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Abstract 

In its communication on Short-term EU health preparedness for COVID-19 outbreaks (COM(2020) 318 final) 
the Commission calls for “targeted and localised non-medical countermeasures, informed by research and 
evidence” to avoid major social and economic consequences from large-scale lockdown measures. 

This study provides insights based on mathematical modelling of spatial transmission patterns of COVID-19. It 
also uses aggregated and anonymised mobility data shared by Mobile Network Operators with the European 
Commission for this purpose. 
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Executive Summary 

In its communication on Short-term EU health preparedness for COVID-19 outbreaks (COM(2020) 318 final)1 
the Commission calls for “targeted and localised non-medical countermeasures, informed by research 

and evidence” to avoid major social and economic consequences from large-scale lockdown measures.  

This study provides insights based on mathematical modelling of spatial transmission patterns of 

COVID-19. It also uses aggregated and anonymised mobility data shared by Mobile Network Operators 
with the European Commission for this purpose.  

Firstly, the study defines a framework of epidemiological phases (such as sporadic occurrence, local 

transmission and widespread transmission). This provides a common terminology to define scenarios that can 

be used beyond this study. 

Secondly, the study shows the advantages in terms of health pressure (COVID-19 cases) and socio-economic 
pressure (days of restrictions experienced by the average citizen) of a targeted approach at regional level versus 
a national approach. It further examines the influence of timing, duration, intensity and synchronicity of 

regionally applied non-pharmaceutical interventions (NPI). We conclude that scenario-based modelling 

can help find trade-offs which balance health and socio-economic pressure, and the NPI criteria that define 
them.  

Thirdly, the study analyses the contribution of cross-region mobility to transmission. It shows that mobility-

restricting policies are effective at limiting importation of cases during phases of high spatial 

heterogeneity, i.e. when the incidence of COVID-19 is much higher in one region than another, but they have 

less influence compared to intra-regional policies once homogeneous community transmission is established in 
all regions. 

The JRC developed and shares a COVID-19 toolbox of models, data and web applications that can help 
national or regional authorities to develop their own scenario-based models. 

Methodology: spatially explicit mathematical models for COVID-19 dynamics 

Restriction of movement, either within a region or between regions, has proven to be an effective measure to 
reduce COVID-19 transmission, but it has significant socio-economic impacts that governments want to avoid2. 
Explicit spatial modelling of disease transmission using information on the movement patterns of people can 
help to explore potential intervention scenarios.  

Since the beginning of the pandemic, the JRC and ECDC have collaborated closely to develop mathematical 
models and collect epidemiological data. The basic models are compartmental models with susceptible, 
infectious and recovered populations (SIR), extended for specific analysis purposes. The models are also loosely 
coupled with socio-economic or statistical models in certain applications.  

The models supported the key messages of the Joint European roadmap towards lifting COVID-19 

containment measures3. The JRC developed a framework to link epidemiological and socio-economic 

models, necessary to provide quantitative data supporting a transition from general to targeted 

containment measures. The JRC presented a framework (De Groeve et al., 2020) to simultaneously consider 
health and wealth impacts for de-escalation measures.  

The ECDC is using mathematical modelling for forecasting4 COVID-19 cases at national level, including the 
effectiveness response measures and the potential impact of future interventions. ECDC modelling work is also 
specifically looking at informing scenarios for prioritisation of vaccination. The ECDC established a framework 
for epidemiological phases5, which is the basis for the scenarios modelled in this report. 

                                           
1 https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020DC0318 
2 This statement does not take into account any possible impact of reintroduction of border controls at internal borders on measures 

restricting movement. In the Communication of 11 June 2020  C(2020)399 the Commission called for a lifting of the internal border 
controls. 

3https://ec.europa.eu/info/sites/info/files/communication_-_a_european_roadmap_to_lifting_coronavirus_containment_measures_0.pdf 
4 ECDC Risk Assessments https://www.ecdc.europa.eu/en/current-risk-assessment-novel-coronavirus-situation and projections 

https://www.ecdc.europa.eu/en/publications-data/covid19-updated-projections-november-2020  
5 Annex A  

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020DC0318
https://ec.europa.eu/info/sites/info/files/communication_-_a_european_roadmap_to_lifting_coronavirus_containment_measures_0.pdf
https://www.ecdc.europa.eu/en/current-risk-assessment-novel-coronavirus-situation
https://www.ecdc.europa.eu/en/publications-data/covid19-updated-projections-november-2020
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For this study, the JRC developed the mathematical models for subnational and spatially explicit scenarios. 

This modelling activity is also complemented with an evolving COVID-19 Mobility Visualisation Platform 

of the JRC, hosting and processing aggregate and anonymised mobility products derived from data shared by 
Mobile Network Operators6 in Europe, and showing how disease transmission and mobility are related in 
particular phases. 

Scenarios for intervention 

The study looks in particular at transitions between epidemiological phases, e.g. when transmission shifts 

from linear growth associated with importation of cases to exponential growth associated with established 
community transmission, and policy options to prevent such transitions. Our study considers policy options 

with mobility limitations, such as stay-at-home recommendations, reduction of inter-regional commuting 
and cordons sanitaires. 

The study uses mathematical modelling, combined with mobility data (including data provided by mobile 

network operators), to compare realistic scenarios for intervention in terms of their burden of disease and 

economic impacts. 

The scenarios are: 

— Non-pharmaceutical interventions at regional level: thresholds for action, national versus regional action 

— Commuting restrictions: relative effectiveness of mobility and/or transmission rate policies, mix of policies 
for regions neighbouring a high transmission region. 

Regionally targeted non-pharmaceutical interventions 

Controlling community transmission is critical for managing the COVID-19 pandemic. Our spatially explicit 
analysis looks at targeted measures at regional level, the approach advocated in the Commission’s 
communication on the Roadmap for lifting measures7. 

We specifically looked at timing, intensity and duration of lockdowns at regional level, as well as the difference 
between regional and national lockdowns. Figure 1 shows the aggregate statistics for the entire European Union 
for all scenarios analysed. 

Regional approaches can outperform national ones in terms of balancing health and socio-economic pressures. 
The regional approach allows for a better trade-off between health pressure and lockdown pressure. It produces 
12.2 million cases in the five-month simulation period (more than a strict national lockdown, but less than a 
relaxed national lockdown), but – crucially – reduces the percentage of days under lockdown to 32% (lower 
than any national lockdown scenario, green dots in Figure 1). 

On timing, or incidence rate threshold at which escalation and de-escalation measures are taken, the socio-
economic benefit of higher thresholds (scenarios 3 and 4) may outweigh the health benefits of lower thresholds 
(scenarios 1 and 2). The marginal socio-economic gains are higher than the marginal health losses, provided 
the reproduction number Rt stays below 1 (red dots on Figure 1). An optimal trade-off lays in the range of 100 
to 400 new cases per 100,000 in 14 days. 

Similarly, we show that a target transmission rate of Rt lower than 1 but close to 1 seems to provide 

better results rather than impose much lower target (blue dots on Figure 1). Stricter lockdowns drive down 
the number of cases lower, but these rebound faster during the lift period if no restrictions are placed (in reality 
authorities would retain some restrictions following a full lockdown, but this scenario has not been analysed in 
this report). The resulting strongly oscillating dynamic would put both a heavy strain on the health care system 
and on citizens and businesses. Given a situation similar to the EU in September, a trade-off emerges 

at a target reproduction number just below 1.  

Further, we show that for the whole EU and starting from the epidemiological situation in September lock-lift 

regimes and continuous regimes show minor differences for both health and lockdown pressure. A 

                                           
6 The JRC secure platform hosts data provided by Mobile Network Operators in response to recommendation C/2020/3300 and 

C/2020/2523. https://ec.europa.eu/digital-single-market/en/news/coronavirus-recommendation-use-mobile-data-response-pandemic 
7 Joint European Roadmap towards lifting COVID-19 containment measures C/2020/2419, 

https://ec.europa.eu/info/sites/info/files/communication_-
_a_european_roadmap_to_lifting_coronavirus_containment_measures_0.pdf 

https://ec.europa.eu/digital-single-market/en/news/coronavirus-recommendation-use-mobile-data-response-pandemic
https://ec.europa.eu/info/sites/info/files/communication_-_a_european_roadmap_to_lifting_coronavirus_containment_measures_0.pdf
https://ec.europa.eu/info/sites/info/files/communication_-_a_european_roadmap_to_lifting_coronavirus_containment_measures_0.pdf
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continuous regime has further advantages in communication towards citizens and more certainty on which 
restrictions remain in place (purple dot on Figure 1). 

The scenarios demonstrate that targeted action at regional level and triggered at well-defined thresholds can 
lead to a more balanced impact on health and wealth. For comparison we show the real situation as measured 
between 13 September and end of November. We observe that the EU followed the “no-control” scenario until 
the end of October, leading to much higher peaks than in our simulations, which assumed control starting from 
mid-September. 

 

 

Figure 1. Health pressure versus lockdown pressure of the 9 scenarios studied. Scenarios in the bottom left corner are 
advantageous for both health and wealth impact. Triangle: reference scenario; red: variation of timing; blue: variation of 

intensity (target R); yellow: continuous versus lock/lift; green: national versus regional. These can be compared to 
simulations without control resulting in 96.1 million new cases. 

 

Figure 2. Observed situation versus scenario outcomes. Countries have reacted later than any of the scenario 
assumptions, leading to a higher second wave. 
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Mobility and epidemic dynamics 

We also looked at the link between mobility, particularly recurrent mobility by commuting, and epidemic 
dynamics. Starting from epidemiological and mobility information plausibly reflecting today’s situation in a 
selected region, we addressed such aspects during community transmission phases and in combination with 
epidemic mitigation policies. 

The proposed approach does not consider the role of means of transport as potential spreaders, e.g. due to 
gatherings on public transport. Instead, here we focus on the epidemiological linkages between regions that are 
generated and fed dynamically by travelling individuals. 

We observed how, for instance, a given policy based on incidence rate applied, so-called transmission rate 
policies,  in one venue can be insufficient to prevent case resurgence, when high mobility rates connect it to 
affected regions. Consequently, a balanced mix of transmission rate policies and mobility policies may 
be of help in order to contain the epidemic process. This can be particularly important as the underlying 
dynamics of the epidemic may change in time leading different regions to heterogeneous conditions. 

Formalisms such as the one used in our discussion can help in tuning targeted interventions, for instance to 
detect epidemic spreaders and mitigate specific couplings, also in anticipative sense. To this end, key importance 
has to be attributed to near real time tracking of epidemiological and mobility information. 

In the same direction, aspects to be further considered are about the inclusion of multi-scale and multi-
resolution mobility data, the use of alternative compartmental modelling formalisms, and the integration of 
agent-based models (e.g. to study super-spreading events) and economic impact assessment models. 

Systematic collection and analysis of aggregate and anonymised Mobile Network Operator data to improve the 
quality of modelling at EU level, enhance mobility situational awareness, and monitor the impact of containment 
measures on mobility. There is an opportunity for further definition of innovative approaches based on mobility 
data as well as further analysis of socio-economic dynamics to inform selective containment measures, aiming 
at optimising the balance between health and socio-economic impacts. 

Policy implications 

The results show the value and potential of scenario-based analysis that was called for in the communication 
on Short-term EU health preparedness for COVID-19 outbreaks. 

The concept of epidemiological phases, and transitions between them, is useful to frame policy actions. Targeted 
non-pharmaceutical interventions must be adapted to the epidemiological phase. 

Mathematical modelling which integrates mobility monitoring tools and combines economic modelling can 
support Member States and regional authorities with: 

— Comparing in a quantitative manner different scenarios of intervention, looking simultaneously at both 
health and socio-economic impacts; 

— Anticipating how connectivity between regions through commuting mobility can promote spread and 
increase transmission; 

— Monitoring the effectiveness of mobility-restricting measures in near-real time through mobile network 
operator data. 

Available software and data 

With this publication, the JRC releases a toolbox of software and data. This is targeted to modelling teams in 
Member States who wish to run EU-wide or national scenarios. We offer software, mathematical models and 
accompanying datasets for applying scenario-based spatially explicit modelling at national level.  

We further offer access to the Mobility Visualisation Platform for near-real time mobility data for Member 
States authorities. 

Limitations 

The scenarios in this study start from the situation an arbitrary epidemiological situation in September 2020 
and make assumptions on the containment strategies of Member States and their regions. The scenario 
outcomes are not reflecting the current reality which is the result of decisions taken in each Member State. 
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The purpose of the scenarios is to show the impact of the selection of specific parameters (such as target 
reproduction number). A deterministic approach is deemed sufficient to illustrate the epidemic dynamics and 
compare scenarios of response measures. The study does not include a parametric uncertainty analysis. 

Numerical results are limited by data available at EU level and should be read for illustration purposes at EU 
level. While the present report can show how the methodological framework can provide sensible results in 
addressing the de/re-escalation challenges, Member States applying this methodology may come to more 
detailed and different results when using nationally available data. 

The authors are aware that data on the number of cases and incidence rates are influenced by testing rate and 
testing policies in each country. The absolute numbers should be compared among countries with caution, as 
are aggregate numbers for the EU. 

Quick guide 

The report first discusses the policy context (Chapter 1) and existing work (Chapter 2), before specifying the 
objectives (Chapter 3). The methodology is developed in Chapter 4, with a description of the framework for 
epidemiological phases, the role and definition of spatially explicit non-pharmaceutical interventions, the 
mathematical models and the data. Chapter 5 discussed the regional control of community transmission. 
Chapter 6 goes deeper on the role of inter-regional mobility at province level. Chapter 7 discusses how mobility 
functional areas, derived from mobile phone movement data, can target interventions even more locally. In 
Chapter 8 we discuss how socio-economic impact can be further analysed by coupling economic models. Finally, 
in Chapter 9 we present the set of tools that are made available for modellers and experts, and Chapter 10 
concludes. 
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1 Introduction: escalation and de-escalation of targeted measures for 

second and subsequent waves 

From the beginning of the COVID-19 pandemic it was clear that without vaccine or cure society would have to 
live with the virus for a while. The second wave was anticipated, as are subsequent waves. 

In its communication on a roadmap for lifting COVID-19 containment measures8, the Commission proposes to 
develop EU level tools and guidelines, both for the public health and the economic implications as follow:  

“Scientific advice, coordination and solidarity in the EU are the key principles for Member States to 
successfully lift the current confinement measures. In this context, a carefully calibrated, coordinated 
and gradual approach is needed. Several accompanying measures need to be operational to move to 
such a phase. The Commission has been and will be providing EU level tools as well as guidelines, both 
for the public health and the economic response. It will be important that Member States support and 
use the instruments available at the EU level.” 

