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Abstract: Aviation has been hit hard by COVID-19, with passengers stranded in remote destinations,
airlines filing for bankruptcy, and uncertain demand scenarios for the future. Travel bubbles are
discussed as one possible solution, meaning countries which have successfully constrained the spread
of COVID-19 gradually increase their mutual international flights, returning to a degree of normality.
This study aims to answer the question of whether travel bubbles are indeed observable in flight
data for the year 2020. We take the year 2019 as reference and then search for anomalies in countries’
flight bans and recoveries, which could possibly be explained by having successfully implemented
a travel bubble. To the best of our knowledge, this study is the first to try to address the identification
of COVID-19 travel bubbles in real data. Our methodology and findings lead to several important
insights regarding policy making, problems associated with the concept of travel bubbles, and raise
interesting avenues for future research.
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1. Introduction

COVID-19 was officially declared a pandemic by the World Health Organization on
11 March 2020, affecting all areas of our lives. As of 21 March 2021, there are 122.9 million
confirmed cases and more than 2.7 million fatalities related to COVID-19. Given that air
transportation can bridge long distances in a short amount of time, international flights are
one major driver for the initial turn from an epidemic outbreak into a full pandemic [1];
recent examples of outbreaks, which were on the edge to turn into pandemics include MERS
2012 [2] and Ebola 2014 [3]. In these latter cases, an early, well-orchestrated international
response was able to contain the disease. For COVID-19, on the other hand, the cut of
international flights came rather too late—or at least postponed the disease spreading by
a short period of time only [4]. Only between March 2020 and May 2020 did airlines begin
to implement a wide range of flight suspensions. Later suspensions were mostly induced
by a combination of already significantly reduced passenger demand, active flight bans
between countries, and relaxed slot-keeping rules by IATA [5,6]. These suspensions have
led to a significant decrease in global air connectivity until late 2021, with an increasing
trend of recovery. It is estimated by IATA that a full recovery will take several years, with a
high degree of uncertainty in predictions and technological challenges [7].

It is clear that current international travel restrictions cannot be considered a perma-
nent solution in our highly-connected world. There exists an extraordinary pressure on
health officials and political decision makers to reopen travel routes, particularly once
the situation inside a region is perceived as under control [8]. In the long run, immunity
passports or similar methods could help to mitigate problems induced by COVID-19;
the use of such passports, however, requires a better understanding of the dynamics of wan-
ing immunity and test sensitivity over time [9,10]. Therefore, near-future scenarios include
the concept that air travel between low-incidence regions returns to normal, and subsequent
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outbreaks will be linked to imported cases due to international air travel [11]. It is known
that travel bans can be effective only when they are implemented in a timely manner and
informed way [12,13]; the same holds for the lifting of travel bans. Releasing such a ban
is a decision associated with high risk; especially if it concerns regions with a non-zero
case prevalence, as it has been shown that voluntary quarantine even at an overall rate
of 95% would not be effective in preventing subsequent infection waves of COVID-19 [8].
Releasing travel bans should be based on estimating the number of potentially imported
cases, quarantining days averted, and potential secondary cases [14].

Throughout the year 2020, several regions started to establish temporary travel ar-
rangements, which are coined as ‘travel bubbles’, ‘travel bridges’, ‘travel corridors’, or
‘corona corridors’ in the literature, in an effort to stimulate mobility, trade and economic
recovery [15,16]. Opening a travel bubble requires an extensive accounting of its cross-
border measures, how these measures impact public health and wider society, and what
factors influence decision making, leading to evidence-based, real-time decisions regarding
cross-border measures for mitigation of COVID-19 [17]. All members of a travel bubble
should strive for unification and avoidance of confusion among travelers based on agreed
standards and rules for health declaration/checking and tracking [18]. Piloting a carefully
managed bubble, which allows the integral tourism, migration, and remittances running
again is one such opportunity to show the world how to safely emerge from the current
crisis [19]. The motivations, drivers, and temporal patterns, for how governments decide
to lift cross-border restrictions through travel bubbles is largely unexplored [17,20]. One of
the earliest travel bubbles mentioned in the public is the Oceania travel bubble (or Trans-
Tasman bubble), consisting of Australia and New Zealand, as proposed by the Australian
Government in May 2020 [21,22].

