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ABSTRACT
For the first time in history, on March 17, 2020, the European Union closed all its external bor-
ders in an attempt to contain the spreading of the coronavirus 2019, COVID-19. Throughout
two past months, governments around the world have implemented massive travel restrictions
and border control to mitigate the outbreak of this global pandemic. However, the precise
effects of travel restrictions on the outbreak dynamics of COVID-19 remain unknown. Here we
combine a global network mobility model with a local epidemiology model to simulate and pre-
dict the outbreak dynamics and outbreak control of COVID-19 across Europe. We correlate our
mobility model to passenger air travel statistics and calibrate our epidemiology model using the
number of reported COVID-19 cases for each country. Our simulations show that mobility net-
works of air travel can predict the emerging global diffusion pattern of a pandemic at the early
stages of the outbreak. Our results suggest that an unconstrained mobility would have signifi-
cantly accelerated the spreading of COVID-19, especially in Central Europe, Spain, and France.
Ultimately, our network epidemiology model can inform political decision making and help
identify exit strategies from current travel restrictions and total lockdown.
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1. Introduction

On March 13, 2020, the World Health Organization
declared Europe the epicenter of the 2019 novel cor-
onavirus pandemic with more reported cases and
deaths than the rest of the world combined (World
Health Organization 2020). The first official case of
COVID-19 in Europe was reported in France on
January 24, 2020, followed by Germany and Finland
only three and five days later. Within only six weeks,
all 27 countries of the European Union were affected,
with the last cases reported in Malta, Bulgaria, and
Cyprus on March 9, 2020. At this point, there were
13,944 active cases within the European Union and
the number of active cases doubled every three to
four days (European Centre for Disease Prevention
and Control 2020). On March 17, 2020, for the first
time in its history, the European Union closed all its
external borders to prevent a further spreading of the
virus (European Commission 2020). The decision to
temporarily restrict all non-essential travel was by no
means uncontroversial, although it was very much in
line with the mitigation strategies of most of the local

governments: Italy had introduced a national lock-
down on March 9, Germany had implemented school
and border closures starting March 13, Spain followed
on March 14, and France on March 16. By 18 March,
2020, more than 250 million people in Europe were
in lockdown (Wikipedia 2020). As the economic pres-
sure to identify exit strategies is rising, we ask our-
selves, how effective are these measures in mitigating
the spreading of the COVID-19 and how risky would
it be to lift them?

Obviously, we will never know exactly what would
have happened without the drastic political measures
and massive travel restrictions. One possibility to esti-
mate the effectiveness of travel restrictions is mathem-
atical modeling (Hsu 2020). Mathematical modeling
of infectious disease dates back to Daniel Bernoulli in
1760 (Bernoulli 1760) and has been widely used in
the epidemiology community since the 1920s
(Kermack and McKendrick 1927). The most common
approach to model the epidemiology of an infectious
disease is to represent the stages of the disease
through a number of compartments and introduce
constitutive relations that define how individual
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subpopulations transition between them (Hethcote
2000). A popular compartment model is the SEIR
model that represents the timeline of a disease
through the interplay of the susceptible, exposed,
infectious, and recovered populations (Aron and
Schwartz 1984). The transition rates a from exposed
to infectious and c from infectious to recovered are
the inverses of the latent period A ¼ 1=a, the time
during which an individual is exposed but not yet
infectious, and the infectious period C ¼ 1=c, the
time during which an individual can infect others (Li
and Muldowney 1995). In theory, both are disease
specific parameters, independent of a city, region, or
country. For COVID-19, depending on the way of
reporting, they can vary anywhere between A¼ 2 to
6 days and C¼ 3 to 18 days (Park et al. 2020; Prem
et al. 2020).