In its communication on Short-term EU health preparedness for COVID-19 outbreaks (COM(2020) 318 final)9 
the Commission calls for “targeted and localised non-medical countermeasures, informed by research 

and evidence” to avoid major social and economic consequences from large-scale lockdown measures. 

The role of epidemiological modelling was explicitly mentioned in the Communication on Building a European 
Health Union: Reinforcing the EU’s resilience for cross-border health threats (COM(2020) 724 final). The 
proposal for a new regulation on serious cross-border threats to health (COM(2020) 727 final) mentions the 
need for collaboration on modelling and scenario development for response. 

The challenge for calibrating targeted measures is to balance public health risks (direct and indirect morbidity, 
mortality and associated impacts on health care systems) with socio-economic risks (productivity loss, 
unemployment, psycho-social pressures). For example, in the Communication of 11 June 2020 on the third 
assessment of the application of the temporary restriction on non-essential travel to the EU (COM(2020) 399)10 
the Commission called for a lifting of the internal border controls. In addition, implementation and 
communication aspects limit the possible scenarios. 

An optimal trade-off should point toward minimizing the pressure on the health care system while maximizing 
socio-economic activities. In May 2020, the JRC developed a modelling framework for linking health and socio-
economic factors (De Groeve et al., 2020). This framework, developed by a multi-disciplinary team of modellers, 
allows to consider both health and wealth factors and look at trade-offs.  

In this report, the framework is further applied to scenarios for targeted and local COVID-19 Non-
Pharmaceutical Intervention (NPI) measures. The scenarios don’t describe the current reality (although it takes 
the situation of September 2020 as a reference), but rather describe transitions between epidemiological 
phases (isolated cases to widespread transmission at community level) and options for non-pharmaceutical 
measures. 

The proposed scenarios can inform Member States or regional authorities on the effect of different NPI 
strategies, such as lock-lift containment measures scenarios (creating a series of waves) or continuous tailored 
restrictions. The scenarios also address the difference between applying restrictions at different scale from 
national level to finer regional levels. 

The report also points to tools that can be used by Member States to run similar scenarios at national level. 

                                           
8 Joint European Roadmap towards lifting COVID-19 containment measures C/2020/2419, 

https://ec.europa.eu/info/sites/info/files/communication_-
_a_european_roadmap_to_lifting_coronavirus_containment_measures_0.pdf 

9 https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020DC0318 
10 https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52020DC0399  

https://ec.europa.eu/info/sites/info/files/communication_-_a_european_roadmap_to_lifting_coronavirus_containment_measures_0.pdf
https://ec.europa.eu/info/sites/info/files/communication_-_a_european_roadmap_to_lifting_coronavirus_containment_measures_0.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020DC0318
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52020DC0399
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2 Background 

The Joint Research Centre and the European Centre for Disease Control have regularly collaborated on 
epidemiological modelling since the early phases of the pandemic. The joint and coordinated work on model 
development and collection of epidemiological data underlies much of the scientific advice delivered by both 
organisations. The models contributed to ECDC’s rapid risk assessments; the Commission’s situational 
awareness in the context of the Clearinghouse, the Joint Procurement and the RescEU stockpile; assessments 
of intensive care unit capacity of the European Medicine Agency (EMA); and several Member States committees 
such as the Health Security Committee. 

Several modelling studies cover scenarios for intervention in individual Member States (for example Bicher et 
al., 2020; Molenberghs et al., 2020) but EU-wide studies are few (e.g. Catala et al., 2020). 

The JRC specifically tackled spatial aspects to examine the effect of mobility restricting measures and of control 
strategies working at local level. Spatial aspects in de-escalation were identified early on as an important factor 
(Thompson et al., 2020). Increasingly, studies confirm that sometimes local actions outperform national 
restrictions, but it depends on the initial situation of the epidemic (Bittihn et al., 2020 and Bittihn and 
Golestanian, 2020). The epidemic dynamics and impacts are different for situations of isolated clusters or 
widespread community transmission. Another study shows that synchronous actions across wider areas may 
outperform individual action (Ruktanonchai et al., 2020). In particular during de-escalation lack of coordination 
among countries may lead to earlier resurgence of disease if neighbouring countries are still experiencing 
widespread community transmission.  

The role of mobility in the distribution of COVID-19 is well studied in the absence of control measures (e.g. 
Kraemer et al., 2020). Import of cases also occurs with travel. Strategies for optimizing travel restrictions needs 
to consider spatial aspects of disease transmission explicitly. Understanding the role of mobility – and the 
control thereof – in a city context is key to targeted control (Birge et al., 2020). 

Any public health intervention implies timely monitoring of effectiveness to adapt and guide a response plan. 
In the case non-pharmaceutical interventions targeting mobility pattern, mobile network operator data is an 
excellent source of information to guide government action (Oliver et al., 2020).   

To date, no EU-wide studies have been done to examine the role of regional action and the role of mobility. This 
report aims to provide a methodology to do so, as well as the tools supporting further analysis. 
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3 Objectives 

This report aims to: 

— Describe COVID-19 epidemiological phases that will be used to define initial conditions for the 
intervention scenarios; 

— Lay down a common terminology and a standardized outline for reporting model characteristics and 
results; 

— Discuss trade-offs of two non-pharmaceutical interventions (NPIs):  

— Non-pharmaceutical interventions at regional level: thresholds for action, national versus regional action 

— Commuting restrictions: relative effectiveness of mobility and/or transmission rate policies, mix of policies 
for regions neighbouring a high transmission region; 

— Present a set of tools for monitoring immediate impact of NPIs based on mobile network operator data. 
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4 Methodology: spatially explicit intervention measures to reduce 

transitions between epidemiological phases 

The effectiveness and cost of targeted non-pharmaceutical interventions depends on the epidemiological 
situation and dynamics. To break down the many possible situations in a limited number of cases, we develop 
a modelling framework with the following components:  

— Epidemiological phases: virus transmission dynamics are simplified in five phases of increasing disease 
incidence. 

— Non-pharmaceutical interventions (NPI): policies that aim to prevent or reduce of disease transmission 
among individuals. The current report focuses on policies that have a spatial aspect. 

— Intervention scenarios: a specific combination of a non-pharmaceutical interventions in an 
epidemiological phase. Different interventions can be compared with each other for effectiveness and cost. 

Mathematical modelling can facilitate assessment of several NPI options (i.e. scenarios) evaluated through 
defined indicators illustrating trade-offs, costs and benefits per scenario.  

4.1 Epidemiological phases 

We propose a general framework with five COVID-19 epidemiological phases based on the observed pattern 

of transmission and geographical extent of virus circulation in the EU/EEA and the UK since its emergence. These 
phases are in principle a sequence of increased and more complex transmission profiles: from complete absence 
of the virus (phase 0) to widespread community transmission (phase 4), with intermediate phases of sporadic 
transmission (phase 1), transmission in specific settings (phase 2) and local community transmission (phase 3). 

 

Figure 3. Five epidemiological phases 

It should be noted that a rapid increase in transmission (deterioration) or the implementation of efficient 
interventions at population level (improvement) can shorten the transition between phases. The retrospective 
epidemiological pattern over the course of the first wave of the COVID-19 pandemic would support the 
description of each phase (See chapter 0 – Annex A). 

These epidemiological phases are used to: 

- Characterise initial conditions of analysis implemented on the mathematical modelling 
framework; 

- Facilitate comparison of various modelling analysis performed; 

- Assess NPIs scenario in function of well-defined epidemiological settings. 

This classification is not intended to be used for COVID-19 surveillance nor assessing the level of risk of 

infection at individual level in a defined country. For more information on COVID-19 surveillance, please refer 
to WHO Global surveillance for COVID-19 caused by human infection with COVID-19 virus11 and the ECDC 
webpage on surveillance definitions for COVID-1912. 

The proposed epidemiological phases are based on current knowledge of the COVID-19 epidemiology, notably 

in EU/EEA and UK, and are expected to reflect different levels and extends of transmission (i.e. local outbreak 
in given settings).  

                                           
11 WHO. Global surveillance for COVID-19 caused by human infection with COVID-19 virus.  Interim guidance. 20 March 2020. 

https://www.who.int/docs/default-source/coronaviruse/global-surveillance-for-covid-v-19-final200321-rev.pdf (last accessed 
25/10/2020) 

12 European Centre for Disease Prevention and Control. Surveillance definitions for COVID-19. https://www.ecdc.europa.eu/en/covid-
19/surveillance/surveillance-definitions (last accessed 07/12/2020) 

 

https://www.who.int/docs/default-source/coronaviruse/global-surveillance-for-covid-v-19-final200321-rev.pdf
https://www.ecdc.europa.eu/en/covid-19/surveillance/surveillance-definitions
https://www.ecdc.europa.eu/en/covid-19/surveillance/surveillance-definitions
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It should be noted that even within a type of phase, degrees of transmission can still vary at local levels and 
some specific transmission events can occur within a specific phase; for instance, a local outbreak in a given 
occupational setting or within a vulnerable population during a widespread community transmission epidemic 
phase.  

For each phase, we describe key determinants leading to transition between phases, as well as the main 

Non-Pharmaceutical Interventions (NPIs) of interest (see Table 1).  

 

Table 1: Characteristics and determinants of COVID-19 epidemiological phases 

 
Characteristics 

Determinants for 

increase to next 

phase 

Main NPIs to fall back to 

previous phase13 

Example of 

questions addressed 

by mathematical 

modelling 

Phase 0 Absence Importation   

Phase 1 Sporadic 
No social 
distancing; high 
mobility 

Improve hygiene practices, PoE 
screening, use personal protective 
masks, contact tracing, mass 
gathering cancellation 

Stochastic modelling 
of seeding 

Phase 2 
Outbreaks in 
specific setting 

Late detection, high 
mobility 

+ quarantine, 

 disinfect place of origin 
 

Phase 3 
Local community 
transmission 

Saturation health 
care, cross-region 
importation 

+ closure public spaces,  

Specific cordon sanitaire 

Cost benefit analysis 
of reduction of inter-
regional mobility 

Phase 4 
Widespread 
community 
transmission 

 

+ regional cordon sanitaire (border 
closure14) 

Stay at home 
recommendation/order 

Cost benefit analysis 
of stay at home orders 

                                           
13 This table implies that at each successive epidemiological level there is an addition of measures required to fall back to the previous 

level. In reality, some measures might become redundant e.g. on grounds of cost-effectiveness (e.g. PoE screening may not be cost-
effective in phase 3 and phase 4) 

14 This may include reintroduction of controls at internal borders in the Schengen area/travel restrictions for third country nationals at the 
external borders 
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Figure 4. Determinants for transitions between epidemiological phases 
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4.2 Spatially explicit non-pharmaceutical interventions 

We study the spatial aspects of non-pharmaceutical interventions. This falls in two broad categories. 

First, we consider the effect of spatially targeted interventions versus national level interventions. 
National level interventions, such as a national stay-at-home order (syn. lockdown) are easier to communicate 
and implement than a patchwork of regional measures, but needlessly affect areas where virus transmission 
may be low due to the spatial heterogeneity of national wide epidemic. However, local level interventions focus 
on high incidence areas may therefore strike a better balance between effective control of transmission and 
subsequent socio-economic impacts. In this case study, we consider a mix of NUTS1 and NUTS 2 level15, for a 
total of 310 regions. 

Second, we analysed the mobility interventions, both within a region (internal mobility) and between regions 
(cross-area mobility). Our models can explicitly account for reductions in mobility and for importation of cases 
from other regions. 

The non-pharmaceutical interventions discussed in this report are transmission rate policies and cross-area 
mobility policies. 

4.2.1 Transmission rate policies: intra-regional 

We assume authorities are able to reach specific levels of transmission using a combination of measures such 
as hygiene, masks, contact tracing and limitations on internal mobility. This may be a full lockdown, a partial 
lockdown or voluntary stay-at-home restrictions. Due the limited quantitative evidence on how each NPI 
influences transmission, we are agnostic about the appropriate combination of measures, therefore we instead 
propose to use a level of transmission represented by a target value of the effective reproductive number Rt 
(Annunziato et al., 2020). For the more restrictive scenarios, we associate the terms “full lockdown” and “partial 
lockdown” as shorthand for a below one target reproductive number. 

Table 1. Definition of transmission rate policies 

Policy Effective reproductive number Description 

TP4 R = 0.7 or lower Full lockdown 

TP3 R = 0.95 or lower Partial lockdown 

TP2 R = 1.2 or lower  

TP1 R = 1.5 or lower  

TP0 No control (observed effective reproductive number)  

 

4.2.2 Cross-area mobility policies: inter-regional 

Interventions such as regional cordon sanitaire, introductions of controls at internal borders (to support the 
implementation of movement restriction between) or regional travel recommendations which reduce cross-area 
movement of people, but don’t stop it entirely. For example, essential workers are exempt.  

Observations from the first wave were used to estimate movement patterns in different policies. We define 
four periods in the first wave: before (January), during lockdown (April), after lockdown (May) and before 
summer (June). The origin-destination (O/D) matrices of specific periods are used to simulate cross-area 
mobility restrictions of varying intensity. 

 

 

                                           
15 See EUROSTAT https://ec.europa.eu/eurostat/web/nuts/background  

https://ec.europa.eu/eurostat/web/nuts/background
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Table 2. Definition of cross-area mobility policies (MP) 

Mobility policies Origin-destination (O/D) matrices period 
(Italy) 

Description 

MP 4 10% of MP 3 Area isolation: very strict full lockdown with 
cordon sanitaire 

MP 3 2020/04/06-2020/04/12 Full lockdown: mandatory stay-at-home 
restrictions except for essential workers 

MP 2 2020/05/11-2020/05/17 Partial release: teleworking mandatory 

MP 1 2020/06/08-2020/06/14 Post-phase 1: careful  individual behaviour of 
people influenced by experience of first wave 

MP 0 2020/01/27-2020/02/02 No lockdown 

4.2.3 Policy activation thresholds 

We assume authorities impose or release restrictions based on quantitative incidence thresholds. In this report, 
we consider the 14-day infection rate per 100000, which we denote as I. This is an observable quantity 
compatible with existing legislation and epidemiological indicators published regularly by ECDC16.  

For the purpose of this study, we use defined a gradual set of thresholds of I = 20, I = 100, I = 200 and I = 400 
cases per 100,000 population over 14 days.  

