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ABSTRACT

Mobility functional areas are tools based on human mobility that can be useful for spatial and
transport planning in delicate situations such as the COVID-19 pandemic. In this work, we aim
to map functional areas in Spain from four days corresponding to different phases of the
disease. For that goal, mobile phone data provided by Spanish Statistical National Institute
(INE) has been used due to its value and potential to provide constantly updated
information of mobility at almost-real time. The methodology consists of a network analysis
over an origin-destination matrix to obtain modularity values for 3214 population cells
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provided by the INE. These values were then used to cluster the cells into functional areas.
The results show how different confinement and mobility restriction policies influence the
amount, size and shape of the functional areas, and therefore, they affect access to services

or jobs.

1. Introduction

COVID-19 (SARS-CoV 2) pandemic has radically
changed people’s daily lives. The implementation of
mobility restriction measures to contain the spread
of the virus has greatly affected access to basic services
in cities and daily activities such as commute to work.
The use of both public and private transport modes
has been limited, influencing in the connections
between cities and the internal structure of regions.
The living space beyond the administrative limits is
not always known. A precise delimitation of borders is
necessary to increase the efficiency of public adminis-
trations without marginalizing the surrounding terri-
tories (Gabrielli et al., 2018). Mobility functional
areas emerge as geographically highly interconnected
zones that do not coincide with the established admin-
istrative borders, since they are designed through the
observation of human activity during a time period
such as travel-to-work trips. This concept is based
on similar concept like commuting regions or func-
tional regions, which are relevant tools for housing,
transportation, employment, or other sectorial plan-
ning purposes (Iacus et al., 2022). They are strong
tools for planning and policy implementation, since
they can show the needs of the inhabitants in the
use of transport or accessibility to services such as
health establishments (Casado-Diaz, 2000). The calcu-
lation of functional areas is useful to reinforce the

estimation of the risk of a pandemic and provide
more evidence to prepare contingency plans (So
et al., 2020). Functional areas with the highest popu-
lation can be isolated either if they have many cases
of disease to prevent its spread, or if they do not
have any cases in order to prevent the entry of the
virus.

Since the beginning of the disease, geolocated tech-
nologies based on Big Data have been used to track the
spread of the virus (Frith & Saker, 2020; Poom et al.,
2020). This is possible thanks to the download of
large samples of data with high spatial and temporal
detail (Osorio Arjona & Garcia Palomares, 2020;
Poom et al., 2020). These new data sources open the
possibility of exploring how people use space,
especially for regions where data are scarce or not
available (Lenormand et al., 2015). They are valuable
as they provide information about the dynamic struc-
ture of cities and regions (Louail et al., 2014). Mobile
phone activity records or call data records (CDR) are
one of the most used sources due to the possibility
of obtaining constantly updated large amounts of
data at different scales (Gutiérrez Puebla, 2018).
CDR rata has been widely used to reveal patterns
and trends in demographics and mobility over space
and time during the COVID-19 pandemic (Hu et al.,
2021). It has considerable potential to support actions
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and decisions regarding public health during any stage
of the disease. The data can provide information on
the spatial distribution of the population and show
the consequences of implementing different measures
to contain the pandemic in its different phases (Oliver
et al., 2020).

The concept of functional areas has been widely
used in urban geography, especially in cities. Tra-
ditionally, population censuses have been used to deli-
mit the borders (Casado-Diaz, 2000; Novak et al.,
2013). In last years, Big Data sources have replaced
the censuses as the main data sources. Almost all the
previous investigations found have used geolocated
Big Data to create mobility functional areas on cities.
The main technologies have been mobile phone data
(Yang et al., 2016), geotagged social networks like
Foursquare, Twitter or Weibo (Assem et al., 2017;
Chen et al., 2017; Gao et al., 2017), or public transport
cards (Long & Shen, 2015; Maeda et al., 2019).

However, this field of investigation is scarce on a
larger scale such as regional or national levels. The
only works found by the authors have been those car-
ried out by Gabrielli et al. (2018) in Italy using GPS
data of vehicle trajectories, by Novak et al. (2013) in
Estonia using mobile phone data, and by Iacus et al.
(2020) in several European countries including Spain
and Austria using mobile phone data too. This last
work, continued on Iacus et al. (2022), is the only
one the authors found where mobility functional
areas are applied to the COVID-19 pandemic case of
study, and only during the period corresponding
with spring of the year 2020.

