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This study leverages mobile data for 5.4 million users to unveil the complex dynamics of daily mobility
and longer-term relocations in and from Santiago, Chile, during the COVID-19 pandemic, focusing

on socioeconomic differentials. We estimated a relative increase in daily mobility, in 2020, for lower-
income compared to higher-income regions. In contrast, longer-term relocation rose primarily among
higher-income groups. These shifts indicate nuanced responses to the pandemic across socioeconomic
classes. Compared to 2017, economic factors in 2020 had a stronger influence on the decision

to relocate and the selection of destinations, suggesting transformations in mobility behaviors.
Contrary to previously held beliefs, there was no evidence supporting a preference for rural over urban
destinations, despite the surge in emigration from Santiago during the pandemic. This study enhances
our understanding of how varying socioeconomic conditions interact with mobility decisions during
crises and provides insights for policymakers aiming to enact fair and evidence-based measures in
rapidly changing circumstances.

Human migration is driven by a number of complex factors such as the quest for better living conditions, life-
course transitions, the urgency to flee conflict, environmental hazards, as well as pandemics'~. The selection of
destination can also be influenced by aspects such as the active population of the host community, which can
reflect socioeconomic attraction®. International migration involves relocating across national boundaries and
could be motivated by circumstances like economic opportunities, political unrest, and environmental condi-
tions. In contrast, internal migration occurs within a single country, usually defined by administrative political
divisions like states, provinces, or districts®. Additionally, daily mobility represents the routine, short-range move-
ment primarily confined within smaller spatial areas like cities or districts®. Both long-term internal migrations
and daily mobility patterns are integral to understanding the spatio-temporal transformations in social systems
and human settlements’, particularly during periods of rapid change such as pandemics®’.

Internal migration overwhelmingly dominates global movements, accounting for the large majority of
relocations!?. It is thus imperative to understand its multifaceted dynamics, including the spatio-temporal trans-
formations it brings to social systems and human settlements through mechanisms like population concentra-
tion and deconcentration®. Alongside long-term migrations, daily mobility patterns also exert a transformative
influence, especially during crises such as pandemics’. Importantly, these mobility behaviors are not universally
experienced; they vary across different societal groups and are significantly influenced by policies and other
factors'™'2. Consequently, advancing methods to monitor both long-term and daily internal migrations is pivotal
for policymakers to enact equitable and timely interventions, particularly when confronting rapidly evolving
situations.

Destination choice behavior in human mobility has been studied through various models that attempt to
predict movement patterns between locations. The Opportunity Priority Selection (OPS) model, as discussed
by'?, posits that the probability of choosing a destination is influenced by the number of opportunities at the
destination and inversely proportional to the number of intervening opportunities. This model considers both
the opportunities at the destination and those en route. Similarly, the Universal Opportunity (UO) model**
incorporates two behavioral tendencies (i.e., exploratory and cautious) that influence destination choice. These
and other mobility models help explain how individuals weigh the benefits of the origin, destination, and inter-
vening opportunities, providing a comprehensive framework that covers various spatiotemporal scales of human
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mobility. However, they mainly describe “normal/stable” conditions with no significant mobility restrictions (e.g.,
lockdowns) and where individuals have enough information to evaluate intervening opportunities.

The utilization of mobile phone data has generated a seismic shift in the study of human mobility, adding
dimensions to traditional methods that primarily relied on population censuses and suffered from a lack of
high-frequency, detailed data'. This innovative data source provides unprecedented, real-time insights into
both long-term internal migration and daily mobility patterns, thereby heralding a transformative era in our
understanding of human movement®. The granular nature of mobile phone data allows for enhanced temporal
and spatial resolution, facilitating the tracking, analysis, and visualization of migration flows like never before.
This not only enables the observation of mobility in “near real-time” but also aids in capturing sudden shifts trig-
gered by factors such as political upheaval or pandemics. As a result, mobile phone data not only fills the gaps left
by traditional sources but also offers the potential to standardize cross-national comparisons by homogenizing
the types of data collected, measurement intervals, and spatial frameworks>".