The most critical feature of any epidemiology
model is the transition from the susceptible to the
exposed state. This transition is typically assumed to
scale with the size of the susceptible and infectious
populations S and I, and with the contact rate b, the
inverse of the contact period B ¼ 1=b between two
individuals of these populations (Hethcote 2000). The
product of the contact rate and the infectious period,
R0 ¼ C b ¼ C=B, is called the basic reproduction
number (Delamater et al. 2019). It defines how many
individuals are infected by a single one individual in
an otherwise uninfected, susceptible population (Dietz
1993). As such, it provides valuable insight into the
transmissibility of an infectious agent (Fang et al.
2020). Here we leave this parameter free and identify
it independently for each country in the European
Union (Peirlinck et al. 2020).

Especially during the early stages of an outbreak,
mobility can play a critical role in spreading a disease
(Balcan et al. 2009). To reduce mobility and mitigate
the COVID-19 outbreak, many European countries
have followed the guidelines by the European
Commission and implemented travel restrictions,
closed borders, and prohibited non-citizens from
entry (European Commission 2020). This has stimu-
lated an active ongoing debate about how strong these
restrictions should be and when it would be safe to
lift them (Chinazzi et al. 2020). Network modeling of
travel-induced disease spreading can play a pivotal
role in estimating the global impact of travel restric-
tions (Colizza et al. 2006). On a global level, a reason-
able first estimate for the mobility of a population is
passenger air travel (Zlojutro et al. 2019). Air travel
statistics have been successfully used to mitigate epi-
demic outbreaks and prevent the spreading between

cities, states, or countries (Pastor-Satorras et al. 2015).
Strikingly, by March 22, 2020, the average passenger
air travel in Europe was cut in half, and as of today,
April 18, it is reduced by 89% in Germany, 93% in
France, 94% in Italy, and 95% in Spain (Eurostat,
2020). Here we use a network epidemiology model to
explore the effect of travel restrictions within the
European Union and simulate the outbreak dynamics
of COVID-19 with and without the current travel
restrictions in place.

2. Materials and methods

2.1. Epidemiology model

We model the epidemiology of the COVID-19 out-
break using an SEIR model with four compartments,
the susceptible, exposed, infectious, and recovered
populations, governed by a set of ordinary differential
equations (Hethcote 2000),

_S ¼ � b S I
_E ¼ þ b S I � a E
_I ¼ þ a E � c I
_R ¼ þ c I :

The transition rates between the four compartments,
b, a, and c are inverses of the contact period B ¼ 1=b,
the latent period A ¼ 1=a, and the infectious period
C ¼ 1=c: We interpret the latent and infectious periods
A and C as disease-specific, and the contact period B as
behavior specific. We discretize the SEIR model in time
using an implicit Euler backward scheme and adopt a
Newton Raphson method to solve for the daily incre-
ments in each compartment.

2.2. Mobility model

We model the spreading of COVID-19 through a
mobility network of passenger air travel, which we
represent as a weighted undirected graph G with N
nodes and E edges (Peirlinck et al. 2020). The N¼ 27
nodes represent the countries of the European Union,
the E¼ 172 edges the most traveled connections
between them. We estimate the mobility within the
graph G using annual passenger air travel statistics
(Eurostat, 2020) from which we create the adjacency
matrix, AIJ , that represents the travel frequency
between two countries I and J, and the degree matrix,
DII ¼ diag

PN
J¼1, J 6¼I AIJ , that represents the number

of incoming and outgoing passengers for each coun-
try I. The difference between the degree matrix DIJ

and the adjacency matrix AIJ defines the weighted
graph Laplacian LIJ ,
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LIJ ¼ DIJ�AIJ :

Figure 1, top left, illustrates the discrete graph G of
the European Union with 27 nodes and 172 edges. The
size and color of the nodes represent the degree DII ,
the thickness of the edges represents the adjacency AIJ :