Note that thresholds are not necessarily the same as the thresholds used by WHO or ECDC for classifying levels 
of risk/concern. 

  

                                           
16 https://www.ecdc.europa.eu/en/covid-19/situation-updates/weekly-maps-coordinated-restriction-free-movement 
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4.3 Mathematical models, inputs and outputs 

The mathematical modelling framework has been developed in close collaboration between JRC and ECDC. For 
each use case, the original simple compartmental Susceptible-Infected-Recovered (SIR) model is modified to 
include relevant parameters and extensions, making the model fit for purpose (an approach also used in many 
Member States, e.g. Molenberghs et al., 2020). 

In this paper, two models were developed (see Annex B): 

— SIR model, with two parameters: time-dependent reproduction number Rt and recovery time Trecov ; 

— Spatially explicit SIR model: same as first model, but with explicit import/export of cases (S, I and R) from 
connected regions. 

For the objectives of the report, these simple models are deemed appropriate. Compartmentalized for spatial 
regions, they perform well in describing the main dynamics of disease transmission at EU level and allow to 
compare alternative scenarios for action. 

4.3.1 Model input 

The advantage of scenario-based modelling is that any arbitrary initial condition can be assumed.  

We consider – arbitrarily – the situation of September 2020 in the EU as a reference17. It is a situation when 
the second wave is clearly starting, with exponential increase of cases, although the total case load is still low. 
EU countries are in different epidemiological phases after the summer holidays and schools are reopening. The 
situation is characterised by reproduction numbers18 ranging from 0.8 to 2.1, and with an average of 1.3, clearly 
above 1. Caseloads are increasing rapidly in some countries (e.g. France with 9000 new cases per day). 

Figure 5 shows the range of reproduction numbers (orange circles) in EU countries. One can observe the average 
reproduction number in the EU increased significantly, making the situation worse. In our simulations, on the 
other hand, we assume the starting conditions as the “worst” situation, with countries taking only measures 
that decrease the reproduction number. Therefore, the simulations are expected to underestimate the observed 
COVID cases in the period September to December. This is indeed confirmed by observed data. 

 

Figure 5. Evolution of reproduction number Rt in EU countries. The average of the EU (blue line) 

                                           
17 https://webcritech.jrc.ec.europa.eu/modellingOutput/CV/FACTSHEETS/20200913/EC-JRC_Factsheet_EU27.pdf  
18 The value of reproduction numbers Rt is obtained from the number of new cases in the last week over the number of cases of the 

previous week (see Annunziato et al., 2020) 

https://webcritech.jrc.ec.europa.eu/modellingOutput/CV/FACTSHEETS/20200913/EC-JRC_Factsheet_EU27.pdf
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4.3.2 Model output 

The models produce the following output: 

— Cumulative people infected over a five-month simulation period: a measure of pressure on the health care 
system; 

— Number/Percentage of Person-Days a measure is active over a five-month simulation period. When 
averaged over the EU (weighted by population) this represented the average time an EU citizen experiences 
NPI interventions. It is a measure of pressure on the socio-economic system; 

— Maximum daily rate of infection over a five-month simulation period: a measure of pressure on the health 
care system, specifically correlated to ICU pressure; 

This allows trade-off analyses between health and wealth factors. 
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4.3.3 Limitations 

Scenario-based analysis is useful to study in silico the effects of different choices. The scenario results should 
not be considered as forecasts, but should be compared among each other under the set of assumptions made 
and outcome indicators chosen in order to compare/assess epidemic trends and various trade-offs informing 
decisions. Readers are discouraged to compare country-specific results with the reality of the country. 

The main limitations of the models are: 

— The models doesn’t explicitly model exposed population (infected, but not infectious), asymptomatic 

(and pre-symptomatic) population (infectious, no symptoms, latent period). 

— The model does not consider the testing rate and testing policy in a given country, which changes the 
reported COVID-19 cases. However, for each region and country the SIR models are calibrated 
independently based on the available reported data of the calibration period of one month. Therefore, the 
models implicitly take into account the different testing rate and policy, with simulations providing data 
comparable to what would be reported in the future (unless the testing policy changes). Therefore, we 
caution against using the absolute values from the simulations. 

— The study doesn’t quantify parametric uncertainty of the outcomes. In a simulation mode, we look only 
at the dynamics of the deterministic calculations, which are sufficient to illustrate the differences between 
policy options. However, for forecasts and/or assessment of specific policy options, an uncertainty 
assessment is very important. 

 

4.4 Data 

Epidemiological information for the study areas was sourced from European Commission’s Joint Research 
Centre (JRC), whose COVID-19 response initiative includes data collection, analysis and reporting utilities 
accessible through JRC web-portal at https://covid-statistics.jrc.ec.europa.eu. This platform, in particular, makes 
available epidemiological COVID-19 case counts19 on a daily basis and covering both the EU, EEA, United 
Kingdom and the rest of the world, in the first case including multi-granular detail (i.e. at NUTS1 and NUTS2 
levels). Epidemiological information includes the following categories: cumulative positive cases; cumulative 
deceased cases; cumulative recovered cases; currently positive cases; hospitalized cases; intensive care cases. 
Data availability per category depends on the reference administrative area and the indicators made available 
by the countries. 

To the purpose of higher-granularity analysis, notably NUTS-3 level analysis, we also combined JRC-sourced 
information with further datasets. For Italy, in particular, we exploited NUTS3-level cumulative total case counts 
provided by Dipartimento di Protezione Civile20 to perform case scaling. 

Mobility data from Mobile Network Operators (MNOs)21 hosted and processed by the JRC and in 

collaboration with DG CONNECT. On 8 April the European Commission asked European MNOs to share 
anonymised and aggregated mobile positioning data. The aim of this Business-to-Government initiative was to 
provide mobility patterns of population groups in the fight against COVID-19, in line with the European 
Commission Recommendation to support exit strategies through mobile data and apps22. Data from MNOs are 
provided to JRC in the form of Origin-Destination-Matrices (ODMs). Each cell of the ODM shows the overall 
number of ‘movements’ (also referred to as ‘trips’ or ‘visits’) that have been recorded from the origin to the 
destination geographical reference areas over the reference period. Despite the fact that the ODMs provided by 
different MNOs have similar structure, they are often heterogeneous in their content. These differences can be 
due to the methodology applied to count the movements, the spatial resolution used or to the time coverage. 
Nevertheless, each ODM is consistent over time and relative changes are possible to be estimated. This allows 

                                           
19 Data available at: https://github.com/ec-jrc/COVID-19  
20 Data available at: https://github.com/pcm-dpc/COVID-19.git  
21 Among which 3 Group - part of CK Hutchison, A1 Telekom Austria Group, Altice Portugal, Deutsche Telekom, Orange, Proximus, TIM 

Telecom Italia, Tele2, Telefonica, Telenor, Telia Company and Vodafone provided access to aggregate and anonymised data. 
22 Commission Recommendation (EU) 2020/518 of 8 April 2020 on a common Union toolbox for the use of technology and data to combat 

and exit from the COVID-19 crisis, in particular concerning mobile applications and the use of anonymised mobility data 

https://covid-statistics.jrc.ec.europa.eu/
https://github.com/ec-jrc/COVID-19
https://github.com/pcm-dpc/COVID-19.git
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defining common indicators such as inward, outward, internal mobility indicators (Santamaria et al., 2020), 
connectivity (Iacus et al., 2020a) between regions and Mobility Functional Areas (Iacus et al., 2020b) (see 
Section 7). Based on MNO data, the JRC developed the Mobility Visualisation Platform that allows to visualise 
and analyse mobility trends. The platform also provides insights into the links between mobility and outbreak 
dynamics across regions to support decision making to manage upsurge of cases in Europe23. 

Mobility data for the case study in Italy is from two complementary sources, namely: 

— ISTAT’s 2011 census dataset on commuting for studying or working24: this provides below-NUTS3 origin-
destination information on travelling for work or study purposes as reported in the 15th general population 
census, as well work/study country destination for cross-country commuting; 

— EnelX & HERE City Analytics mobility maps25: this offers statistical indicators on mobility gathered as the 
COVID-19 emergency develops, including - on a daily basis and at the regional, province and municipality 
levels - anonymized and aggregated data, coming from connected vehicles, maps and navigation systems, 
normalized through correlations with location data from mobile applications and with public 
administration’s open data. 

After data pre-processing and harmonization, we synergized the two mentioned datasets in order to construct 
estimates of daily origin-destination (O/D) matrices. In particular, based on the ISTAT dataset alone, we started 
by constructing a “static" O/D matrix which is meant to represent baseline mobility patterns as they might be 
experienced in a typical working day. Then we applied the EnelX & HERE indicators to estimate modifications to 
the static O/D configuration as experienced during the COVID-19 emergency. It should be noted that the current 
representation focuses only on commuting-related mobility and that data may be less adequate to represent 
mobility patterns during weekends and special occasions. At the same time, an advantage of the proposed data 
use with respect to some alternative approaches exploited in the literature can be found in the direct 
quantification of the number of cross-area travellers. See also Box 6.2 for examples of further mobility data 
initiatives in place. 

Table 3. Data sources 

Date type Description Source 

Demographic 
data 

 

Reference population data relevant for the NUTS1, 
NUTS2 and NUTS3 divisions by plain data aggregation 
starting from Eurostat sources, taking 2019 as the 
reference year 

https://ec.europa.eu/eurostat/ 
web/productsdatasets/product? 
code=demo_r_pjangrp3  

 

Epidemiological 
surveillance 
data  

Epidemiological datasets for different EU NUTS levels 
by the JRC 

 

https://covid-statistics.jrc.ec.europa.eu  

 

Epidemiological 
surveillance 
data 

Epidemiological datasets for Italy by Dipartimento di 
Protezione Civile 

 

https://github.com/pcmdpc/COVID-19.git  

 

Mobility data 

 

ISTAT’s 2011 census dataset on commuting for 
studying or working purposes 

https://www.istat.it  

 

Mobility data  

 

EnelX & HERE City Analytics mobility maps for Italy https://enelx-mobilityflowanalysis.here.com/ 
dashboard/ITA/index. html 

 

                                           
23 Access to the Mobility Visualisation Platform provided to practitioners and policymakers in the Commission, ECDC and EU Member States. 
24 Available at: https://www.istat.it/it/archivio/139381  
25 Project dashboard for Italy: https://enelx-mobilityflowanalysis.here.com/dashboard/ITA/index.html  

https://ec.europa.eu/eurostat/%20web/productsdatasets/product?code=demo_r_pjangrp3
https://ec.europa.eu/eurostat/%20web/productsdatasets/product?code=demo_r_pjangrp3
https://ec.europa.eu/eurostat/%20web/productsdatasets/product?code=demo_r_pjangrp3
https://covid-statistics.jrc.ec.europa.eu/
https://github.com/pcmdpc/COVID-19.git
https://www.istat.it/
https://enelx-mobilityflowanalysis.here.com/%20dashboard/ITA/index.%20html
https://enelx-mobilityflowanalysis.here.com/%20dashboard/ITA/index.%20html
https://www.istat.it/it/archivio/139381
https://enelx-mobilityflowanalysis.here.com/dashboard/ITA/index.html
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5 Control of community transmission at regional level: intensity, timing 

and duration of lockdowns 

5.1 Specific objectives 

In this chapter, the study objective is to compare containment strategies at regional level based on reduction 

of the intra-regional mobility through: 

-  voluntary and mandatory stay-at-home orders (regional lockdown) imposed and 

-  lifted at specific incidence thresholds (lift-lock).  

For the purpose of this analysis, we assumes countries choose a control strategy equivalent to a full lockdown 
(Rt = 0.7) and intermediate restrictions (Rt = 0.95) alternated with a normal situation, i.e. the observed Rt at the 
time of study.  

The use case is relevant for reducing the risk for transitioning from phase 3 (community transmission) to 

phase 4 (widespread community transmission).  

It assumes that new cases are primarily due to ongoing community transmission rather than importation from 
other regions or clustering associated with mass gatherings. 

 

Figure 6. Control of community transmission between epidemiological phase 3 (local community transmission) and 4 
(widespread community transmission) 

The specific objectives are: 

— To identify the relative impact of different intensity, timing and duration of restriction levels of limiting 
mobility at regional level on the health and socio-economic impact of the epidemic.  

— To assess the effect of nationally and regionally applied policies. To evaluate efficiency gains of 
synchronized or unsynchronized triggering thresholds. 

5.2 Intervention scenarios 

We consider eight intervention scenarios, listed in Table 4. 

We assume countries establish a policy of escalation and de-escalation based on: 

— the observed situation in all EU regions as of September 2020; 

— interventions at regional level that apply a “transmission rate policy” to bring transmission down to a 
predefined level (Rt, target reproduction number), after which it is relaxed; 

— triggered at specific thresholds I of 14-day incidence rates per 100,000, defined for the purposes of this 
analysis. 
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The scenarios are: 

— Scenarios 0 to 3 present different thresholds I (early application versus later application of NPIs) for a 
transmission rate policy TP3 of Rt = 0.95 

— Scenarios 3 to 6 intend to assess the effects of different intensities of restriction levels (target transmission 
rates from Rt = 0.7 to 1.5) for a fixed threshold of I=400 (14-day infection rates per 100,000) 

— Scenarios 3 and 3C provide with lock/lift versus continuous application of NPIs. 

— Scenarios 3 and 3N compare application at national level versus regional level 

Table 4. Policy scenarios for control of community transmission at regional levels. Scenarios are defined by I (escalation / 
de-escalation thresholds of 14-days infection rate per 100,000) and Rt (target reproduction number during intervention) 

Scenario Infection rate 
threshold I 

Transmission rate policy TP 
(defined by target Rt level) 

Indicative description (no assumptions are made on 
cocktail of measures needed to attain the Rt level) 

Lock Lift 

0 No control – No action 

1 20 20 TP3 (0.95) Intermediate restrictions (partial lockdown), very low 
threshold 

2 100 100 TP3 (0.95) Intermediate restrictions (partial lockdown), low 
threshold 

3 
reference 

400 400 TP3 (0.95) Intermediate restrictions (partial lockdown), 
equivalent to the observed value in May-June 2020 

4 400 400 TP4 (0.70) Full lockdown, equivalent to first wave 

5 400 400 TP2 (1.20) Loose measures, equivalent to the observed value 
during Summer 2020 

6 400 400 TP1 (1.50) Very loose measures 

3C 400 0 TP3 (0.95) Constant partial lockdown, no lifting 

3N mod 1 400 in whole 
country 

TP3 (0.95) National level control versus regional, to test 
influence of synchronicity 

3N mod 2 400 in one region TP3 (0.95) National level control versus regional, to test 
influence of synchronicity 

5.3 Model assumptions and limitations 

The scenarios are applied to the epidemiological situation in the EU on 13 September 2020, i.e. incidence rates, 
reproduction numbers and caseloads. The forecast period is five months, starting from 13 September 2020. 