In this study, we aim to investigate the question of up to which degree the concept of
travel bubbles really exists in the operational data for air transportation. As a motivational
example, Figure 1 reviews the evolution of the number of flights in a set of markets for
the period of 2020, with the year 2019 as baseline. The data for 2019 is shown in blue
and data for 2020 in red. The figure shows the weekly number of flights in both periods
for these selected country pairs. The shaded area highlights the area between the two
curves, i.e., where the number of flights in 2019 is larger than the number of flights in 2020,
which means that in the periods of shaded areas, travel bans and flight restrictions can be
confirmed in the data. It can be observed from the flight data in this study that the actual
number of flights suggests that some of the travel bubbles from the literature and news
press are in fact not existent. In fact, the eponymous travel bubble between Australia (AUS)
and New Zealand (NZL) cannot be measured as an increase in the number of flights after
all. The reason is that COVID-19 outbreaks in Australia’s Victoria state forestalled these
travel bubble plans before they were implemented. Similarly, the connection between
Singapore (SGP) and Malaysia (MYS) is undergoing a long period of an almost-complete
flight ban, with a very slow recovery over the year 2020. Other country pairs reveal
stronger indications for travel bubbles. For instance, the connections between India (IND)
and the United States (USA) as well as between Estonia (EST) and Latvia (LVA) show
a rather strong, monotonic recovery starting from June 2020. A few country pairs exhibit
short-term recoveries only, where travel bubbles might have been established but reversed
after a few months; examples for this case include the connections between Lithuania
(LTU) and Latvia (LVA) as well as between Lithuania (LTU) and Estonia (EST). Finally,
the connection between Germany (DEU) and Greece (GRC) was almost fully recovered
starting from July 2020; and then remained normal, including the off-season reduction
in flights as observed for the year 2020. The latter case exemplifies how important it is to
compare the flight data during COVID-19 to historical data; otherwise, one might mistake
the flight reduction between Germany (DEU) and Greece (GRC) in November 2020 as heavy
flight ban; which it is clearly not. Despite some existing studies on the concept of travel
bubbles in the literature (see Section 2), we are not aware of a formal definition of travel
bubbles. In this study, we argue that the existence of a travel bubble between two countries
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is expected to result in significantly fewer flights bans between each other, compared to
countries outside the bubble; otherwise the notion of a travel bubble would be misleading.

Figure 1. The number of flights per week between selected countries pairs, comparing data for 2019
(blue) and 2020 (red).

In summary, these examples show that not all discussed travel bubbles are visible
in the data. Similarly, not all travel bubbles implemented were declared as those promi-
nently in the public. Therefore, the goal of this study is to use data science techniques
to uncover the existence of travel bubbles between the top 100 largest countries (selected
according to the total number of flights in 2019). In addition to performing an in-depth
and descriptive analysis of the patterns of travel bans and releases between country pairs,
we further discuss what could have driven the creation of these bubbles. Particularly,
whether the bubbles seem to be reasonable from a purely epidemiological point of view,
taking into account the number of confirmed COVID-19 cases over time. Finally, we pro-
vide relevant discussion of the future of air transportation, the degree to which more travel
bubbles might emerge, and what challenges need to be overcome before returning to a safer
and sustainable implementation of air transportation. We would like to emphasize that this
study understands travel bubbles as a way to recover a large fraction of flights. Some news
sources coin travel bubbles as a situation in which passengers will not be obligated to
comply with a quarantine period or other health-related checks upon arrival; this is not con-
sidered as part of our study and cannot be derived from the data in this study. Accordingly,
such interesting questions could be addressed as future work. Similarly, given the recent
progress in vaccination in some parts of the world, another type of bubble might emerge
soon: ‘vaccination bubbles’, in which countries permit ‘normal’ cross-border air travel for
people who have had sufficient shots of mutually-recognized vaccines. The prediction
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and analysis of such bubbles is beyond the scope of this study, and could be performed as
future work.

The remainder of this paper is outlined as follows. Section 2 provides a literature
review on the impact of COVID-19 on air transportation and on how flight bans were used
with the ultimate goal to constrain the virus spread. Section 3 introduces the methodology
and the actual air transportation data used in this study. Section 4 reports on a set of
experiments for the top 100 countries in the world and reports on the existence of travel
bubbles. Section 5 discusses the observed findings together with policy implications.
Section 6 concludes this study and provides a future outlook into safe, post-COVID-
19 aviation.

