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Abstract

This paper provides estimates of COVID-19 effective reproduction numbers and explains
their evolution for selected European countries since the start of the pandemic taking
account of changes in voluntary and government mandated social distancing, incentives
to comply, vaccination and the emergence of new variants. Evidence based on panel data
modeling indicates that the diversity of outcomes that we document may have resulted
from the non-linear interaction of mandated and voluntary social distancing and the
economic incentives that governments provided to support isolation. The importance of
these factors declined over time, with vaccine uptake driving heterogeneity in country
experiences in 2021. Our approach also allows us to identify the basic reproduction
number, Rp. It is precisely estimated and differs little across countries.
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1 Introduction

The COVID-19 pandemic has claimed millions of lives and brought about very costly government
interventions to contain it, with unprecedented and widespread economic disruption worldwide.
China responded to the outbreak with strict policies, including binding and mandatory social
distancing. These policies have initially proved successful in containing the epidemic in China,
but later became much harder to sustain. At the other end of the spectrum, for example, Sweden
initially attempted to let its epidemic run its course with only minimal interventions from the
government. Other countries responded by adopting a mixture of policies, either by deliberate
choice or due to popular opposition to the implementation of lock-downs or even milder forms
of social distancing. What drives heterogeneity across countries in outcomes? As the COVID-19
pandemic evolved into a an endemic infectious disease in the midst of heated debates on the pros
and cons of social distancing, what lessons do we learn for the management of future epidemics?

In this paper, we contribute towards answering these questions by providing estimates of
COVID-19 effective reproduction numbers and explain their evolution for selected European coun-
tries since the start of the pandemic in early 2020, taking account of changes in voluntary and
government mandated social distancing, economic support to comply with isolation, vaccination,
and the emergence of new mutations.! Although the European countries we focus on had similar
patterns of transmissions at the beginning of the pandemic, they end up with quite different out-
comes. We show that familiar factors such as social distancing, incentives to comply, or people’s
voluntary responses to the epidemic on their own cannot account for the heterogeneity of outcomes
that we document across selected European countries over the period 2020-2021. Vaccine uptake,
however, clearly becomes the dominant factor accounting for country differences in outcomes in
2021.

Reproduction numbers are epidemiological metrics to measure the spread of an infectious dis-

ease. The basic reproduction number, denoted by Ry, is the number of new infections expected to

"We only report the results for selected European countries in the paper, but compute rolling estimates of ef-
fective reproduction numbers and transmission rates for all jurisdictions for which Johns Hopkins University (JHU)
reports case statistics. The estimation results for selected key countries and regions are available in the online sup-
plement. Results for all countries in the JHU dataset and also our codes are available on the authors’ websites
(sites.google.com/site/alexanderchudik/, pesaran.com, sites.google.com/site/alessandrorebucciphd/).



result from one infected individual at the start of the epidemic, assuming no interventions. Com-
putation of the reproduction number is inherently model specific. Within a classical susceptible-
infectious-removed (SIR) model the basic reproduction number is given by Rg = (,/7, where
is the initial (biological) transmission rate, and ~ is the recovery rate. Since the transmissibility
of a disease will vary over time due to changes in immunity, mitigation policies, or voluntary pre-
cautionary behavior, the effective reproduction number, which we denote by R.;, measures the R
number ¢ periods after the initial outbreak. As we show in the paper, in the classical SIR model,
we have Rer = (1 — ) /7, where ¢ is the per capita number of infected cases at time t. As a
result, conditional on this particular epidemiological model, one can separate changes in R.; due
the extent to which the susceptible population is shrinking, 1 — ¢; (which we call herding), or due
to changes in the transmission rate, ;. Social distancing, either voluntary due to precautionary
behavior or mandatory due to non-pharmaceutical interventions (which we also call mitigation or
containment policies for brevity), compliance with mandated measures, and immunity changes due
to virus mutations or vaccination all lead to time-variation in the transmission rate.

We obtain estimates of time-varying transmission rates, §;, using a moment condition recently
derived by Pesaran and Yang (2021), henceforth PY from an agent-based stochastic network model
of the epidemic diffusion. We extend the PY model to allow for time variations in underlying
drivers of the aggregate transmission rate (,, which in this model can approximately be written as
Tiky/ 1y, where k; is the mean number of contacts during day ¢ amongst the population, 7; is the
mean exposure intensity to the virus given contact, and u, > 1 captures the mean immunity level
in the population.

Our estimation method only requires data on infected cases, thus complementing estimation
methods that make use of death statistics. Both the reported number of infected cases and deaths
are subject to important measurement issues, with different countries adopting different concepts
and standards. In a number of countries, COVID-19 death statistics have undergone major revisions
on several occasions. For example, the United Kingdom death toll was revised downward by 5,377
on August 12, 2020 after a review concluded that daily death figures should only include deaths

which had occurred within 28 days of a positive COVID-19 test. We follow the medical evidence



in Gibbons et al. (2014), and introduce a multiplication factor (MF) to allow for under-reporting
of infected cases, and investigate the robustness of our results to different choices of MF.

To understand the potential factors behind the heterogeneous evolution of effective reproduction
numbers in Europe, we separate the herding component (given by shrinking share of the susceptible
individuals in the population) from the transmission rate, and empirically model the latter condi-
tional on our chosen epidemiological model. In our set up, the transmission rate depends on the
average number of contacts, individual-specific susceptibility to becoming infected, and the average
exposure intensity given contacts, which in turn depends on wearing of face masks, and other rec-
ommended precautions, as well as the average degree of immunity in the population. Accordingly,
in our empirical analysis we assume that a country’s time-varying transmission rate potentially
depends on five factors: mandatory and voluntary social distancing, economic support to comply
with mandatory polices, vaccine uptake and virus mutations.

Consistent with a simple decision theoretic model of voluntary social distancing presented in
the paper and a large body of empirical evidence, we consider both government-mandated social
distancing policies and voluntary self-isolation. We also control for government economic support
that affects the incentive to comply as reported in survey data (e.g., Papageorge et al., 2021;
Hamermesh, 2020). To proxy mandated-social distancing and incentives to comply with these
policies we use the stringency and support indices compiled by Oxford COVID-19 Government
Response Tracker project.? To assess the potential impact of voluntary social distancing, we allow
for threshold effects capturing the impact of fear of becoming infected arising from news of rising
cases on individual precautionary behavior.® The importance of these factors in controlling the
effective rate of transmission is jointly estimated within the context of the epidemic model. In
2021, virus mutations and vaccine availability and uptake became more prominent. Thus, we add
to the baseline model the population share of vaccinated people and the Delta share of the confirmed
sequenced cases, and we re estimate the model through November 2021.

We focus on nine European countries with similar starts to the epidemic outbreak in March 2020,

2 Available at https://www.bsg.ox.ac.uk/research /research-projects/coronavirus-government-response-tracker.
3In addition to alternative choices for multiplication factor controlling misreporting of cases, our estimates are
also robust to alternative specifications of the threshold effects.
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but with differing outcomes subsequently. In a pre-vaccine sample, we find that all determinants
of the transmission rate considered in the paper are statistically highly significant and have the
expected signs, and have been important in bring downing the effective production number, R,
below unity over sustained periods. However, in the post-vaccine sample ending in November
2021, we find that vaccine uptake is the most important contributor to the decline in the effective
transmission rate. In both samples, we estimate model-consistent basic reproduction numbers to
lie between 5 and 6 for all the European countries that we consider, somewhat higher than the
early estimates of around 3 reported in the literature and documented below.

In conclusion, our empirical analysis shows that mandatory and voluntary social distancing
and incentives to comply were critical in bringing the reproduction number below one. Similarly,
vaccine uptake in 2021 is estimated to be the most important factor contributing to the reduction

in effective transmission rates, but the other factors continued to be salient.

Related Literature A very large body of research investigates the COVID-19 outbreak and the
policies to contain its spread.? For example, Fang, Wang, and Yang (2020) analyze efforts to
contain the COVID-19 outbreak in China, measuring the effectiveness of the lock-down of Wuhan
and showing that these policies also contributed significantly to reducing the total number of
infections also outside of Wuhan. Similarly, there is ample reduced form evidence on the impact
of mandatory social distancing using state and county level data in the case of the United States,
and for a few other countries. However, there are not many studies on the relative importance of
mandatory and voluntary social distancing, especially comparative across countries.

Caselli et al. (2020) find that both lock-downs and voluntary social distancing helped con-
tain the first wave of COVID-19, but mandatory interventions have been critical. Jinjarak et al.
(2020) find that more stringent policies are associated with lower mortality growth rates in a large
cross section of countries but with some heterogeneity depending on demographics, the degree of
urbanization and political freedom, as well as the international travel flows. In general, however,

countries with more stringent policies at the onset of the epidemic realized lower peak mortality

“See Brodeur et al. (2020), Gupta, Simon, and Wing (2020), and Avery et al. (2020) for surveys of the early
literature through the end 2020.



rates and exhibited lower duration during the first epidemic wave. We distinguish not only be-
tween mandatory and voluntary social distancing, but also consider the incentives to comply and
herd immunity in lowering the reproduction number, as well as vaccine uptake and mutations. To
our knowledge, no study which considers voluntary or government-mandated social distancing also
controls for the possibility of herd immunity and distinguishes its impacts on effective reproduction
numbers from the influence of policy and/or behavioral factors.

A number of studies consider the effects of different intervention strategies — such as isolating the
elderly, closing schools and/or workplaces, and alternating work/school schedules — which should
lower the average number of contacts of specific age groups, contact locations, or time windows rel-
ative to normal (pre-COVID) patterns using calibrated behavioral SIR or compartmental models.’
We take an empirical /econometrics approach calibrating only the recovery rate, v; a parameter on
which we have much more precise clinical information.

Various methods are available in the epidemiological literature to estimate the reproduction
numbers at the beginning and/or in real time during epidemics. Estimation of reproduction num-
bers based on different models are reviewed by Chowell and Nishiura (2008), Obadia, Haneef, and
Boélle (2012), and Nikbakht et al. (2019). More recent contributions, focusing on estimation
of reproduction numbers for the COVID-19 pandemic based on death statistics include Atkeson,
Kopecky, and Zha (2020b), Baqaee et al. (2020), Korolev (2020) and Toda (2020). As we noted
earlier both death and case statistics are problematic, and we provide complementary evidence re-
lying only on case statistics correcting for measurement errors and under-reporting. Other closely
related papers are Ferndndez-Villaverde and Jones (2020), Atkeson, Kopecky, and Zha (2020a),
and Cakmakli and Simsek (2020).

The rest of the paper is organized as follows. Section 2 discusses SIR model with time-varying
transmission rates. Section 3 presents the method and estimation results for the transmission rates
and reproduction numbers for selected European countries. Section 4 sets up the panel data model

to assess the relative importance of the key factors driving the effective transmission rate over time

5See for example Acemoglu et al. (2020), Akbarpour et al. (2020), Alvarez et al. (2021), Atkeson et al. (2020b),
Cakmakli et al. (2021), Cakmakli et al. (2020), Chudik et al. (2020), Favero et al. (2021), Matrajt and Leung (2020),
and Toda (2020), among many others.



and across countries and reports the estimation results. Section 5 concludes. Appendix presents
an extension of PY model to allow for time variations in key parameters affecting the transmission

of the virus.

2 A SIR model with time-varying transmission rate

There are many approaches to modelling the spread of epidemics. The basic mathematical model
widely used by researchers is the susceptible-infected-removed (SIR) model advanced by Kermack
and McKendrick (1927). This model and its various extensions have been the subject of a vast
number of studies, and have been applied extensively to investigate the spread of COVID-19.

The basic SIR model considers a given population of fixed size n, composed of three distinct
groups, those individuals in period ¢ who have not yet contracted the disease and are therefore
susceptible, denoted by S;; the ‘removed’ individuals who can no longer contract the disease,
consisting of recovered and deceased, denoted by R;; and those who remain infected at time ¢ and
denoted by I;. Thus,

n:St+It+Rt. (1)

As it stands, this is an accounting identity, and it is therefore sufficient to model two of the three
variables (S, I, and R;) to obtain the third as the remainder.

The classic SIR model is deterministic. It is cast in the following set of difference equations (for

t=1,2,..,T)
Sit1 =5 = =SBy, (2)
Liwn -1 = Si81 — Iy, (3)
Rt+1 — Rt = ’)/It- (4)

The parameter ( is the rate of transmission, while v is the recovery rate. The evolution of the

epidemic crucially depends on these two key parameters. It is easy to see from equations (2)-(4)

5A comprehensive treatment is provided by Diekmann and Heesterbeek (2000) with further contributions by Metz
(1978), Satsuma et al. (2004), Harko et al. (2014), Salje et al. (2016), amongst many others.



that, without any mitigating intervention, the epidemic will spread if 8/y = Ro > 1 and will
stops spreading only once (Rg — 1)/Ro proportion of the population are infected. The parameter
Ro is known as the basic reproduction number, defined as “the average number of secondary cases
produced by one infected individual during the infected individual’s entire infectious period assuming
a fully susceptible population” (Del Valle et al., 2013). The ratio (Rg —1)/Ry is also known as the
herd immunity threshold.

In the case of COVID-19, a number of different estimates have been suggested in the literature,
initially placing Ro somewhere in the range of 2.4 to 3.9, with even larger numbers for more recent
variants of concern such as Delta and Omicorn.” So, the classical SIR model predicts that in the
absence of intervention as much as 2/3-3/4 of the population could eventually become infected
before herd immunity is reached. Inevitably, the estimation of R is model-dependent and different
epidemiological models will imply different estimates of Rg. Our panel estimates reported below
suggest Ry is in excess of 5 in Europe, requiring as much as 4/5 of the population to achieve
immunity before COVID-19 stops from spreading.

This well understood possibility triggered unparalleled mitigation and containment interven-
tions, first by China and South Korea, then Europe, the US and all other countries around the
world. Such interventions, which broadly speaking we refer to as “mandated social distancing”
include case isolation, mask mandates, banning of gatherings, closures of schools and universities,
and even local and national lock-downs; all aimed at slowing down the transmission rate of the
virus. It is clear that these policies, together with voluntary changes in behavior in response to the
epidemic, make it harder for the virus to transmit between individuals.

The standard SIR model (2)-(4) takes the transmission rate as given. In this paper, to isolate
and estimate the effects of different factors on the spread of the virus we treat the transmission
rate as time-varying, i.e., 8, and relate its evolution to changes in voluntary and mandatory social

distancing, the provision of economic incentives to isolate, as well as to vaccination uptake and the

"For example, using data from Wuhan, Wang et al. (2020) report a pre-intervention reproductive rate of 3.86;
Kucharski et al. (2020) estimate that, in China, the reproductive rate was 2.35 one week before travel restrictions
were imposed on Jan 23, 2020. Ferguson et al. (2020) made the baseline assumption of Ry = 2.4 and also examined
values of 2.0 and 2.6 based on fitting the early growth-rate of the epidemic in Wuhan by Li et al. (2020) and Riou
and Althaus (2020).



emergence of new variants. However, given the clinical evidence discussed below, we assume the
recovery rate 7y to be fixed over time. We will refer to 3,/ as the “effective transmission rate”.
Specifically, we adopt and extend the agent-based stochastic network model proposed by Pesaran
and Yang (2021), henceforth PY where infection of individual ¢ from a population of n susceptible
individuals is modelled using an unobserved variable z7,.,, as I (xft 11> 0), where I (A) is the
indicator function that takes the value of unity if A holds and zero otherwise. The latent variable,

X .
Zj 441, s modelled as

n
Tipy1 = Tit Z dij (t) zjt — Hirip41s (5)
j=1

where the first component, 7; 22:1 d;j (t) zjs, captures the contact pattern of individual i with
actively infected (contagious) individuals, denoted by the 0/1 variable z;;, using the stochastic
contact matrix, D(t) = (d;; (t)) and d;;(t) = 1 with probability k;;/n, and 0, otherwise, and k; is
the average number of contacts of individual 4 in day t. The coefficient 7;; > 0 captures the degree
(or intensity) of the exposure of individual 7 in day ¢ to the virus upon contacts. For example,
two individuals with the same contact patterns have different infection probability in day ¢ + 1, if
they follow different types of precautions as to their mask wearing and hygiene habits. Finally, the
term 14&; .11 > 0 represents individual it" immunity to becoming infected, which could depend
on whether the individual is vaccinated. Two individual with the same contact patters, and mask
wearing habits could have different infection probabilities due to having different levels of immunity,
either natural or vaccine induced. Overall, the latent variable xf’t 41 captures the contact pattern
of individuals, allows for varying exposure intensities as well as allows for individual heterogeneity
in natural or vaccine-induced immunity.