We use a standard SIR model (Annex B) applied to 310 NUTS regions. 

5.4 Results 

5.4.1 Timing (or thresholds) of lockdowns 

A variation of the escalation/de-escalation threshold from I = 20 to I = 400 applied to 310 regions shows a 
different pattern in the transmission dynamics (see Figure 7 below).  

Under the no control scenario (scenario 0, dotted line), the simulated number of cases continues to rise because 
in early September most of the EU countries had an Rt far above 1.  With control (scenarios 1 to 3), a stabilization 
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of the number of new cases is observed. For scenarios 1 and 2 with the lowest thresholds there is a slow but 
continuous reduction of cases. For scenarios 3 however, the number of new cases stabilizes around 90,000 
daily new positive cases respectively. 

For the whole EU, the total number of new positive cases in the 5 month forecast period would 
respectively be: 3.9 million (scenario 1), 5.1 million (scenario 2) and 12.2 million (scenario 3) compared to the 
scenario of inaction resulting in 96.4 million cases (scenario 0). There is no linear behaviour: to reduce by half 
the cases, the threshold must roughly be 4 times lower or more. 

The socio-economic impact of the various scenarios is estimated through the sum of the number of lockdown 
days experienced by each individual over the study area. Therefore, we calculate the number of lockdown-
person days in each region and aggregate per country and for the whole EU (an average weighted by 
population). 

Figure 8 shows the average number of days a citizen by country is under lockdown, for scenarios 1 to 

3. A low lockdown threshold I = 20 would put several countries under continuous lockdown for the five-month 
forecasting period. For higher thresholds I=400 some countries would avoid a lockdown entirely.  

Similarly, for the whole EU, we calculate the socio-economic pressure of the lockdown as the percentage of 
days citizens are under lockdown. For the whole EU, this would respectively be: 0% (scenario 0), 76% (scenario 
1 with I = 20), 52% (scenario 2 with I = 100) and 32% (scenario 3 with I = 400). Table 5 and Figure 15 (page 
30) summarizes both health and lockdown pressure. In the reference scenario (I = 400, Rt=0.95) the EU would 
experience around 12 million of new cases in a five month period, while on average citizens would be under 
(moderate) lockdown for 32% of their time. This would lead to a stable situation with around 90,000 new cases 
per day. While these numbers have been recorded in the EU without exceeding the ICU capacity, the situation 
in individual countries strongly depends on the national ICU capacity (McCabe et al., 2020). Each national 
situation should be assessed with regards to their national capacity for hospitalization and intensive care beds. 

Timely action, triggered by low incidence rates of I = 20 (scenario 1), result in 7 million less cases (60% less), 
but in near continuous lockdowns all over the EU (76% of the time on average for all EU citizens). In several 
countries this would be a continuous lockdown for five months. An intermediate scenario triggered at I = 100 
shows the non-linear behaviour. Lower thresholds influence health pressures marginally while adding lockdown 
pressure disproportionally. Indeed, higher thresholds increase health pressure disproportionally while offering 
limited gains in lockdown pressure. 

This analysis suggests a trade-off can be found between I = 100 and 400. Further analysis needs to account 
for the relation between socio-economic impact and the lockdown days, a relation that is not necessarily linear 
due to regional and sectoral interaction of economies (see chapter 8). Overall, this analysis shows that a trade-
off threshold exist at EU level that keeps health pressure within the limits of health system capacity and 
minimizes the socio-economic lockdown pressure. For the EU, the trade-off incidence rate lies around 

400 per 100,000 in 14 days. 

Table 5. Summary table: health and wealth pressures under different thresholds. 

Scenario Incidence rate 
threshold I 

Target Rt 
level 

Public health pressure  Maximum new 
daily cases 

Lockdown pressure 

 New cases per 
100,000 in 14 
days 

No unit Total new positive cases 
after 5 months, in 
million 

Million per day Percentage of days under 
lockdown in next 5 months 

0 No control – 96.1 1.20 0% 

1 20 0.95 3.9 0.05 76% 

2 100 0.95 5.1 0.05 52% 

3 
reference 

400 0.95 12.2 0.10 32% 
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Figure 7. Health pressure with different lockdown thresholds (incidence rate I). Overall new positive cases per day 
for all 310 EU regions, for scenario 1, 2 and 3 

 

Figure 8. Lockdown pressure with different lockdown thresholds (incidence rate I). Average number of days 
citizens experience restrictions, per EU country26, for scenario 1, 2 and 3. 

5.4.2 Intensity of lockdowns 

A variation of the escalation/de-escalation intensity from Rt = 0.7 to Rt = 1.5 applied to 310 regions informs 
about pros and cons of stricter lockdowns versus partial lockdowns, all triggered at the same incidence rate 
threshold of I = 400 new cases per 100,000 in 14 days. Figure 9 shows the number of new positive cases for 
the whole EU.  

Our reference scenario is scenario 3, with Rt = 0.95 and I = 400. In scenario 4, a harder target reproduction 
number Rt = 0.7 is selected and reduce the transmission further down before de-escalating. This represents a 
strategy similar to the full stay-at-home in March 2020 implemented in several countries (Alessandro and 

                                           
26 Some countries are missing in this chart because they never reach the lockdown status 
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Asikainen, 2020). In scenarios 5 and 6 we compare with intervention scenarios where transmission is not 
reduced below 1 (Rt = 1.2 and Rt = 1.5 respectively), representing cases where countries are not strict enough. 

In this model simulation, the total number of new positive cases in the EU during the five months forecast 
period would be: 12.2 million (scenario 3), 12.8 million (scenario 4), 17.2 million (scenario 5) and 30.3 million 
(scenario 6). This can be compared again to the reference scenario resulting in 96.1 million cases (scenario 0). 

As expected, when restrictions are too weak to control the epidemic, health pressure keeps increasing, with daily 
incidence rates going well over 100,000 new cases per day.  

Contrary to intuition, a hard lockdown (Rt = 0.7) does not perform better than a milder one (Rt = 0.95) in a context 
of heterogeneous and relatively high infection rates such as was the case in early September. Because the 
“lock/lift” cycles for strict lockdowns result in stronger oscillations, the total infections are higher. 

In our analysis, the socio-economic pressure is partially influenced by the intensity of the “lockdown”, at least 
in terms of the time citizens experience the stay of home order. Figure 8 shows the average number of days a 
citizen is under lockdown in each EU country, for scenarios 3 to 6.  

Figure 10 shows that the lockdown pressure depends primarily on the initial infection rate in the countries. 
Countries with more widespread transmission (epidemiological phase 4) inevitably have to impose longer 
knockdown periods. Countries with less infections (epidemiological phase 3 and lower) can impose lockdowns 
earlier, which makes them more effective and ultimately shorter. 

The difference between strict and moderate lockdown is in the order of 5%, with stricter lockdowns reducing 
the lockdown period to only 27% of days instead of 32%. 

However, the socio-economic impacts of different scenarios of lockdown are important. Levels of Rt = 0.7 were 
only possible in March by closing all non-essential shops, schools and – in many cases – restricting travel across 
regional and national borders (reintroduction of controls at internal borders in the Schengen area/travel 
restrictions for third country nationals at the external borders). 

The results are summarized in Table 6. The four scenarios show that stricter lockdowns do not increase 

the socio-economic lockdown duration significantly. However, they have a large influence on health 

pressure, in particular when they are not strict enough. A trade-off is apparent around a target 

reproduction number just below 1 (scenario 3). For stricter lockdowns, the health pressure may be higher 

due to strong oscillations in lock-lift regimes. 

Table 6. Summary table: health and wealth pressures under different escalation / de-escalation intensities 

Scenario Incidence rate 
threshold I 

Target Rt 
level 

Public health pressure  Maximum new 
daily cases 

Lockdown pressure 

 New cases per 
100,000 in 14 
days 

No unit Total new positive cases 
after 5 months, in 
million 

Million per day Percentage of days under 
lockdown in next 5 months 

3 
reference 

400 TP3 
(0.95) 

12.2 0.10 32% 

4 400 TP4 
(0.70) 

12.8 0.11 27% 

5 400 TP2 
(1.20) 

17.2 0.17 36% 

6 400 TP1 
(1.50) 

30.3 0.43 36% 

 

 



 

25 

 

  

Figure 9. Health pressure with different lockdown thresholds Rt. Overall new positive cases per day for all 310 EU regions, 
for scenario 3, 4, 5 and 6 

  

Figure 10. Lockdown pressure with different lockdown intensity Rt. Average number of days citizens experience 
restrictions, per EU country, for scenario 3, 4, 5 and 6 

5.4.3 Duration of lockdowns: escalation/de-escalation cycles versus continuous NPI 

implementation 

Thirdly, we consider variations in the duration of the lockdown. We compare our reference scenario 3, where 
cycles of escalation and de-escalation alternative at specific thresholds, with scenario 3C, where – once impose 
– a lockdown is maintained until the epidemic is extinguished (0 new positive cases in 14 days). In other words, 
3C leaves a (moderate) lockdown regime in place continuously. Figure 11 shows the number of new positive 
cases for the whole EU. 
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For the whole EU, the total number of new positive cases in the five months period would respectively be: 11.6 
million (scenario 3C) versus 12.2 million (scenario 3). A lock/lift regime yields 5% more positive cases 

compared to a continuous regime of (moderate) restrictions. This small difference allows to consider non-
health considerations such as ease of communication towards citizens, lockdown fatigue and socio-economic 
factors. 

Figure 12 shows the average number of days a citizen is under lockdown in each EU country, for scenarios 3 
and 7. For scenario 7, several countries are under lockdown for the entire forecasting period. 

The results are summarized in Table 7. We show that for the whole EU and starting from the epidemiological 
situation in September lock-lift regimes and continuous regimes show minor differences for both health 
and lockdown pressure. 

Table 7. Summary table: health and wealth pressures under different escalation / de-escalation duration 

Scenario Incidence rate 
threshold I 

Target Rt 
level 

Public health pressure  Maximum new 
daily cases 

Lockdown pressure 

 New cases per 
100,000 in 14 days 

No unit Total new positive 
cases after 5 months, 
in million 

Million per day Percentage of days under 
lockdown in next 5 months 

3 400, for both 
escalation and de-
escalation 

TP3 
(0.95) 

12.2 0.10 32% 

3C 400, but no de-
escalation 

TP3 
(0.95) 

11.6 0.10 36% 

 

  

Figure 11. Health pressure with different lockdown duration. Overall new positive cases per day for all 310 EU regions, for 
scenario 3 (lock/lift) and 3C (continuous). 
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Figure 12. Lockdown pressure with different lockdown duration. Average number of days citizens experience restrictions, 
per EU country, for scenario 3 (lock/lift) and 3C (continuous). 

 

5.4.4 Regional versus national lockdowns: synchronicity 

Fourthly, we simulate the effect of targeting measures at regional level (applied to 310 regions) versus a 
nation-wide application of measures. Regional level measures imply that each region imposes restrictions 
independently based on a threshold incidence rate of I = 400 cases per 100,000 in 14 days (reference scenario 
3). We assume the restrictions have a combined effect of reducing the reproduction number to Rt = 0.95, i.e. 
just under 1. National level measures imply that all regions in a country impose simultaneously the same 
measures, triggered by a national threshold. We model two triggering scenarios. First a relaxed approach 
(scenario 3N mod 1) where all regions in the country lock only when the national average incidence rate exceeds 
the threshold. Second, a more conservative approach (scenario 3N mod 2), where all regions in the country lock 
when one region exceeds the threshold, and lockdown is only lifted when all region fall below the threshold. 

The results (Table 8) show that a regional approach allows for a more balanced impact between health pressure 
and lockdown pressure. A strict national approach (scenario 3N mod 2) would result in 8.8 million new cases in 
the five-month simulation period, but would confine the average citizen up to 55% of the time (i.e. more than 
1 day out of 2 in lockdown). A relaxed national approach, waiting for a national incidence rate of 400 new cases 
per 100,000 in 14 days, results in in more than double the cases (17.5 million). Surprisingly, it also results in 
41% of days under lockdown. This is caused by the strong oscillations (Figure 13) in epidemic dynamics and 
high peaks of cases (up to 150,000 per day). The regional approach allows for a better trade-off 

between health pressure and lockdown pressure. It produces 12.2 million cases in the five-month 
simulation period, but reduces the percentage of days under lockdown to 32%. 

These EU-wide results mask national differences. Figure 14 shows the lockdown pressure in individual countries. 
The difference between national and regional approaches depends on the initial situation, and in particular the 
heterogeneity between the regions. When all regions in a country are in a high epidemiological phase, 
synchronicity doesn’t make a big difference (see example of Italy in Error! Reference source not found.). C
onversely, when the country has heterogeneous epidemiological phases, the targeted regional approach 
outperforms a national approach. 
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Table 8. Summary table: health and wealth pressures under different escalation / de-escalation duration 

Scenario Incidence rate 
threshold I 

Target Rt 
level 

Public health pressure  Maximum new 
daily cases 

Lockdown pressure 

 New cases per 
100,000 in 14 
days 

No unit Total new positive cases 
after 5 months, in 
million 

Million per day Percentage of days under 
lockdown in next 5 months 

3 
reference 

400 TP3 
(0.95) 

12.2 0.1 32% 

3N  
mod 1 

400 in whole 
country 

TP3 
(0.95) 

17.5 0.15 41% 

3N  
mod 2 

400 in one region TP3 
(0.95) 

8.8 0.05 55% 

 

 

Figure 13. Influence of “lockdown” synchronicity on community transmission restrictions: overall new positive cases per 
day for all 310 EU regions. 
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Figure 14. Influence of regional/national measures application on community transmission restrictions: average number of 
days under restrictions, per EU country 
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5.5 Discussion and Conclusions 

Controlling community transmission is critical for managing the COVID-19 pandemic. Our spatially explicit 
analysis looks at targeted measures at regional level, the approach advocated in the Commission’s 
communication on the Roadmap for lifting measures27. 