Research on human mobility during the COVID-19 pandemic has mostly centered on daily movements, such
as the effectiveness of lockdown measures® or the relationship between mobility and pandemic progression®'¢.
This paper expands the scope of the existing literature to encompass long-term internal migration during the
pandemic. In particular, we explore the role of socioeconomic factors in both daily and long-term internal migra-
tion, using the “comunas” (i.e., the smallest administrative subdivision) of Santiago de Chile as a case study. We
examine the transformation in mobility dynamics across different economic strata from 2017 to 2020, showcasing
that daily mobility has significantly shifted, especially among lower-income brackets. This highlights the need
for a more nuanced understanding of mobility patterns during crises, informed by both long-term migration
and daily movement metrics>®.

More specifically, our investigation extends to the changing relationship between socioeconomic levels and
migration patterns, capturing the shift in correlation between the average socioeconomic level and the percent-
age of the population migrating from and to each comuna of Santiago de Chile in 2017, 2020, and 2022. In the
context of Chile, where a comuna represents the smallest administrative unit (similar to a “municipality” in
other countries), we concentrate on migration behaviors in high-income comunas, which have seen a notable
uptick in emigration, coupled with low variability in destination selection. Concurrently, we assess individual
preferences regarding the population density of chosen destinations, with a keen focus on tendencies towards
rural locales. Our study, thus, aims to offer a nuanced understanding of the interplay between socioeconomic
and environmental factors in influencing both long-term and daily mobility during global crises, leveraging the
granular capabilities of mobile phone data.

Results

In 2020, reductions in daily mobility were higher in areas with higher income levels

In this study of mobility patterns across different economic deciles, our findings underscore a dynamic shift
between the years 2017 and 2020. For the year 2017, the Pearson correlation coeflicient between mobility (meas-
ured as percentage points of mean movement reduction—where “movement” is any transition between two
antennas'’) and economic decile (with higher values indicating greater affluence) was a marginal — 0.023, with
a coefficient of determination (R?) of only 0.0005 (Fig. le). This suggests that the linear relationship between
mobility and economic decile was notably weak, with economic decile explaining less than 0.1% of the variability
in mobility. However, the landscape dramatically changed by 2020. The Pearson correlation deepened to — 0.69,
revealing a more pronounced inverse relationship: the higher the income, the lower the levels of daily mobility.
Furthermore, the R? value surged to 0.48, indicating that the economic decile accounted for approximately 48%
of the variance in mobility (Fig. 1f). This stark contrast between the two years highlights the size of the rapid
change in the association between economic conditions and mobility patterns. In a comparative analysis of
mobility patterns between the richest and poorest economic segments, we employed independent two-sample
t-tests to discern any significant differences in mobility reduction. For 2017, the results yielded no statistically
significant difference in mobility behaviors between the 20% richest deciles and the 80% poorest deciles. In stark
contrast, in 2020, the p-value sharply declined (p = 0.001), indicating a prominent and statistically significant
divergence in mobility patterns between these economic segments, where more affluent comunas moved much
less than less affluent ones. The analyses, together with a more fine-grained study of mobility, both internal
(within the areas of interest) and external (between areas of interest), can be found in Appendix A (Figure A1).
Day travel (for business or tourism) between cities is also another common type of mobility, even in less devel-
oped countries'®. Although we do not cover this type of mobility in our analysis, it is reasonable to expect that
daily inter-city mobility was also affected by the pandemic in 2020 and most likely influenced by socioeconomic
factors. We can see some indication in this direction in our daily external mobility change (i.e., movements
between comunas in SCL). These measures of external mobility, although at a smaller scale, also capture day
travel over relatively long distances (see Appendix A (c) and (g)). As expected, we observe a pattern similar to
the one depicted in Fig. le and f.

In 2020, the relationship between the average income of the smallest administrative units
and longer-term out-migration was positive and stronger than in 2017 and 2022

In our examination of migration patterns in Santiago de Chile (SCL) over the period from 2017 to 2022, we noted
clear variations. In 2017, SCL saw an estimated net migration increase, with roughly 130K individuals arriving
compared to about 95K departing. By 2020, this trend appeared to reverse, with the city estimated to experi-
ence a net outflow of around 35K people as emigration rose to nearly 160K, overshadowing the approximately
125K arrivals. Note that the number of people entering Santiago in 2020 is close to 2017. It is the emigration
that exploded in 2020, thus causing the negative net migration. Intriguingly, by 2022, the dynamics seemed to
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Figure 1. (Origin): Analysis of the emigration from the Metropolitan Region (SCL) before, during, and after
the COVID-19 pandemic. (a-c) Net migration rate SCL 2017, 2020, and 2022. (d) Net migration rate per year.
Comunas from SCL in the X axis are sorted (from left to right) by ascending comunas’ average household
income decile. (e—f) Daily Mobility Index change in SCL 2017 and 2020. (g-i) Percentage of emigration from
SCL vs. average home income decile for 2017, 2020, and 2022.