For our passenger travel-weighted graph, the degree
ranges from 222 million in Germany, 221 million in
Spain, 162 million in France, and 153 million in Italy to
just 3 million in Estonia and Slovakia, and 2 million in
Slovenia, with a mean degree of DII ¼ 48664 million
per node. We assume that the Laplacian LIJ , normal-
ized to one and scaled by the mobility coefficient #,
characterizes the global spreading of COVID-19. We
discretize our SEIR model on our weighted graph G
and introduce the susceptible, exposed, infectious, and
recovered populations SI, EI, II, and RI as global

unknowns at the I ¼ 1, :::,N nodes of the graph G: This
results in the spatial discretization of the set of equa-
tions with 4 N unknowns,

S_ I ¼ �
XN

J¼1

# LIJ SJ�b S I

E_ I ¼ �
XN

J¼1

# LIJ EJ þ b S I�a E

I_ I ¼ �
XN

J¼1

# LIJ IJ þa E� c I

R_ I ¼ �
XN

J¼1

# LIJ RJ þc I :

We discretize our SEIR network model in time
using an implicit Euler backward scheme and adopt a

Figure 1. COVID-19 outbreak dynamics across Europe. Mobility network of the European Union with N¼ 27 nodes and the 172
most traveled edges (top left); basic reproduction number R0 ¼ C=B (top right); initial community spread q ¼ E0=I0 (bottom left);
and affected population g ¼ N�=N (bottom right).
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Newton Raphson method to solve for the daily incre-
ments in each compartment in each country (Fornari
et al. 2019).

2.3. Parameter identification

We draw the COVID-19 outbreak data of all 27 states
of the European Union from the reported confirmed,
recovered, active, and death cases starting January 22,
2020 until April 13, 2020 (European Centre for
Disease Prevention and Control 2020). From these
data, we map out the temporal evolution of the infec-
tious group I as the difference between the confirmed
cases minus the recovered cases and deaths. To simu-
late the country-specific epidemiology of COVID-19
with the SEIR model, we utilize these data to identify
the basic reproduction number R0 ¼ C=B using the
latent and infectious periods A ¼ 1=a ¼ 2:56 days
and C ¼ 1=c ¼ 17:82 days, which we had previously
identified for the COVID-19 outbreak in N¼ 30
Chinese provinces (Peirlinck et al. 2020), since the
current European data are not yet complete for the
identification of all three parameters. In addition to
the basic reproduction number R0 ¼ C=B, which is a
direct measure of the contact period B ¼ 1=b, we
also identify the initial community spread q ¼ E0=I0
that defines the initial exposed population E0 (Maier
and Brockmann 2020), and the affected population
g ¼ N�=N that defines the fraction of the epidemic
subpopulation N� relative to the total population N
(Eurostat, 2020). Altogether we identify three parame-
ters for 27 countries, the basic reproduction number
R0 ¼ C=B, the initial community spread q ¼ E0=I0,
and the affected population g ¼ N�=N using the
Levenberg-Marquardt method of least squares. For
the indentified parameters, we compare two COVID-
19 outbreak scenarios: outbreak dynamics with the
current travel restrictions, a mobility coefficient of
# ¼ 0:00, and a country-specific outbreak on day d0,
the day at which 0.001% of the population is reported
as infected; and outbreak dynamics without travel

restrictions, with a mobility coefficient of # ¼ 0:43
(Peirlinck et al. 2020), and a European outbreak on
day d0 in Italy, the first country in which 0.001% of
the population is reported as infected.

3. Results

Figure 1 shows the basic reproduction number R0 ¼
C=B, the initial community spread q ¼ E0=I0, and
the affected population g ¼ N�=N across all 27 coun-
tries of the European Union. The basic reproduction
number is largest in Austria and Germany with R0 ¼
8:7 and R0 ¼ 6:0 and smallest in Malta and Denmark
with R0 ¼ 3:0 and R0 ¼ 2:7, with a mean of R0 ¼
4:6261:32: The initial community spread is largest in
Italy and Spain with q ¼ 18:4 and q ¼ 15:2 and
smallest in Malta and Cyprus with q ¼ 0:2 and q ¼
0:1 with a mean of q ¼ 3:5363:97: The affected
population is largest in Ireland and Hungary with
g ¼ 2:73% and g ¼ 1:21% and smallest in Slovakia
and Bulgaria with g ¼ 0:04% and g ¼ 0:02%, with a
mean of g ¼ 0:0860:26: Table 1 summarizes the
means and standard deviations of our identified par-
ameter values.