Social distancing, be it mandated and/or voluntary, mask wearing, frequent hand washing, and
other mitigating policies will decrease the transmission rate by decreasing the mean contacts per
day, k;, and/or reducing the mean exposure intensity parameter 74 in (6). Vaccinations, on the
other hand, are expected to decrease transmission rate, by increasing individual-specific resistance
to the virus, which manifests in an increase in ;. Virus mutations can increase the transmission

rate by affecting both p, and 7.



Using an aggregated version of the above model, 3, can be approximated by (See the Appendix
for details)

ki

/Bt ~ Tt, (6)

where k; is the average number of contacts during day ¢, 7, is the average exposure intensity of
the susceptible population to the virus, and g, > 1 is the mean immunity level in the population.
We exploit time series and cross section variations in factors that influence k;, 7 and p,, across
countries and over time. We also relate 3, to the average effective reproduction number, R, defined
as the expected number of secondary cases produced by one infected individual in a population that
includes both susceptible and non-susceptible individuals at time ¢. R.; depends on the effective

transmission rate (3,/7), and the share of susceptible population (s; = S;/n =1 —¢;), and is given

o= (82w

where ¢, = 1 — s; is the fraction of population that has been infected (cumulation of new infected

by

cases), and 1 — ¢; is the herd-immunity component of R¢;. It is also worth bearing in mind that at
the outset of epidemic outbreak, assuming a fully susceptible population, we have sy =1 (¢o = 0),
which in turn ensures that Reo = 5y5/7 = Ro.

In our empirical analysis, we will first provide country-specific estimates of the effective trans-
mission rate, 3,/y. We then model their evolution for a selected number of European countries
with similar initial epidemic trajectories. By focussing on the 3,/ component of R.;, we avoid

changes in R; that arise endogenously due to the rising number of total infections, ¢;.

3 Estimating time-varying transmission rates

PY show that the classic aggregate SIR model (2)-(4) with time-invariant transmission rate can be
obtained as an approximation (for a large population n) to the individual-based stochastic network

model of epidemic that we spell out in appendix, where individuals randomly interact with each



other.® In order to estimate country-specific time-varying transmission rates, 3,, we utilize the
following moment condition, modified to allow for time-variations in the transmission rate (see
equation (48) of PY, or equation (A.9) in the Appendix):

1— A
B (L5 i) = P O, 0

where i; = I;/n is the per capita number of infected individuals in day ¢. Since (3,i; is typically
close to zero and n quite large (in millions) we have (noting that in(1 + x) ~ x for a sufficiently
small x):

Aciyq

S—c) ~ (Bi/7) it + vig1, 9)

where E (v¢41 |i+) = 0, which corresponds to (2) in the standard SIR model. The evolution of i; and
re = R¢/n, as in the standard SIR model, are governed by (1) and (4), namely i = (1 — s¢) — 1 =

ct —ryand rp =141+ yig-1 =141+ (c—1 —74-1), and since 0 <y < 1,
(o.@)
it =ct — 72(1 — )1, (10)
(=0

which can be approximated well using current and past values of ¢, since ¢; = 0 for dates before
the start of the epidemic.

In principle, v can be estimated using time series data on r; and ¢;. However, data on recoveries,
Ry, either do not exist or are unreliable due to considerable measurement difficulties. For example,
in Europe, the recorded data on recoveries are unavailable for Spain and UK; they are of poor
quality for France and Italy; and they are relatively close to our estimated recovery for Austria
and Germany. To overcome this problem, we use (10) to impute data on i; assuming v = 1/14.
We obtain very similar results if we use v = 1/21.% The choice of v = 1/14 is consistent with

the assumptions made in designing quarantine policies based on clinical evidence and also used in

8Specifically, stochastic simulation results obtained by PY show that a single group model provides a good ap-
proximation to a multi-group alternative.

9An alternative, pursued for example by Ferndndez-Villaverde and Jones (2020), is to rely only on death data.
While some countries might have good death statistics, using COVID-19 death data pose challenges similar to those
raised by cases. The use of death data also has the added disadvantage of being a lagging indicator and could differ
across countries due to factors such as age composition, obesity, and the quality of care system.

10



calibrated behavioral epidemic models.!°

Another data issue surrounds the measurement of confirmed cases, which are likely to be under-
reported, in part due to the fact that a non-negligible portion (perhaps about a half) of the cases
is asymptomatic and therefore unlikely to be detected without large-scale testing. To mitigate the
problem of under-reporting, we follow the epidemiological literature (see, for example, Gibbons
et al., 2014) and assume that the magnitude of under-reporting is measured by the multiplication
factor (MF - the ratio of true to reported cases). Denoting the observed values of ¢; and i; by ¢&
and 7;, we have

¢ = MFé¢; and iy = MF%;.

The moment condition in terms of observed values (¢ and %) can be written as

1—MFcéq, - . - “
B | = = e AME R 11
t(l—MFétMt’ct) € ( )

Using the moment condition (11), we then compute rolling-window estimates of the transmission

rate as
t

1 — MFé ?

> _ . — T —BMF 7, _

By (W, MF) = Argming g <1—1\/IFE7—_1 _ o AMF i 1> : (12)
T=t—W+1

where W is the rolling window size, which we set to 14 days.!!

3.1 Multiplication Factor

We do not know the true M F. It is likely that confirmed cases were significantly under-reported at
the initial stages of the pandemic, when testing was not yet widely available. Among the selected
Furopean countries considered in the next section, the number of tests have gradually increased

over time from less than 0.5 test per 1000 people conducted daily in March 2020 to about 7

108ee, for example, the medical evidence documented in Ferguson et al. (2020) which implies a value for 7 in the
range 0.048 to 0.071.

The COVID-19 data for all countries except France and Spain are sourced from the repository of the Center
for Systems Science and Engineering (CSSE) at Johns Hopkins University (JHU) —available at https://github.com/
CSSEGISandData/COVID-19. We use World Health Organisation COVID-19 database (available at https://covid19.
who.int/WHO-COVID-19-global-data.csv) for France and Spain due to errors in the JHU data. The population data
(for year 2019) are obtained from the World Bank database, available at https://data.worldbank.org/indicator/SP.
POP.TOTL.

11
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tests per 1000 people at the end of 2021 (Chart 1). We can safely assume that the M F' ratio is
certainly greater than one, and likely to have declined over time from its initial value in March
2020. Estimates of M F' in the literature— see Jagodnik et al. (2020), Li et al. (2020), Havers
et al. (2020), Kalish et al. (2021), Rahmandad et al. (2021), and Pesaran and Yang (2021)-all
suggest significant under-reporting. In this section, and for the panel estimation in Section 4, we
report estimates assuming M F' linearly declined from 5 at the beginning of the pandemic to 2 at
the end of the sample, when testing was widely available. We also show that our estimates are
robustness to alternative specifications M F} values over the sample.!? Specifically, we also explore
the possibility for a larger M F' values starting at 8 and declining to 2.5. Both M F' scenarios yield
similar results.'3

Figure 1: Daily COVID-19 tests per thousand population in selected European countries

8
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Notes: The figure plots seven-day moving average of the number of daily COVID-19 tests per 1000 popula-
tion in Belgium, Germany, France, Italy and Poland (in aggregate). These countries were chosen to maximize
the available time coverage. There is no testing data available for Spain, and availability of testing data for
UK, Netherlands and Portugal start at a later date. Data is from Google’s COVID-19 Open-Data available at:
https://github.com/GoogleCloudPlatform/covid-19-open-data.

One additional challenge is that the reported daily data that we use are subject to weekly

within weak seasonality: the reported number of cases on Sundays is usually lower compared with

2The data from the Diamond Princess cruise ship reported by Moriarty et al. (2020) suggest about half of the
COVID-19 cases are asymptomatic, and therefore M F' = 2 seems to be a good lower bound.

31n earlier versions of this paper, we have considered constant values of MF (2, 3 and 5), which also give similar
results. Splitting sample into two subperiods with a high value of MF (5 or 8) for the first sub-period and a low value
of MF (2.5 or 2) for the second sub-period does not make much difference. In the online Supplement, we show that
estimates of R numbers are not sensitive to the choice of M F', but estimates of transmission rate in the later time
period of the sample in countries where substantial fraction of population has recovered, is sensitive to the choice of
MF.
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the infected cases reported for other days. To deal with this problem, as it is common practice, we
take seven-day moving averages of the reported data used in estimation. But again our results are

robust if we use reported daily cases without averaging.

3.2 Estimates of transmission rates and reproduction numbers in Europe

Daily data in case numbers, and rolling estimates of scaled effective transmission rates (3,/7) and
effective reproduction numbers (R.;) for selected European countries (Belgium, France, Germany,
Italy, Netherlands, Poland, Portugal, Spain, and the United Kingdom) are displayed in Figures 2-3.
We plot the scaled transmission rate 3,/ in place of 3, to make it easily comparable with the R
numbers on the same scale. The virus outbreak in continental Europe began with Italy in early
2020, with the recorded number of infections accelerating rapidly from February 21, 2020 onward.
Infections start to rise rapidly in Spain, Germany and France one week later.

The rolling estimates show that the R number fell below one in mid- to late-April 2020 in all
these countries. As lock-downs were eased during the summer of 2020, however, the R numbers
started to rise again. Importantly, by the end of the 2020, the R numbers were much more dispersed,
with some countries doing better than others. All large European countries show a second wave
much larger than the first one. The United Kingdom, Spain, Portugal and Netherlands exhibit
distinct third waves, with larger case counts compared with their second-waves. The distinction
between the (scaled) transmission rate and the reproduction numbers in Figure 3 permits assessing
the influence of herding, which become more salient toward the end of the sample period.'*

In summary, the reported estimates show that European countries display very similar patterns
during the first wave, but diverged significantly towards the end of 2020 both in terms of level of
effective reproduction numbers, epidemic peaks, and the importance of herd immunity in slowing
down the spread of the virus. In the next section, we exploit variation in outcomes across countries
and over time to shed light on the likely drivers of the heterogeneity documented. As with all

empirical analyses, the estimates we report are conditional on the chosen econometric model.

1Since ¢, is very small at the early stages of the epidemic then Re; and (B:/7) will be very close. The two measures
begin to differ at later stages of the epidemic where ¢; becomes sizeable. Recall that Re: = (8,/7)(1 — ¢t).
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Figure 2: New cases for selected European countries

Belgium

180

= o
> =] B
I « 3
= S 5
o
ge
o0
=]
m
=}
)
et
=
o o o a
[ Q Q o Q o o < N o Q Q o o
K © B ¥ ® W« o o 4 A o ® 6 ¥ § o U
. — T . TN e
8 AN g & e
€0 10N
m :aom m :_oom
] ates & 8 g5 &
10088 50 dag
11 By o1 By
T2t sz
ggune e
60ung grung
6T Aew m»%
2 g o
W TN .m = 12N
< ned  ® ol 82034
£ T g it
Tu
ﬁ 7980 th vO.. 1790
S =3 & o
a_%o 200
¢ des 000
6005 ¢1 085
61 6ny 62 bny
6zint 20 bny
80 e
e :Ms
2 fen Tefen
90 Ae 0T Aew
ST udy \ 61 1y
L 7N oy Uy
o o o o o o o o o o Q o o o o o
~ © n < 0 o - M. u m o o < N

The figure plots seven-day moving average of the number of reported daily new confirmed cases per 100k
14

population.

Notes



France

Belgium

Figure 3: Estimated transmission rates and reproduction numbers for selected European countries

0 [} 0
o o ] OQNqu o Jv o~ o nw o
G180 ' T390 9130
o S a%0g LN g SN |
e0ron § s 901N § PN §
€190 § 000 & 9280 g ¥I00 &
Nmmmm Q p1das § 5 ﬁ_wm Q [ mmm 9
10 %m 42 By 70 m:m 0 mmw
11 by o0 By ming a1y
e an feme an
g un e goine Tom
soune Toune am i
61 fe 11 Ay NN>§ 0z few
8z 1ty 07107 0 Mz 67 1dy
s b wn ity
)
R Mm ﬁh ..m res S 52094
0o g Qe o NEdF 064
gruer 5 o Uer .|0. gur o FTUer
i P = 2
AOf
TrAON ; mau PLAON ZT N
1210 €110 ¥210 o . o
0g das. s 010 000 k .
g0 Todss ardas ores i
61 by Ty @by by PR
& n Tofny o s
8ol g unp e goIne i &
[ goune gz une grune TR
Lzfen 61 Ao 0g e oz fe H s
90/e gz 1y §0/ei Lofen 716y
—e aLty e 101y o1 1y I or ity e
— ey T P it . P gt ] P Pt goine
0 ® 0 N o 4 o o 0 ® 0 N8 o A4 o o n © o N8 9 A4 u o 0 © 9 N u o © o arun
o N d s o N d o o N A S o o A o g a2 fen
o Tofen
o) 07 dy
o0 00N
= 126
G 90084
gruer
o) 9290
) 5020
h=1 FLAN
0 0 0 0 =] W0
oo o o 0 o o < o oo o U £010
T 61930 I 990 91990 T 67920 ? adas
870N Y20ON & SZAON & 820N & by
L00N § E0RON & AN § L000N § m _m,:ﬁ«
TR0 o €0 © IR0 © 1110 ¢
9205 & 2005 & g7 & Q095 & ogune
godes ¥ 10085 ¥ 200 ™ odes 0¢ Aew
51 fny 116y 216y Sy 60 e
s Zne an szine e , m MW‘
ot og unp T0ine yoIne
grung goun orung erunt I
€2 ke 6T Ae 0z e e fen
o oy s oty o
2N mv N = ] T2RN
L4 | e & ed o 8203
10634 g 004 T wed B 10034
mwe = o O v Ly ver
JAC w0 = 4SS 1290
! AL 0% A 9090
STAoN . oy ZrhoN STAON
5210 1210 (4] g 5210
0 Ms cmmmm 10 %o g%o
€1 des 600ss 0 das €1 dss
£2ny 6160y 0z fny V £ finy
20fny ») 6z ogine 20 6ny
an gt 60Ine m an
TZup L grun e
16 Ao Lz fen W 82 fe Tefen
[us @g 90 mz 0 mz o mg
61 1y STy g1 1y 61 1dy
— - e T ~ arm . T I e T I
m 1w N O 4 v o [ B B N B B ) L R R O R . ) w oo v N B d4 w O
N d s o N d c o it A s 3 « A o

15

Notes: The figure plots the reproduction number, Re: (solid red line), and the effective transmission rate, 8,/y
B, is estimated using (12), where the number of active infections is

computed using the data on confirmed cases minus imputed removed cases. The number of removed (recoveries +

deaths) is imputed recursively using Ry

) B/, where v = 1/14, and M F} linearly declines from 5 at the beginning

(1—=9)Ri—1 +vCi—1.

Ct

(1 - MF,

of the sample to 2 at the end of the sample.

B, %14 (dotted blue line). R



4 Modelling time-varying effective transmission rates in Europe

It is important to recall here that, in large populations as in our data, the transmission rate,
B, can change only if the biology of virus changes (mutations), a vaccine is introduced, people
change their behaviors either voluntarily or due to policy mandates. We now provide empirical
evidence on the likely drivers of 3, using a panel data approach including the nine European
countries, estimated over sub-samples to control for vaccination and variants. We consider five
likely drivers. The first three are mandatory and voluntary social distancing and policy support that
affects compliance with mandatory distancing policies. These drivers are likely to be of importance
throughout the pandemic. They are also consistent with a simple decision-theoretic model of
voluntary social distancing presented in the appendix, as well as the large literature on behavioral
epidemic modeling. In the latter stage of the pandemic in 2021, two additional factors are important,
which we also consider: progress on vaccinations and virus mutations.

Mandatory social distancing directly reduces the number of contacts as well as the exposure
intensity, the structural parameters of our SIR model. A strong rationale for imposition of mandated
social distancing is the presence of externalities, i.e. the fact that agents do not internalize in their
cost-benefit analysis that their individual behavior contributes to the aggregate diffusion of the
epidemic.!?