revert to a net migration gain, with an estimated 150K individuals entering SCL, surpassing the expected 130K
emigrants. In this case, although emigration remains relatively high compared to 2017, it is the significant jump
in immigration that is driving the reversal in net migration. This shift hints at a renewed allure or other potential
factors drawing people post-pandemic and some returning.

In general, we see a consistent change in the migration flow pattern from most comunas in Santiago in 2020
compared to 2017. The net migration rate for the individual comunas in SCL shows that there was an exodus
from the city during COVID-19, with many comunas getting into negative values (see Fig. 1b). Furthermore, by
using 2017 as the baseline (Fig. 1a), we see that, even in comunas with a positive net migration, the values were
still below those from 2017.

Furthermore, in Fig. 1d, we show the net migration rate with comunas of SCL sorted from left to right by an
increasing income average decile. Results show that the exodus from Santiago during 2020 was most significant
for richer comunas like Las Condes and Providencia, which significantly increased their population contribution
to multiple other regions. Similar analyses for 2022 show that the net migration rate has since reverted and is
somewhat coming back to pre-pandemic values in 2022 (Fig. 1c and d).
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The emigration trend (people leaving Santiago) was particularly pronounced in comunas with higher aver-
age household incomes, where the percentage of people leaving almost doubled in 2020 compared to 2017.
Interestingly, the average socioeconomic level for 2017 showed only a weak correlation with the percentage of
the population migrating from each comuna (Fig. 1g). However, in 2020, the average household income decile
of the comuna alone explains 57% of the variance (see Fig. 1h), hinting at a strong economic effect. This aligns
with our regression analysis, which showed a higher R? value and coefficient for 2020 compared to 2017. In 2022,
we observed a slight recovery after the pandemic, with income still being a much stronger predictor than it was
in 2017 (Fig. 1i). This is consistent with our regression analysis for 2022, which showed a significant relation-
ship between the dependent variable and home income decile, although slightly weaker than in 2020. Notably,
emigration from low-income comunas tended to increase in 2022 compared to both previous periods.

Overall, our findings suggest that income played a significant role in migration patterns in Santiago between
2017 and 2022. The relationship between income and migration strengthened significantly in 2020, likely due
to the economic impact of the pandemic, and remained strong in 2022, even as the situation began to recover.

Compared to 2017, in 2020, economic aspects appear to have had a stronger influence not
only on the decision to emigrate but also on the selection of the destinations

We analyzed the difference in the percentage of migration at the comuna-comuna level comparing the years 2017
and 2020 for people leaving Santiago (see Fig. 2a). The origin-destination matrix, sorted from bottom to top
by ascending average income decile of the destination, and left to right by average income decile of the origin,
shows the effect of the economic dimension on the availability of destinations for long-term relocation. People
emigrating from lower-income comunas in Santiago seem to have been distributed over a reduced number of
destinations and tended to avoid the more expensive comunas. This is shown in the graph by a predominance
of blue cells as we move to the top-left corner of the matrix (which signifies that fewer people moved between
these comunas in 2020 compared to 2017). As we move to the higher-income origins (right in the matrix), we
see a relative upsurge in migration over an increasing range of destinations (signaled by a predominance of red
tones for the entire columns).
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Figure 2. (Destination): Analysis of the destination for emigration from the Metropolitan Region (SCL) during
the COVID-19 pandemic (2020). (a) Difference in Emigration from SCL in 2020 compared to 2017. Rows in
the heatmap are sorted (from bottom to top) by ascending comunas’ average household income decile. We are
only including rows for which there is at least one zscore > 1.96. (b) Divergence in the destination preferences
compared to 2017. For (a) and (b), comunas from SCL in the X axis are sorted (from left to right) by ascending
comunas’ average household income decile. (c) Percentage of the population in the origin that represents the
emigration from SCL. Difference compared to 2017. (d) Average income decile for comunas of origin and
destination. Values normalized by columns.
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Utilizing the Index of Quality of Life in Urban Areas (ICVU)", we evaluated the willingness among high-
income migrants to cede urban amenities (as measured by the ICVU) when leaving Santiago. Given that San-
tiago de Chile (SCL) ranks among Chile’s most urbanized areas, it is noteworthy that most destination comunas
registered lower ICVU scores in comparison to affluent comunas in SCL. Our analysis revealed heterogeneity
in amenity trade-offs. For instance, Providencia (ranked second in ICVU) exhibited a statistically significant
deviation from the expected amenity trade-offs with an average ICVU difference greater than predicted. Mean-
while, Vitacura (top-ranked) displayed less variation and stayed below the expected difference (i.e., migrants
conceded less in quality of life).