We specifically looked at timing, intensity and duration of lockdowns at regional level, as well as the difference 
between regional and national lockdowns. Figure 15 shows the aggregate statistics for the entire European 
Union for all scenarios analysed. 

 

Figure 15. Health pressure versus lockdown pressure of the 9 scenarios studied. Scenarios in the bottom left corner are 
advantageous for both health and wealth impact. Triangle: reference scenario; red: variation of timing; blue: variation of 

intensity (target R); yellow: continuous versus lock/lift; green: national versus regional. These can be compared to 
simulations without control resulting in 96.1 million new cases. 

Regional approaches can outperform national ones in terms of balancing health and socio-economic pressures. 
The regional approach allows for a better trade-off between health pressure and lockdown pressure. It produces 
12.2 million cases in the five-month simulation period (more than a strict national lockdown, but less than a 
relaxed national lockdown), but – crucially – reduces the percentage of days under lockdown to 32% (lower 

than any national lockdown scenario, green dots in Figure 15). 

On timing, or incidence rate threshold at which escalation and de-escalation measures are taken, the socio-
economic benefit of higher thresholds (scenarios 3 and 4) may outweigh the health benefits of lower thresholds 
(scenarios 1 and 2). The marginal socio-economic gains are higher than the marginal health losses, provided 
the reproduction number Rt stays below 1 (red dots on Figure 15). An optimal trade-off lays in the range of 100 
to 400 new cases per 100,000 in 14 days. 

                                           
27 Joint European Roadmap towards lifting COVID-19 containment measures C/2020/2419, 

https://ec.europa.eu/info/sites/info/files/communication_-
_a_european_roadmap_to_lifting_coronavirus_containment_measures_0.pdf 

https://ec.europa.eu/info/sites/info/files/communication_-_a_european_roadmap_to_lifting_coronavirus_containment_measures_0.pdf
https://ec.europa.eu/info/sites/info/files/communication_-_a_european_roadmap_to_lifting_coronavirus_containment_measures_0.pdf
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Similarly, we show that a target transmission rate of Rt lower than 1 but close to 1 seems to provide 

better results rather than impose much lower target (blue dots on Figure 15). Stricter lockdowns drive down 

the number of cases lower, but these rebound faster during the lift period if no restrictions are placed. The 
resulting strongly oscillating dynamic would put both a heavy strain on the health care system and on citizens 
and businesses. Given a situation similar to the EU in September, a trade-off emerges at a target 

reproduction number just below 1. 

Further, we show that for the whole EU and starting from the epidemiological situation in September lock-lift 

regimes and continuous regimes show minor differences for both health and lockdown pressure. A 
continuous regime has further advantages in communication towards citizens and more certainty on which 
restrictions remain in place (purple dot on Figure 15). 

The scenarios demonstrate that targeted action at regional level and triggered at well-defined thresholds can 
lead to a more balanced impact on health and wealth. For comparison we show the real situation as measured 
between 13 September and end of November. We observe that the EU followed the “no-control” scenario until 
the end of October, leading to much higher peaks than in our simulations, which assumed control starting from 
mid-September. 

 

Figure 16. Observed situation versus scenario outcomes. Countries have reacted later than any of the scenario 
assumptions, leading to a higher second wave. 

Future work can improve both the analysis of the health pressure (by considering thresholds derived from 
intensive care capacity) and of lockdown pressure (by quantifying the social and economic impacts of lockdowns 
in monetary terms or employment lost). Here it is important to explicitly consider the combination of measures 
to achieve a target reproduction rate (see for example Flaxman et al., 2020; Haug et al., 2020). However, while 
interesting in theory, this is expected to strongly vary between countries and – if known at all – difficult to enact. 
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6 Control of inter-regional mobility: the case of commuting  

6.1 Specific objectives 

The objective of this chapter is to address the use of spatially explicit models and control measures to track the 
epidemiological evolution of the COVID-19 pandemic and evaluate mobility related policy options. 

These analyses are based on a spatially-extended SIR model specifically developed to study the impact of daily 
commuting. The simulations of the spread of the epidemic take into account travellers’ displacements across 
geographical areas. , as observed through the movement of phones recorded by mobile network operators. 
Intervention scenarios consider explicitly the restriction of mobility, in addition to other interventions that reduce 
the transmission. 

Ultimately, we are interested in understanding the role of mobility in the cross-regional transmission COVID-
19. The simulations in this chapter refers to the transitioning between phase 3 (community transmission) and 
phase 4 (widespread community transmission). 

 

Figure 17. Relationships between epidemiological phases 2 (outbreaks in specific settings), 3 (local community 
transmission) and 4 (widespread community transmission). 

 

The specific objectives are: 

— building spatially explicit epidemiological models taking into account mobility (particularly, commuting); 

— forecasting epidemiological trends under current/hypothetical epidemiological and mobility conditions; 

— identifying areas/conditions characterized by high spreading potential; 

— testing epidemic control strategies involving mobility restrictions. 
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6.2 Intervention scenarios 

We consider the intervention scenarios listed in Table 9, which describe different policy options to be simulated 
targeting in-region transmission, cross-area mobility options and their combinations. 

Table 9. Policy scenarios for control of community transmission at regional level. 

id Transmission rate Cross-area mobility Description 

Thresholds I 
(14-days 
incidence 
rate per 
100,000) 

Policy 
identifiers 

Thresholds I (14-days 
incidence rate per 
100,000) 

policy identifiers 

0 - TP0 - MP0 zero policy 

1 50 TP0/TP3 - MP0 only TP [high sensitivity, all 
regions] 

2 200 TP0/TP3 - MP0 only TP [mid sensitivity, all 
regions] 

3 400 TP0/TP3 - MP0 only TP [low sensitivity, all 
regions] 

4 50 (*) TP0/TP3 - MP0 only TP [high sensitivity, some 
regions] 

5 200 (*) TP0/TP3 - MP0 only TP [mid sensitivity, some 
regions] 

6 400 (*) TP0/TP3 - MP0 only TP [low sensitivity, some 
regions] 

7 50 (*) TP0/TP3 50/200/ 
400/1000 

MP0/MP1/MP2/ 
MP3/MP4 

TP [high sensitivity, some 
regions] & 
MP [multistep] 

8 200 (*) TP0/TP3 50/200/ 
400/1000 

MP0/MP1/MP2/ 
MP3/MP4 

TP [mid sensitivity, some 
regions] & 
MP [multistep] 

9 400 (*) TP0/TP3 50/200/ 
400/1000 

MP0/MP1/MP2/ 
MP3/MP4 

TP [low sensitivity, some 
regions] & 
MP [multistep] 

 

Therein, thresholds are used as terms of comparison for the 14-day infection rate per 100,000 (denoted as I 
hereafter), which here acts as the variable observed on a daily basis and informing policy modulation. For 
instance, in scenario 1, transmission rate threshold 50 discriminates between the activation of policy TP0 (for 
I < 50) and policy TP3 (for I  ≥ 50). Multiple joint thresholds must be interpreted as progressions, leading to 
more and more restrictive measures or vice-versa as I varies. For instance, this is the case of scenario 7’s cross-
area mobility policy, wherein MP0 is active for I < 50, MP1 for 50 ≤ I < 200, MP2 for 200 ≤ I < 400, MP3 for 
400 ≤ I < 1000 and MP4 for I ≥ 1000. In our representation, locking (i.e. policy escalation) and lifting (i.e. policy 
de-escalation) undergo the same thresholds. Finally, when mark (*) is reported, this implies that some of the 
considered regions are not subject to the preceding thresholds, for study purposes.  

In the indicative description reported in the same table, we provided a summary of the policy characteristics. 
There, 
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— TP indicates the activeness of a transmission rate policy and is characterized in terms of sensitivity (high, 
mid and low depending on whether transmission rate thresholds equal to 50, 200 and 400, respectively) 
and scope (all or some regions, depending on the presence of exceptions marked as (*)); 

— MP indicates the activeness of a cross-area mobility policy, which in this document is in all cases multistep 
(i.e. associated with multiple sequential threshold levels and, correspondingly, increasing levels of mobility 
restrictions). 

Both for transmission rate policies and cross-area mobility policies, policy structure is inferred by cross-
comparing measures implemented during previous stages of the COVID-19 epidemic and subsequently 
observed epidemiological patterns. Among the factors accounted for, we can find aspects such as inertia/non-
compliancy/non-effectiveness in policy implementation. For instance, as far as transmission rate policy switches 
are concerned, our models mimic both the delay in measure triggering and the gradual unfolding of their effects 
in time. More details are available in Galbusera et al. (2020). 

6.3 Model assumptions 

For our study, we developed an ad hoc spatially explicit SIR model (Annex B) integrating the representation of 
daily commuting. The system consists of a set of patches (regions). Each of them can host a base population, 
comprising the persons based and present therein, and satellite populations, collecting those individuals based 
in another patch but displaced therein. See Figure 18 for an illustration. 

 

 

Figure 18. Illustration of the proposed multipatch system representation and the corresponding epidemiological 
interactions, for a set of three patches. 

 

As people move from bases to satellites and vice versa, e.g. by commuting, population counts and 
epidemiological mix vary, by the joint effect of mobility, epidemic dynamics and interactions. As a consequence, 
the epidemic not only evolves in time but also travels in space, as we describe by overlaying our spatial 
representation with a family of cross-coupled epidemiological compartmental models. 

In the analyses that follow, we represent mobility in terms of two-way daily displacements, based on a 12-12 
hour time split assumption (i.e. each commuter equally splits time between origin and destination) and 
assimilating in the model daily-resolved mobility data which we take as an input. 

Further details and a full description of the methodology are available in Galbusera et al. (2020). 



 

35 

 

6.4 Results 

We now apply the intervention scenarios and methodology to a case study involving the 12 provinces in 
Lombardy (Italy), a territory characterized by high mobility rates especially to and from the province of Milano.  

These scenarios consider as a starting point the epidemiological situation in the area as of October 2020. To 
assign our epidemiological parameters, we first fitted our model at the regional scale with respect to the 
preceding month’s surveillance data (September) and secondly performed province-level case scaling. 
Subsequently, we set a forecasting horizon of 150 days starting from October 20 and subject to a two-weeks 
initialisation period for our observations I (14-day infection rate per 100,000), after which policy switching from 
the baseline configuration is enabled. The datasets underlying our analysis are reported in Table 3. 

It is important again to observe that the case study is not predictive. The system is studied in isolation and 
tested against hypothetic policy scenarios, with the purpose of offering a basis for future analyses performed 
under realistic data parameterisations. 

6.4.1 Uniform transmission rate policies 

As a first step, taking intervention scenario 0 (zero policy) as our baseline, we consider scenarios 1-3. These do 
not impose any constraints on mobility, while they differ in terms of sensitivity. Among them, option 1 is 
characterized by the lowest transmission rate threshold, and in this case transmission rate policy TP3 activates 
immediately and stays active over the whole analysis period. In Figure 19, we illustrate the corresponding 14-
days infection rate per 100,000 indicator I, which first displays an increase and is then mitigated under the 
action of the policy. 

 

Figure 19. Scenario 1: 14-days infection rate per 100,000 for all regions, applying transmission policy only (no cross-
border mobility restrictions) triggered at I > 50. 

The response becomes more intermittent in the case of scenarios 2 (see Figure 20) and 3, due to increasing 
values of the thresholds leading to policy activation-deactivation iterations. 
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Figure 20. Scenario 2: 14-days infection rate per 100,000 for all regions, applying transmission policy only (no cross-
border mobility restrictions) triggered at I > 200. 

 

We also report, in Figure 21, the projected epidemiological curves for the case of scenario 1. Therein, the blue 
curves describe the number of infected individuals at base normalized by the relative region’s total population, 
while the red curves describe the normalized number of infected individuals present among the incoming 
commuters. In both cases, curves show oscillations describing daily cross-area commuting. The figure displays 
how the considered policy eventually leads the epidemiological curves of all areas to decrease. 
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Figure 21. Scenario 1: epidemiological curves. 

 

Table 10 shows the associated summary statistics. Similar like before, lockdown pressure (in terms of either 
MP or TP) is determined by the number of days a citizen experiences any policy beyond the baseline level (i.e. 
above the lowest policy-associated threshold). Therefore, the measure does not reflect severity, but only 
activation time of non-baseline policies. Notice that scenarios 1, 2 and 3 substantially reduce public health 
pressure, while they internally differ in terms of the same metric as well as in terms of lockdown pressure. 
Lockdown pressure decreases as the relevant threshold increases, and inversely does public health 

pressure, confirming the presence of a trade-off. In this sense, it is important to observe how the 
assignment of the actual policy thresholds can deeply influence the epidemiological outcomes. We again note 
that the activation-deactivation cycles illustrated above may also come at a cost, e.g. fatigue and non-

compliance by citizens. 

Table 10. Summary statistics for scenarios 1-3. 

id Public health pressure 

(total new positive cases 
over the analysis horizon) 

Lockdown pressure 

(% days under lockdown 
over the analysis horizon) 

1 282,752 0% (MP), 90% (TP) 

2 309,953 0% (MP), 86,67% (TP) 

3 562,478 0% (MP), 78,67% (TP) 
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6.4.2 Non-uniform transmission rate policies 

As a second step, we discuss scenarios 4-6, which are complementary to scenarios 1-3. We assume that one 
city, Milano, applies no transmission rate control policies (i.e. applying the baseline transmission rate). Similarly, 
to the previous cases, we consider unrestricted mobility. This scenario illustrates the role of a high-mobility area 
in spreading and sustaining the outbreak to neighbouring areas through mobility-mediated epidemiological 
coupling, in spite of transmission rate policies in these areas. 

Specifically, we focus on scenario 4 and compare it with scenario 1. Figure 22 illustrates the high increase in 
cases in Milano (where there are no restrictions), and the resulting increase in cases in other provinces, which 
would otherwise decrease. Well connected provinces, such as Lodi, Monza, Brianza and Pavia, are particularly 
evident.  

 

Figure 22. Scenario 4: epidemiological curves. 

 

In Table 11 we report the summary statistics associated to the current case. Observe the increment in public 
health pressure, which is mostly due to the epidemic profile observed in Milano, also because coupling has only 
partially expressed its effects within the considered analysis window. 
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Table 11. Summary statistics for scenarios 4-6. 

id Public health pressure 

(total new positive cases 
over the analysis horizon) 

Lockdown pressure 

(% days under lockdown 
over the analysis horizon) 

4 2,737,109 0% (MP), 82.5% (TP) 

5 2,737,109 0% (MP), 82.5% (TP) 

6 2,881,183 0% (MP), 74.67% (TP) 

 

The same kind of analysis can be further extended to consider the joint effect of multiple out-of-control patches 
or to determine the top spreaders. Overall, we can observe that the regrowth of cases observed in the areas 
subject to transmission rate policy depend on the strength of such policy together with the intensity of 

mobility to and from the spreading area. 