2. Literature Review

A wide range of studies has been published concerning the impact of COVID-19 on
air transportation, covering various topics, including network changes, epidemiological
analysis, operational/financial challenges, and predictions into the uncertain future post-
COVID-19; see [23] for a recent survey. Given that the total number of studies on COVID-19
is too large to completely review here, we focus on the most related ones, covering three
related categories: (a) establishment of travel bubbles, (b) epidemic spreading through air
transportation, and (c) impact of COVID-19 on airport networks.

(a) Establishment of travel bubbles: Ref. [16] discusses the implications and risks of
using travel bubbles. An overview of discussed rules (as of September 2020) is provided,
and the importance of travel bubbles related to the overall number of infections is stressed.
Travel bubbles are assumed to be mainly useful at early stages and late stages of a pandemic,
when widely spread, low incidence values allow for safer travels between selected countries.
Moreover, it is emphasized that travel bubble decisions should be based on evidence and
real-time epidemiological data. Ref. [16] did not provide a technical definition of travel
bubbles, but rather identified them as temporarily keeping international travel afloat during
the pandemic. Ref. [19] discusses the epidemiological status across 22 developing countries
in the Pacific area. Based on data from the initial phase of COVID-19, it is observed
that extensive border restrictions helped to keep the virus outside their bubble almost
completely. Finally, the importance of role models, such as countries in the Pacific region, is
emphasized for leading other countries into better handling COVID-19. Ref. [17] notes that
a global coordination of travel and trade measures is crucial in order to build a successful
response to COVID-19. The Australia–New Zealand travel bubble is used as an example
to show the extreme challenges in coordination of a mid-sized travel bubble. Ref. [15]
discusses the impact of COVID-19 on global tourism, emphasizing that COVID-19 comes
with the opportunity to rethink mobility. Particularly, travel bubbles can be seen as a step
from climate-negative, long-distance travel towards more locally-based tourist flows, which
will impact businesses, lifestyles, and emissions. Ref. [18,24,25] reports on the prospects
and possible rules of the Asian travel bubble and regional New Zealand travel bubble,
respectively. The role of travel bubbles towards the revival of international travel between
participating destinations is investigated by [26].

(b) Epidemic spreading: The contribution of air transportation towards long-distance
epidemic spreading has been reported for the diffusion of seasonal influenza [27],
SARS/MERS [28,29], Ebola virus [30], and Malaria [31,32]. Similar relationships have
been observed for COVID-19, discussed as follows. Ref. [33] used data on international pas-
senger volume and routes which were compared to the distribution of confirmed COVID-19
cases. It was found that there exists a strong linear correlation between the domestic cases
in China and the passenger volumes within China, and a very strong correlation between
international cases and passenger volume, for data until March 2020. Similar findings were
reported by [34]. Ref. [35] studied the risk importation between airports and municipalities;
emphasizing the role of reducing exportation risk. Experiments on the global airport
networks showed that flight bans leading to a reduction larger than 90% are required for
areas with high incidence values. Ref. [36] showed that, using a simplified meta-population
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model on selected Chinese airports, the arrival time of the virus and number of cases
can be predicted rather well. Several studies performed similar experiments on other
countries and regions, usually identifying the prominent role of air transportation [37–39].
On the other hand, [39] assessed the role of air travel in the spread of COVID-19 in China
compared to those of high-speed train and coach services, finding that the spread is indeed
controlled by a rather complex interaction, which requires the consideration of all modes;
particularly in China with its well-established high-speed rail system. Ref. [40] analyzed
the ramifications around the spread of COVID-19 variants of concern.