Further quantification of these tendencies can be observed in the origin-destination matrices, segmented by
average income decile (Fig. 2d). Similar to the patterns observed in 2017, migration predominantly occurred
towards comunas with elevated socioeconomic indices. However, in 2020, the data indicated an increased vari-
ation in amenity trade-offs across income deciles. For example, in 2020, origins with lower income deciles had
a greater percentage of people moving to destinations with a closer average economic level.

To further measure the changes in the selection of destinations compared to pre-pandemic patterns, we calcu-
late the 1-Wasserstein divergence® for each column in the origin-destination matrices of 2020 and 2022 against
2017 (see Fig. 2b). We see that the divergence from 2017 is larger for comunas with lower income. Despite having
the most significant increase in emigration, high-income comunas had the lowest variation in their selection of
destinations. As observed before, 2022 shows again a move back to pre-pandemic patterns.

At the regional level, preferred destinations as per the hosted proportion of migrants from SCL stayed rela-
tively stable, except for Valparaiso (a neighboring region and a popular vacation destination), which saw a
statistically significant increase in immigration (see Fig. 2¢). This pattern coincides with findings in other cities
(e.g., New York City), suggesting that many urban residents moved to neighboring areas, second residences, and
holiday destinations?'. Moreover, in Fig. 2¢, we sorted the regions using the Gravity Model (i.e., the population
at the destination over distance to SCL)*% The graph shows that higher values from the Gravity Model correlate
to higher percentages of migration to the corresponding region. This indicates that, besides economic aspects,
distance and population density may have been still meaningful determinants in the selection of the destination
in 2020%,

Despite the increase in emigration from Santiago during the pandemic, there is no evidence of
preference for rural over urban destinations

The COVID-19 pandemic spurred distinctive migration trends globally. While some large metropolitan areas
saw a surge in residents relocating to rural settings**?*, anecdotal evidence also highlighted urban relocations?.
In Santiago de Chile (SCL), our analysis suggests that, contrary to some postulated trends, people predominantly
favored urban comunas over rural ones.

To quantify this preference, we analyzed the origin-destination migration matrices from 2020 and 2017, focus-
ing on the difference in migration percentages at the comuna level. Sorting the rows (destinations) by increasing
rurality percentages (Fig. 3a) and columns by average income decile of SCL comunas, the visualization reveals a
pronounced decrease in 2020 migrations to high urbanization comunas compared to 2017. However, there wasn’t
a marked inclination for rural destinations. Notably, the wealthier comunas (as seen in the rightmost columns)
showed increased migrations, irrespective of the destination’s rurality.

To gain additional quantitative insight into the change in preference for rural destinations, we calculated the
difference against 2017 in average rurality of migration destinations for each SCL comuna ARy, weighted by the
percentage of emigrants (see more details in the Methodology Section).

The rurality preferences across Santiago de Chile (SCL) comunas are quantitatively depicted in Fig. 3b. Nota-
bly, high-income comunas such as Vitacura exhibit a positive change in average destination rurality AR, > 0,
contrasting with over half of the comunas that either retained a similar preference AR, ~ 0 or skewed towards
more urbanized destinations AR, < 0. These findings were observed while sorting the SCL comunas by ascend-
ing average income decile. Despite this binary urban-rural classification, no statistically significant correlation
was evident between the socioeconomic status of the origin comuna and the shift in average destination rurality.