In this work, we seek to use mobile phone data to
map the mobility functional areas of Spain during
four different phases of the COVID-19 pandemic
and visualize changes in the structure affected by the
different mobility casuistries. There are very few inves-
tigations that have used mobile phone data to generate
functional areas at regional scale, so its application to a
practical case such as their use to explain the evolution
of a disease as in this is research topic is an original
work only done priorly by Iacus et al. (2020). In
addition, the evolution of a particular functional area
(in this case, the one corresponding to the city of
Seville) will be shown throughout the four phases of
the pandemic with the aim of showing the dynamic
nature of these zonings.

2. Area and period of study

Spain is a suitable country for studies related to the
effects of COVID-19 on mobility and demographics
due to its large and rapid pandemic peak and the
implementation of several confinement and mobility
restriction policies throughout the alarm state
(Pérez-Arnal et al., 2021). There are two main levels
of territorial organization in Spain. The autonomous

communities are territorial entities with their own
institutions and certain legislative, executive and
administrative powers. At a smaller level, provinces
are the administrative division of the territory within
an autonomous community (Figure 1). These two
scales of territorial organization are relevant to com-
pare later the structure and size of the functional
areas.

The spatial units used for this research consist of
3214 population cells designed by Spanish Statistics
National Institute (INE). These cells have a population
referring to January 1, 2020, and have been designed
to have a homogeneous population that exceeds the
threshold of 5000 registered inhabitants and does
not exceed a threshold of 50,000 inhabitants. This
methodology alleviates the limitation of spatial depen-
dence of mobile phone records on phone antennas
(Figure 2).

The temporary period corresponds to four working
days that correspond to different periods of the
pandemic:

e April 15, 2020: corresponding to the first state of
alarm, when the population of Spain was under
quarantine and confinement measures, including
travel restrictions and store closures." 3,578,378
records were obtained.

e August 19, 2020: day in which a considerable
increase of mobility takes place annually due to
summer holidays. The confinement at national
level had already ended and it started a new stage
named new normality, in which, although there
were no longer mobility restrictions, preventive
measures such as teleworking continued to be pro-
moted. 38,163,485 phone records were obtained.

e December 16, 2020: corresponding to the second
state of alarm. Unlike the first state of alarm, the
mobility restriction measures within each auton-
omous community were under the control of the
different autonomous entities, causing different
population and mobility patterns in the Spanish
territory.” 38,430,905 records were obtained.

e June 9, 2021: period after the second state of alarm,
with a total lift of mobility restrictions. These dates
are highlighted by the vaccination campaign against
COVID-19 in Spain. At the beginning of June, the
population over 50 years of age has already had
access to the vaccine, which was beginning to be
supplied to the rest of the age groups.” 39,819,645
phone records were obtained.

3. Data and methods
3.1. Data

This work has used mobile phone data collected from
March 16, 2020, to December 29, 2021. This data is
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Figure 1. Territorial division of Spain based on autonomous communities and provinces. Source: Own elaboration.

available on the Estadistica Experimental portal
located in the INE website.* These data come from
the phone operators Movistar, Vodafone, and Orange.
Data from foreign numbered phones operating in
roaming have been excluded. The data form an Ori-
gin-Destination (OD) matrix where each record has
a date, an origin cell identifier, a destination cell iden-
tifier, and a numerical value of mobile phones. These
tables already have a first filter in which trip flows
with less than 15 people detected have been omitted.

3.2. Calculation of the modularity value of
population cells

The first step of the methodology was to perform a
network analysis over the four tables in the free soft-
ware Gephi (Bastian et al., 2009), with the goal to
obtain the modularity values of each population cell
during each of the four studied days. Modularity is
an optimization performed on a network to detect
and obtain an appropriate number of clusters (Fortu-
nato & Barthélemy, 2007). Structurally, a functional
area can be defined as the subgraph of a network
where the nodes inside the subgraph are more tightly
connected with each other than with the nodes outside
it (Fortunato & Barthélemy, 2007). As result, the
population cells that comprehend a functional area
will share the same modularity value.