Figure 2 illustrates the reported infectious and
recovered populations and the simulated exposed,
infectious, and recovered populations for all 27 coun-
tries. The simulations use the basic reproduction
number R0 ¼ C=B, the initial community spread q ¼
E0=I0, and the affected population g ¼ N�=N identi-
fied for each country using disease specific latent and
infectious periods of A¼ 2.56 days and C¼ 17.82 days.
Day d0 indicates the beginning of the outbreak at
which 0.001% of the population are infected. The out-
break delay across Europe spans a time window of
24 days, ranging from February 28, 2020 in Italy to
March 22, 2020 in Hungary.

Figure 3 highlights the effects of the COVID-19
outbreak control across Europe. The top row shows
the simulated outbreak under constrained mobility
with the current travel restrictions and border control
in place; the bottom row shows the outbreak under
unconstrained mobility without travel restrictions.
The spreading pattern in the top row follows the
number of reported infections; the spreading pattern
in the bottom row emerges naturally as a result of the
network mobility simulation, spreading rapidly from
Italy to Germany, Spain, and France. During the early
stages of the pandemic, the predicted outbreak pattern
in the bottom row agrees well with the outbreak pat-
tern in the top row. During the later stages, the side-
by-side comparison shows a faster spreading of the

Table 1. COVID-19 outbreak dynamics across Europe.
Latent period A, contact period B, infectious period C, basic
reproduction number R0 ¼ C=B, initial community spread
q ¼ E0=I0 and affected population g ¼ N�=N with means and
standard deviations for all 27 countries of the
European Union.
Parameter Mean ± std Interpretation

A [days] 2.56 ± 0.72 latent period
B[days] 4.07 ± 1.23 contact period
C[days] 17.82 ± 2.95 infectious period
R0[-] 4.62 ± 1.32 basic reproduction no
q [-] 3.53 ± 3.97 initl latent population
g [-] 0.0767±0.2612 affected population
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outbreak under unconstrained mobility with a mas-
sive, immediate outbreak in Central Europe and a
faster spreading to the eastern and north-
ern countries.

4. Discussion

Freedom of movement is the cornerstone of the
European Union. On March 26, 2020, the 25th anni-
versary of the Schengen Agreement that guarantees
unrestricted movement between its member countries,
all external and many internal boarders of the
European Union were closed to minimize the spread-
ing of COVID-19 (European Commission 2020).
These drastic measures have stimulated a wave of
criticism, not only because many believe they violate
international law, but also because of a strong evi-
dence that travel restrictions can only slow, but do
not halter, the spread of a pandemic (Meier et al.
2020). A recent study based on a global metapopula-
tion disease transmission model for the COVID-19
outbreak in China has shown that the Wuhan travel
ban essentially came too late, at a point where most
Chinese cities had already received many infected
travelers (Chinazzi et al. 2020). Our study shows a
similar trend for Europe, where travel restrictions

were only implemented a week after every country
had reported cases of COVID-19 (European Centre
for Disease Prevention and Control 2020). As a nat-
ural consequence, unfortunately, no European country
was protected from the outbreak.

Strikingly, our results suggest that the emerging
pattern of the COVID-19 outbreak closely followed
global mobility patterns of air passenger travel
(Pastor-Satorras et al. 2015): From its European origin
in Italy, the novel coronavirus spread rapidly via the
strongest network connections to Germany, Spain,
and France, while slowly reaching the less connected
countries, Estonia, Slovakia, and Slovenia. Although
air travel is certainly not the only determinant of the
outbreak dynamics, our findings indicate that mobil-
ity is a strong contributor to the global spreading of
COVID-19 (Chinazzi et al. 2020). This is in line with
a recent study that demonstrated the potential of air-
travel based network models to evaluate and rank the
effectiveness of border control strategies for the 2009
H1N1 influenza pandemic (Zlojutro et al. 2019).