To refine this analysis, we transitioned from a binary rurality measure to a continuous metric based on
population density. Figure 3d delineates the relationship between the poverty rate in SCL comunas and the
average population density of destination comunas. A stronger trend emerged in 2020, indicating migration
from wealthier comunas to more densely populated areas, substantiated by an increase in the coefficient of deter-
mination R? from 0.17 in 2017 to 0.32 in 2020. Intriguingly, 2022 data revealed a further intensification of this
pattern, as evidenced by an R? value of 0.41, deviating from other metrics that reverted to pre-pandemic levels.

Finally, at the regional level, we analyzed the potential impact for the hosting regions of this increased emigra-
tion from SCL compared to 2017. We quantified the difference in the percentage of population change for each
destination region and sorted them using the Gravity Model (Fig. 3c). We see that for neighboring regions such
as Valparaiso and O’Higgins, despite already having relatively large populations, the emigration from SCL in 2020
still represents an increase of around 1.5% of their normal inflow of 1.5-2.0% seen in 2017. In other words, these
regions saw an almost two-fold increase in their population growth compared to previous years. Most notably,
the region of Aysén, in the south of Chile, witnessed the biggest increase with respect to its population, going
from a new 1.3% population formed by migrants from SCL in 2017 to 3.2% in 2020.
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Figure 3. (Rurality): Difference in estimated emigration from the Metropolitan Region at the comuna-comuna
level compared to 2017 according to the Internal Migration Mobile Model. (a) Difference in Emigration from
SCL in 2020 compared to 2017. Rows in the heatmap are sorted (from bottom to top) by ascending comunas’
percentage of the rural population. We are only including rows for which there is at least one zscore > 1.96. (b)
Difference in percentage of rurality of destination compared to 2017. The percentage of rurality is weighted by
the percentage of emigration to each destination. For (a) and (b), comunas from SCL in the X axis are sorted
(from left to right) by ascending comunas’ average household income decile. (c) Percentage of the population
in the destination region that represents the emigration from SCL. Difference compared to 2017. Regions

from Chile in the X axis are sorted (from left to right) by ascending ‘gravity’ according to the Gravity Model.
(d) Relation between emigration from SCL and the weighted average population density in the comunas of
destination.

Discussion

Our findings illuminate distinct patterns in human mobility during the pandemic, characterized by a significant
divergence between daily and long-term mobility behavior, especially within different socioeconomic statuses.
The dynamics underlying these patterns warrant further investigation, particularly to understand how these
changes influence social, economic, and health-related outcomes in communities.

Interestingly, the relationship between socioeconomic level and migration showed a substantial shift from
2017 to 2020. While the average socioeconomic level for 2017 had only a weak correlation with the percentage
of the population migrating from each comuna, in 2020, the average household income decile of the comuna
alone accounted for 57% of the variance. This shift points to a potential change in the factors influencing migra-
tion decisions and suggests that the economic impact of the pandemic could play a role. Future research should
further examine the drivers of this change and their implications for migration policy and practice.

Despite witnessing the most substantial increase in emigration, high-income comunas exhibited the least
variation in their selection of destinations. This finding implies a lower impact on their choice capacity due to the
pandemic. Low-income comunas might have been more restricted in their selection, also hinting at a potential
shift in the motivation to migrate. The factors contributing to the divergence in destination selection among
this group could include economic opportunities, social networks, or amenities present in certain locations.

Lastly, our analysis revealed that, during the pandemic, people generally avoided densely populated areas.
However, they did not show a marked preference for rural areas. The avoidance of densely populated areas might
reflect concerns about virus transmission risks. In contrast, the lack of preference for rural areas might be linked
to factors such as access to amenities, services, or job opportunities. Future studies could explore this balance
between health concerns and economic or lifestyle considerations in destination choice.

Insights from our analyses highlight significant implications for urban planning and policy-making. Models
already help predict intracity and intercity travel patterns'>!*. However, our results show that during periods
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of crisis, new facets affect individuals’ mobility. These can serve as input to further enhance mobility models’
predictive accuracy and applicability in understanding destination choice behavior. Establishing a model to
replicate patterns in internal migration during crises can advance our understanding of migration dynamics.
Such a model would need to reweigh factors influencing destination choice. For example, by predicting how
individuals value opportunity density and accessibility versus security, when selecting a new location, models
can improve our understanding of migration decisions under different constraints. Moreover, a parameterized
model design may help reflect different tendencies in migration behavior and can capture a range of scenarios,
from spontaneous relocations to carefully planned moves. This approach is crucial in simulating the interplay
of socio-economic factors, environmental conditions, and individual preferences that drive internal migration,
as well as in testing possible counterfactuals. Identifying regions that attract migrants due to high opportunity
density can aid resource allocation and infrastructure planning to accommodate population shifts.