(c) Impact on airport networks: Ref. [5] performed a preliminary analysis of the impact
that COVID-19 has on airport networks during the first five months of 2020. It is reported
that air transportation is probably among the hardest-hit sectors during the pandemic,
with flight reductions of up to 90%. Furthermore, it is found that flight reductions were
preferably executed on long-distance links and the topological role of airports changed
significantly until May 2020. Ref. [4] investigated countries’ reactions in terms of flight
reductions compared to the number of COVID-19 cases, finding that largely heterogeneous
responses led to a possibly too-late response. Ref. [6] analyzed the number of flights during
COVID-19 as a time series; in addition, the number of workers in the tourism and airlines
business are analyzed. Ref. [41] provides a classification of airline reactions over time for
the first five months of 2020. Four categories are identified: substantial cost reductions
(retrenchment), preserving the status quo (persevering), strategic renewal (innovating),
and discontinuation of activities (exit), based on aviation industry newsletter Aviation
Week Network. Ref. [42] analyzed the reactions of airlines during the first five months of
the year 2020. It is shown that operational changes to flights, fleet rationalization, staff
reduction, staff numbers, and network reconfiguration were the most common responses.
Furthermore, the need for better international coordination was highlighted. Ref. [43]
analyzed the impact of COVID-19 on air transportation inside the European Union for
the first four months of 2020. Ref. [44] discusses the impact of the COVID-19 pandemic
and potential recovery strategies. The authors present aggregated results for the year 2020,
for airports, continents, and a few countries, and put them into context with discussion
on revenues and profits of airlines. Finally, a set of challenges and future directions are
discussed, including the adoption of global safety protocols and resilient airline business
models. Ref. [45] assessed the operation of Brazilian airlines under COVID-19. It is found
that airlines with a better aircraft mix are more likely to survive many flight cancellations
and all the challenges coming with COVID-19. Ref. [46] investigated the role of integrators
and cargo airlines during the first six months of the year 2020. The data were samples
regarding airport pairs and also regarding temporal resolution, in order to ease data ac-
quisition and processing. In addition, an analysis on the robustness of the network was
reported; following different node attacking strategies, it was found that the DHL network
is more robust than the networks of FedEx and UPS. Ref. [47] investigated the air cargo
sector in China. It found that the sector has suffered a less severe depression compared to
air passenger traffic. Furthermore, the possible strengths and weaknesses of the Chinese air-
lines are discussed in light of the upcoming challenges with COVID-19. Ref. [48] analyzed
the impact of COVID-19 on the transportation sector and confirmed via mobility indexes
that the impacts are unprecedented in light of earlier disease outbreaks. There are various
other studies describing and analyzing the impact on aviation in general, e.g., on passenger
boarding [49], passenger disembarking [50], and aircraft turn-around management [51].
Except for the above-listed negative impacts on aviation as a system, there is a set of posi-
tive impacts; for instance, in terms of reduced aviation-induced greenhouse gas emission
during COVID-19 [52–54]. How long these effects persist is hard to predict [55,56].

In summary, these related studies mostly discuss the evolution of the number of
flights in the airport network, usually with the focus on early stages of the pandemic,
when the flight bans became active. To the best of our knowledge, there exists no study
in the literature which performs an analysis of the degree to which travel bubbles between
countries can be observed in flight data. Our work aims to fill this gap in the literature.
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Moreover, the unique data for two complete years (2019 and 2020) allows us to perform
an analysis with respect to expected reference baselines.

3. Methodology

We discuss the question of how to identify travel bubbles in flight data for the years
2019 and 2020 and report the results on the top 100 countries according to the number
of flights in the year 2019. For data preparation, given the number of weekly flights
between each airport pair, we construct the country network following the extraction
method proposed by [57], where nodes are countries and a link represents the existence
of an international flight between any airport pair for these two countries. The number of
flights between country pairs is computed as an aggregation over all airport pairs.

The existence of a travel bubble between two countries is expected to result in signifi-
cantly fewer flight between the two, compared to countries outside the bubble; otherwise,
the notion of bubble would be misleading. Therefore, this section takes the aggregated
flight ratio as a baseline for computing the degree of a flight ban between two countries.
The flight ratio discrepancy for an interval i is computed as

FRD(i) = 1−min(
Flights2020(i)
Flights2019(i)

, 1.0) (1)

and the area under the FRD as Σi∈I FRD(i), where I is the set of all intervals. In this study,
the intervals are Week 1 to Week 52 in the years 2019 and 2020. The intuition of Equation (1)
is as follows: A high value of FRD(i) suggests a strong reduction in the number of flights.
The value is cut off at 1.0, in order to avoid introducing compensation effects, where
the number of flights in 2020 is (temporarily) larger than in 2019. Finally, the area under
the FRD over all I is a representation of how intense the travel bans between two countries
were; with larger values indicating stronger travel bans.