The modularity values were calculated using the
algorithm of Blondel et al. (2008), designed for rela-
tionally oriented networks. The value data used for
this algorithm was the number of mobile phones
in each OD trip from each of the four tables,
which is not-weighted data. These values were
approximate using a probability flow based a Mar-
kov process of random walks within the network.
Then the cumulative probability of the information
flow was used to obtain the nodes, which are clus-
tered. The use of algorithms that don’t consider
the directionality of the network were discarded,
since they are not consistent with the nature of the
information (the OD matrices are networks with
directionality),

The method to set the best value of the modularity
degree was to giving it a value of 1, which allows to
break the territory of Spain into functional areas
with the same probability independently from the
area of the country. This degree is the same for the
four days. However, it is not practical to do all possible
iterations from nodes to clusters, so different heuris-
tics were used. In Louvain’s method for community
detection, small communities were first found by
locally optimizing all nodes, then each small commu-
nity is associated with a node and the process is
repeated until convergence is reached (Blondel et al.,
2008).
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Figure 3. Mobility functional areas visualized during the COVID-19 first state of alarm in Spain (April 15, 2020). Source: Own elab-
oration based on INE phone data.



3.3. Building and mapping of functional areas

Once the modularity value of each cell was obtained,
the data was exported in.csv format and joined to a
vector layer in ArcGIS Pro using the population cell
code as the join field. Next, the dissolve data tool
was used to aggregate the cells into functional areas
using the modularity class field. Then, the maps
were designed using both the population cell layer
and the obtained functional area layer as layout bor-
der. In order to better visualize the changes in mobility
in Spain in each phase of the pandemic, we have tried
to show each functional area with the same color in all
the mapped time periods (Main Map).

4, Results

The obtained results indicate a proportionality
between the number of functional areas mapped in
Spain and the mobility recorded during each of the
phases of the COVID-19 pandemic. During the first
phase, characterized by the confinement of the Span-
ish population, 36 functional areas were registered in
the country. With the end of the confinement
measures and an increased mobility due to summer
holidays, the number of functional areas detected
during the second phase of the pandemic was reduced
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to 23. However, the third phase of the pandemic
brought new mobility restriction measures, but this
time at the regional level. In this situation, the number
of functional areas increased to 27. Finally, with the
vaccination campaign and the establishment of the
new normality and, mobility increased again. Thus,
24 functional areas were mapped in June 2021. In
resume, the reduction of mobility leads to the
reduction of the length of the trips, and an increase
of the number of functional areas.

During the first state of alarm, the reduction in
mobility has led to a greater number of smaller func-
tional areas. Most of these functional areas are similar
in size and shape to the province where they are
located, especially in the coastal areas. The interior
of the country, which has large functional areas in
the rest of the periods (due to the lesser amount of
population, which is also more dispersed in the terri-
tory, causing greater distance in trips), presents a great
fragmentation during this first phase of the pandemic,
which can be explained as a reduction of the usual
long trips in these zones, remaining only internal
mobility in cities and towns (Figure 3).

In contrast, during the summer of 2020, with the
end of the mobility restriction measures and summer
vacations, a reduced number of large functional areas
can be seen, with a shape and size similar in many
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Figure 4. Mobility functional areas visualized during the ‘new normality’ phase alarm in Spain (August 19, 2020). Source: Own

elaboration based on INE phone data.
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cases to the communities Autonomous of Spain. This
size is striking mainly in the tourist regions of Anda-
lusia and the areas of northern Spain, which have
been the main receptors of touristic activity during
that period. The touristic mobility (with longer trips
to the beaches or mountainous areas in comparison
with the local citizens mobility) and the development
of public transit services can explain this situation
(Figure 4).