In the future, it will be crucial to continue monitoring these trends as unforeseen circumstances like wars,
natural disasters, and similar crises happen, and to conduct further research on the socioeconomic and policy
implications of these mobility shifts. In particular, understanding the drivers of these migration patterns can
inform interventions to address the needs of different communities and mitigate the potential adverse effects of
such population movements. Additionally, these findings underscore the value of mobile phone data in studying
human mobility, suggesting that such data could be leveraged in future research to gain further insights into
migration trends and their impacts on society.

Methods

Chile is widely acknowledged as a heavily centralized country from various perspectives. A 2013 study revealed
that, in proportion to its size, population, and economic development, Chile was the most centralized country
in Latin America®?’. Data obtained from the National Institute of Statistics (INE) indicates a total estimated
population of 19.4 million for the entire country in 2020, with 8.1 million (41%) concentrated in the Metropoli-
tan Region, where the capital, Santiago (SCL), is located?. Notably, this region is among the smallest of the 16
regions in Chile, resulting in a densely populated area.

This makes Santiago comparable, in raw numbers, to places like Hong Kong, Baghdad, or even New York
City. With 32 comunas (the smallest political division in Chile) and a diverse range of socioeconomic conditions,
SCL presents an interesting case study for internal migration dynamics during a crisis period. SCL has over 95%
of its area urbanized and contributed over half of the confirmed COVID-19 cases and over 60% of the deaths in
the first six months of the pandemic!®.

As COVID-19 swept across the globe in the early months of 2020, there were emerging reports of an ‘urban
exodus’ phenomenon trending not only in Chile® but also in several other big cities***!. During the first waves
of infections, when there was still not much information about the virus, densely interconnected cities bore the
brunt of their impact. Some newspaper headlines questioned the future of urban areas, even beyond the end
of the pandemic®. We set to investigate the dynamics of intracity daily mobility, and long-term long-distance
relocation for a large metropolitan area during COVID-19. Our approach is to use a comparative analysis to
identify changes in mobility in 2020 compared to 2017 for a “during pandemic” period and the same in 2022
for the “recovery period”. We study the mobility metrics in relation to socioeconomic status indicators for the
comunas of origin and destination.

Long-term relocation

Previous analyses on long-term relocation during COVID-19 are based on social media data® or official records
from authorities®*-. This represents a limitation for its applicability to regions with lower social media penetra-
tion or slow/expensive cost of polling official values. We propose a model for long-term relocation based on the
analysis of anonymized eXtended Detail Records (XDRs).

Our dataset encompasses the entirety of Chile, with 6.5 million unique devices. On a daily basis, an average
of 3.5 million active unique devices generate approximately one XD record every 30 minutes, resulting in a daily
production of between 150-170 million records. This varies, of course, because of how mobile phone networks
work and the consolidation of network events for billing purposes, but it is relatively stable. Depending on the
year, the telco providing the data has around 21-25% of the market share of mobile phones in Chile’”. When
comparing to the census, there is a 97% Pearson correlation between the telco subscribers and the census popula-
tion at the level of comunas (the area of interest in this paper)”!!, which provides some evidence for good repre-
sentativity of the sample. We have described this same dataset in detail in'. In Chile, the penetration of mobile
Internet (3G, 4G, 5G) reached 112.6 accesses per 100 inhabitants by December 2022, with mobile accesses (3G,
4G, 5G) totaling 22.4 million, marking a slight decrease of 0.9% in 2022. The advent of 5G connections accounted
for 2,040,071 of these connections. Moreover, mobile telephony achieved a penetration rate of 132.8 subscribers
per 100 inhabitants in December 2022, with contract subscribers comprising 69.8% of the total subscriber base,
significantly outnumbering prepaid users. Our dataset includes contract and pay-as-you-go subscribers. This
widespread penetration suggests a comprehensive representation within the target population.

The data included in our studies has been used and validated in various other contexts. Based on this and
the evidence presented above, we expect the biases to be small. Nevertheless, some social groups may still be
over-represented or under-represented. Given the relative novelty of this type of data, many of its challenges and
limitations remain open questions that should be further investigated in future works.