However, mandated social distancing imposes economic costs and infringes on individual liberty
leading to personal inconveniences (Hamermesh, 2020). Economic support to workers, households
and small businesses during the pandemic can shape incentives of individuals to comply with
mandatory social distancing, as it weakens the economic need to interact in work activities. Con-
sider an individual who has a non-teleworkable job and is fired or furloughed. While this leads to an
immediate loss of income, if economic support is adequate, individuals can weather the pandemic
without needing to seek paid employment in exposed occupations. Lack of compliance with social

distancing has been documented empirically by Wright et al. (2020). Based on survey evidence,

15See, for example, Bethune and Korinek (2020), Eichenbaum, Rebelo, and Trabandt (2020), and Beck and Wagner
(2020) in the international context. Eichenbaum, Rebelo, and Trabandt (2020), in particular, propose a behavioral
SIR-macro model in which susceptible workers and consumers react to the epidemic risk by reducing their labor
supply and consumption. Infected individuals take the aggregate infection process as given. As a result mandatory
social distancing is optimal even though it is extremely costly in economic terms.
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Papageorge et al. (2021) find that higher income is associated with larger changes in self-protective
behavior, particularly for individuals who cannot telework. They conclude that, both in the United
States and elsewhere, policies that mandate universal compliance with self-protective measures are
unlikely to be effective or sustainable.

It is also well understood that infection risk induces precautionary behavior. Behavioral models
of COVID-19 diffusion show that, as the probability of getting infected rises, individuals lower
consumption and leisure activities to avoid infection (see Eichenbaum, Rebelo, and Trabandt (2020),
Toxvaerd (2020), Atkeson (2021), and Gupta, Simon, and Wing (2020)). In particular, Battiston
and Gamba (2020) provide cross section evidence that the R number during a COVID-19 outbreak
is lower the larger the size of the initial wave.

To capture voluntary as well as mandatory social distancing policies empirically, in our statistical
analyses we make use of data compiled by the Oxford COVID-19 Government Response Tracker
(OxCGRT) project, which is a standard source of comparable indices measuring social distancing
and other COVID-19 related policies across countries.'® In particular, we use two aggregate indices:
the ‘policy stringency index’ (capturing the containment and lock-down policies) and the ‘economic
support index’ (as a proxy variable for support to comply with the containment policies).

We also considered using Google mobility index as an additional regressor but obtained mixed
results, largely due to the fact that mobility and lock downs are strongly correlated, but this is
not the case for other forms of mitigation measures such as keeping one’s distance, meeting in
open spaces, using sanitization, and wearing of face masks. In fact, we find the coeflicient of the
mobility index is negative once we also allow for other drivers of the transmission rates, suggesting
reduced mobility could be associated with a higher rate of transmission! This perverse result is
most likely due to the positive relationship that exists with mobility and mitigation measures and
vaccination uptakes. It is reasonable to expect that vaccinated individuals and those that are taking
precautionary mitigating measures are more likely to increase their mobility without the fear of
contracting the virus. For further details see Section S.7 of the online supplement.

We model precautionary behavior leading to voluntary social distancing using a threshold vari-

18Data available at https://www.bsg.ox.ac.uk/research /research-projects/coronavirus-government-response-tracker.
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able that switches on when the number of infected cases start to rise very rapidly. The idea for a
threshold effect, defined in terms of the number of new cases, is to capture possible nonlinearity
and changes in people’s willingness to isolate consistent with surveys on the role of information

diffusion under COVID-19 (Bursztyn et al., 2020).

4.1 Econometric Model

We base our econometric analysis on the moment condition given by (8), but allow the transmission
rate to vary with the key drivers identified above. Since n is quite large (in millions), and 3,i;

sufficiently small, then taking logarithms of both sides of equation (8) for country j we have

In[(1 = cj1)/(1 = cjt)] = = Bjuijt + €jtt1, (13)

where j = 1,2,..., N, and e;;41 is an error term introduced to allow for approximation errors
involved in moving from (8) to (13). We further model the time evolution of the transmission rates,
/Bjta as

Bir/v = aj + P'xju—p + KI(fj—p > T5) + vje, (14)

where x;;_, is a vector of regressors, lagged p periods, I(fj:—p > 7y) is an indicator variable
which takes the value of unity if the threshold variable, fj;, also lagged p periods, goes above the
threshold parameter 7;, which as a first-order approximation is assumed to be the same across
countries. Alternative specifications for the threshold effects are discussed in Section 4.3 below.
As a threshold variable, we use the 7-day moving average of the reported number of new cases
(per 100,000 people), denoted by fj;, as this is the most commonly watched variable used in the
media when reporting on the spread of COVID-19 worldwide.'” In addition to estimating the panel
regressions with a common constant term, a, we also allow for country-specific constant terms by
replacing a in (14) with a;, for j = 1,2,..., N. The parameters a; are of particular interest as they

can be viewed as an estimate of the basic reproduction number, Rg, which relates to the spread of

17Tt is possible that the threshold effects could depend on other variables, besides the reported number of new cases
explored in this paper.
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the virus right at the start of the epidemic when x;;_, = 0, and I(fj;—, > 7¢) = 0. Note at the
start of the epidemic ¢; is very close to zero, and voluntary and mandatory social distancing are not
yet in place. Therefore, the constant terms a, or a; can be interpreted as measures of Rg which we
expect to be the same across all countries. We acknowledge that R is the only structural parameter
that we can estimate in (14) and that the remaining parameters in (14) cannot be interpreted as
causal without further assumptions regarding the nature of regressors.

Substituting (14) in (13), we obtain the following panel data model in the unknown parameters,

a; fori =1,2,..,N, ¥ and « (recal that v = 1/14)

In[(1 = cjer1)/(1 —cjt)]
Vijt

Yjtr1 = — = aj +P'xj—p + KI(fj—p > Tf) + 541, (15)

where the error term wuj;1 = vjr — ('yijt)_l er+1 is now composed of the country-specific errors
in specification of 8, (namely vj¢) and the approximating error, e;1, which is common across
countries, thus inducing possible error cross-sectional dependence. For estimation we estimate the
panel regressions with common intercepts as well as allowing for fixed effects.

Our sample contains a small number of countries (N = 9) relative to the much larger time
dimension (with the time series dimension varying between 7" = 321 and 646). An advantage of
our small-N and large-T panel is that the specification in equation (15) can be estimated by least
squares assuming only that the regressors are weakly exogenous.'®

The parameters of interest are the country-specific intercepts, a1, as, ..., ay, that measure the
basic reproduction number, R, and the coefficients 1, x and 7 that measure the relative impor-
tance of the five factors considered in the empirical analysis as we discussed above. We estimate
the parameters of interest jointly using (15). This is to be contrasted with a two-step procedure
whereby 3, is first estimated by running country-specific regressions in (13), and the resultant

estimates, (3, are then used in a second stage panel regression where 3, are regressed on our

it

five drivers of transmission rates. The joint estimation approach is likely to provide more robust

8 Typically, least squares estimates in panels with weakly ezogenous regressors will suffer from O(1/T) bias. In
panels with large T relative to N, which is the case in the present application, this bias is negligible. This is in
contrast to short panels (T-small and N-large), where strict exogeneity is required for consistency of least squares
method.
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inference as compared to a two-step method that does not allow for the estimation uncertainty
associated with using 3 jte

We report standard errors of the estimated parameters under three scenarios. As a baseline
and for comparison, we compute the standard errors assuming that wu;;;q is cross-sectionally as
well as serially uncorrelated. These assumptions are undoubtedly restrictive, and therefore we also
consider more robust alternatives. Our second approach to computing the standard errors, labelled
as “robustl” in the tables below, allows for serial correlation and heteroskedasticity. Our third

choice, denoted as ¢

‘robust2” in the tables below, and allows u; ;41 to be correlated both over time
as well as across countries (i.e., over both the ¢ and j dimensions). Corrections for time series follow
the standard Newey and West (1987) formulae, whilst corrections for cross-country correlations is
similar to the standard errors proposed by Driscoll and Kraay (1998). Estimation with the robust
standard errors is described in the online supplement.

An additional concern with our specification could be omitted variables and the presence of other
confounding factors. The proposed specification (15) is parsimonious and encompasses the main
factors considered in the literature. As contacts and susceptibility are not separately identified
in our (or any other) SIR model, we use policy stringency and economic support indices, and
we do not attempt to disentangle the effects of reducing/increasing the number of contacts from
other measures that affect the number of infected cases, such as mask wearing, hand washing and
individual’s inherent susceptibility to becoming infected. For example, increased mobility and hence
contacts on its own does not imply a higher rate of infections if individuals are more diligent in
following other mitigating measures.

We focus on the nine European countries: Belgium, France, Germany, Italy, Netherlands,
Poland, Portugal, Spain, and the United Kingdom. As we noted already, the reason for focus-
ing on these nine countries is the fact that they experienced a similar trajectory at the start of the
COVID-19 outbreak, but had quite differing outcomes subsequently. In this way we are able to
exploit the cross country, as well as time series variations in the number of infected cases to quan-
tify the effects of social distancing, vaccine uptake, and mutations on the effective transmission

rates, (3;;/7. Recall here that 3, /v differs from the effective reproduction number, R; s, given
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by Rjet = (1 — cjt) (,Bjt/’y). As we noted earlier, R can fall below unity not because of the
effectiveness of the mitigating policies or voluntary isolation, but simply because an increasingly
larger fraction of the population is getting infected, the so called herd-immunity effect. To avoid
the confounding effect of herding on the outcome variable that we want to explain, we focus on

modeling of 3,/ and not R et.

4.2 Empirical Results

Consider first the panel regression (15) estimated with an unbalanced panel over the period February
23, 2020 to January 30, 2021. We allow for differences in the start dates of the outbreaks across
the countries. We initially choose the sample end date of January 31, 2021, prior to the uptake of
vaccination programs.'® We consequently refer to this period as the pre-vaccination sample. Table
1 reports panel estimation results for two alternative specifications of multiplication factors used
to correct for under-reporting — M F' declining linearly from 5 to 2, and from 8 to 2.5 — and the lag
order p = 10 days.?°

As we can see from Table 1, both the policy stringency index and the policy support index
have the expected negative signs, and are both highly statistically significant. This result confirms
that both factors help contain the epidemic diffusion. Their estimated coefficients are robust to
alternative MF corrections. The threshold effects also are highly statistically significant. Allowing
for country-specific intercepts slightly increases the coefficients on the policy stringency and the
economic support indices, and slightly lowers the estimates of the threshold effect, which, however,
all estimates remain sizeable and highly significant. Allowing for error correlations (over time and
across countries) increases the estimated standard errors, as to be expected, but do not alter the
overall inference that all variables considered remain statistically significant.

Regarding the magnitude of the estimated coefficients, it is first useful to note that the intercept

is the model-implied estimate of the R¢g number, which is the only structural parameter that we

19 Although vaccines became available in December 2020, only a very small fraction of the population was fully
vaccinated by the end January 2021 — less than 0.8 percent for all countries in the sample, except Italy, where the
share reached 1.07 percent. Vaccine uptake increased considerably by late spring and summer of 2021.

29To further check the robustness of our results, we also considered a shorter lag of p = 7 days and a longer lag
p = 14 days and found similar results. We also tried other values of M F discussed in Footnote 13.
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can estimate. As discussed before, the definition of the basic reproduction number assumes no
changes in behaviour in response to the pandemic. The estimated value of the common intercept,
a, in Table 1, is 5.36, identical for both choices of MF, with a tight robust2 standard error (0.23).
The country-specific estimates of R are also all in a surprisingly tight range of 5.01 to 5.73.

The estimated threshold value is rather small, below 1 daily new confirmed case per 100,000
people, representing about 4-percent quantile of the daily new cases per 100,000 people in the
pre-vacciantion sample. This result suggests that the threshold effect kicks in very soon after the
onset of the pandemic. In other words, people’s behaviour changes soon after the onset of the
pandemic, which makes the estimation of the Ry number from case numbers without a conditional
statistical models difficult (if not impossible). Threshold effects alone significantly reduce the
effective reproduction number (by more than 2), but on its own is not enough to bring the effective
‘R number below one. Both economic support and stringency indices further reduce the transmission
significantly, with the stringency index being associated with a much larger contribution to the
decline in R.

Next, we extend the sample to November 30, 2021, prior to the arrival of Omicron variant in
December of 2021. Throughout 2021, there was a significant progress with vaccine uptake, which is
expected to mitigate the virus transmission. We therefore include an additional variable measuring
the share of population fully vaccinated. We expect the coefficient on this variable to be negative.
Another factor in 2021 is the Delta mutation, which is considered to be more contagious and became
dominant in Europe during the summer of 2021. Therefore, we also include a variable measuring
the country-specific share of the Delta variant among the sequenced confirmed cases. A positive
coefficient is expected on this additional control variable.

Table 2 presents estimates for the sample ending November 30, 2021. The table shows very
similar findings for the estimates of the policy stringency index, the economic support index, the
threshold effect, as well as the Ry numbers, as reported in Table 1 for the pre-vaccination sample.
The coefficients on the share of population fully vaccinated are all negative (as expected), with
magnitude in the range -1.2 to -1.8 and highly statistically significant. Coefficient estimates on

the Delta variant share are all positive, in line with our prior, suggesting the basic reproduction
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number of the Delta variant is about 0.9 to 1.1 larger compared with the earlier strains.

Table 3 provides summary statistics for all covariates used in the regressions. It reports the
sample means and standard deviations (in brackets) for the pre-vaccination sub-sample ending
January 31, 2021, and for the remainder of the sample (February 1, 2021 to November 30, 2021).2!
Multiplying the average values of the regressors in Table 3 with the estimated coeflicients in Table
2 (using the specification with common intercept and MF declining from 5 to 2), we find the
threshold effect to be quantitatively important and when it is switched on reduces 3,/ by about
a half.?? The second largest reduction comes from the stringency policy index (with a -1.2 average
contribution to the reduction of 3,/v). In contrast, the contribution from the economic support
index is smaller, only by -0.2 on average. According to our estimates, vaccination contributed -0.5
on average in the second sample (February-November, 2021), with its contribution increasing in
magnitude throughout the sample ending in -1.3, as share of vaccinated population increased over
time (See Table S2 in the online supplement).

We conclude from this evidence that all the factors considered in this paper as drivers of
the epidemic did in fact contributed to abating it, and no single driver on its own could have
been effective in bringing the transmission of the virus under control. Thus also explaining the
different country experiences we documented in the previous section. Mandatory and voluntary
social distancing and policy support together were generally quite effective in abating the spread
of the virus at the early stages of the epidemic to the end 2020, but vaccination was the most

important factor towards the end of 2021.

21Table S2 in the online supplement reports minimum and maximum ranges.