Figure 2 further visualizes the intuition behind the chosen measure based on the coun-
try South Korea. The temporal evolution of the FRD is shown for two selected connections:
towards United States (USA) and Philippines (PHL), respectively. It can be seen that both
time series are quite different regarding the relative number of flights in 2020. While the con-
nection between KOR and USA was affected for rather short periods of time (between
March and May and between June and August 2020), the connection between KOR and
PHL had not recovered by the end of 202 after a strong flight ban in March 2020. Accord-
ingly, the area under the FRD is significantly lower for KOR–USA (at 0.04), compared to
KOR–PHL (at 0.76). This example suggests the inequalities in flight bans across country
pairs, are measurable by the area under the FRD, and it is the major motivation for our
study to investigate travel bans based on such observed deviations.

In order to provide a better understanding of the degree to which FRDs deviate for
a specific country, we show all international country destinations for KOR in Figure 3, with-
out reporting the actual number of weekly flights. The average FRD evolution, as obtained
by aggregating over all country destinations, is visualized as a dashed line for the sake of
comparison. The dashed line can be used as reference to see whether the flights towards
specific destinations are more affected then others (as represented by the average over all
destinations). It can be observed that there is a wide range of reactions from KOR towards
other countries. Qatar (QAT), the United States (USA), and Germany (DEU) are among
the least affected countries in terms of flight bans. Interestingly, some of the countries
closest to KOR in terms of geographical distance are most affected by travel bans, including
Vietnam (VNM), Thailand (THA), China (CHN), and the Philippines (PHL). This effect
can possibly be explained with the total number of infections in these countries. While
the United States (USA) and Germany (DEU) had a large number of infections as well,
it seems as though South Korea (KOR) was more willing to cut ties with its direct neighbors,
possibly for economic considerations. Similarly, the number of infections is not the only
driver, given that China has the pandemic largely under control. Decision on the creation of
travel bubbles require mutual agreement, and China has strictly reduced and controlled its
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international air passenger traffic throughout the year 2020, in order to control the spread
of the virus.

Figure 2. Comparison of flight ratio discrepancy for two selected countries pairs: Korea–United
States (left) and Korea–Philippines (right).

Figure 3. Comparison of flight ratio discrepancy for all countries pairs involving South Korea; each
subplot corresponds to one destination country. The dashed line represents the average flight ratio
discrepancy for South Korea.

For the remainder of this study, we define a formal notion for the establishment of
a travel bubble between a pair of countries c1 and c2. The decision algorithm for deciding
the travel bubble property is described in Algorithm 1. We compute the median AUC
(area under the curve) for all other countries, stored in S1 and S2, respectively. If the
AUC of a specific country pair is smaller than the median minus standard deviation of
the two participating countries’ overall AUC values, then the pair is considered as having
established a travel bubble. Intuitively, this measure means that both countries have
a much more relaxed connection with each other compared to their other flight neighbors.
We would like to emphasize that our study is largely data-driven and the first of its
kind in the literature. Most existing studies discussion travel bubbles consider a policy
perspective and elaborate on possible benefits or challenges. Therefore, the choice of this
methodology had to be made without a proper reference value established in the literature.
Future studies could explore other definitions for data-driven travel bubbles.



Aerospace 2022, 9, 38 8 of 18

Algorithm 1: Travel bubble identification.
Input: Country c1, c2
Output: Boolean value indicating whether c1 and c2 were in a travel bubble.

1 S1 = [AUCc1,c3 | c3 ∈ Countries]
2 S2 = [AUCc3,c2 | c3 ∈ Countries]
3 if AUCc1,c2 ≤ median(S1)− stddev(S1) and AUCc1,c2 ≤ median(S2)− stddev(S1)

then
4 Return True

5 else
6 Return False

4. Results

This section reports the results of experiments performed on worldwide flight data
for the year 2020. In Figure 4, we report the FRD for all 100 countries in this study.
The solid line represents the evolution of the average FRD value over all destination
countries for the specific origin country in a subplot. The blue area is the 95% confidence
interval for the data in that subplot. It can be seen that many countries exhibit FRD
curves with significant variance; including, for instance, New Zealand (NZL), Ethiopia
(ETH), Iran (IRN), and Puerto Rico (PRI). A few countries have a rather small variance,
especially in the middle of 2020, for instance, Australia (AUS), the Philippines (PHL),
Panama (PAN), and Turkey (TUR). Panama, in particular, executed a very restrictive flight
ban across all destinations for almost half the year, only gradually releasing the restriction
towards the fourth quarter of 2020. Accordingly, we can see that flight bans and releases
during COVID-19 are complex decisions, involving mutual agreement between partners,
which often appears more at the country-pair level, than on the country level, indicating
the possibility for our study to identify travel bubbles in the data.