6.4.3 Introduction of mobility control measures 

The analysis shows there is a link between the transmission rate regime of each given region and the resurgence 
that can occur, even in high epidemiological phases (phase 3 or 4). The resurgence is stronger where there is 
high cross-area mobility and when the difference in epidemiological phase is greater (heterogeneity).  

In practice, as the epidemiological conditions of the different regions evolve (e.g. through new epidemic waves), 
taking account of heterogeneity may help to design targeted interventions with the aid of near real-time 

mobility data. 

In scenarios 7-9, we consider modifications to 4-6 obtained by introducing cross-area mobility restrictions on 
all connections. In this case, we assume that, on all origin-destination pairs, the most region with most restrictive 
policy dominates in setting the actual mobility levels. 

As illustrated in Figure 24, the activation of a strong mobility reduction policy in all units connected to the 
epicentre, in our case, mitigates considerably the epidemiological couplings with the epidemic epicentre, leading 
to a milder situation in the remaining areas under the action of the considered restrictions. 
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Figure 23. Scenario 7: Incidence rate I for all regions. 
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Figure 24. Scenario 7: epidemiological curves. 

 

In the statistics reported in Table 12, observe the presence of non-zero MP lockdown pressure term. With respect 
to the previous cases, public health pressure is reduced due to the mentioned limitation imposed to case 
regrowth. 

Table 12. Summary statistics for scenarios 7-9. 

id Public health pressure 

(total new positive cases 
over the analysis horizon) 

Lockdown pressure 

(% days under lockdown 
over the analysis horizon) 

7 2,647,751 90% (MP), 82.5% (TP) 

8 2,670,933 90% (MP), 79.89% (TP) 

9 2,833,349 90% (MP), 72.16% (TP) 
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6.5 Discussion and Conclusions 

The discussion proposed in this chapter aims at addressing the link between mobility, particularly 

recurrent mobility by commuting, and epidemic dynamics. Starting from epidemiological and mobility 
information plausibly reflecting today’s situation in a selected set of regions, we addressed such aspects during 
community transmission phases and in combination with epidemic mitigation policies. 

The proposed approach does not consider the role of means of transport as potential spreaders, e.g. due to 
gatherings on public transport. Instead, here we focus on those epidemiological linkages between regions that 
are generated and fed dynamically by travelling individuals across the different regions. 

We observed how, for instance, a given transmission rate policy applied in one venue can be insufficient to 
prevent case resurgence, when high mobility rates connect it to spreading regions. Consequently, a balanced 

mix of transmission rate policies and mobility policies may be of help in order to contain the 

epidemic process. This can be particularly important as the underlying epidemiological parameter 

may change in time leading different regions to heterogeneous conditions. 

Formalisms such as the one used in our discussion can help in tuning targeted interventions, for instance to 
detect epidemic spreaders and mitigate specific couplings, also in anticipative sense. To this end, key importance 
has to be attributed to real time tracking of epidemiological and mobility information. A key aspect to consider 
in using spatially explicit epidemiological models is about spatial resolution, in both the representation of 

mobility and epidemic policies, and its role in attributing relevance to spatial factors in policy design. 

For instance, the averaging effects introduced at lower spatial resolution may prevent from adequately 
capturing the importance of local hotspots and their management. 

Key importance has to be attributed to near real-time tracking of epidemiological and mobility 

information. The epidemiological, demographic and mobility datasets underlying the numerical studies 
proposed in this chapter, described in Table 4, include a combination of census data and data from the EnelX & 
HERE City Analytics project, can be replaced by the MNO data discussed in this report. As confirmed by 
preliminary analyses performed using such information, this approach can serve to extend the spatial 

coverage of the analysis and to allow daily monitoring, enabling a predictive use of the modelling framework 
proposed in this chapter. 

Further analysis can be considered, notably the inclusion of multi-scale and multi-resolution mobility data in 
this framework. In addition, the use of alternative compartmental modelling approaches such as the use of 
agent-based models (e.g. to study policies to limit super-spreading events associated gatherings) and economic 
impact assessment models. 
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7 Mobility functional areas: fine-grained targeting of measures 

7.1 Specific objectives 

Spatially targeted measures are a way to optimise the containment of the spread of an epidemic at local level 
while keeping the rest of the economy running. In the context of this report, we examine the finest scale at 
which targeted measures can be applied to reduce/control epidemic diffusion. 

We consider targeting areas within which people usually move, rather than on administrative areas such as 
regions or provinces (as in chapters 5 and 6). To this end, Iacus at al. (2020) have proposed Mobility Functional 
Areas (MFAs). MFAs represent geographical clustering of subnational administrative areas which are highly 
interconnected in terms of human mobility and can act as “node/hub” to favour expansion of epidemic spread, 
Addressing specifically  these locations  with a set of timely prevention and control  measures is expected to 
reduce spatial diffusion process of the epidemic. The spatial granularity remains high but the spatial coverage 
can be applied beyond local level to identify mobility hotspot at regional or national level. 

 

Figure 25. Control of transmission between epidemiological phase 2 (outbreaks in specific settings) and 3 (local 
community transmission) 

7.2 Methodology and examples 

Mobility Functional Areas (MFAs) are obtained through the analysis of interconnectivity patterns discovered in 
aggregate anonymised Mobile Network Operators (MNOs) data. 

Depending on the granularity of the received input data, which differs across MNOs, MFAs might consist of sub-
national, sub-regional or sub-municipality areas. These areas, often extend across regional or provincial borders 
and do not cover an entire administrative area, but they are shaped according to the local socio-economic and 
geographic characteristics of the territory (e.g. transport network) as indirectly observed through human mobility 
patterns. As an example, to reach the closest city offering employment possibilities or the nearest shopping 
mall, some people may have to cross a regional or provincial border and these patterns contribute to the shaping 
of MFAs across the border of the two regions. MFAs indeed do not correspond to Functional Urban Areas (FUAs) 
as defined by Eurostat (Dijkstra et al., 2019; EUROSTAT, 2016), since they are not defined around a definite 
administrative areas. For example, there are cases in which cities like the city of Prague, which represent centres 
of classical FUAs, appear to be divided in multiple MFAs, each one representing highly interconnected sub-
municipality areas (Figure 26).  
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Figure 26 the city of Prague is naturally divided into several MFAs (colour-coded on the central map) that are persistent in 
time and cross administrative borders. MFAs can help better allocate health assistance and services and/or target 

containment measures. 

We define two sets of MFAs: the pre-lockdown (or “unconditional”) and lockdown ones. The pre-lockdown MFAs 
represent areas that maximise internal mobility interconnectivity observed without restrictions, whilst the 
second set show how containment measures have reshaped (but not completely removed) unconditional MFAs. 

In practice, unconditional MFAs represent the natural mobility of citizens, i.e. independently of the administrative 
definitions of mobility.  

7.3 Scenario and policy options 

The knowledge of these regions may be useful for epidemic control at different phase of an epidemic: 

— In the case of new outbreaks within a sub-areas of a MFA or even earlier during the upsurge of cases, the 
interconnectivity within the area can be either reduced or stopped to control transmission in the MFA and 
prevent further diffusion to the main connected units 

— In Phase 3 corresponding to community transmission cordons sanitaires can be implemented for MFAs to 
reduce/avoid further extension of the epidemic. For cities with multiple MFAs, mobility restrictions can be 
targeted with local selective enforcement and release and hence limit negative socio-economic side-
effects.  

— As movements occur also among different MFAs, mobility can be controlled or scrutinised if two or more 
MFAs have very different numbers of cases already in place because, as seen in the previous sections, in 
phase 0, 1 and 2, imported cases due to human mobility may further fuel the pandemic.  

The identification of interconnected area acting as node of mobility can be the target of selective local 
measures, but is also of interest to the design the logistics of health care outposts.  

7.4 Tools available for local authorities 

7.4.1 Mobility Visualisation Platform 

MFAs are available for 16 EU Member States (Austria, Belgium, Bulgaria, Croatia, Czechia, Denmark, Estonia, 
Finland, France, Greece, Germany, Italy, Portugal, Sweden, Slovenia, and Spain) and Norway and will be soon 
extended to the whole EU and can be accessed by EU Member States through the Mobility Visualisation 
Platform28. 

                                           
28 The Mobility Visualisation Platform has been developed to visualise and analyse mobility trends across regions to inform policy. The 

platform presents mobility data products (Indicators, Connectivity and Mobility Functional Areas) comparable at national, regional and 
NUT3 level and features ECDC data. Access to the platform is provided to practitioners and policymakers in the Commission, ECDC 
and EU Member States. 
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7.4.2 Population gatherings detection through mobility data 

As human mobility exhibits strong regular patterns in time and space, it possible to investigate deviation by 
these structural patterns.  These patterns exist intra-daily, intra-weekly or seasonally. By analysing continuously 
data form 19, out of 27, member states of the European Union (namely: Austria, Belgium, Bulgaria, Czechia, 
Germany, Denmark, Estonia, Spain, Finland, France, Greece, Croatia, Hungary, Italy, Portugal, Romania,  Slovakia, 
Sweden, Slovenia) plus Norway, it possible to automatically detect, for example, un-expected gatherings in a 
particular day, time and region.  

As the impact of human mobility on virus spread depends on the phase of the pandemic so is the gatherings 
of people. The system designed at JRC is in fact able to detect anomalies in the data that may suggests 
unexpected gatherings. The system takes into account the typical movements patterns from a region A to a 
region B at a given timeframe in the day, looking back at the trend of the past 4 weeks. A can be a single origin 
or all origins but B, and B and be A itself to take into account local mobility. If the current data crosses given 
statistical boundaries, the current data is used to evaluate a relative increment index (INC) with respect to the 
moving average of the previous 4 weeks. Then, a signal is sent to the analyst of these types: 

— Level 0 : no signal (data within the boundaries of usual mobility pattern or below the privacy preserving 
thresholds) 

— Level 1:  if INC <  50\%  

— Level 2:  if 50% <= INC < 100%  

— Level 3: if INC >= 100%.  

If a signal of type 2 or 3 is raised, then the network of incoming regions A is extracted. 

The system has correctly spotted expected results like large gatherings in Venice during the 2020 Carnival (8-
25 February 2020), coming from the surroundings but also from several provinces in Italy or a public event in 
Milan on June 6th 2020 (Figure 27).  

 

Figure 27 Maps of inbound signals in Milan, Central Station. People arrive at the Central Station to participate to a public 
event? On the left the (green) areas of origin for people terminating their trips to Central Station (red colour). Movements 
are from around the city but also from external cities like Pavia and Bergamo. The intensity of the colour is related to the 

relative amount of movements towards the destination. 

While the first type of gatherings (the expected one) are already or can be monitored,  unexpected but 
potentially impactful ones can be monitored as well or correlated ex-post in case of new outbreaks for late 
contact tracing activities although the platform is not designed to be a tracking system as it is totally agnostic 
to reality.  

The system can be accessed live through an interactive dashboard and can be also used to monitor and quantify 
the impact of Non-Pharmaceutical Interventions on mobility. 
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7.5 Discussion and conclusions 

Future work will examine if meta-population epidemiological modelling on MFAs (rather than administrative 
areas) may lead to different results. Also the correlation between mobility internal and across MFAs is expected 
to further explain the dynamics of the epidemic in its early phases with respect to administrative areas29. 

                                           
29 Mobility alone can explain from 52% up to 92% of the excess cumulative deaths (Iacus et al., 2020). 
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8 Socio-economic considerations 

The procedure for the estimation of the socio-economic effects of the different scenarios of lockdown measures 
described in the previous sections can be illustrated by the five steps sketched in Figure 20.  

1) The starting point would be the number of days as a percentage of a quarter (i.e. 3 months) that 
lockdown measures (stay-at-home order) are implemented in a certain region, depending on the 
estimated evolution of the pandemic.  

2) Since the economic structure is not homogeneous across Member States, a country average is 
estimated using the share of regional value added in a given country. As a result, a high number of 
days with lockdown measures in regions with high GDP would weigh more than the same number of 
days in less developed regions. From the previous step, we would obtain a country-specific GDP-

adjusted measure of the average number of days as a percentage of a quarter (3 months) 
that lockdown measures are implemented. Should these measures be taken during the full three 
months period, the expected initial shocks or estimated national demand declines by sector and quarter 
would be fully applied for each country. If the lockdown measures were in place only half of the quarter, 
the expected initial shocks would be halved instead. 

 

Figure 20 Linking health and economic models 

 

3) Country-specific sectorial initial shocks are of utmost importance and should be based on 

available estimates from Eurostat statistics of Q1 and Q2 of 2020, other sector-specific information 
and the main sectorial features of the lockdown measures (e.g. closure of shops, restaurants, hotels, 
etc.). 

4) The fourth step would be the use of multi-country input-output analysis and the OECD global 
input-output tables to account for the socio-economic (GDP and employment) direct and indirect 
effects of the initial sectorial shocks across other sectors and other countries in the EU and non-EU 
countries. The Trade-SCAN30 model developed by the JRC would be used to carry out such analysis 
(Roman et al., 2020; Arto et al., 2019). This model is presently calibrated to the official published GDP 
of Eurostat and the OECD for the first and second quarters of 2020. 

5) The last step would regionalise the national effects derived from the Trade-SCAN model by using 
the JRC Rhomolo-IO model (Mandras et al., 2019) and thus, providing an array of different impacts 
across all regions in the EU for the different scenarios developed in previous sections.  

This work is currently ongoing in the JRC and will provide results that will depend on the evolution of the 
pandemic and the results of different scenarios implemented in epidemiological models. 

 

                                           
30 https://ec.europa.eu/jrc/en/publication/eur-scientific-and-technical-research-reports/trade-scan-v2-user-friendly-tool-global-value-

chain-analysis 

https://ec.europa.eu/jrc/en/publication/eur-scientific-and-technical-research-reports/trade-scan-v2-user-friendly-tool-global-value-chain-analysis
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9 Toolbox for monitoring and further scenario analysis 

This report shows the value of scenario-based analysis. However, the analysis is limited by data availability at 
EU level and uniform choices in methodology. Member States and local authorities interested in applying 
scenario-based analyses may benefit from the tools made available by the Joint Research Centre. 