For each studied year (2017, 2020, and 2022), we collected eight months of XDRs for approximately 1.3
million devices per year in the Metropolitan Region. This data captures interactions, such as packet requests,
between devices and antennas. A data entry in our dataset can be represented as a tuple < d, t,a >, denoting
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a packet request from device d to antenna a at time ¢. We estimate the location of device d based on the fixed
latitude and longitude of the antenna it connects to.

We used the second week of March as the baseline for the initial location because this is the week before the
return to school in Chile. So, most people should be back from vacation at their primary residence. We then
estimate the home location for each device using the home detection algorithm proposed in a previous work™.
This algorithm looks for each device’s most used cell tower during night-time on weekdays. We assign antennas
to correspondent comunas according to their position. Finally, for each device, we calculated its home comuna
per week from Mar 1 until Nov 30 of each year. If the statistical mode of home in the four weeks of November
was in a different region than their March home, we assumed that the device had migrated. To gauge the level
of migration activity, we count individuals relocating to and from each comuna. Also, to assess the geographical
impact of migration, we quantified the net migration rate, representing the overall balance between incoming
and outgoing migration flows while accounting for population size.

Given our main interest in urban mobility dynamics, we restrict our analysis to the capital city Santiago
(SCL), formed of 32 comunas 95% urbanized and with a population of around 6 million people?. For SCL, our
dataset has 979.1K, 989.6K, and 955.8K devices for the years 2017, 2020, and 2022 respectively. For the immi-
gration analysis, we collect data on over 2 million devices each year originally located outside the Metropolitan
Region. In order to protect the privacy of device owners, we exclusively examine and present results that are
both anonymized and aggregated. Moreover, we did not utilize or have access to any additional user informa-
tion, such as gender or age.

We further validate that our definition can be used to approximate the movement from SCL to other regions
in Chile. For this, we compared our measurements for 2017 against the migration information from the National
Census 2017. Table 1 summarizes the correlation between internal migration values from the census and the
Internal Migration Mobile Model at various granularity levels. At the regional level (i.e., in- and out-flow between
other regions and Santiago de Chile (SCL)—Regions = SCL), we get a very high correlation (.93 and .96). We
also analyzed the flow between other comunas and SCL as a whole (comunas < SCL), and between the comunas
in the MR and the rest of the country as a whole (Country < SCL-comunas). Even for the finest granularity
offered by the Census (comunas = SCL-comunas), our model shows relatively high correlations (.63 and .48).
Additional details can be found in Appendix B (Figure B2).

Daily mobility

Alongside long-term migrations, daily mobility patterns also exert a strong social influence, especially during
crises such as pandemics. For this short-term mobility analysis, we use a dataset of XDRs collected for the same
population (i.e., comunas in SCL) in the period 2020-2022"7.

From the XDRs, the authors produce three epidemiologically relevant metrics: the Index of Internal Mobil-
ity, which quantifies the amount of mobility within each comuna of the country; the Index of External Mobility,
quantifying the mobility between comunas; and the Index of Mobility (IM), which considers any movement, both
within and between comunas. The data used to calculate the daily mobility index, as well as the active quarantine
periods, are available for download from the general repository of the Ministry of Science of Chile***!.

Similar to long-term relocation, we are interested in studying the changes in the mobility dynamics during a
period of crisis. We analyze the reduction in mobility for all three indices during the year (March to November)
compared to the same baseline, i.e., the second week of March. Additionally, we repeat the analyses considering
only periods of quarantine implemented at the comuna level and only periods of no-quarantine.

Socioeconomic aspects

Our primary source for the socioeconomic metrics is the Socioeconomic Characterization Survey (CASEN)*—
the main household survey in Chile. The CASEN survey is designed to be representative at the national level, by
urban and rural geographic areas, and also at the regional level. However, it is worth noting that CEPAL (United
Nations Economic Commission for Latin America and the Caribbean) is tasked with making corrections for
non-responses, addressing missing income data, and rectifying potential underreporting or overreporting of
various income categories prior to making the databases officially accessible to the public*. They use statistical
techniques and probabilistic models to produce disaggregations for groups of interest, known as small area esti-
mation (SAE) techniques*. For the synthetic model of the SAE estimates carried out by the Ministry of Social
Development and Family, besides the results from the survey, there is information from administrative records