We continue exploring the temporal evolution of area under the curve of FRD values
for the top 100 countries in this study, as presented in Figure 5. There are only few countries
with average area under the FRD smaller than 0.5, namely: Ethiopia (ETH), the Netherlands
(NLD), Puerto Rico (PRI), Qatar (QAT), and the Virgin Islands (VIR). It seems as though
countries in Asia have preferably executed stronger flight bans.

In order to further explore this effect, Figure 6 shows the distribution of the area under
the FRD for each country in this study. The countries are sorted by their median area
under the FRD. Countries from selected continents are highlighted: Asia (blue), Europe
(green), and North America (red). It can be seen that Asian countries are preferably
located on the left-hand side of the chart, indicating a more proficient flight ban. European
countries are more relaxed regarding flight bans, being found towards the center of the x-
axis. Towards the right-hand side, a few countries can be found that kept their flights
significantly more open, e.g., the Netherlands (NLD), Qatar (QAT) and Ethiopia (ETH).
Nevertheless, the wide range of values for individual countries suggests destination-specific
choices when making flight bans.

Figure 7 presents a different view on the previous experiment, ranking all countries
according to the standard deviation of area under the FRD, with increasing values. It can be
observed that those countries with a smaller standard deviation are often those countries
which performed a stricter flight ban (as indicated by the larger median values), with the
exception of the Virgin Islands (VIR). Moreover, it is notable that, contrary to Figure 6, there
is no obvious pattern regarding the continents.
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Figure 4. Temporal evolution of flight ratio discrepancy for the top 100 countries in this study. Solid
blue lines represent the average FRD; shaded areas represent the 95% confidence interval over all
destinations of a country.

Figure 5. Average area under FRD for all countries in this study.



Aerospace 2022, 9, 38 10 of 18

Figure 6. Deviation of the area under FRD for all countries in this study.

Figure 7. Range of area under FRD for all countries in this study.

In Figure 8, we address the question of whether the flight bans were preferably exe-
cuted on long-distance connections by plotting the distance between airport pairs (x-axis)
against the area under the FRD (y-axis). Surprisingly, there is no obvious correlation be-
tween these two variables, suggesting that the distance alone is not a good explanatory
variable for the execution of long-term flight bans. By highlighting continental informa-
tion using colors, we can see that the fact that whether two countries belong to the same
continent has negligible contribution to the area under the FRD either. Accordingly, these
decisions are more likely to be explained by individual measures and connections concern-
ing economics and other alliances.

Figure 9 reports the area under the FRD curve for each country pair in this study.
A darker cell indicates a smaller AUC, which in turn indicates a smaller reduction in the num-
ber of flights in 2020 with the year 2019 as a baseline. The countries are clustered hier-
archically based on their aggregated similarity; as indicated by the tree structures along
the left and top axis. Countries from selected continents are highlighted: Asia (blue),
Europe (green), and North America (red). It can be observed that there are four large
clusters, listed from the bottom-right to the top-left. The first cluster consists mainly of
countries in Asia and Oceania. Half of these countries are well-connected to Europe/North
America, e.g., including Japan (JPN), South Korea (KOR), and Singapore (SGP). Notably,
China (CHN), Thailand (THA), and India (IND) are not part of this cluster. In addition, all
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countries are well-connected to the critical hub countries Qatar (QAT) and the United Arab
Emirates (ARE).

The second cluster largely consists of countries located in South America and Cen-
tral America. These countries have kept up flight activity among each other and a few
other critical hub countries, e.g., the United States (USA) and Spain (ESP). The third and
fourth cluster include countries from the Middle East and South-East Asia, respectively.
The largest cluster consists mainly of European countries, together with Turkey (TUR),
Qatar (QAT), the United Arab Emirates (ARE), Saudi Arabia (SAU), and Ethiopia (ETH).
Finally, the United States (USA) and Canada (CAN) are not clustered with the remaining
countries, indicating a rather distinct decision making during the pandemic. Overall,
it can be concluded that few of the larger countries completely shut down their flights;
and most countries kept up flight connectivity with selected close neighbors and critical
hub countries.