22Recall the effective reproduction number is Rj.er = (1 — ¢jt) (B;¢/7), where (1 — c¢;1) is the share of susceptible
population, and we refer to Bjt/’y as the scaled effective transmission rate, which is in the same “units” as the
reproduction number, since Rj,ex = B,,/v when (1 — ¢;i) ~ 0.
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Table 1:

Panel regressions of effective transmission rates across selected European countries over

the sample ending January 31, 2021

Multiplication Factor:

Pooled Estimates

Fixed Effects Estimates

5to 2 8 to 2.5

5 to 2 8 to 2.5

Stringency Index
standard s.e. (t-ratio)

robustl s.e. (t-ratio)

-2.08 -2.07
0.11 (-19.3) 0.11 (-18.8)
0.18 (-11.5) 0.18 (-11.3)

-2.19 -2.17
0.11 (-19.7) 0.11 (-19.1)
0.18 (-12.4) 0.18 (-12.2)

robust2 s.e. (t-ratio) 0.26 (-8.1) 0.26 (-7.8) 0.34 (-6.4) 0.35 (-6.2)
Economic Support -0.42 -0.38 -1.01 -0.99
standard s.e. (t-ratio) 0.07 (-6.1) 0.07 (-5.4)  0.09 (-11.2) 0.09 (-10.8)
robustl s.e. (t-ratio) 0.14 (-3.0) 0.14 (-2.7) 0.17 (-5.9) 0.17 (-5.9)
robust2 s.e. (t-ratio) 0.23 (-1.9) 0.22 (-1.7) 0.23 (-4.4) 0.22 (-4.5)
Threshold Variable -2.46 -2.45 -2.01 -1.99
standard s.e. (t-ratio) 0.09 (-26.5) 0.09 (-25.9)  0.10 (-20.6) 0.10 (-20.0)
robustl s.e. (t-ratio) 0.25 (-9.7)  0.26 (-9.6) 0.24 (-8.3) 0.24 (-8.3)
robust2 s.e. (t-ratio) 0.43 (-5.8) 0.43 (-5.7) 0.60 (-3.4) 0.60 (-3.3)
threshold value 0.20 0.20 0.20 0.20
Ro numbers (Constant Terms)
common [robust2 s.e.] 5.36 [0.23]  5.36 [0.23]
specific [robust2 s.e.]:
Belgium 5.40 [0.62] 5.41 [0.63]
France 5.40 [0.64]  5.39 [0.64]
Germany 5.04 [0.66]  5.02 [0.66]
Ttaly 5.52 [0.66]  5.50 [0.67]
Netherlands 5.37 [0.63]  5.37 [0.63]
Poland 5.02 [0.65]  5.01 [0.65]
Portugal 551 [0.64]  5.52 [0.65]
Spain 5.65 [0.64]  5.66 [0.65]
United Kingdom 5.73 [0.62]  5.72 [0.63]
R-squared 0.51 0.50 0.54 0.52

Notes: Number of observations is 2989 with N = 9 countries, Tinin = 321 and Tmax = 343 days. The estimation sample
is unbalanced at the beginning. Starting dates of individual country samples are: 7-March-2020 (Belgium), 3-March-2020
(France), 2-March-2020 (Germany), 24-February-2020 (Italy), 7-March-2020 (Netherlands), 17-March-2020 (Poland), 15-March-
2020 (Portugal), 4-March-2020 (Spain), and 3-March-2020 (United Kingdom). The last period is 31-January-2021 for all
countries. “Robustl” standard errors are robust to serial correlation only (Newey-West type correction), whereas “robust2”
standard errors are robust to serial correlation as well as any cross-sectional correlation. See online appendix for a description
of the estimation of standard errors. Figures in parentheses are t-ratios. The figures in square brackets of the common intercept
or the country-specific fixed effects are the standard errors robust to serial correlation as well as cross-sectional correlation
(robust2). Oxford stringency and economic support indices are divided by 100 so that they take values between zero and one.
Lag order is set to p = 10 days in all regressions.
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Table 2: Panel regressions of effective transmission rates across selected European countries over
the sample ending November 30, 2021

Pooled Estimates Fixed Effects Estimates
Multiplication Factor: 5to2 8 to 2.5 5to 2 8 to 2.5
Stringency Index -1.97 -1.98 -2.11 -2.06
standard s.e. (t-ratio)  0.09 (-23.0)  0.09 (-21.5) 0.09 (-23.1)  0.10 (-21.0)
robustl s.e. (t-ratio)  0.18 (-10.9)  0.19 (-10.2) 0.18 (-11.6)  0.19 (-10.6)
robust2 s.e. (t-ratio)  0.28 (-7.1) 0.29 (-6.8) 0.31 (-6.8) 0.33 (-6.3)
Economic Support -0.26 -0.20 -0.54 -0.54
standard s.e. (t-ratio)  0.05 (-5.3) 0.05 (-3.8) 0.07 (-8.2) 0.07 (-7.7)
robustl s.e. (t-ratio)  0.11 (-2.5)  0.11 (-1.9) 0.15 (-3.5)  0.15 (-3.6)
robust2 s.e. (t-ratio)  0.17 (-1.6) 0.17 (-1.2) 0.21 (-2.5) 0.20 (-2.7)
Vaccinated Share -1.52 -1.23 -1.74 -1.46
standard s.e. (t-ratio)  0.16 (-9.6) 0.17 (-7.2) 0.16 (-10.8)  0.17 (-8.5)
robustl s.e. (t-ratio)  0.35 (-4.3) 0.40 (-3.1) 0.35 (-5.0) 0.39 (-3.8)
robust2 s.e. (t-ratio)  0.55 (-2.8) 0.60 (-2.1) 0.53 (-3.3) 0.58 (-2.5)
Delta Variant Share 1.00 0.93 1.09 1.04
standard s.e. (t-ratio) 0.10 (9.7) 0.11 (8.3) 0.10 (10.5) 0.11 (9.3)
robustl s.e. (t-ratio) 0.23 (4.4) 0.26 (3.6) 0.22 (4.9) 0.26 (4.1)
robust2 s.e. (t-ratio) 0.32 (3.1) 0.36 (2.6) 0.31 (3.5) 0.35 (3.0)
Threshold Variable -2.60 -2.56 -2.35 -2.30
standard s.e. (t-ratio)  0.09 (-30.1)  0.09 (-27.6) 0.09 (-26.0)  0.10 (-23.7)
robustl s.e. (t-ratio)  0.26 (-10.0)  0.26 (-9.8) 0.26 (-9.1) 0.26 (-8.8)
robust2 s.e. (t-ratio)  0.43 (-6.1) 0.42 (-6.0) 0.69 (-3.4) 0.69 (-3.3)
threshold value 0.20 0.20 0.20 0.20

Ro numbers (Constant Terms)
common [robust2 s.e.]  5.33 [0.23] 5.33 [0.23]
specific [robust2 s.e.]:

Belgium 5.42 [0.65]  5.46 [0.66]

France 5.32 [0.67] 5.33 [0.69]

Germany 5.17 [0.68] 5.11 [0.70]

Italy 5.51 [0.67] 5.47 [0.69]

Netherlands 5.37 [0.66] 5.41 [0.68]

Poland 5.17 [0.66] 5.15 [0.68]

Portugal 5.44 [0.67] 5.45 [0.68]

Spain 548 [0.66]  5.49 [0.67]

United Kingdom 5.49 [0.66] 5.49 [0.67]
R-squared 0.39 0.35 0.40 0.36

Notes: Number of observations is 5716 with N = 9 countries, Tinin = 624 and Tmax = 646 days. The estimation sample
is unbalanced at the beginning. Starting dates of individual country samples are: 7-March-2020 (Belgium), 3-March-2020
(France), 2-March-2020 (Germany), 24-February-2020 (Italy), 7-March-2020 (Netherlands), 17-March-2020 (Poland), 15-March-
2020 (Portugal), 4-March-2020 (Spain), and 3-March-2020 (United Kingdom). The last period is 30-November-2021 for all
countries. “Robustl” standard errors are robust to serial correlation only (Newey-West type correction), whereas “robust2”
standard errors are robust to serial correlation as well as any cross-sectional correlation. See online appendix for a description
of the estimation of standard errors. Figures in parentheses are t-ratios. The figures in square brackets of the common intercept
or the country-specific fixed effects are the standard errors robust to serial correlation as well as cross-sectional correlation
(robust2). Oxford stringency and economic support indices are divided by 100 so that they take values between zero and one.
Lag order is set to p = 10 days in all regressions.
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Table 3: Summary statistics: regressors sample means and standard deviations (in brackets) for
pre- and post-vaccination samples

Pre-vaccination sample ending January 31 2021

Stringency Economic Vaccinated Delta Threshold
index support share share indicator
Belgium 0.59 (0.15) 0.77 (0.22) 0.00 (0.00) 0.00 (0.00) 0.97 (0.18
France 0.63 (0.18) 0.67 (0.26) 0.00 (0.00) 0.00 (0.00) 0.95 (0.22
(0.15) 0.41 (0.17) 0.00 (0.00) 0.00 (0.00) 0.94 (0.23
Italy 0.73 (0.12) 0.62 (0.23) 0.00 (0.00) 0.00 (0.00) 0.96 (0.20
Netherlands 0.59 (0.17) 0.76 (0.22) 0.00 (0.00) 0.00 (0.00) 0.96 (0.19
Poland 0.58 (0.21) 0.50 (0.21) 0.00 (0.00) 0.00 (0.00) 0.95 (0.22

(0.12) ( ( ( (

(0.16) ( ( ( (

(0.18) ( ( ( (

(0.17) ( ( ( (

Germany 0.61

Portugal 0.65 (0.12) 0.73 (0.11) 0.00 (0.00) 0.00 (0.00) 0.97 (0.17

Spain  0.65 (0.16) 0.80 (0.23) 0.00 (0.00) 0.00 (0.00) 0.96 (0.21

United Kingdom 0.67 (0.18) 0.92 (0.27) 0.00 (0.00) 0.00 (0.00) 0.94 (0.23
all 9 countries 0.63 (0.17) 0.69 (0.26) 0.00 (0.00) 0.00 (0.00) 0.95 (0.21

e O e — e D e D o

)
)
)
)
)
)
)
)
)
)

—_— = D D D D D D U

)
)
)
)
)
)
)
)
)
)

1 February 2021 - 30 November 2021 sample

Belgium 0.53 (0.09) 0.75 (0.00) 0.36 (0.30) 0.45 (0.46) 1.00 (0.00)
France 0.62 (0.09) 0.43 (0.11) 0.32 (0.26) 0.44 (0.46) 1.00 (0.00)
(0.13) 0.38 (0.00) 0.33 (0.26) 0.45 (0.47) 1.00 (0.00)

Italy 0.69 (0.09) 0.75 (0.00) 0.34 (0.27) 0.44 (0.45) 1.00 (0.00)
Netherlands 0.58 (0.17) 0.65 (0.12) 0.32 (0.27) 0.45 (0.47) 1.00 (0.00)
Poland 0.54 (0.15) 0.84 (0.12) 0.28 (0.21) 0.42 (0.46) 1.00 (0.00)
(0.13) (0.00) (0.34) (0.46) (0.00)

(0.12) (0.00) (0.31) (0.45) (0.00)

(0.16) (0.28) (0.26) (0.46) (0.00)

(0.14) (0.21) (0.28) (0.46) (0.00)

Germany 0.66

Portugal 0.63 (0.13) 0.75 (0.00) 0.40 (0.34) 0.53 (0.46) 1.00 (0.00

Spain 0.56 (0.12) 0.88 (0.00) 0.38 (0.31) 0.43 (0.45

United Kingdom 0.58 (0.16) 0.88 (0.28) 0.38 (0.26) 0.57 (0.46
all 9 countries 0.60 (0.14) 0.70 (0.21) 0.35 (0.28) 0.47 (0.46

1.00
1.00
1.00

0.00
0.00
0.00

Notes: This table report sample means (main entries) and sample deviations (in brackets) of the individual regressors in pooled
regressions presented in Table 2. The top panel reports summary statistics for the pre-vaccination sample (ending January 31
2021), and the bottom panel reports summary statistics for the remainder of the full sample — 1 February 2021 to 30 November

2021. Table S4 in the online supplement reports additional summary statistics (minimum and maximum values).
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4.3 Alternative specifications of the threshold effects

Given the importance of the threshold variable for the evolution of the transmission rate of the
virus, it seemed of interest to consider other forms of the threshold variable to further investigate
its effects.?> Accordingly, we here consider one specification with two threshold indicators, and
another with smooth threshold parametric specification.

Table 4 reports estimation results for panel regressions featuring two thresholds indicators.
Namely, we replace the single threshold variable in (15) with the linear combination of the two
threshold indicators, k11 (fji—p > T1,f) + K2l (fj1—p > T2,#). To conserve space, we focus on the full
sample results only. The findings in Table 4 continue to show strong support for threshold effects.
In the baseline specifications, with the M F' declining from 5 to 2, one of the two threshold values
(12, = 0.2) is identical to the single threshold specification, and the other one is even smaller
(11, = 0.05). Both threshold indicators are statistically significant. When we use the larger
values of M F' (8 to 2.5), only one of the two threshold variables is statistically significant with the
estimated threshold, 0.20, being the same as before.?* Overall, estimated coefficients and estimated
R numbers are similar to those reported in Table 2. These results suggest that threshold effects
are occurring at relatively low levels, but nonlinear effects are possibly more nuanced than a single
0/1 threshold representation.

For the smooth threshold specification, we adopt the popular parametric representation from
the literature on smooth transition regression models (e.g., Terasvirta (1998)) and adapt it to our
empirical application to ensure zero values when f;; , = 0, regardless of the shape parameters.

Specifically, we consider

1
14+ e 0% (f30-p=77)

h(fj—p:Tp:0p) = —ho (75,07)| /[1 = hoho (7, 6)], (16)

23We are grateful to the editor for the suggestion.

241t took about 30 days, on average, for the sample countries to reach 7-day moving average of 0.2 new confirmed
cases per 100k people since the occurrence of the first confirmed COVID-19 case, with the longest time in Germany
(42 days) and the shortest time in Netherlands (11 days).
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where 67,7 > 0, and
1
1+ed7s

ho (7y,07) =
This specification replaces the fixed threshold function I (f;;—, > 7¢) in (15) with the more flexible
smooth transition function (16). We refer to the parameter 77 in (16) as the smooth threshold,
and refer to 0y as the shape parameter.?® For sufficiently large values of the shape parameter
S, h(fjt—p,Ty,0f) resembles I (fjs—p > 7y), whereas for small values of §; the transition process
becomes smoother and more gradual.

Table 5 summarizes results for the smooth threshold specification. The results complement
earlier estimates in Tables 2 and 4, and confirm that threshold effects kicks in at very low levels
new infections. The estimates of 7 lie in the range 0.08 to 0.10, and the estimated threshold shape
parameter J is quite large, in the range 16 to 20. Smooth threshold functions for these parameter
values are plotted in Figure 4, alongside the fixed threshold function from Table 2. Allowing for a

smooth threshold transition function suggests that the threshold effects are slightly more gradual

compared with the fixed 0/1 transition, but they start to kick in at even lower values.

Figure 4: Estimated smooth (solid lines) and the 0/1 threshold indicator (black dotted line)
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Notes: The figure plots 0/1 threshold indicator I (fj—p > 7y) for estimated threshold value of 75 = 0.2 in Table
2 and the smooth threshold function, h (fji—p,7f,d5), defined by (16) using the estimated values of 7 and d; in
Table 5.

*Note that h (z,7,d) € [0,1] with h(0,7,) =0, and h (z,7,6) — 1 as © — co.
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Table 4: Panel regressions of effective transmission rates using two 0/1 threshold indicators
(Full sample ending November 30, 2021)

Pooled Estimates Fixed Effects Estimates
Multiplication Factor: 5 to 2 8 to 2.5 5 to 2 8 to 2.5
Stringency Index -1.91 -2.26 -2.03 -2.33
standard s.e. (t-ratio)  0.09 (-22.3)  0.10 (-23.7) 0.09 (-22.3)  0.10 (-22.8)
robustl s.e. (t-ratio)  0.17 (-11.3)  0.18 (-12.6) 0.17 (-11.9)  0.19 (-12.6)
robust2 s.e. (t-ratio)  0.18 (-10.4)  0.20 (-11.5) 0.33 (-6.1) 0.43 (-5.5)
Economic Support -0.25 -0.26 -0.53 -0.55
standard s.e. (t-ratio)  0.05 (-5.2) 0.05 (-4.9) 0.06 (-8.2) 0.07 (-7.9)
robustl s.e. (t-ratio)  0.10 (-2.6) 0.10 (-2.5) 0.14 (-3.9) 0.14 (-3.8)
robust2 s.e. (t-ratio)  0.12 (-2.2)  0.12 (-2.2) 0.17 (-3.1)  0.20 (-2.7)
Vaccinated Share -1.51 -1.51 -1.72 -1.67
standard s.e. (t-ratio)  0.16 (-9.6) 0.17 (-8.8) 0.16 (-10.8)  0.17 (-9.7)
robustl s.e. (t-ratio)  0.35 (-4.3) 0.38 (-4.0) 0.35 (-5.0) 0.38 (-4.4)
robust2 s.e. (t-ratio)  0.53 (-2.9) 0.59 (-2.6) 0.50 (-3.4) 0.57 (-3.0)
Delta Variant Share 1.00 1.00 1.10 1.07
standard s.e. (t-ratio) 0.10 (9.8) 0.11 (9.0) 0.10 (10.5) 0.11 (9.6)
robustl s.e. (t-ratio) 0.23 (4.4) 0.25 (4.0) 0.22 (4.9) 0.25 (4.3)
robust2 s.e. (t-ratio) 0.32 (3.2) 0.36 (2.8) 0.31 (3.6) 0.35 (3.1)
Threshold Variable 1 -1.23 -2.61 -1.19 -2.35
standard s.e. (t-ratio)  0.15 (-8.2)  0.09 (-28.3) 0.15 (-7.9)  0.10 (-24.3)
robustl s.e. (t-ratio)  0.23 (-5.4)  0.25 (-10.5) 0.17 (-6.8)  0.18 (-12.8)
robust2 s.e. (t-ratio)  0.32 (-3.9) 0.36 (-7.3) 0.34 (-3.5) 0.44 (-5.4)
threshold value 0.05 0.20 0.05 0.20
Threshold Variable 2 -1.76 0.29 -1.55 0.26
standard s.e. (t-ratio)  0.13 (-13.1)  0.03 (10.0) 0.14 (-11.4)  0.03 (8.6)
robustl s.e. (t-ratio)  0.14 (-12.9)  0.14 (2.1) 0.17 (-9.1)  0.18 (1.4)
robust2 s.e. (t-ratio)  0.16 (-10.7) 0.17 (1.8) 0.35 (-4.5) 0.44 (0.6)
threshold value 0.20 2.40 0.20 2.40