The second state of alarm led to the establishment
of restrictions at the regional level, which led to
different mobility behaviors throughout the country.
A reduced size is visualized at the province level,
especially in Andalusia and in the coastal areas of
the country. Meanwhile, the inland regions of
Spain show large functional areas and a structure
like that of the autonomous communities (Figure
5). This situation can be explaining due to differ-
ences in mobility restrictions during that period
(for example, mobility restrictions in Andalusia
were harsher, forbidding trips between areas of the
same autonomous community). Another interesting
situation lies in northwest Spain (inland Galicia
and the province of Leon). While these are two
different autonomous communities, they share a
similar structure (low, aging population in dispersed
towns). While in the province of Leon, the

population tends to travel to the capital city for
work or other necessities, the reduction of mobility
and dispersion of services forced the population to
travel to hospitals and other services located in Gali-
cia, which are located at a shorter distance than the
ones ubicated in the city of Leon.

Finally, the functional areas registered in June
2021 are the ones that best fit a normal situation.
The larger size of the functional area corresponding
to Madrid stands out in contrast to the functional
area of Barcelona, which has the smallest size in
the entire peninsula due to its big population den-
sity. The functional areas in the interior of the
country tend to be larger due to the lower popu-
lation, the bigger dispersion of towns, the demo-
graphic gap and the less developed public transit
services, so mobility flows are longer. Meanwhile,
the coastal functional areas, have a bigger and
younger population, which is concentrated. This
demographic situation combined with the better
development of public transit services leads to a
shorter length of trips and a small size of the func-
tional areas (Figure 6).

Table 1 summarizes the obtained results. The first
studied period is the one that had a significantly
lower number of mobile phone records in comparison
with the other situations. This is caused due to the
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Figure 5. Mobility functional areas visualized during the COVID-19 s state of alarm in Spain (December 16, 2020). Source: Own

elaboration based on INE phone data.
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Figure 6. Mobility functional areas visualized after the lifting of mobility restrictions (vaccination campaign) in Spain (June 9,

2021). Source: Own elaboration based on INE phone data.

mobility restrictions in the entire country strongly
influencing the number of mobile phone records gen-
erated. While the day corresponding with the second
state of alarm period had a bigger amount of data
than August 19, this can be explained due to a bigger
amount of population traveling overseas during sum-
mer 2020. Comparing the number of mobile phone
records with the number of functional areas and
their characteristics, it can be deduced that the main
factors for the shape and size of functional areas like
in the number of records in the OD trips (and not
in the total data), the demographic structure of the
population, the development of public transit services,
and the location of services, especially in the less popu-
lated areas.

Table 1. Summarization of obtained results.

The metropolitan area of Seville shows a good
example of the dynamic nature of the functional
areas throughout the different phases of the disease.
Seville normally receives flows of workers not only
from other nearby towns in its province, but also
from Huelva, the main cities in the province of
Cédiz (such as Jerez de la Frontera), and even Cor-
doba. This is possible due to the direct rail connection
that Seville has with the capitals of neighboring
provinces.

During the first phase of the COVID-19 pandemic,
the mobility around Seville was available only in the
nearby towns with good connections with the capital.
The towns in the north and east of the province, far
from Seville, did not have good mobility connections.

Number of
functional areas

Characteristics

Number of mobile
Day Period phone records
April 15,2020  First state of alarm 3,578,378 records 36
August 19, Lift of national 38,163,485 records 23
2020 confinement, ‘new
normality’
December 16, Second state of alarm 38,430,905 records 27
2020
June 9, 2021 Vaccination period, new 39,819,645 records 24

normality

Small size comparable to provinces.
Big size comparable to autonomous communities.

Small size comparable to provinces in coastal and populated
areas, big size comparable to autonomous communities in the
interior of the peninsula.

Big size comparable to autonomous communities.

Source: Own elaboration based on INE phone data.
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Figure 7. Evolution of the mobility functional area corresponding with Seville metropolitan area during the four phases of the
COVID-19 pandemic. Source: Own elaboration based on INE phone data.

In this way, they became part of other functional areas
(the east of the province, for example, had better con-
nections with the province of Cérdoba). In the sum-
mer of 2020, with the lack of mobility restriction
measures, the citizens of Seville tended to move to
the beaches of the provinces of Huelva and Cadiz, con-
sequently creating a functional area of considerable
size that encompassed the three provinces. The second
alarm state of the disease again led to a loss of mobility
connections, so the functional area has a very similar
shape to that obtained during the first alarm state.
Finally, during the new normality period, a functional
area can be seen that encompasses not only the entire
province of Seville, but also the province of Huelva.
This is due to the restoration of transport frequencies
and greater access to jobs and services for the citizens
of Huelva in Seville (Figure 7).