It should be noted that the results in Figure 9 are possibly biased by the existence
of community structure in the worldwide country network. In general, the unweighted
network has a strong community structure, where countries inside a continent are better
connected than countries located on different continents. Only a few intermediate countries
cannot be assigned to static communities, mainly those which have a high bridge-like
function between the communities, e.g., the United States (USA) or the United Kingdom
(UK). Therefore, we propose to perform some post-processing on these results. For this
step, we make the following assumption: A travel bubble is special relationship between
a country pair which is significantly different from the FRD of the (major) other destinations
of a country. For instance, given that the Netherlands and the United States have kept
open connections to many other countries, these should not all be considered as travel
bubbles. Therefore, for each country, we compute a cutoff value cutc which corresponds to
the median minus standard deviation over all neighbors’ area under the FRD of a given
country c. Figure 10 reports these results. The intuition is that we want to identify des-
tinations which are outstandingly connected; therefore, we add the one-time standard
deviation to the median. Only destinations which have an area under the FRD which is
smaller than the median minus the standard deviation are considered to be significant
travel bubbles.

Figure 8. Distance comparison against area under FRD for all country pairs.
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Figure 9. Heatmap and clustering for all country pairs.

We discuss selected travel bubbles observable in the data below. First of all, there
are a few obvious travel bubble pairs: Ukraine (UKR) with Russia (RUS), France (FRA)
with Kenya (KEN), Great Britain (GBR) with Sri Lanka (LKA), and Singapore (SGP) with
Switzerland (CHE). These pairs of countries have kept mutual connections during the year
2020 much more active than their other destinations. China (CHN), despite heavy bans
on most countries, has kept flight connections to a few selected countries: Luxembourg
(LUX), Belgium (BEL), Azerbaijan (AZE), and Iran (Iran); notably the connections towards
Luxemburg (LUX) are due to air cargo traffic via Cargolux. The United Arab Emirates
(ARE) and India (IND) have kept air traffic with Canada (CAN) and Vietnam (VNM)
open, together with Egypt (AGY) and Myanmar (MMR), respectively. Sweden (SWE) and
Hungary (HUN) have built a travel bubble via Romania (ROM). Germany (DEU) has kept
high air traffic with Cyprus (CYP), South Korea (KOR), and Bahrain (BAR).
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Figure 10. Heatmap of the final travel bubbles obtained in this study.

5. Discussion

This study investigated the existence of travel bubbles in air transportation data
during the COVID-19 pandemic in the year 2020. While several academic studies and
public outlets have discussed the concept of travel bubbles, to the best of our knowledge,
this study is the first one to provide empirical evidence on the existence of such travel
bubbles using real-world global air traffic data. Methodologically, we have constructed
weekly worldwide country networks for the years 2019 and 2020, and proposed a new
index, the flight reduction discrepancy (FRD), which may prove useful in future studies.

5.1. Major Findings

Our study leads to a few key insights, which are listed below. First, we find that the air
transportation system was severely affected by COVID-19 throughout the whole year of
2020, with the peak probably being reached between March and May. Between June and
August, several countries released flight restrictions; possibly explainable by the holiday
season in the northern hemisphere. Towards the end of 2020, a sideward trend is observed
in the flight data. Second, the reaction of countries towards COVID-19 varies and, in a num-
ber of cases, is rather distinct. Those individual countries clearly exhibit different pandemic
handling strategies in terms of flight bans and releases. While some decided to keep a large
number of flights active (e.g., the Netherlands and the United States), other countries have
mostly shut down their international flight connectivity (e.g., China and Russia) in face of
the pandemic. Third, the interesting cases between these extremes—and these are the ones
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that should be considered as travel bubbles intuitively—are those countries that keep their
connectivity to certain selected destinations higher than those to other countries. We identi-
fied and reported several of these travel bubbles in our data, including explainable cases
such as the bubble formed by Russia and Ukraine. Finally, travel bubbles, as announced
in the literature, have not always led to measurable recovery in flight connectivity. For in-
stance, the eponymous travel bubble plans between Australia and New Zealand were
forestalled by a local COVID-19 outbreak. In other cases, concerns regarding the actual
implementations of a bubble led negotiations to stall.