Ro numbers (Constant Terms)
common [robust2 s.e.]  5.68 [0.16] 5.39 [0.17]
specific [robust2 s.e.]:

Belgium 5.75 [0.31] 5.47 [0.40]

France 5.65[0.30]  5.37 [0.39]

Germany 550 [0.28]  5.19 [0.36]

Italy 5.83 [0.34]  5.56 [0.44]

Netherlands 5.70 [0.31] 5.44 [0.40]

Poland 551 [0.20]  5.25 [0.38]

Portugal 577[0.33]  5.48 [0.43]

Spain 5.81[0.34]  5.52 [0.44]

United Kingdom 5.82 [0.35] 5.54 [0.44]
R-squared 0.39 0.36 0.40 0.37

Notes: See notes to Table 2.
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Table 5: Panel regressions of effective transmission rates using smooth threshold specification
(Full sample ending November 30, 2021)

Pooled Estimates Fixed Effects Estimates
Multiplication Factor: 5to 2 8 to 2.5 5 to 2 8 to 2.5
Stringency Index -1.89 -1.90 -2.00 -1.97
standard s.e. (t-ratio)  0.09 (-21.9)  0.09 (-20.6) 0.09 (-21.8)  0.10 (-19.9)
robustl s.e. (t-ratio)  0.18 (-10.7)  0.19 (-10.0) 0.18 (-11.4)  0.19 (-10.3)
robust2 s.e. (t-ratio)  0.27 (-6.9) 0.29 (-6.6) 0.27 (-7.3) 0.30 (-6.7)
Economic Support -0.26 -0.20 -0.54 -0.54
standard s.e. (t-ratio)  0.05 (-5.3) 0.05 (-3.9) 0.06 (-8.3) 0.07 (-7.8)
robustl s.e. (t-ratio)  0.10 (-2.5) 0.11 (-1.9) 0.15 (-3.6) 0.15 (-3.6)
robust2 s.e. (t-ratio)  0.16 (-1.6) 0.16 (-1.2) 0.21 (-2.6) 0.20 (-2.8)
Vaccinated Share -1.54 -1.24 -1.75 -1.48
standard s.e. (t-ratio)  0.16 (-9.8) 0.17 (-7.3) 0.16 (-11.0)  0.17 (-8.6)
robustl s.e. (t-ratio)  0.36 (-4.3) 0.40 (-3.1) 0.35 (-5.0) 0.39 (-3.8)
robust2 s.e. (t-ratio)  0.52 (-2.9) 0.58 (-2.2) 0.51 (-3.4) 0.57 (-2.6)
Delta Variant Share 1.02 0.95 1.12 1.06
standard s.e. (t-ratio) 0.10 (9.9) 0.11 (8.6) 0.10 (10.8) 0.11 (9.5)
robustl s.e. (t-ratio) 0.23 (4.4) 0.26 (3.6) 0.23 (4.9) 0.26 (4.1)
robust2 s.e. (t-ratio) 0.31 (3.3) 0.35 (2.7) 0.30 (3.8) 0.34 (3.2)
Smooth Threshold -3.09 -3.01 -2.83 -2.77
standard s.e. (t-ratio)  0.10 (-31.1)  0.11 (-28.5) 0.10 (-27.1)  0.11 (-24.7)
robustl s.e. (t-ratio)  0.27 (-11.5)  0.27 (-11.1) 0.27 (-10.3)  0.28 (-10.0)
robust2 s.e. (t-ratio)  0.35 (-8.9) 0.35 (-8.5) 0.65 (-4.4) 0.66 (-4.2)
threshold value 7 0.09 0.10 0.08 0.08
shape parameter J¢ 17.7 20.0 16.2 17.0

Ro numbers (Constant Terms)
common [robust2 s.e.]  5.76 [0.14] 5.73 [0.14]
specific [robust2 s.e.]:

Belgium 5.83 [0.55]  5.87 [0.57]

France 5.73 [0.56] 5.73 [0.58]

Germany 5.58 [0.57] 5.52 [0.59]

Ttaly 5.91[0.55]  5.87 [0.57]

Netherlands 5.78 [0.56] 5.82 [0.58]

Poland 5.58 [0.56]  5.56 [0.58]

Portugal 5.85[0.55]  5.86 [0.58]

Spain 5.89 [0.55]  5.90 [0.57]

United Kingdom 5.90 [0.54] 5.90 [0.56]
R-squared 0.39 0.35 0.40 0.37

Notes: Smooth threshold specification is given by the smooth transition function (16) with threshold parameter 7y > 0 and
the shape parameter y > 0. See notes to Table 2.
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5 Conclusions

This paper first estimates effective transmission rates and reproduction numbers for a number
of countries based on a moment condition that can be derived from an agent-based stochastic
network epidemic model. It then models their evolution for selected European countries with
similar experiences at the outset of the pandemic but different outcomes subsequently as a function
of social distancing, incentives to comply, the emergence of mutations, and vaccine uptake.

From a methodological perspective, the estimation approach that we propose permits distin-
guishing, at any jurisdictional level, between changes in the effective reproduction number due to
herd immunity and changes due to variations in the average contact or the susceptibility to infec-
tion, which are the structural determinants of the epidemic diffusion. At the empirical level, using
only daily COVID-19 case statistics, the paper provides estimates of transmission rates, allowing
for the under-reporting of infected cases in officially reported COVID case statistics.

Evidence based on panel data modeling indicates that the diversity of outcomes that we doc-
ument likely resulted from the non-linear interaction of mandated and voluntary social distancing
and the economic incentives that governments provided to support isolation through the end of
2020. The importance of these factors declined over time, with vaccine uptake driving the observed
heterogeneity in country experiences during 2021. Our estimates suggest that no one factor alone
was sufficient to bring the effective R number below one and to keep it there without substantial
contributions from the other factors. Our panel regressions also allow us to identify the basic repro-
duction number, Ry, providing estimates that are very similar across the nine European countries,
and all well in excess of the values of 2.5 to 3.9 assumed in the extant literature. Our estimates
also confirm the higher transmission rate of the Delta variant.?6 The main conclusions of the paper
are robust to misreporting, alternative specifications of the threshold effect, controlling for actual

population mobility patterns, error heteroskedasticity, and error serial correlation.

260ur sample ends before the emergence of the Omicron variant.
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A Appendix

In this appendix, we motivate the time-varying specification of the effective reproduction number
and the transmission rate spelled out in the main text and provide the moment condition that we
use for estimation based on the network-model of Pesaran and Yang’s (2021, PY). We also set up
a simple decision-theoretic model of social distancing to motivate the choice of economic support
variable and the threshold indicator used in the panel-data model used to explain the evolution of

the transmission rates in Europe.

A.1 A time-varying specification of the the single-group PY model

PY consider both single- and multi-group models built from the bottom up from an individual
stochastic network model of interaction and COVID-19 contagion. After spelling out the critical
assumptions on the infection diffusion process, here, we focus on the moment conditions for the
estimation of the single-group model that tracks very closely the multi-group model in simulations.

Consider n individuals indexed by ¢ = 1,2,...,n. Some are initially infected while the rest is
susceptible to be infected at a later date, indexed by ¢. An individual ¢ infected at date t = ¢} is
represented by

zip =0, for all t <¢;; and x4 =1, forall ¢t > ¢]. (A1)

The event of recovery or death of individual ¢ will be represented by the variable y;;:, which is equal

to zero unless the individual is “removed”, i.e., recovered or dead. The indicator variable

zit = (1 — yir) it (A.2)

then denotes “an active” infection, namely if the individual ¢ is infected and not yet recovered.
Specifically, z;; takes the value of 1 if individual ¢ is infected and not yet recovered at time ¢. It
takes the value of 0 if individual ¢ has not yet been infected, or has been infected but recovered/died.
It follows that x;; = 2z + yst-

Individual i becoming infected is modelled using the following Markov switching process as a
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function of the latent variable 7, ,
Tit+1l = Tt + (1 — xit) I (x;:t+1 > O) R <A3)

where [ (A) is the indicator function that takes the value of unity if .4 holds and zero otherwise,

and 27, is composed of two different components:
n
* —_— . .. .
Lit+1 = Tit E dij (t) Zjt — ,uitfi,tﬂ-
j=1

Since (azft 11> O) is unaffected by re-scaling of z7,, ;, and by assumption f;; > 0, then the above

can also be written equivalently as

m;‘k,t+1 Titkt \ <= [ dij (t)
L ( ) Z (Jkt Zjt — &G p41- (A4)

A

The first component is composed of 3 77, (dil’f)> 2jt, which captures the contact pattern of individ-

ual ¢ with all actively infected individuals, zj; for j # i. D(t) = [d;; (¢)] is a contact network matrix,
such that d;; (t) = 1 if individual 7 is in contact with individual j at time ¢. It is assumed that the
elements of the n x n network matrix D (t) are independent draws with E [d;; (t) /ki] = pi/ke = 1/n,
where k; is the mean daily contact number during day ¢. 7; is an individual-specific measure of
exposure intensity, which is scaled by pu;; which measures that individual’s immunity either inherent
or vaccination induced.

The second component of (A.4), & ;,q, is an unobserved individual-specific strictly positive
random variable, which captures the unobservable characteristics that lead to different probabilities
of infection, even for individuals with the same contact patterns and exposures. Following PY, we
assume &; ;.1 is exponentially and independently distributed over i and ¢ with the cumulative

distribution function given by

Pr (&1 <a)=1—exp(—a), fora>0, (A.5)
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where I (fi,t+1) =1.

Since individual ¢ becomes infected if xzt 41 > 0, what matters most for the spread of the
virus is the ratio k7 /p; in Equation (A.4) which captures both social distancing (voluntary or
mandatory) and vaccination. Note also that, at a theoretical level, it is not possible to distinguish
between reducing interactions via k¢, or reducing the intensity of these exposures via 7;; , or via
vaccination that increases p;;. So these three factors are not separately identified.

The recovery from COVID-19 depends on the number of days since infection. Specifically, the

recovery process for individual 7 is given by

Yitt1 = Yt + Zit G (87) (A.6)

where (; ;4 (t]) = 1 if individual 7 recovers at time ¢ + 1, having been infected exactly at time ¢}
and not before, and (; ;. (t7) = 0, otherwise. Furthermore, it is assumed that the time to removal,

denoted by T} =t —t7, follows the geometric distribution (for t — ¢ =1,2,...)
Pr (i (8) = 1] =Pr (T =t —t;) =y (1 -y, (A7)

where v can be interpreted as the probability of recovery at time ¢ + 1 having remained infected

for t —t7 — 1 days. This implies the following recovery micro-moment condition

E (Yii41 |Yit, zit ) = Yie + v2it- (A.8)

Noting that a susceptible individual can now be denoted by s;; = 1 — z;; — ¥, and using the
definitions above we have that cumulative number of infections is Cy = Y " | z, the total number
of removed (recovered or deceased) is Ry = Y ", yit, and the total number of active cases is
Iy =37 | zit = C;— Ry, while the number of “susceptible” individualsis Sy = Y1 | sit = n—I;—Ry.

By normalizing p;; to 1, and assuming that 7+ = 7 and k; = k are time invariant, PY derive

the following approximation for the aggregate moment condition for the population share of the
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total cumulative confirmed cases, ¢; = C;/n (see equation (48) of PY)

1—cit
Bl —
( 1—Ct

it> =e Pt L0 (n71), (A.9)

where = (1 —e ")k ~ 7k is the transmission rate, and i; = I;/n is the per capita number of

active cases. Under these assumptions, the basic reproduction number, Ry, is given by

Ro~~ ‘np(l—e ™)~y Itk =~715,. (A.10)

In our empirical analysis, we allow for time variations in k, 7 and p and and accordingly obtain

the following mean transmission rate

where k; is the average number of contact during day ¢, 7¢ is the average exposure intensity of
the susceptible population to the virus, and u, > 1 expected to be an increasing function of the

proportion of susceptible population vaccinated, thus capturing the effects of vaccination.

A.2 A simple decision-theoretic model of voluntary social distancing

To motivate the choice of the variables to be used in the panel data model of the transmission rate
in Europe, in this appendix, we introduce a simple decision-theoretic model of social distancing.
Consider an individual ¢ from a fixed population of size n in the epidemic day ¢, and suppose
the individual in question is faced with the voluntary decision of whether to isolate or not. Under
self-isolation, an individual that does not telework incurs the loss of wages net of any COVID-19
economic support amounting to (1 —6;;)wj, plus the inconvenience cost, a;, of being isolated, where
w;y is the wage and 6;; is the percentage of income lost which is compensated by the government
support. For those individuals who can work from home 6;; is likely to be 1 or very close to it. But
for many workers who are furloughed or become unemployed, 6;; is likely to be close to zero, unless

they are compensated by transfers from the government.
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On the other hand, if the individual decides not to self-isolate then he/she receives the uncertain
pay-off of (1—x;)wit — x40, Where xj; is an indicator which takes the value of unity if the individual
contracts the disease and zero otherwise. The parameter ¢,; represents the cost of contracting the
disease and is expected to be quite high. We are ruling out the possibility of death as an outcome
and also assume that if the individual does not isolate and get sick does not earn the wage.

In this setting the individual decides to self-isolate if the sure loss of self-isolating is less than

the expected loss of not self-isolating, namely if

(1 —0ir) wit + air < E[xind; — (1 — zip)wie [Zi—1], (A.11)

where Z,_1 is the publicly available information that includes ¢;_1, the total number of infections.
Assume now for simplicity that the probability of anyone contracting the disease is uniform across
the population and this is correctly perceived to be given by m;_1. Hence F (x4 |Zy—1) = m4—1, and

the condition for self-isolating in any day ¢ can be written as

(2 = Oi)wir + aip < me—1(wit + Py),

or as
2 — 0y + (ai/wir)
L+ (¢i/wit)

= A\t < Ty_1. (A12)

Since m;—1 < 1, then for individual i to self-isolate we must have \;; < 1 (note that Ay > 0, with
Ait = 0 when ¢;; — o0) or if

Gi/wit > ait/wit + (1 — Oit). (A.13)

This condition clearly illustrates that an individual is more likely to self-isolate if the relative
cost of contracting the disease, ¢;;/w;t, is higher than the inconvenience cost of self-isolating plus the
proportion of wages being lost due to self-isolation. Also, an individual is more likely to self-isolate
voluntarily if the wage loss, measured by 6;;, is low thus showing that compensating some workers

for the loss of their wages encourages a larger fraction of the population to comply with mandatory
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social distancing. The above formulation could easily accommodate the differential incentive to
self-isolate across different age groups and sectors of economic activity. Given that the epidemic
affects the young and the old differently, with the old being more at risk as compared to the young,
then ¢4 > ¢young> and the old are more likely to self-isolate. Similarly, low-wage earners are more
likely to self-isolate as compared to high-wage earners with the same preferences (¢;; and a;), and
facing the same transfer rates, 6;;. But the reverse outcome could occur if low-wage earner face a
higher rate of transfer as compared to the high-wage earners.