5. Discussion and conclusions

COVID-19 impact on society has heavily affected the
patterns and behaviors of mobility. This influence var-
ies both in space and in time. Mobility functional areas
emerge as a useful tool to analyze and map the vari-
ations of mobility in a country during different stages
of the disease. These zones are based on the obser-
vation of human mobility, and they can provide

important information for spatial planning, transport
organization, or accessibility to services.

Large amounts of data that are up-to-date and
available in near real time are needed for study
changes in human mobility during several periods of
time. For that reason, this research has used mobile
phone data openly available by the INE, since can pro-
vide commuting information at diverse spatial and
temporal scales. This data has been combined with
population cells to have in account both mobility
and a homogeneously distributed population through-
out a diverse country like Spain.

Results have shown the difference between admin-
istrative borders from zones shaped by human mobi-
lity. Highly populated coastal areas tend to have
medium-sized functional areas, while sparsely popu-
lated inland areas have large functional areas. In
addition, confinement and restriction policies strongly
affect the amount, size and shape of the functional
areas. The periods of the pandemic corresponding to
states of alarm and low mobility had a greater number
of small areas, while moments associated with return
to ‘new normality’ showed a lower amount and bigger
zones. The case of Seville portrays the value and use-
fulness that functional areas have to establish spatial
and transportation measures in complex situations
such as a pandemic.



The results obtained can be complemented with
findings from other investigations in the same area
or in similar research fields. While Iacus et al. (2020)
only designed functional areas in Spain on a different
scale during two phases (pre-pandemic period and
first state of alarm period), the results match with
the findings observed in this investigation: functional
areas are bigger and there are fewer of them during
a normal situation, while they are smaller and in a big-
ger amount during periods corresponding to stronger
mobility restrictions. While they have not studied the
establishment of functional areas, Ponce-de-Leon et al.
(2021), have used mobile phone data from different
sources to design origin-destination matrices in
Spain at different scales, and has compared the results
with the raw data from the INE used in this research.
They obtained a significant reduction in mobility
flows during the first state of alarm, a restoration of
the number of trips during the summer holidays,
and a new dropping in mobility during the second
state of alarm, but not at the same level of very low
mobility visualized during the first state of alarm.

In summary, the results obtained in this work agree
well with the findings from similar investigations. In
addition, this work has gone further, identifying mobi-
lity patterns and characteristics of the structures of
functional areas of four well-differentiated phases of
the pandemic. It has sought to delve into how the phys-
ical form of an area based on the mobility of people is
clearly affected depending on the scope and character-
istics of the disease, and the policies carried out by gov-
ernments to try to contain the virus. The maps also
show the importance of having developed public trans-
port services, and of having a series of basic infrastruc-
tures that are easily accessible to the population.

This work found several challenges and aspects to
improve in the future. The main limitations of use
of mobile phone data are the absence of additional
socio-demographic information, the dependence of
phone operators to share data, and privacy issues. In
this case, INE was the data provider and they tackled
potential privacy problems before-hand, but they
aggregated the data by day, losing potential infor-
mation regarding time of the day. A future investi-
gation consists in obtaining that lost data to generate
functional areas during the day and night. Another
line of investigation lies in the combination of mobile
phone data with other sources to obtain economic and
demographic information that can add thematic attri-
butes to the calculated functional areas or generate
new ones based on the profile of citizens.

Software

The map was designed by using ArcGIS Pro and Adobe
Hlustrator 2022. The functional areas were created by
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using Gephi. Mobile phone data was stored in a Post-
greSQL database.

Notes

1. https://boe.es/buscar/act.php?id=BOE-A-2020-3692.

2. https://boe.es/diario_boe/txt.php?id=BOE-A-2020-
12898.

3. https://www.vacunacovid.gob.es/.

4. https://www.ine.es/experimental/movilidad/
experimental_em4.htm.
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