Figure 1: Effective Reproduction Number Re;i and Basic Reproduction Number Ro;

erage of the normalized root-mean-square deviation (NRMSD, which is an inverse measure of
model t)is 0:25 (the average R? is 0:87).

Note that we choose to match the total deaths over time because the numbers of total con-
rmed cases are noisier and do not fully re ect actual total infections. We have a calibrated ver-
sion that is based on the total con rmed cases, and the results are qualitatively similar. Also, note
that cultural and institutional factors may simultaneously affect the two infection rates. Even
though, theoretically, the two infection rates - and | are independent, our calibration strategy
already connects the two infection rates tightly, because we borrow the results in Eichenbaum
et al. (2021) and assume that 1/3 of the infections come from workplaces and 2/3 from general
activities. Thus, both calibrated rates are higher for a country with more infections and deaths.

We regard the pandemic period as the two years from January 1, 2020 to the end of 2021.
The reasons are mainly three-fold. First, the Omicron variant, which is much more contagious
than the previous strains and hence replaces them, is much less lethal. The Omicron variant
was discovered in South Africa in early November 2021 and spread to the entire world in two
months. Second, various cures became available around late 2021 and early 2022. Third, mass
vaccinations and cumulative infections have helped establish certain degrees of immunity. Due
to these reasons, most countries have adopted a “living with COVID-19” policy and abolished

most containment measures.

3.3 Reproduction Numbers and Model Fits

We now discuss certain implications of the calibration that are of interest. First, note that a key

object in epidemiology is the effective reproduction number Re:;t, which is the number of cases

“For example, Paxlovid was authorized in the US and EU in December 2021 and January 2022, respectively.
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directly generated from one case, is given by
2 3

Reit - 18=(1 w4+ @ L5 18 T (16)

it (=1 i
To further understand the signi cance of Re:it, note that the expression in brackets is actually
the rate of transmission (the rate of getting infected from susceptible people); when this rate is
divided by the rate of leaving the infectious compartment, 1=18, it entails the number of cases
directly generated from one case at the onset of the disease and without government intervention
(s0Sit=N; =1 and 1 it = 1). This is actually the famous basic reproduction number Ry,
although in our model it is actually country-speci ¢ and time-varying (denoted as  Rg;t) due

to cross-country differences in f |; 1 gand the time variability in ‘{;t. Then, the effective
number of cases generated directly from one case is the product of R+ and the fraction of
“effective” susceptible people givenby (1 i:t)Sit =Nt .

From (16), it is easy to understand two main strategies for combating the disease. One ap-
proach is to impose suf ciently stringent containment measures so that the effective reproduc-
tion number goes below 1, in which case the disease spread slows down, and to wait for vaccines.
The second approach is to use various ways to “protect the vulnerable” while letting the disease
spread faster in the hope of herd immunity. In the rst approach, 1  { remains low, but the
fraction of susceptible in the population remains high; this approach would not be feasible with-
out reasonable prospects for vaccines in the near future. In the second approach,1  ;: is high,
but S;t=N; goes down faster and when S;; =N; is so low that Re;;t < 1 even when there is no
containment measure ( i1 = 0), herd immunity is reached.

Figure 1 shows the over-time average of both Rg;it and Re;t for each country. There is
considerable cross-country variation in the basic reproduction humber, ranging from slightly
below 2 to slightly above 4. However, when it comes to the effective reproduction number, the
variation is much smaller. Most importantly, the scale of average Re;t is much smaller than
that of average Ry, with the former being close and slightly below 1 for most countries. This
indicates a strong containment effort from governments across the globe to slow the spread of
the disease.

Finally, we demonstrate the model t of the economic side of our calibration. As one of
the main goals is to study the role of international trade, it is important to check whether our
model does a reasonable job of matching the observed cross-section of trade shares. Figure 2
plots bilateral trade shares generated using the model against those observed in the data. The
NRMSD is 0:17. This suggests that our model captures pre-pandemic trade ows reasonably

well.
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