According to this simple model the fraction of population that are willing to socially isolate
voluntarily is given by

Py =n"" Y T[(1 = Oi)wi < (¢s — air)] ,

i=1
where I(A) is an indicator function that takes the value of 1 if A holds and zero otherwise. It
is clear that the extent of voluntary social distancing, py,;, is positively related to the size of the
economic support, 6;;, and the perceived net cost of contracting the virus, (¢;; — a;), which could
rise sharply when epidemic surges and/or if better messaging by health authorities about the true
costs of contracting the disease is provided. The inclusion of the economic support variable, and the
threshold indicator in our empirical analysis are intended to capture such effects, with the indicator

taking the value of unity when people become more fearful of catching the virus.
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This online supplement is organized as follows. Section S.1 outlines regions definitions. Section
S.2 provides plots of cases and baseline estimates of the transmission rates and R numbers for (i)
China and the rest of the world, (ii) major world regions, and (iii) selected large countries. Section
S.3 provides comparisons of the estimated R numbers for alternative choices of the multiple factor
(MF). Section S.4 provides comparisons of the estimated effective transmission rates for alternative
choices of MF. Section S.5 provides details regarding the estimation of standard errors in the
pooled regressions. Section S.6 presents the summary statistics of the regressors used in the panel
regressions of the transmission rates. Section S.7 investigates Google mobility data as a potential

co-variate for explaining the transmission rates.
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S.1

Regions and their definitions

Table S1: Regional Classifications

East Asia and Pacific

Australia, Brunei, Cambodia, China, South Korea, Fiji, Indonesia, Japan, Laos, Malaysia,
Marshall Islands, Mongolia, Burma, New Zealand, Papua New Guinea, Philippines,
Samoa, Singapore, Solomon Islands, Taiwan, Thailand, Timor-Leste, Vanuatu, Vietnam

Eastern Europe and Central Asia

Albania, Armenia, Azerbaijan, Belarus, Bosnia and Herzegovina, Bulgaria, Croatia, Georgia,
Kazakhstan, Kyrgyzstan, Montenegro, Moldova, Romania, Russia, Serbia, Tajikistan,
North Macedonia, Turkey, Ukraine, Uzbekistan

Western Europe

Andorra, Austria, Belgium, Cyprus, Czechia, Denmark, Estonia, Finland, France,

Germany, Greece, Holy See, Hungary, Iceland, Ireland, Italy, Latvia, Liechtenstein,

Lithuania, Luxembourg, Malta, Monaco, Netherlands, Norway, Poland, Portugal, San Marino,
Slovakia, Slovenia, Spain, Sweden, Switzerland, United Kingdom

North America

United States, Canada

Latin America and Caribbean

Antigua and Barbuda, Argentina, Bahamas, Barbados, Belize, Bolivia, Brazil, Chile, Colombia,
Costa Rica, Cuba, Dominica, Dominican Republic, Ecuador, El Salvador, Grenada, Guatemala,
Guyana, Haiti, Honduras, Jamaica, Mexico, Nicaragua, Panama, Paraguay, Peru,

Saint Kitts and Nevis, Saint Lucia, Saint Vincent and the Grenadines, Suriname,

Trinidad and Tobago, Uruguay, Venezuela

Middle East and North Africa

Algeria, Bahrain, Egypt, Iran, Iraq, Israel, Jordan, Kuwait, Lebanon, Libya, Morocco, Oman,
Qatar, Saudi Arabia, Syria, Tunisia, United Arab Emirates, Yemen

South Asia

Afghanistan, Bangladesh, Bhutan, India, Maldives, Nepal, Pakistan, Sri Lanka

SubSaharan Africa

Eastern and Southern Africa and West and Central Africa

Eastern and Southern Africa

Angola, Botswana, Burundi, Comoros, Djibouti, Eritrea, Ethiopia, Kenya,
Lesotho, Madagascar, Malawi, Mozambique, Namibia, Rwanda, Seychelles, Somalia,
South Africa, South Sudan, Sudan, Uganda, Tanzania, Zambia, Zimbabwe

West and Central Africa

Benin, Burkina Faso, Cabo Verde, Cameroon, Central African Republic, Chad,

Congo (Brazzaville), Congo (Kinshasa), Cote d’Ivoire, Croatia, Equatorial Guinea, Gabon,
Gambia, Ghana, Guinea, Guinea-Bissau, Liberia, Mali, Mauritania, Niger, Nigeria,

Sao Tome and Principe, Senegal, Sierra Leone, Togo
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S.2 COVID-19: A global pandemic with heterogeneous time-varying transmission

In this section we report country-specific estimates of the effective reproduction number, R,
which we simply refer to as the “R number”. We plot these estimates alongside the estimates of
the effective transmission rate, Bt /7y with v = 1/14, to separately assess the influence of herding
from social distancing (and other related mitigating factors), for a large sample of countries.

While we estimate the two parameters of interest for all jurisdictions for which JHU reports case
statistics, in this section we report only the results for selected countries and regions. See Figures
S.1-S.8.2" The results for China and the rest of the world are given in Figure S.1. Figures S.2-S.4
show results by geographic regions (excluding China): the Northern and Southern Hemispheres
(Figure S.2) and all main regions of the world (Figures S.3-S.4), including East Asia and Pacific,
South Asia, Eastern Europe and Central Asia, Western Europe, North America, Latin America and
Caribbean, Middle East and North Africa, and Sub-Saharan Africa. Figures S.5-S.6 report results
for selected large economies. Finally, Figures S.7-S.8 present results for the selected European
countries, also analyzed in Section 4 below. The estimates of transmission rates and R numbers for
the regions are based on aggregate region-specific case statistics rather than by averaging country
specific estimates of the R numbers.

Each panel reports two sets of charts. The charts on the left-hand-side of the figures report the
seven-day moving average of the number of reported new infected cases per 100,000 population.
The charts on the right-hand-side report two lines. The solid (red) line is the estimated R number,
Ret = (1 — )3, /. The dotted (blue) line is the effective transmission rate, 3,/7 = B; x 14. This
is the variable that we model in Section 4. Recalling that the effective transmission rate, Bt /7,
coincides with Ry only when ¢; = 0, but as the epidemic spreads more widely we have ¢; > 0,
herd immunity can eventually start to play a non-negligible role and manifests itself in later stages
of the epidemic with an increasing gap between Re: and Bt /7, depending on the magnitude of ¢;.
Also, we expect Bt /7 to be in the range 0 to 3 (similarly to ﬁet), and R to be smaller or equal to

the effective transmission rate as the epidemic progresses. Thus the gap between the red and the

2"The full set of estimation results is available on the authors’ websites (sites.google.com/site/alexanderchudik/,
pesaran.com, sites.google.com/site/alessandrorebucciphd/).
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blue lines is a function of s; = 1 — ¢, the share of susceptible (not yet infected) population.

We start by estimating the effective transmission rate, Bt /7, and hence the R numbers, when
the seven-day moving average of new cases exceeds a threshold of 50 cases to ensure a reasonably
precise estimate of 3,/v. Note that at the early stages of the spread of the infection, when both ¢
and i; are close to zero, estimation of 3,/v becomes problematic as can be seen directly from (6).
In effect it involves computing the ratio of two very small numbers, each subject to sampling errors.
Note also that, since some countries (in particular China) were able to virtually eradicate the virus
in some sub-periods, there will be gaps in our charts reporting the R numbers. In addition, we
start to report estimated R numbers at the beginning of the sample from the day in which Ret < 3
for the first time. This is to avoid showing widely varying estimated values in the initial days of
the epidemic driven by unusually large growth rates of new confirmed cases, which could reflect

delays in reporting the number of infected cases.

S.2.1 China and the rest of the world

China China experienced a large first wave followed by a few small and localized outbreaks
(Figure S.1). Two points are worth highlighting. First the R number comes down very fast, in
less than a month during the first wave. This is consistent with disaggregate evidence in Fang,
Wang, and Yang (2020) and also clinical evidence. Second, the effective reproduction number
always coincides with the effective transmission rate in the case of China, given the fact that only
a very small fraction of population has been infected. The number of infected cases in China is
90,000 x MF out of a population of 1.4 billion. This is a very small share even if we set MF
to 20, which is at the upper end of the estimates reported for M F' across many countries and
reviewed in the Introduction. This confirms herd immunity had no role in the reduction of the
effective reproduction number in the case of China.?® When the epidemic resurfaces, the estimated

effective transmission rate increases sharply, but the extremely small number of cases permitted

28The effective reproduction number coincides with the effective transmission rate in most other Asian countries.
Nonetheless, even in Asia, we observe a great deal of heterogeneity in terms of the shape of the epidemic curve. Japan
and Indonesia fared better at the start of the pandemic, but did not avoid a large second wave. South Korea, in
contrast, had two waves, one in March 2020 and a second toward the end of 2020, possibly reflecting its decision to
avoid China-style mandatory social distancing, embracing a strategy revolving around testing and tracing with less
restrictive limits on mobility and interactions (results not reported but available from the authors).
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due to aggressive containment strategies prevented any new large-scale spread of the virus. But as
it is widely acknowledged under mandatory lock-downs and social distancing the population never

reaches herd immunity, unless there is a comprehensive vaccination policy in place.

The Rest of the World excluding China The bottom panel of Figure S.1 reports results for
the rest of the world excluding China. As we noted earlier, these estimates are based on aggregate
cases, as opposed to averages of country specific estimates. In the rest of the world, the COVID-19
epidemic started later than in China and the R number comes down more slowly compared to
China, never really falling below one until the end of 2020. The R number increased from May
to July 2020, and then again starting at the end of August 2020. As a result, the pandemic’s
incidence was many, many times higher than in China in terms of cases. Indeed, our estimation
results show that even an R number slightly above one can be devastating once the epidemic has
spread widely. Overall, the rest of the world as a whole never managed to eradicate the epidemic to
an extent comparable to China. Not surprisingly, as restrictions ease during the summer of 2020,
the epidemic resurfaces and worsens dramatically. Moreover, some of the decline in the R number
is due to herd immunity, which is extremely costly in terms of lives and, possibly, long term health

consequences for the population.

S.2.2 Major World Regions

Comparing Northern and Southern Hemispheres reported in Figure S.2, we see that climate has
made a difference to both the initial spread, which was faster in the northern winter, and the shape
of the epidemic curve, which was more persistent in the southern hemisphere. It does not, however,
make a significant difference in terms of the epidemic peak; the number of daily new confirmed cases
peaked about 10-12 per 100k population in the Northern Hemisphere, whereas the peak number of
new cases (per 100k population) was about 10 the Southern Hemisphere in January of 2021. In the
South, the R number declined more slowly, but eventually dropped below one for several months
in the middle of 2020. In both hemispheres, the estimates suggest that the COVID-19 transmission

rate was falling in February 2021.
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Figures S.3-S.4 report the estimates at more regional levels of disaggregation.?? A stark dif-
ference emerges between the epidemic peaks reported in the left charts. North America reached
a peak of 70 new cases per 100k population. Western Europe together with Eastern Europe and
Central Asia experienced the second largest peaks at about 45-50 new cases per 100k population.
Peaks in the daily new cases in Latin America and Caribbean region are also quite sizeable, but
considerably smaller, staying below 20 new cases per 100k population. In contrast, the largest peak
in the daily new cases is only about 7 in Middle East and North Africa, about 5 in South Asia, and
even smaller peaks of less than 3 new cases per 100k population were achieved in East Asia and
Pacific (excl. China) and Sub-Saharan Africa.

Large differences can be observed not only in terms of the magnitude of the peaks in new
infections, but also in the trajectory of the epidemic more broadly. South Asia experienced a
protracted single peak culminating in September 2021, which is reflected in the overall R number
not falling below one from the start of the epidemic until early in September 2020. By contrast,
Sub-Saharan Africa experienced two definite peaks (July 2020 and January 2021). North America
and Western Europe experienced three major waves. The first wave occurred in March/April in
both regions. After some significant community spread of the virus, containment policies were
enacted which helped to bring the R number below one in a very short period of time. In North
America, containment measures were relaxed quicker, and therefore the R number did not stay
below one for long, resulting in the second wave in the summer of 2020. By contrast, the R number
stayed below one for longer in Western Europe, until about mid-summer, when the virus began to
spread exponentially again, resulting in the second (and largest) European wave in the Fall. After
the new containment measures, R number declined again, but it did not stay below one for long,
resulting in the third wave of infections in January 2021 in both regions.

Experience from the remaining regions is more atypical than one might expect from the epidemic
models. New cases in the Middle East and North Africa and, to some extent East Asia and Pacific
(excl China), exhibit a broad upward trend throughout 2020 with a number of local peaks; new

cases data for Latin America and Caribbean appear to be subject to much more noise compared

2°Table A1 in the online Appendix lists countries included in each region.
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with any other regions, and there is an unusual jump in the daily new cases in Eastern Europe and
Central Asia, driven by the data for Turkey. R numbers closely reflect the first derivative of the
smoothed version of the new cases data in all regions; new cases subside when R falls below one
and increase when R is above one.

The difference between the solid red lines (R numbers) and the dotted blue lines (effective
transmission rate) is virtually zero in the most successful regions in terms of the total number of
cases, such as Sub-Saharan Africa and South Asia, suggesting that herd immunity played no role
in these regions due to the relatively small number of overall infections. On the other hand, the
gap between the two lines is largest in North America, followed by Western Europe, showing that
herd immunity has started to contribute more meaningfully to mitigation of the epidemic in these

regions starting in December 2020.

S.2.3 Selected Large Countries

Clearly the trajectory of the epidemics has been quite heterogeneous across regions. In addition,
there are considerable differences across countries within each region, to which we now turn for
selected large countries. We report estimates for the United States, Brazil, India and Russia in
Figure S.5, for South Africa, Australia, Iran and Turkey in Figure S.6, and nine European countries
in Figures S.7-S.8—Belgium, France, Germany, Italy, Netherlands, Poland, Portugal, Spain, and
UK. The selected countries include most of the G20 economies with the widest regional coverage
globally.

In contrast to China’s and the rest of the world, the United States (reported in the top panel
of Figure S.5) stands out for the largest gap between the effective reproduction number and the
effective transmission rate since the reopening of the economy in May 2020. The gap continues to
widen throughout the subsequent period, peaking at the end of the sample in February 2021. Only
a few other countries in the world, including the United Kingdom, Israel and some Latin American
countries, display a comparable contribution of herd immunity to the decline in the R number.
The US case also stands out because of the three very distinct waves, with the second and the third

re-emerging after a brief fall of the R number below one. This led to a much higher number of
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infections per 100,000 people compared to the rest of the world.

Like the United States, Brazil’s estimates also show visible gaps between the R number and the
effective transmission rate starting in mid-2020. The case count in Brazil is more volatile compared
to the United States and the remaining countries, possibly due to differences in the data quality
other than under-reporting controlled for with the multiplication factor. Unlike the US case, Brazil
brought down the R number more gradually, falling below one for the first time only during the
summer of 2020. This resulted in a protracted first wave that peaked in August. The R number
however did not remain below one for long, and in November a second large wave took off.

India also experienced a protracted first wave. Estimates of the R number in India stayed above
one until late September. Nevertheless, India did not experience a large number of cases per 100k
population, compared with the remaining countries. As a result, herd immunity has not played a
role in India. Russia, by contrast, experienced two large waves. Similarly to the western countries,
Russia managed to bring the R number down relatively fast, but not permanently, resulting in a
larger second wave at the end of 2020.

A two-wave epidemic trajectory is also observed in the case of South Africa and Australia (in
Figure S.6), but with a different time profile. The first wave of the epidemic peaked in July 2020 in
South Africa as authorities were unable to bring the R number below one quickly enough. South
Africa, as the richest country in the region, stands out with much higher infection rates compared
to the rest of Africa. Australia, on the other hand, managed the virus very well. We can see two
small peaks, one in March and the second in July-August 2020, each followed by a rapid decline
in the R number well below one, each time almost eradicating the virus without any discernible
contribution from herd immunity.

For the two major neighboring countries, Iran and Turkey in the Middle East (the bottom two
panels of Figure S.6), the trajectories of the number of new cases differ markedly, with the outbreak
of the virus starting much earlier in Iran due to the close trading relations with China. The initial
spread in Iran began in late February 2020 and peaked in late March after the Iranian New Year
(20" March) and then declined slightly before starting to move up to its second peak in November

2020. By contrast, new cases in Turkey were detected in March and remained low for quite a few

S.8



months before rising dramatically to a peak of 165 per 100,000 in December 2020. The associated R
numbers for Iran and Turkey also show very different trajectories, with Turkey’s R number hitting
the maximum value of 3 during the December 2020 peak.

The estimation results for selected European countries are reported in Figures S.7-S.8. We
report the same sample of countries as the one used in the next section for panel estimation of
the transmission rate determinants. The virus outbreak in continental Europe begins with Italy
in early 2020, with the recorded number of infections accelerating rapidly from February 21, 2020
onward. A rapid rise in infections takes place about one week later in Spain, Germany and France,
followed by Austria (not reported) at the end of February. As the rolling estimates show, the R
number fell below one in mid- to late-April in all these countries. As lock-downs were eased during
the summer, however, the transmission rates started to rise again. By the end of the 2020, the
R numbers were much more dispersed, with some countries doing better than others. However,
all large European countries reported in Figures S.7-S.8 show a second wave much larger than the
first one. The United Kingdom, Spain, Portugal and Netherlands exhibit distinct third waves, with
larger case counts compared with their second-waves.

In summary, only China and a few other countries have been successful in containing the
COVID-19 epidemic well. Contrary to common perception, however, not all countries accomplished
this with the same draconian mandatory social distancing as in China. So we now turn to explaining
the effective transmission rates to better understand the heterogeneity that we described, focusing
on selected European countries reported in Figures S.7-S.8, all experiencing quite similar starting

dates and the initial wave of the epidemic, but quite differing subsequent trajectories.
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Figure S.1: New cases (left) and R numbers (right) for China and the rest of the world
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(1 —MF¢&) B,/v, where v = 1/14, and MF declining linearly from 5 to 2 for each

7%ret =

country. (3, is estimated using (12), where the number of active infections is computed using the data on confirmed

charts, dotted blue line).