Figure 3 supports the decision of the European
Union and its local governments to implement rigor-
ous travel restrictions to delay the outbreak of the
pandemic. Austria, for example, rapidly introduced
drastic mitigation strategies including strict border

Figure 2. COVID-19 outbreak dynamics across Europe. Reported infectious and recovered populations and simulated exposed,
infectious, and recovered populations. Simulations are based on a parameter identification of the basic reproduction number R0 ¼
C=B, the initial community spread q ¼ E0=I0, and the affected population g ¼ N�=N for each country for given disease specific
latent and infectious periods of A¼ 2.56 days and C¼ 17.82 days. The day d0 indicates the beginning of the outbreak at which
0.001% of the population are infected.
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control and massive travel bans. Its national air travel
was cut in half by March 20 and soon after converged
to a reduction of 95% (Eurostat, 2020). This has rap-
idly reduced the number of new cases to a current
fraction of 10% of its all time high three weeks ago
(European Centre for Disease Prevention and Control
2020), which has now motivated a gradual lift of the
current constraints. Our prognosis for Austria in
Figure 3 suggests that, without travel restrictions,
Austria would still see a rise of the
infected population.

Critics argue that community-based public health
measures such as physical distancing, contact tracing,
and isolation would be equally successful but less
restrictive than constraining the freedom of move-
ment (Meier et al. 2020). This points toward a limita-
tion of our current model in which the basic
reproduction number is constant and does not

account for local mitigation strategies to reduce com-
munity transmission (Peirlinck et al. 2020). Our mean
basic reproduction number for all 27 countries is
R0 ¼ 4:6261:32, which falls right into the reported
range from R0 ¼ 2:2 to R0 ¼ 6:5 for COVID-19 and
is slightly higher than for the SARS coronavirus (Liu
et al. 2020). In addition to the basic reproduction
number, the popular media now frequently report the
daily reproduction number R(t), which is a critical
indicator for the current impact of behavioral changes
and political actions (Yuang et al., 2020). We are cur-
rently improving our model to dynamically adapt the
current reproduction number, in real time, and cor-
relate its changes to the timing and severity of polit-
ical actions. However–just like any infectious disease
model–our model will naturally face limitations asso-
ciated with data uncertainties from differences in test-
ing, inconsistent diagnostics, incomplete counting,

Figure 3. COVID-19 outbreak control across Europe. Effect of travel restrictions. Constrained mobility with travel restrictions
(top) vs. unconstrained mobility without travel restrictions (bottom). Simulations are based on latent, contact, and infectious peri-
ods of A¼ 2.56 days, B¼ 4.07 days, and C¼ 17.82 days, and mobility coefficients of # ¼ 0:00 (top) and # ¼ 0:43 (bottom).
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and delayed reporting across all countries. Additional
limitations arise from model uncertainties including
ill-defined initial conditions, mapping reported popu-
lations into model compartments, and choosing the
model itself (Alber et al. 2019). However, as more
data become available, we are confident that we will
learn from uncertainty quantification, become more
confident in our model predictions, and learn how to
quickly extract important trends.

As we are trying to identify exit strategies from
local lockdowns and global travel restrictions, political
decision makers are turning to mathematical models
for quantitative insight and scientific guidance. There
is a well-reasoned fear that easing off current meas-
ures, even slightly, could trigger a new outbreak and
accelerate the spread to an unmanageable degree.
Global network mobility models, combined with local
epidemiology models, can provide valuable insight
into different exit strategies. Our model allows us to
virtually lift travel restrictions between individual
communities, states, or countries, and explore gradual
changes in spreading patterns and outbreak dynamics.
Our results demonstrate that mathematical modeling
can provide guidelines for political decision making
with the ultimate goal to gradually return to normal
while keeping the rate of new COVID-19 infections
steady and manageable.
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