Table 13. Tools for monitoring and further scenario analysis 

Tool Description Link and contacts 

Code and data for regional SIR 
scenarios (Chapter 5) 

Python code and reference data, 
including calibration routines and 
scripts for running scenarios 

Github: https://github.com/ec-jrc/COVID-
19/tree/master/Modelling%20Scenarios  

Contact: 
alessandro.annunziato@ec.europa.eu  

Code and data for spatially explicit 
SIR modelling (Chapter 6) 

Python code and reference data, 
including calibration routines and 
scripts for running scenarios 

Github: https://github.com/ec-jrc/COVID-
19/tree/master/Modelling%20Scenarios  

Contact: luca.galbusera@ec.europa.eu   

Mobility Functional Area dashboards 
(Chapter 7) 

 Link: available on request 

Contact: michele.vespe@ec.europa.eu  

Trade-SCAN (Chapter 8) User-friendly Excel-based simulator 
allowing for simulations of different 
lockdown measures by sectors and 
countries, providing GDP and 
employment effects. 

Contact: 
Josem.RCANTUCHE@ec.europa.eu  

RHOMOLO (Chapter 8) GAMS-based spatial computable 
general equilibrium (CGE) model 
developed by JRC for policy impact 
assessments. The current version of 
RHOMOLO covers all NUTS2 regions 
of the EU. 

Contact: andrea.conte@ec.europa.eu  

 

https://github.com/ec-jrc/COVID-19/tree/master/Modelling%20Scenarios
https://github.com/ec-jrc/COVID-19/tree/master/Modelling%20Scenarios
mailto:alessandro.annunziato@ec.europa.eu
https://github.com/ec-jrc/COVID-19/tree/master/Modelling%20Scenarios
https://github.com/ec-jrc/COVID-19/tree/master/Modelling%20Scenarios
mailto:luca.galbusera@ec.europa.eu
mailto:michele.vespe@ec.europa.eu
mailto:Josem.RCANTUCHE@ec.europa.eu
mailto:andrea.conte@ec.europa.eu
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10 Conclusions 

We propose a framework, terminology and toolbox to support scenario-based modelling for comparing options 
for targeted spatially-explicit non-pharmaceutical interventions. 

We first propose the concept of epidemiological phases, representing broad categories of epidemiological 
situations that represent different risks for escalation and require different strategies for de-escalation. It 
provides a common framework in which intervention scenarios can be developed and analysed. 

For transition between local (phase 3) and widespread (phase 4) community transmission, we examine the role 

of timing, intensity, duration and synchronicity of regional lockdowns and concluded that trade-

offs between health pressure and economic pressure exist. Starting from a heterogeneous situation such 
as in the EU in September 2020 and according to modelling simulations, the best performing scenario on case 
incidence is a moderate lockdown (with target reproduction number of 0.95) triggered at 14-day incidence rates 
of 400 cases per 100,000. However, regional dynamics depend on the epidemiological phase and further 
analysis is needed to find optimal strategies in different phases. 

We further propose spatially explicit epidemic modelling and epidemic policy modelling, with focus on recurrent 
mobility (commuting) to assess epidemiological linkages between regions generated by travelling individuals. 
This explicit spatial modelling allows analysis of transitions from lower phases (phase 1 with 

sporadic clusters or phase 2 with specific outbreaks) to higher phases . We show that mobility plays a 
role not only in epidemic seeding, but also in other phases (e.g. by inducing case resurgence). 

Formalisms such as the one used in our discussion can help in tuning targeted interventions, for instance to 
detect epidemic spreaders and mitigate specific couplings, also in anticipative sense. To this end, key importance 
has to be attributed to real time tracking of epidemiological and mobility information. 

The report presents how systematic collection and analysis of aggregate and anonymised Mobile Network 

Operator data can improve the quality of modelling at national and EU level, enhance mobility situational 
awareness, and be used to monitor the impact of containment measures on mobility. There is an opportunity 
for further definition of innovative approaches based on mobility data as well as further analysis of socio-
economic dynamics to inform selective containment measures, aiming at optimising the balance between health 
and socio-economic impacts. 

The tools, models and data developed for this report are made available for researchers and experts as a 
toolbox. 
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Annex A – COVID-19 Epidemiological phases 

Introduction 

We propose five COVID-19 epidemiological phases based on the observed pattern of transmission and 
geographical extend of virus circulation in the EU/EEA and the UK since its emergence. These phases are in 
principle a sequence of increased and more complex transmission profiles: from complete absence of the virus 
(phase 0) to widespread community transmission (phase 4), with intermediate phases of sporadic transmission 
(phase 1), transmission in specific settings (phase 2) and local community transmission (phase 3). 

 

Figure 28. Five epidemiological phases and schematic representation of main transitions. 

These epidemiological phases are used to: 

- Characterise initial conditions of analysis implemented on the mathematical modelling 
framework; 

- Facilitate comparison of various modelling analysis performed; 

- Assess NPIs scenario in function of well-defined epidemiological settings. 

This classification is not intended to be used for COVID-19 surveillance nor assessing the level of risk of 
infection at individual level in a defined country. For more information on COVID-19 surveillance, please refer 
to WHO Global surveillance for COVID-19 caused by human infection with COVID-19 virus31 and the ECDC 
webpage on surveillance definitions for COVID-1932. 

The proposed epidemiological phases are based on current knowledge of the COVID-19 epidemiology, notably 
in EU and EEA, and are expected to reflect different levels and extends of transmission (i.e. local outbreak in 
given settings).  

It should be noted that even within a type of phase, degrees of transmission can still vary at local levels and 
some specific transmission events can occur within a specific phase; for instance, a local outbreak in a given 
occupational setting or among a vulnerable population during a widespread community transmission epidemic 
phase.  

For each phase, we describe key determinants leading to transition between phases, as well as the main 

Non Pharmaceutical Interventions (NPIs) of interest.  

Mathematical modelling can facilitate the choice of NPI options by illustrating trade-offs, costs and 
benefits of particular policy or NPI scenarios. Some hypothesis to be tested are indicated below. 

This annex describes the description of each phase, based on the retrospective epidemiological pattern over the 
course of the first wave of the COVID-19 pandemic. 

                                           
31 WHO. Global surveillance for COVID-19 caused by human infection with COVID-19 virus.  Interim guidance. 20 March 2020. 

https://www.who.int/docs/default-source/coronaviruse/global-surveillance-for-covid-v-19-final200321-rev.pdf (last accessed 
25/10/2020) 

32 European Centre for Disease Prevention and Control. Surveillance definitions for COVID-19. https://www.ecdc.europa.eu/en/covid-
19/surveillance/surveillance-definitions (last accessed 25/10/2020) 

 

https://www.who.int/docs/default-source/coronaviruse/global-surveillance-for-covid-v-19-final200321-rev.pdf
https://www.ecdc.europa.eu/en/covid-19/surveillance/surveillance-definitions
https://www.ecdc.europa.eu/en/covid-19/surveillance/surveillance-definitions
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Figure 29. Schematic representation of phase transitions and determinants 

 

Phase 0: documented absence of transmission and interruption of transmission 

Characteristics 

Absence of transmission/interrupted transmission corresponds to locations where no viral circulation can be 
identified, and interruption of transmission has been demonstrated in an appropriate manner. Imported cases 
(i.e. infection acquired outside the location of reporting) can be identified but these introductions are not 
source of new chain of local chain of transmission.  

Determinants that increase the probability of moving to next phase 

— High number of virus introduction via movement of people 

— Late control measures such as active case finding, contact tracing program and isolation of cases and 
their contacts not systematically implemented, allowing secondary/tertiary generation of cases to occur.  

— Lack of laboratory capacity for testing available 

Main NPIs options 

— Personal NPIs: Promotion of general hand and respiratory etiquette in affected areas 

— Community NPIs:  

● Point of entry (PoE) screening 

● COVID-19 enhanced surveillance: active case finding and contact tracing program 

Hypothesis to be tested for phase 0 

— Cost benefit of entry screening with different intensity of introduction and type on screening 
(questionnaire, temperature check, systematic laboratory investigation of symptomatic/asymptomatic 
case …) 
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Phase 1: Sporadic occurrence of cases 

Characteristics 

Report of sporadic COVID-19 cases in the EU/EEA and the UK following the (re-) introduction of the virus and 
the occurrence of some secondary or tertiary cases. The level of virus circulation remains very low, assuming 
that extensive testing of the community is implemented.  

Determinants that increase the probability of moving to next phase 

— Increase in number of re-introductions from areas with widespread community transmission 

— Social distancing and NPI not enough to limit transmission in the community and around the identified 
limited cluster 

— Partial implementation of active case finding and contact tracing programs, leading to delayed isolation 
and low isolation rate among (cases and their contacts) 

— High mobility of individuals 

— Increase of SARS-CoV-2 transmissibility 

Main NPIs options 

— Personal NPIs:  

● Promotion of general hand and respiratory etiquette in affected areas 

● Recommendation of voluntary physical distance, reduction of the social network and use of masks 
(indoor and outdoor) in the affected area 

— Community NPIs:  

● Active case finding, contact tracing and early and strict isolation of cases and their contacts  

● Limit or forbid occurrence of mass gatherings in the concerned community  

— Environmental NPIs:  

● Secure settings with higher risk of transmission: Infection Prevention and Control (ICP) measures in 
healthcare settings and any other settings at increased risk of SARS-CoV-2 transmission in the 
concerned community 

Hypothesis to be tested for phase 1 

— Scenario of implementation of mass gathering cancellation (define size of MG) and closure of public 
places (define extend/type). These NPIs aims to assess the effect of outbreak dynamic through the 
reduction of the number of contacts per individuals. 

— Widespread use of mask in the community in the public space, work environment, transportation and 
(+/-) outdoor public cases. These NPIs aims to assess the effect of outbreak dynamic through the 
reduction of infectiousness of individual contact. 
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Phase 2: Outbreaks linked to specific events/settings 

Characteristics 

Reports of small chains of transmissions from a defined setting (e.g. occupational related outbreak) or event 
(e.g. family mass gathering). The transmission chains are well defined by epidemiological investigation. The 
level of virus circulation remains low, assuming that extensive testing of the community is implemented. 
Such limited size outbreaks can be qualified as “spreading event” but remains contained through extensive 
contact tracing, testing and early isolation of symptomatic case with/without quarantine of contact. No 
impact on the health care system is observed.  

Determinants that increase the probability of moving to next phase 

— Limited contract tracing and testing program which may lead to undocumented local transmission (e.g. 
report of cases reported without known epidemiological link into affected area(s) or significant increase 
in hospitalisations in the affected areas) 

— Late detection of the cluster 

— Lack/delay in implementing social distancing and NPIs not enough to limit transmission to the community  

— High mobility of individuals involved in the transmission event 

— Additional large clusters and outbreaks in the affected areas linked to specific setting or events 
(with/without super-spreader case)  

— New outbreaks reported simultaneously in various subnational regions and countries  

Main NPIs options 

— Personal NPIs:  

● Quarantine (self or enforced) of all participants of the event considered as contact 

● Promotion of general hand and respiratory etiquette 

● Recommendation of voluntary physical distance, reduction of the social network and use of masks 
in the affected area 

— Community NPIs:  

● Intense active case finding, contact tracing and early and strict isolation of cases and their contacts 

● Limit or forbid occurrence of mass gatherings in the concerned area 

— Environmental NPIs:  

● Disinfection of the setting from which the outbreak originated 

● Secure settings with higher risk of transmission: ICP measures in healthcare settings and any other 
settings at increased risk of SARS-CoV-2 transmission in the concerned community 

Hypothesis to be tested for phase 2 

— Scenario of reduction of the intra-mobility within the affected area through stay-at-home 
recommendation (voluntary/mandatory). The expected amplitude can be calibrated according to 
observed decrease in mobility during the first wave and contact survey before, during, after stay-at-
home recommendations (e.g. high resolution mobile phone data, Epipose project33); 

— Scenario of widespread use of mask in the community in the public space, work environment, 
transportation and (+/-) outdoor public cases (voluntary/mandatory). 

                                           
33 EpiPose (Epidemic intelligence to minimize 2019-nCoV’s public health, economic and social impact in Europe) from the European Union’s 

Research and Innovation Action under the H2020 work programme (grant agreement number ID: 101003688,  
https://cordis.europa.eu/project/id/101003688) 
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Phase 3: Local community transmission 

Characteristics 

Report of localised outbreaks that start to merge, sustained transmission within a well define area (i.e. large 
city, region) is observed. Epidemiological links cannot systematically be traced back to a source. hence 
community transmission demonstrated by the inability to relate confirmed cases through chains of 
transmission for a significant number of cases but restricted in extend to a city or a region. Routine screening 
of sentinel samples showed increased positivity rate. Number of consultations for COVID-19 symptoms 
increase both in the community and at hospital. COVID-19 related deaths can increase but with delay (two 
to three weeks). No major impact observed on the health care system.  

Determinants that increase the probability of moving to next phase 

— Lack of adherence of the general population to NPIs notably physical distance, reduction of the social 
network and use of masks in the concerned area and connected areas 

— Local disruption of hospital care and IPC due to an increase of case number requiring a higher level of 
care hospitalization (vulnerable groups or not) with increasing pressure on the HCW and health care 
system 

— Recurrent events of nosocomial transmissions reported in the affected areas 

— Higher rate of infection among health care workers, decreasing the workforce in the healthcare setting 

— High number of introductions in connected areas (mid and long distance) 

— Large cluster of cases or recent sustained COVID-19 transmission outside of the affected areas without 
possibility to trace back the transmission chain  

— Low level of surveillance and response in the affected area, surrounding and connected areas  

— Other epidemics of respiratory symptoms (e.g. seasonal influenza) occurring at the same time which can 
delay early diagnostic of cases 

— Shift in the severity of the disease and more people requiring a higher level of care  

— Change in the infectiousness of pathogen agent 

Main NPIs options 

— Personal NPIs:  

● Local stay-at-home recommendation (voluntary or enforced) to reduce individual mobility and social 
contact 

— Community NPIs:  

● Activation of regional emergency plans and surge capacity implementation in the affected areas 

● Intensified active case finding and tracing of contacts outside of the affected areas;  

● Closure of public space (partial/ full, voluntary/ enforced) 

● Mass gathering cancellation 

● Geographical containment (cordon sanitaire) 

● Intensified testing activities in the affected areas with isolation of all cases including point-of entry 
screening (at exit) 

— Environmental NPIs:  

● Secure settings with higher risk of transmission: ICP measures in healthcare settings and any other 
settings at increased risk of SARS-CoV-2 transmission in the concerned community 
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Hypothesis to be tested for phase 3 

— Scenario of reduction of the intra-mobility through stay-at-home recommendation/order 
implementation. The expected amplitude can be calibrated according to observed decrease in mobility 
during the first wave of COVID-19 epidemic and contact survey before, during, after stay-at-home 
recommendations (e.g. Epipose project34) 

— Reduction of inter mobility by implementation of a “cordon sanitaire” 

— Effect of mass gathering cancellation 

 

Phase 4: Widespread community transmission 

Characteristics 

Report of widespread and sustained transmission within several areas and regions. The affected areas can 
belong to one or many countries. One or more countries are reporting widespread community transmission 
and increasing pressure on the healthcare system. The health care may become overburdened in certain 
areas (i.e. overflowing emergency rooms, strained intensive care unit capacity, HCW overworked). There is a 
high number of hospitalizations and patients admitted to intensive care unit. For a high proportion of the 
cases, contact tracing activities could not define the source of infection.  