The number of removed (recoveries 4+ deaths) is imputed recursively using

R = (1 — ) Ri—1 + yCt—1 for all countries.

cases minus imputed removed cases.

S.10



Figure S.2: New cases (left) and R numbers (right) for North and South Hemispheres (excl. China).
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Figure S.3
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charts), the R number, R.; (right charts, solid red line), and the effective transm

charts, dotted blue line). See notes to Figure S.1.
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New cases (left) and R numbers (right) for sample of European countr

Figure S.7
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New cases (left) and R numbers (right) for sample of European countr

Figure S.8
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Notes: The figure plots a seven-day moving average of the number of reported new cases per 100k population (left
charts), the R number, R.: (right charts, solid red line), and the effective transm

charts, dotted blue line). See notes to Figure S.1.



S.3

Comparison of estimated R numbers for selected countries and regions for two

choices of multiplication factors, MF declining from 5 to 2 and from 8 to 2.5

Figure S.9: Comparisons of estimated R numbers for China and the rest of the world for two
choices of multiplication factors, MF=8 to 2.5 (solid red line) and MF=5 to 2 (dotted black line)
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Figure S.10: Comparisons of estimated R numbers for North and South Hemispheres (excl. China)
for two choices of multiplication factors, MF=8 to 2.5 (solid red line) and MF=5 to 2 (dotted black

line)
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Notes: The figure plots the R number, Ret, using MF=8 to 2.5 (solid red line) and MF=5 to 2 (dotted black line).
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5 to 2 (dotted black

FEastern Europe and Central Asia

8 to 2.5 (solid red line) and MF

Figure S.11: Comparisons of estimated R numbers for main geographic regions (excl. China) for
East Asia and Pacific (Excl. China)

two choices of multiplication factors, MF
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Comparisons of estimated R numbers for selected countries for two choices of mult
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Figure S.13: Comparisons of estimated R numbers for sample of European countries for two choices

=5 to 2 (dotted black line)

8 to 2.5 (solid red line) and MF

of multiplication factors, MF
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S.4 Comparison of estimated transmission rates for selected countries for two

choices of multiplication factors, MF declining from 5 to 2 and from 8 to 2.5

Figure S.14: Comparison of estimated transmission rates for China and the rest of the world for
two choices of multiplication factors, MF=8 to 2.5 (solid blue line) and MF=5 to 2 (dotted black
line)
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Notes: The figure plots the effective transmission rate 3,/v = 3, x 14 using multiplication factor MF=8 to 2.5 (solid
blue line) and MF=5 to 2 (dotted black line).
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Figure S.15: Comparison of estimated transmission rates for North and South Hemispheres (excl.
China) for two choices of multiplication factors, MF=5 to 2 (solid blue line) and MF=5 to 2 (dotted
black line)

North Hemisphere Excl. China South Hemisphere

Notes: The figure plots the effective transmission rate Bt/’y = Bt x 14 using multiplication factor MF=8 to 2.5 (solid
blue line) and MF=5 to 2 (dotted black line).
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5 to 2 (dotted

8 to 2.5 (solid blue line) and MF

Figure S.16: Comparison of estimated transmission rates for main geographic regions (excl. China)

for two choices of multiplication factors, MF

black line)

FEastern Europe and Central Asia

East Asia and Pacific (Excl. China)

35

q25

115

5

o

151

0.5

0.5

2290
1090 g
OTAON §
0290 &
6zdas §
godas &
81 bny
8zin
L0in¢
grun
9z ke
0 ke
v7dy
2N
01BN
01684
0z Uer
[
60990
8TAON
820
1000
97 dag
9z bny
50 6ny
sTing
pzunt
eount
€1 ke
gy
70 4dy

21980
T2 00N
1100
01100
61 das
62 bny
80 6ny
8Tt

Leunt
ount

2020-2021

Latin America and Caribbean

Western Europe

3.5

125

0.5

9198q
SCION &
0N §
V110 Q
gzdes o
20 dos ™
21 fny
i
10000
orun
0z fen
6z 1dy
80y
8T RN
2004
064
T Uer
2920
£092Q
TN
242}
1090
ordas
0z bny
0g Ine
60In
sTun
8z few
L0fen
97 0y
92 1ol

3.5

3.5

25
2

15}

0.5

=)
8
B
S
2020-2021

2.5
2

North America

Middle East and North Africa

3.5

0.5

6190
8ZAON §
100N §
1100 &
9z dos &
godes ™
<1 bny
szine
o ne
erun
€z ke
20 ke
112y
2N
82934
10084
e
1290
908
STAON
5200
Y00
€7 dag
€z bny
206ny
e
eun
T¢ ke
o1 kew
67 0y
62 2N

0.5

0.5

81990
1200N
90 10N
9110
gz dag
v das
1 By
it

€0/

zrun
when
10 ke
07 dy
0z e
1203
90084
97 uer
92930
50980
TN
210
€010
zrdas
2z bny
10 bny
e

ozun
0g ke
60 e
8T Jdy
82BN
108N

2020-2021

0.5

Sub-Saharan Africa

South Asia

0.5

AN

51980
AN &
€0 MON &
€110 Q
22l o
10des
11 ny
Tz
og ung
60une
6T few
8z Jdy
101dy
iz
20
€004
ETuer
£298Q
2090
TTAON
1200
0g dog
60 dos
67 fny
6zin
80In¢
g
Lzfen
90 ken
ST udy

135

G2 Ten
B

o

A

=
3
8
2020-2021

Notes: The figure plots the effective transmission rate §,/y

blue line) and MF

8 to 2.5 (solid

B, x 14 using multiplication factor MF

S.24

5 to 2 (dotted black line).



ion rates for selected countries for two choices of

i8S

Comparison of estimated transm

Figure S.17

)

ine

3 (dotted black 1

ine) and MF=

8 to 2.5 (solid blue 1

multiplication factors, MF

35

0.5

Brazil

61980
82 10N §
100N §
1190 &
9z dos §
godes
§1Bny
sz ine
wone
erun
€z fen
20 ke
17y
2N
82024
10684
LT
1290
9090
STAON
210
010
grdas
€z bny
20 bny
ane
TZun
1€ Re
o1 Ae
67 0y

35

3.5

62 e
0

o

0.5

Us

61980
82MON
L000N
1100
gz das
0 das
§1 by
sz ine

wone

erun
€z fen
20 ke
11y
2N
82024
10084
LT
1290
9080
STAON
5210
010
grdas
£z bny
20 6ny
zn

TZun
Te fen
o1 Aew
67 dy

2020-2021

2.5+
15}

62 BN
0

o

3.5

Russia

India

0.5

35

35

13
2
2

35

3
.5
2

1980
EZNON N
o
200N §
o §
Tedas §
1€ by
o1 bny
ozing
6z unt
goune
o1 ke
Lz dy
90y
9T RN
€208
20084
e
2290
10980
0T AN
0290
6z das
80das
81 bny
8zt
L0
grunt
9z ke
S0 ke
T ady

0.5

1290
9092Q
STAON
5200
010
erdag
£z bny
206ny
zine

TZun
1€ Ao
o1 Aewy
67 dy
62BN
80BN
1084
gz uer
0 Ul
#1930
€200N
200N
[430)
Tz das
1€ by
ot by
ozine

6z unt
gount
81 ke
Lz 1y
90y

2020-2021

105

Australia

South Africa

51980
2 AON
€0 0N
€110
2z dos
10dos
11 by
2

ogun
6ount
6T e
8z 1dy.
10dy.
TR
2604
€034
€T Uer
£299Q
20980
TN
1210
o€ dos
60 dos
67 by
6z

80/

yun
Lz fen
90 e
ST udy
G2 I

Turkey

2020-2021

Iran

135

&

AN

0
o

2.5
15

2290
10990 g
OTAON §
0290 &
6zdas §
godas ©
81 bny
8zin
L0in
grun
9z ke
0 ke
yLdy
2N
€0 BN
01084
0z Uer
0£930
60990
8TAON
8210
1000
g7 dag
9z bny
50 6ny
stine
pzun
eount
1 ke
v
70 4y

2020-2021

87 Jdy
82 eI
102N

0.5

=8 to 2.5 (solid

tion factor MF

1Ca

Bt % 14 using multipli

transmission rate 3, /v =

e

The figure plots the effect

blue line) and MF

Notes

S.25

).

me

5 to 2 (dotted black 1



Figure S.18: Comparison of estimated transmission rates for sample of European countries for two

5 to 2 (dotted black line)
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S.5 Conducting inference about the pooled panel results

Consider a linear panel data model, which, for convenience, can be written as

yjt = 0'Cjp + wjt,

for j =1,2,..., N, where ¢, is the vector of variables (inclusive of intercept). We allow for unbal-

anced panel by assuming ¢t = 1,2,...,T}. Let 0 be the pooled estimator. We have

-1

. N T N T
60— 6= ZZCth;‘t ZZCthjt-
j=1t=1 j=1t=1
The variance of @ is given by
A N Tj -1 N Tj N Tj -1
Var(0) = Z Z Cth;’t Var Z Z Cjetje Z Z Cth;'t
j=1 t= j=1t= j=1 t=
Assuming F (Cjtujt) = 0, we obtain
X N T, ! T} T N T !
Var(0) = ( > €€y D20 ECCruieue) | [ D> ¢kl
j=1 t= j=1t=1 j=1¢=1 j=1t=1

S.5.1 Inference robust to serial correlation of errors

Let

1 LY
Qur = = — ZZCth;ta

N
Zj:l T; 5=

and
N T; T

Snr = Z L i z Z E (Cth;'t/uthjt’) >

N
j=1 > =1 Th Tj t=1t'=1
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then
1

Var(0) = ———
R SN

Q, ;S Q7

We estimate S,,7 by the Newey-West method, extended to our panel setup:

~ T ~
Snr = Z N] Sju
j=1 Zsh=1 Ty,
where
Sj = Qo+ Y w(tomy) (R + ) (8.5.1)
(=1
and

1 &

“ , o

Qj,Z = T Z Cthj,t_zthUj,t—b
J =1

in which 1 = y;; — 9/Cjt. We set

14

wibmg) =1= 0
J

and m; = m;,r is chosen to be a suitable increasing function of the sample size. We set m; 7 to

be the integer part of (Tj)l/?’.

S.5.2 Inference robust to serial and cross-sectional correlation of errors

Allowing for correlation of errors over time, as well as across units (countries) requires a different

estimator of S, 7. It is useful to re-write S,,7 as
T T
SnT = Z Z hnth;ﬂt’:
t=1¢'=1

where

hnt - Z Cjtujta

JEN:
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in which we use N; as the index set of cross-section units with available observations for a period

t. Following Driscoll and Kraay (1998), S,r is estimated as

SnT = Q.,o + Z w (f, m) <Q.74 + Q{j) , (8.5'2)
/=1
where
. 1 G o
Q.= T Z h,¢h,; 4, for £ =0,1,...,m,
t=0+1
and

hnt = Z Cjtﬁjt-

JEN:
m = my7 is chosen to be a suitable increasing function of the sample size. We set m,7 to be the
integer part of T'/3.

S.6 Summary statistics

This section reports sample maximums and minimums of the individual regressors in pooled re-

gressions reported in Table 2.
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Table S2: Sample minimum and maximum

Pre-vaccination sample ending 31 January 2021

Social Distancing Economic Support Vaccination Delta Variant Threshold

index index share share indicator
Belgium [0.11,0.81] [0.00,1.00] [0.00,0.00] [0.00,0.00]  [0.00,1.00]
France [0.06,0.88] [0.00,1.00] [0.00,0.00] [0.00,0.00]  [0.00,1.00]
Germany [0.11,0.85] [0.00,0.63] [0.00,0.00] [0.00,0.00]  [0.00,1.00]
Italy [0.19,0.94] [0.00,0.75] [0.00,0.00] [0.00,0.00]  [0.00,1.00]
Netherlands [0.00,0.79] [0.00,0.88] [0.00,0.00] [0.00,0.01]  [0.00,1.00]
Poland [0.11,0.87] [0.00,0.75] [0.00,0.00] [0.00,0.00]  [0.00,1.00]
Portugal [0.06,0.88] [0.00,0.75] [0.00,0.00] [0.00,0.00]  [0.00,1.00]
Spain [0.11,0.85] [0.00,0.88] [0.00,0.00] [0.00,0.00]  [0.00,1.00]
United Kingdom [0.11,0.88] [0.00,1.00] [0.00,0.01] [0.00,0.00]  [0.00,1.00]
all 9 countries [0.00,0.94] [0.00,1.00] [0.00,0.01] [0.00,0.01]  [0.00,1.00]
1 February 2021 - 30 November 2021 sample
Belgium [0.40,0.76) [0.75,0.75] [0.00,0.75) [0.00,1.00]  [1.00,1.00]
France [0.44,0.75] [0.25,0.50] [0.00,0.69] [0.00,1.00]  [1.00,1.00]
Germany [0.37,0.83] [0.38,0.38] [0.00,0.67] (0.00,1.00]  [1.00,1.00]
Italy [0.47,0.83] [0.75,0.75] [0.00,0.73] [0.00,1.00]  [1.00,1.00]
Netherlands [0.32,0.82] [0.50,0.75] [0.00,0.66) [0.00,1.00]  [1.00,1.00]
Poland [0.39,0.76] [0.75,1.00] [0.00,0.54] [0.00,1.00]  [1.00,1.00]
Portugal [0.41,0.88] [0.75,0.75] [0.00,0.88] [0.00,1.00]  [1.00,1.00]
Spain [0.41,0.71] [0.88,0.88] [0.00,0.80] [0.00,1.00]  [1.00,1.00]
United Kingdom [0.41,0.88] [0.25,1.00] [0.01,0.68] [0.00,1.00]  [1.00,1.00]
all 9 countries [0.32,0.88] [0.25,1.00] [0.00,0.88] [0.00,1.00]  [1.00,1.00]

Notes: This table report sample maximums and minimums of the individual regressors in pooled regressions presented in Table
2. The top panel reports summary statistics for the pre-vaccination sample (ending January 31 2021), and the bottom panel
reports summary statistics for the remainder of the full sample — 1 February 2021 to 30 November 2021.
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S.7  Controlling for mobility

This section explores Google Mobility data (https://www.google.com/covid19/mobility/) as an
additional covariate potentially explaining the transmission rate of COVID-19. Mobility is likely
correlated with social distancing and the other factors we considered in our analysis, but does not
coincide with any of them. For example, it is possible to be socially distanced (by keeping distance
from others, wearing masks etc.) but mobile, or to stay home and not being socially distanced. In
other words, lower mobility is neither necessary nor sufficient to contain the spread of the virus as
the many studies in the literature that evaluate the impact of COVID-19 containment measures
employing mobility data show.

We construct an overall mobility index as a simple arithmetic average of ‘Retail and Recreation’,
‘Grocery and Pharmacy’, ‘Parks’, ‘Transit Stations’, and ‘Workplaces’ Google indices, divided by
100. Minimum and maximum observations for the mobility index in our sample of 9 European
countries is -0.912 and 0.874, respectively.

We start by including the mobility index as the only covariate in our panel data model. A
positive coefficient is expected, since an increase in mobility should to be associated with higher
transmission rate. Tables S3-S5 report estimation results for the pre-vaccination subsample (ending
January 2021), post-vaccination subsample (February 1, 2021 to November 30, 2021), and the full
sample, respectively. We considered two options for multiplication factor, M F = 2 and 3. The
estimated mobility coefficient is positive, in line with the prior above. However, the model fit is
poor, about 6 to 7 percent in the pre-vaccination sample and only 2 to 4 percent in the post-
vaccination subsample. Also, the estimated magnitude of the mobility coefficient is notably smaller
in the post-vaccination subsample. This could be due increased vaccinations, which results in slower
aggregate transmission of the virus and possibly contributed to increased mobility of individuals.

Next, we consider panel regressions that include the mobility index as well as the other re-
gressors. The estimation results are summarized in Tables S6-S8 for the full sample and the three
different threshold variables. Table S6 reports the results without threshold effects, Table S7 re-

ports the results with a single 0/1 threshold indicator, and Table S8 shows the results with the
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smooth threshold variable. The coefficient of the mobility index is now negative, suggesting reduced
mobility could be associated with a higher rate of transmission! This perverse result is most likely
due to the positive relationship that exists with mobility and mitigation measures and vaccination
uptakes. It is reasonable to expect that vaccinated individuals and those that are taking precaution-
ary mitigating measures are more likely to increase their mobility without the fear of contracting
the virus. This also explains why we find reduced statistical significance of the vaccination variable
once the mobility index is added to the regressors. Nevertheless, the threshold variables remain

statistically highly significant regardless of the inclusion of the mobility index.