Correlation Immigration Emigration
Regions <5 SCL r(13) = .93 r(13) = .96
comunas <= SCL r(280) = .79 r(280) = .93
Country <5 SCL-comunas r(30) = .74 r(30) = .55
comunas = SCL-comunas r(5948) = .64 r(5161) = .51

Table 1. Correlation between internal migration values from the National Census 2017 and the Internal
Migration Mobile Model (Mar.-Nov., 2017). In both cases, we only consider movements between locations
inside Santiago de Chile (SCL) and locations outside SCL (e.g., not considering migration inside the SCL). All
correlations are significant (p < .001).
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collected by the public sector at the commune level and information from the Population Census*. From the
CASEN, we obtain estimates for the average income decile and the percentage of poverty per comuna®.

For people who decided to migrate between urban areas, we are interested in the differences in quality of life
between origin and destination. Following the hypothesis of socioeconomic components influencing the migra-
tion dynamics during the pandemic, we expect the migrant to try to move laterally in terms of urban amenities
to maintain a similar quality of life. Here, we use the Index of Quality of Life in Urban Areas (ICVU)". ICVU is
a synthetic index employed to assess and compare the relative quality of urban life in Chilean comunas and cities.
This index relies on a collection of variables that pertain to six dimensions, reflecting the status of public and
private goods and services provided to the resident population, as well as their socio-territorial consequences.
This evaluation spans from larger cities to intermediate urban centers (more than 50K inhabitants) and encom-
passes the metropolitan scale. Given that the index is limited to urban areas, it only covers 99 comunas in Chile
(including the 32 comunas in SCL).

For each pair of origin-destination included in the ICVU, we calculate the score difference. Following, we
compute for average ICVU difference for each comuna of origin weighted by the percentage of migrants that
moved between each pair of comunas. Finally, we regress these average ICVU differences to analyze how different
origins deviate from the trend, especially in connection to their economic status indicators.

Urban-rural mobility
Although the trend of deurbanization in major cities did not start with the COVID-19 pandemic, health concerns
and stricter mobility restrictions in 2020 reportedly accelerated the process®.

For a more quantitative insight, we calculated the average rurality of migration destinations for each SCL
comuna, weighted by the percentage of emigrants. Specifically, the difference, ARy, between 2017 and the years
2020 and 2022 is computed as:

AR, =RT — R

1
RT Z mT(x,y)r(y)
yeD

* 7 MT(x)
where,

® D: Set of destination comunas.

® My (x): Total migration from comuna x to D in year T.
o ml(x,y): Migration from comuna x to y in year T.

® 1(y): Rurality percentage of comuna y.

® Years T include 2020 and 2022, with Ty being 2017.

To estimate the percentage of rurality for each comuna (r(y)), we use the data from the CASEN*2. Although it is
not designed to be representative at the comuna level, it gives us a good approximation of the rural composition
of these areas*. Here, we use the percentage of households annotated as rural for each comuna.

Nevertheless, rurality is a changing concept and can be operationalized in different ways, which may bias
comparisons across countries*’. Thus, for a finer-grain analysis of destination preference in terms of urbanization,
we further investigate the emigration from each comuna in SCL in relation to the average of their destinations’
population density?®*®. For the average population density, we again weigh each destination by the percentage
of the emigration from the corresponding comuna of origin. The analysis in terms of population density com-
plements the rurality index above as it might give us some nuances inside each class (i.e., urban and rural). For
example, one of the main destinations for emigration from Santiago is the region of Valparaiso, which is also
highly urbanized. In this case, using the population density to compare multiple urban destinations can uncover
additional insights into destination preferences or affordability.

Furthermore, rural and distant regions might be deficient in the necessary infrastructure and amenities
required to accommodate arrivals from urban areas*. For a preliminary analysis of the potential impact of the
increased emigration from Santiago, we calculate the percentage that the estimated emigration represents for
the hosting populations. A sudden increase of several percentage points in the population of a rural community
may represent a challenge, more so during a period of crisis®'.

Ethical approval
The research described in this study does not include humans for data collection. All the data from mobile devices
is anonymized and aggregated before its analysis.

Data availability
The datasets supporting the conclusions of this article are available in a Github repository at https://github.com/
eelejalde/Internal_Migration_COVID-19
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