Determinants that increase the probability of moving to previous phase 

— Implementation of NPIs aiming to significantly  

o reduce the contact between individuals at community level by reduction of social contact (stay-
at-home recommendations/orders, reduction in transportation short/long distance travel) 

o  reduce the infectiousness of the contact between individuals at community level (promotion of 
general hand and respiratory etiquette, use of mask enforced)) 

— Concomitant epidemics are fading away 

— Evidence of population immunity 

— Introduction of pharmaceutical intervention (effective vaccine or curative treatment) 

Main NPIs options 

— Personal NPIs:  

● Reduction of short-distance movement and social contact (stay-at-home recommendations/orders) 

● Changes in patient management with an increase in household-based care and household testing  

● Strong promotion of general hand and respiratory etiquette for population under stay-at-home 
recommendations/orders 

— Community NPIs:  

● Reduction of long-distance movement (regional cordon sanitaire) 

● Closure of public spaces 

● Surge capacity implemented and shift in resources and capacities at national and international level 

                                           
34 EpiPose (Epidemic intelligence to minimize 2019-nCoV’s public health, economic and social impact in Europe) from the European Union’s 

Research and Innovation Action under the H2020 work programme (grant agreement number ID: 101003688,  
https://cordis.europa.eu/project/id/101003688) 
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— Environmental NPIs: secure settings with higher risk of transmission: ICP measures in healthcare 
settings and any other settings at increased risk of SARS-CoV-2 transmission in the concerned 
community 

Hypothesis to be tested for phase 4 

— Scenario of reduction of the intra mobility through stay-at-home recommendation (mandatory).  

— Reduction of inter mobility by implementation of regional border closure or large “cordon sanitaire” 
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Annex B – Model descriptions 

B.1 Epidemiological SIR model 

B.1.1 Notations 

In the rest of the report the following notations will be used: 

 S susceptible people, people that may be infected 

 I Infected 

 R recovered, indicates the persons that are no longer infected either because really ‘recovered’ 
or because are dead 

 R0 Initial reproduction number, it is the ratio of people infected from a single person 

 Rt Time dependent reproduction number  

 Trecov recovery time (days) 

 N total population of the considered area (country or region) 

 

B.1.2 Equations 

For the simulation a simple Susceptible, Infected, Recovery (SIR) model was adopted in which the only 
parameters to be calibrated are the Rt and Trecov: 

dS/dt=-Rt/Trecov*S*I/N (variation of susceptible people) 

dI/dt=Rt/Trecov*S*I/N - 1/Trecov*I  (increase of infected and removal of recovered people) 

dR/dt=1/Trecov*I (variation of recovered people) 

For the model, the following hypotheses have been adopted 

 The initial situation is based on a calibration of the SIR model applied to each region in Europe (n=312), 
based on one month of epidemiological data between 13 August and 13 September (COVID-19 case35) 

 R0 and Trecov maintained constant in the following 6 months for each region, unless the conditions for 
lockdown or partial lockdown are met (in this document lockdown indicates the ‘enforced stay-at-home 
order’ while partial lockdown is a milder version, such as a ‘recommended stay-at-home’) 

 When the release conditions are reached the Rt returns to the value had at the start of the lockdown 

B.1.3 Calibration 

The calibration with the last 30 days allows to identify the current parameters of the SIR model. As an example, 
Figure 30 shows the calibration of Italy: dotted blue line are the observations, the orange lines are the 
predictions.  

In a SIR model the number of cumulative positive must be calculated as  

CumPos= N – S 

And the number of new positive will be the derivative of the CumPos with respect to time: 

                                           
35 https://covid-statistics.jrc.ec.europa.eu/  

https://covid-statistics.jrc.ec.europa.eu/
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NewPos=d(CumPos)/dt 

While the quantity I would represent the Actual Positive and the R would represent the sum of the recovered 
and fatalities, if compared with real data. 

 

Figure 30 – Example of SIR model calibration for Italy. The calibration has been done for each of the 312 regions (if the 
calculation was done at regional scale) or for each individual country (in case of national scale calculation). The values of 

Rt and Trecov obtained for each region or country were then maintained for the rest of the calculation (if Rt was not 
modified according to the assumed scenario) 

B.1.4 Lockdown condition 

The lockdown condition is defined as follows: 

Pc= [CP(t)-CP(t-14)]*100000/N 

Where Pc is cumulative incidence per 100000 people with a moving window of 14 days, CP(t) the number of 
cumulative cases is per time step, CP(t)-CP(t-14) their difference at each time step with the value of 14 days , 
and N is the population of the region. Of note: various thresholds for this quantity have been tested. 

At the time when the Pc exceeds the threshold (tlock), the intervention is implemented and therefore the expected 
reproductive number is decreased according to a decrease law based on what seen during the first wave in 
Europe, when it decreased in about 14-20 days to values of about 0.7. 

The transition from the initial Rt0 to the final Rt, Rtfinal (i.e. 0.7) is realized with this function: 

Rt(t)=(Rt0 -Rtfinal)/(1+exp(-10/delta*(-t+tlock+delta/2)))+Rtfinal 

where t is the current time (days), tlock is the time of lockdown and delta is duration of the decrease (assumed 
20 days). 

In the following figure an example of Rt reduction is imposed starting from time 2=30 days for a duration of 
20 days.  A similar curve is adopted for the unlocking by switching the values of Rt0 and Rtfinal, to avoid a too 
rapid jump in the number of infections. 

Rt(t)=(Rtfinal- Rt0)/(1+exp(-10/delta*(-t+tunlock+delta/2)))+Rt0 
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The application of the lockdown is imposed with a delay of 1 week (7 days) to take into account the 
infectiousness period for people that were infected before the declaration of the lockdown36.  

 

Figure 31 - Rt reduction function. The orange bar is the implementation period, assumed 20 days in these calculations. 

 

Figure 32 - Rt increase function. The orange bar is the implementation period, assumed 20 days in these calculations. 

If during the implementation period of an unlock sequence a new lockdown is requested, the initial Rt value is 
assumed the value at the time of the unlock with the objective to reach the target value Rt final. 

B.1.5 Uncertainty quantification 

In order to understand how sensitive the results are to the variation of these parameters, 50 cases each one 
obtained adopting arbitrary values of R0 and Trecov (obtained from the calibration step) within the range indicated 
below have been run: 

R0 = Rcalibration ± 0.5 

                                           
36 An important detail is that if during the release phase a new lockdown is required, the Rt will start from that value (lock Rt), to have 

continuity and will tend to 0.7.  If during the release the value is not yet 0.7, the Rt will start from that value (unlock Rt) and will tend 
to the original calibration value. 
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Trecov = Trecov_calibration ± 2 days 

The scenario  with no intervention and with threshold of 20 for lock and unlock for the NPI measures, target 
reproductive number 0.7; 50 cases for each region have been run, assuming an arbitrary combination of R0 and 
Trecov values within the limits above. 

The overall variation of the results strongly depends on the amount of changes allowed to the quantities above. 
Within the assumed ranges of variations, it appears that the scenario with No control shows the largest variation 
amplitude, increasing over time.  The scenario with control tends to reduce the differences because the Monte 
Carlo simulation applies only to the initial Reproduction number because when the control is enabled the target 
R is for all cases 0.7.  

 

 

Figure 35 Monte Carlo simulation for the no control case 

 

Figure 36 – Monte Carlo simulation with the 20/20 control 

Given the specific behaviour of the controlled cases it is not considered necessary to run and show the 
uncertainty evaluation of all the other cases. This is why only cases 0 and 1 have been considered. 
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B.2 Spatially explicit epidemiological SIR model 

In this section, we briefly overview some key architectural features of the spatially explicit epidemiological SIR 
model used in our analyses. 

B.2.1 Spatial structure 

As illustrated in Chapter 6 of this report, we build our spatially explicit epidemiological model representation 
exploiting a multi-patch formalism and the notions of base and satellite populations. Next, we enumerate some 
key features of our approach. 

- Spatial anchoring of epidemiological descriptors. It is possible to embed destination-dependence, 
origin-dependence, and mix-dependence in epidemiological descriptors. In the studies presented in this 
document, in particular, we assume destination-dependence, i.e. a satellite population is subject to 
epidemiological parameters specific of the hosting patch. 

- Labelling. Satellite populations preserve the labelling of their reference base, which serves to formally 
keep track of the origin of moving individuals and describe two-way mobility in an epidemiologically 
consistent way. 

- Non-residential patches. Patches may not necessarily host a non-zero base population, conversely they 
may serve to represent gathering venues for people from different bases (e.g. means of transport, 
social events) and the corresponding epidemiological interactions. 

B.2.2 Mobility process 

The mobility process taking place over the introduced spatial structure is formalized as a directed, weighted, 
time-dependent graph, wherein time-varying edge weights are used to express daily origin-destination round-
trips. Their specification is done in the awareness of the substrate mobility data populating our model, which 
attempt to describe a typical two-way daily mobility routine. 

Accordingly, we define mathematical operators formalizing the sourcing and distribution of travellers from 
origins to destinations and vice versa, maintaining compartmental consistency and potentially integrating 
compartmental filtering. The latter aspect means that the mobility process can embed travel restrictions 
expressed at the compartmental level, such as travel bans for infected individuals. In the case studied presented 
in this document, however, we do not consider compartmental filtering, but just general restrictions to the 
overall levels of commuting. 

Finally, in our mobility process we embed a description of daily time split, for travellers, quantifying the length 
of their stay at their base and satellite patch. In the studies presented in this document, we assumed an equal 
(12 hours-12 hours) time split. 

B.2.3 Epidemiological model 

The epidemiological model used in our spatially explicit analyses is an ad-hoc extension of a standard SIR 
model, which in turn can be expressed along the lines of what presented above in this appendix. The spatial 
extension introduces epidemiological interactions between susceptible and infective individuals of all (base and 
satellite) populations simultaneously present in the same patch. As a consequence, a given patch can produce 
a fully meshed set of such interactions (e.g. a satellite’s infective/susceptible people with the local base’s 
susceptible/infective people or another satellite’s susceptible/infective people simultaneously present in the 
same patch). This model is fully integrated with the above-mentioned mobility process, which leads to 
successive and compartmentally consistent displacements of individuals across their reference base and 
satellites. 

B.2.4 Control policies 

The considered control policies operate on the basis of a daily sampling of the reference surveillance data, 
notably the 14-day notification rate of newly reported cases per 100 000 population. Likewise, policies are 
refreshed on a daily basis. 

For each region, thresholding of the local values of the mentioned indicator leads to the synthesis of patch-
level policies. These articulate into transmission rate policies and cross-area mobility policies. Transmission rate 
policies are elaborated along the lines of what described in the case of spatially implicit modelling, taking into 
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account delays in measure triggering and gradual effects unfolding in time; ultimately, they affect the 
transmission rate active on each patch. Similarly, mobility related policies are structured and parameterized on 
the basis of mobility patterns observed in past epidemic stages, and have implications on the number of travel 
events allowed to take place. 

On top of patch-level policies, an overall policy is constructed, which ensures consistency in the cross-area 
implications of patch-level policies, particularly as long as cross-area mobility is concerned. As mentioned in 
the text, indeed, on all origin-destination pairs, the most restrictively policied region dominates in setting the 
actual mobility levels. 

B.3 Initiation conditions 

Table 14. Epidemiological situation in the EU on 13 September 2020 

Country Cumulative positive 
(new cases today) 

Fatalities (new 
fatalities today) 

ICUs (difference with 
yesterday) 

Effective reproduction number R 
(based on last 7days) 

Austria 32677 (1) 735 (1) 69 (0 → ) 1.71 

Belgium 92478 (470) 9923 (2) 68 (1 → ) 1.07 

Bulgaria 17891 (92) 717 (4) 

 

0.99 

Croatia 13368 (261) 218 (7) 

 

0.93 

Cyprus 1520 (3) 21 (0) 

 

1.11 

Czechia 35401 (1541) 453 (3) 

 

2.01 

Denmark 19216 (292) 629 (0) 

 

2.11 

Estonia 2632 (32) 64 (0) 

 

1.61 

Finland 8557 (45) 0 (0) 

 

1.50 

France 363350 (9406) 20378 (40) 635 (20 ↑ ) 1.24 

Germany 259428 (948) 9349 (2) 

 

1.16 

Greece 12734 (282) 300 (3) 

 

0.99 

Hungary 11825 (916) 633 (2) 15 (3 → ) 1.87 

Ireland 30571 (211) 1781 (0) 

 

1.50 

Italy 286297 (1501) 35603 (6) 182 (7 → ) 1.10 

Latvia 1459 (11) 35 (0) 

 

  

Lithuania 3243 (44) 86 (0) 

 

1.02 

Luxembourg 7159 (71) 124 (0) 

 

  

Malta 2274 (27) 15 (0) 

 

1.53 

Netherlands 81012 (1231) 6253 (1) 

 

1.61 

Poland 73650 (603) 2182 (13) 

 

0.77 

Portugal 63310 (497) 1860 (5) 59 (5 → ) 1.62 



 

70 

 

Romania 102274 (1310) 4127 (27) 

 

1.07 

Slovakia 5453 (201) 37 (0) 14 (-1 → ) 1.46 

Slovenia 3603 (105) 135 (0) 5 (0 → ) 1.50 

Spain 554143 (10764) 29699 (71) 

 

1.15 

Sweden 86505 (311) 5846 (3) 

 

1.11 
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