S.32



Table S3: Panel regressions of effective transmission rates using google mobility data alone

(Pre-vaccination subsample ending January 31)

Pooled Estimates

Fixed Effects Estimates

Multiplication Factor: MF =2 MF =3 MF =2 MF =3
Mobility Index 1.13 1.12 1.27 1.26
standard s.e. (t-ratio) 0.08 (13.5) 0.08 (13.3) 0.09 (14.6) 0.09 (14.4)
robustl s.e. (t-ratio)  0.14 (7.9)  0.14 (7.8) 0.16 (7.8)  0.16 (7.8)
robust2 s.e. (t-ratio)  0.36 (3.1)  0.36 (3.1) 0.50 (2.5)  0.50 (2.5)
Ro numbers (Constant Terms)
common [robust2 s.e.] 1.55 (0.15) 1.57 (0.15)
specific [robust2 s.e.]:
Belgium 1.54 (0.20)  1.56 (0.20)
France 1.62 (0.22)  1.63 (0.22)
Germany 1.45 (0.19) 1.46 (0.19)
Ttaly 1.60 (0.22) 1.61 (0.22)
Netherlands 1.43 (0.16)  1.44 (0.16)
Poland 1.42 (0.15)  1.43 (0.15)
Portugal 1.66 (0.22) 1.68 (0.22)
Spain 1.77 (0.28)  1.79 (0.28)
United Kingdom 1.71 (0.24)  1.73 (0.24)
R-squared 0.06 0.06 0.07 0.07

Notes: Mobility index is arithmetic average of ‘Retail and Recreation’, ‘Grocery and Pharmacy’, ‘Parks’, ‘Transit

Stations’, and ‘Workplaces’ google mobility indices, divided by 100. Lower value of mobility index implies less

mobility.
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Table S4: Panel regressions of effective transmission rates using google mobility data alone

(Post-vaccination subsample February 1 - November 30, 2021)

Pooled Estimates

Fixed Effects Estimates

Multiplication Factor: MF =2 MF =3 MF =2 MF =3
Mobility Index 0.52 0.63 0.52 0.65
standard s.e. (t-ratio)  0.07 (7.1)  0.08 (7.5) 0.08 (6.8)  0.09 (7.5)
robustl s.e. (t-ratio)  0.12 (4.3)  0.13 (4.7) 0.11 (4.6)  0.12 (5.3)
robust2 s.e. (t-ratio)  0.16 (3.1)  0.19 (3.3) 0.15 (3.4)  0.17 (3.8)
Ro numbers (Constant Terms)
common [robust2 s.e.] 1.22 (0.05) 1.37 (0.06)
specific [robust2 s.e.]:
Belgium 1.38 (0.07)  1.58 (0.09)
France 1.21 (0.09) 1.36 (0.10)
Germany 1.15 (0.07)  1.20 (0.08)
Ttaly 1.15 (0.07)  1.25 (0.07)
Netherlands 1.32 (0.10)  1.52 (0.12)
Poland 1.18 (0.11)  1.27 (0.12)
Portugal 1.17 (0.07)  1.33 (0.08)
Spain 1.16 (0.08)  1.31 (0.09)
United Kingdom 1.29 (0.06) 1.46 (0.07)
R-squared 0.02 0.02 0.04 0.03

Notes: See notes to Table S3.
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Table S5: Panel regressions of effective transmission rates using google mobility data alone

(Full sample ending November 30, 2021)

Pooled Estimates

Fixed Effects Estimates

Multiplication Factor: MF =2 MF =3 MF =2 MF =3
Mobility Index 0.67 0.80 0.72 0.86
standard s.e. (t-ratio) 0.05 (12.6) 0.06 (14.3) 0.06 (13.0) 0.06 (15.0)
robustl s.e. (t-ratio)  0.09 (7.4)  0.10 (8.3) 0.10 (7.4)  0.10 (8.6)
robust2 s.e. (t-ratio)  0.20 (3.4)  0.20 (3.9) 0.24 (3.0)  0.24 (3.6)
Ro numbers (Constant Terms)
common [robust2 s.e.] 1.36 (0.08) 1.44 (0.08)
specific [robust2 s.e.]:
Belgium 1.41 (0.10) 1.53 (0.11)
France 1.38 (0.12)  1.47 (0.12)
Germany 1.29 (0.11) 1.32 (0.11)
Ttaly 1.33 (0.10)  1.40 (0.10)
Netherlands 1.35 (0.10)  1.46 (0.10)
Poland 1.27 (0.09)  1.32 (0.09)
Portugal 1.36 (0.10)  1.47 (0.10)
Spain 1.41 (0.14)  1.51 (0.14)
United Kingdom 1.45 (0.12)  1.56 (0.11)
R-squared 0.03 0.03 0.04 0.03

Notes: See notes to Table S3.
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Table S6: Panel regressions of effective transmission rates featuring google mobility data and
other regressors without threshold variable

(Full sample ending November 30, 2021)

Pooled Estimates Fixed Effects Estimates
Multiplication Factor: MF =2 MF =3 MF =2 MF =3
Stringency Index -3.78 -3.89 -3.69 -3.75
standard s.e. (t-ratio)  0.10 (-38.2)  0.10 (-37.4) 0.11 (-33.2)  0.12 (-32.0)
robustl s.e. (t-ratio)  0.31 (-12.0)  0.31 (-12.4) 0.31 (-11.8)  0.32 (-11.8)
robust2 s.e. (t-ratio)  0.55 (-6.9)  0.53 (-7.3) 0.93 (-4.0)  0.92 (-4.1)
Economic Support -0.86 -0.85 -1.16 -1.17
standard s.e. (t-ratio)  0.05 (-18.2)  0.05 (-16.9) 0.06 (-19.0)  0.06 (-18.2)
robustl s.e. (t-ratio)  0.13 (-6.9) 0.13 (-6.7) 0.17 (-6.7) 0.17 (-6.7)
robust2 s.e. (t-ratio)  0.24 (-3.7) 0.23 (-3.7) 0.34 (-3.4) 0.33 (-3.5)
Vaccinated Share -0.32 -0.02 -0.43 -0.12
standard s.e. (t-ratio)  0.05 (-6.5) 0.05 (-0.3) 0.05 (-8.6) 0.05 (-2.3)
robustl s.e. (t-ratio)  0.11 (-2.9) 0.12 (-0.1) 0.11 (-3.8) 0.12 (-1.0)
robust2 s.e. (t-ratio)  0.18 (-1.8) 0.20 (-0.1) 0.23 (-1.9) 0.24 (-0.5)
Delta Variant Share -0.08 -0.02 -0.09 -0.03
standard s.e. (t-ratio)  0.04 (-2.3) 0.04 (-0.5) 0.04 (-2.5) 0.04 (-0.8)
robustl s.e. (t-ratio)  0.07 (-1.2) 0.07 (-0.2) 0.06 (-1.4) 0.07 (-0.4)
robust2 s.e. (t-ratio)  0.10 (-0.8) 0.11 (-0.2) 0.12 (-0.7) 0.13 (-0.2)
Mobility Index -0.83 -0.91 -0.62 -0.68
standard s.e. (t-ratio)  0.06 (-13.0)  0.07 (-13.5) 0.07 (-9.0) 0.07 (-9.4)
robustl s.e. (t-ratio)  0.13 (-6.3) 0.13 (-6.8) 0.13 (-4.6) 0.14 (-4.9)
robust2 s.e. (t-ratio)  0.21 (-3.9) 0.21 (-4.2) 0.24 (-2.5) 0.24 (-2.8)

Ro numbers (Constant Terms)
common [robust2 s.e.] 4.24 (8.4) 4.30 (8.8)

specific [robust2 s.e.]:

Belgium 4.38 (5.6) 4.46 (5.8)

France 4.31 (5.5) 4.37 (5.6)

Germany 4.16 (5.4) 4.18 (5.5)

Ttaly 467 (5.3) 471 (5.4)

Netherlands 4.40 (5.5) 4.49 (5.8)

Poland 4.23 (5.5) 4.28 (5.7)

Portugal 4.50 (5.4) 4.55 (5.5)

Spain 451 (53)  4.56 (5.4)

United Kingdom 4.68 (5.4) 4.74 (5.6)
R-squared 0.32 0.30 0.34 0.32

Notes: See notes to Table S3.
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Table S7: Panel regressions of effective transmission rates featuring google mobility data and
other regressors with a single 0/1 threshold variable

(Full sample ending November 30, 2021)

Pooled Estimates Fixed Effects Estimates
Multiplication Factor: MF =2 MF =3 MF =2 MF =3
Stringency Index -2.30 -2.45 -2.41 -2.51
standard s.e. (t-ratio) 0.11 (-21.7)  0.11 (-21.7) 0.12 (-20.7)  0.12 (-20.3)
robustl s.e. (t-ratio)  0.23 (-10.1)  0.24 (-10.3) 0.23 (-10.4)  0.25 (-10.2)
robust2 s.e. (t-ratio)  0.39 (-6.0) 0.38 (-6.4) 0.37 (-6.5) 0.37 (-6.8)
Economic Support -0.32 -0.32 -0.48 -0.51
standard s.e. (t-ratio)  0.05 (-6.7) 0.05 (-6.2) 0.06 (-7.5) 0.07 (-7.5)
robustl s.e. (t-ratio)  0.10 (-3.1) 0.11 (-3.0) 0.16 (-3.1) 0.16 (-3.3)
robust2 s.e. (t-ratio)  0.17 (-1.9) 0.17 (-1.9) 0.21 (-2.3) 0.20 (-2.5)
Vaccinated Share -0.03 0.26 -0.11 0.19
standard s.e. (t-ratio)  0.05 (-0.6) 0.05 (5.2) 0.05 (-2.3) 0.05 (3.6)
robustl s.e. (t-ratio)  0.09 (-0.3) 0.10 (2.6) 0.10 (-1.1) 0.11 (1.8)
robust2 s.e. (t-ratio)  0.17 (-0.2) 0.20 (1.3) 0.18 (-0.6) 0.20 (0.9)
Delta Variant Share -0.17 -0.10 -0.16 -0.10
standard s.e. (t-ratio)  0.03 (-4.9) 0.04 (-2.8) 0.03 (-4.7) 0.04 (-2.7)
robustl s.e. (t-ratio)  0.06 (-2.7) 0.07 (-1.5) 0.06 (-2.6) 0.07 (-1.5)
robust2 s.e. (t-ratio)  0.10 (-1.7) 0.10 (-1.0) 0.10 (-1.6) 0.11 (-0.9)
Mobility Index -0.36 -0.45 -0.30 -0.38
standard s.e. (t-ratio)  0.06 (-5.8) 0.07 (-6.9) 0.07 (-4.5) 0.07 (-5.3)
robustl s.e. (t-ratio)  0.11 (-3.4) 0.11 (-4.0) 0.11 (-2.7) 0.12 (-3.2)
robust2 s.e. (t-ratio)  0.19 (-1.9) 0.19 (-2.4) 0.16 (-1.9) 0.16 (-2.3)
0/1 Threshold Variable -2.48 -2.40 -2.31 -2.24
standard s.e. (t-ratio)  0.09 (-28.4)  0.09 (-25.9) 0.09 (-25.7)  0.10 (-23.4)
robustl s.e. (t-ratio)  0.26 (-9.5) 0.26 (-9.2) 0.26 (-8.8) 0.26 (-8.6)
robust2 s.e. (t-ratio)  0.46 (-5.4) 0.44 (-5.4) 0.61 (-3.8) 0.61 (-3.7)
threshold value 0.20 0.20 0.20 0.20

Ro numbers (Constant Terms)
common [robust2 s.e.] 5.37 [0.22] 5.41 [0.22]
specific [robust2 s.e.]:

Belgium 5.39 [0.55]  5.44 [0.56]

France 5.36 [0.57] 5.39 [0.58]

Germany 5.29 [0.58] 5.27 [0.59]

Ttaly 5.56 [0.57]  5.57 [0.58]

Netherlands 5.40 [0.56]  5.46 [0.57]

Poland 5.26 [0.56]  5.28 [0.57]

Portugal 5.44 [0.56]  5.47 [0.57]

Spain 5.43[0.56]  5.45 [0.57]

United Kingdom 552 [0.55  5.55 [0.56]
R-squared 0.40 0.38 0.41 0.38

Notes: See notes to Table S3.
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Table S8: Panel regressions of effective transmission rates featuring google mobility data and
other regressors with a smooth threshold variable

(Full sample ending November 30, 2021)

Pooled Estimates Fixed Effects Estimates
Multiplication Factor: MF =2 MF =3 MF =2 MF =3
Stringency Index -2.20 -2.37 -2.30 -2.41
standard s.e. (t-ratio) 0.11 (-20.7)  0.11 (-20.9) 0.12 (-19.7)  0.12 (-19.4)
robustl s.e. (t-ratio)  0.22 (-10.0)  0.23 (-10.2) 0.23 (-10.2)  0.24 (-10.0)
robust2 s.e. (t-ratio)  0.36 (-6.0) 0.36 (-6.5) 0.32 (-7.1) 0.33 (-7.4)
Economic Support -0.32 -0.32 -0.48 -0.51
standard s.e. (t-ratio)  0.05 (-6.7) 0.05 (-6.2) 0.06 (-7.6) 0.07 (-7.6)
robustl s.e. (t-ratio)  0.10 (-3.1) 0.11 (-3.0) 0.15 (-3.1) 0.15 (-3.3)
robust2 s.e. (t-ratio)  0.16 (-1.9) 0.16 (-2.0) 0.21 (-2.3) 0.20 (-2.6)
Vaccinated Share -0.01 0.28 -0.09 0.20
standard s.e. (t-ratio)  0.05 (-0.3) 0.05 (5.5) 0.05 (-1.9) 0.05 (4.0)
robustl s.e. (t-ratio)  0.09 (-0.1) 0.10 (2.8) 0.10 (-0.9) 0.10 (2.0)
robust2 s.e. (t-ratio)  0.17 (-0.1)  0.19 (1.4) 0.18 (-0.5)  0.20 (1.0
Delta Variant Share -2.95 -0.11 -0.17 -0.11
standard s.e. (t-ratio)  0.10 (-29.4)  0.04 (-3.1) 0.03 (-5.1) 0.04 (-3.0)
robustl s.e. (t-ratio)  0.27 (-10.8)  0.07 (-1.7) 0.06 (-2.8) 0.07 (-1.6)
robust2 s.e. (t-ratio)  0.37 (-7.9) 0.10 (-1.1) 0.09 (-1.8) 0.10 (-1.0)
Mobility Index -0.35 -0.45 -0.29 -0.37
standard s.e. (t-ratio)  0.06 (-5.8) 0.07 (-6.8) 0.07 (-4.4) 0.07 (-5.2)
robustl s.e. (t-ratio)  0.11 (-3.3)  0.11 (-4.0) 0.11 (-2.6)  0.12 (-3.1)
robust2 s.e. (t-ratio)  0.18 (-2.0) 0.18 (-2.4) 0.15 (-1.9) 0.16 (-2.3)
Smooth Threshold Variable -2.95 -2.84 -2.77 -2.68
standard s.e. (t-ratio)  0.10 (-20.4)  0.11 (-26.8) 0.10 (-26.7)  0.11 (-24.3)
robustl s.e. (t-ratio)  0.27 (-10.8)  0.27 (-10.4) 0.28 (-10.0)  0.28 (-9.6)
robust2 s.e. (t-ratio)  0.37 (-7.9) 0.37 (-7.6) 0.57 (-4.9) 0.57 (-4.7)
threshold value 7 0.09 0.10 0.09 0.09
shape parameter § 17.3 19.6 17.3 18.2

Ro numbers (Constant Terms)
common [robust2 s.e.]  5.78 [0.14] 5.78 [0.14]
specific [robust2 s.e.]:

Belgium 5.77 [0.45] 5.82 [0.47]

France 5.75 [0.47] 5.77 [0.48]

Germany 5.67 [0.48]  5.65 [0.49]

Ttaly 5.93 [0.46]  5.93 [0.47]

Netherlands 5.79 [0.46] 5.84 [0.48]

Poland 5.65 [0.46]  5.66 [0.48]

Portugal 5.83 [0.46] 5.84 [0.47]

Spain 5.81[0.46]  5.82 [0.47]

United Kingdom 5.90 [0.45]  5.92 [0.46]
R-squared 0.41 0.38 0.41 0.39

Notes: See notes to Table S3.
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