5.2. Policy Implications

The methodology and findings of our study have important policy implications. First
of all, our research shows that there is a need for a formal definition of a travel bubble,
not only for the sake of analysis, but also for making informed decisions on whether to
open (or close) a travel bubble between countries; this is consistent with related research
on other bubbles during COVID-19 [58]. With a fuzzy concept of bubbles in mind, it is
not feasible to derive long-term strategies for the return of air transportation to normalcy.
In this study, we have chosen to define a travel bubble as deviation from average country
behaviour, following the rationale that a bubble is something specifically defined between
pairs of (or more than two) countries. The chosen definition will affect not only the findings,
but also the derived policies. Here, our study makes the first contributions towards formally
understanding the notion of travel bubbles, setting the baseline for future research and
decision making.

Second, it is somewhat striking that—despite the prominent coverage in news
outlets—the actual data provide rather minor support for the prevalence of travel bubbles
in air transportation throughout 2020. Possible explanations for this observation include
the forestalling of newly-discovered infection sites, as was the case between Australia and
New Zealand [21]. Additional explanations can be found in the lack of actual implemen-
tation guidelines. Given the inexperience with epidemically-induced travel bubbles, it is
difficult for stakeholders to set up actual policies for opening up. In particular, politicians
have tremendous pressure; on one hand, they need to stimulate the international economic
ties with other countries [16]; on the other, they are highly afraid of the consequences
of a burst bubble [59]. This deadlock possibly induces a preference for not acting after
the publicity-producing announcement of travel bubbles between (friendly) countries. Two
other factors should not be neglected when introducing travel bubbles. First, one needs
to carefully consider the fear of people and whether the sole re-installation of traffic will
possibility lead to actually increased mobility [60]. Second, flawed or inconsistent travel
policies can have deteriorating impact on peoples’ willingness to travel [61].

Third, it seems as though the major driver for bubble announcements is not necessar-
ily the epidemiological situation, but rather political ambitions. The approach does not
work, as the virus does not care about political borders or friendships among countries.
Instead, it is driven by a simple media: passenger movements. As long as two countries
exchange passengers, there is a high risk for disease spreading. The extent of this risk
depends on the epidemiological situation in both countries. Therefore, our findings can
provide stimulus for building better travel bubble models, which rely on the actual epi-
demic incidence in countries, quantifying the risk of infections, and then making informed
decisions. The common understanding of bubbles in the news and literature seems to
be that once the virus has disappeared, one can return to pre-COVID-19 situations and
processes. This is far from the truth, even if the participating countries had zero active
infections (CovidZero)—which is already tough to achieve; a single moment of inattention
can make the bubble burst. The case of China provides a reminiscent example here. China
instigated an extremely strict lock-down, quarantine for incoming travelers, digital contact-
tracing, and omnipresent temperature checks which led to the elimination of the virus
from the domestic population. Nevertheless, in the end of 2020, several smaller hotspots
emerged; the reasons are not fully understood, but possibly related to the cold food chain
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and undue waste management. Furthermore, troubles are a matter of trust. While being
agreed upon mutually, there is the issue of transitivity; if one country opens a travel bubble
with two neighbors individually, these two neighbors—in essence—are connected via
the bubble as well. Accordingly, there is a need for a better understanding and anticipation
of the down-stream effects related to travel bubbles.

Whether or not we will see a future aviation system with regular travel bubbles is
an interesting question; its answer depends on a few concerns and problems, which should
be carefully elaborated by all involved stakeholders as discussed in the paper. Overall,
decision making behind the unprecedented cross-border measures adopted during the pan-
demic needs further justification. There is a need for global travel bubble coordination
based on evidence and near-real-time COVID-19 epidemiological data; not based on politi-
cal or economic reasons alone. Finally, the ongoing efforts in vaccination will likely spur
interest and research on vaccination bubbles, which could be created between countries
with sufficiently high vaccination rates. Nevertheless, these potential vaccination bubbles
can also carry over many of the problems discussed above.

6. Conclusions

Our study performed a data-driven analysis that sought travel bubbles in flight data
for the year 2020. There are several alternatives for investigating travel bubbles in air
transportation, some of which complement the analysis presented here. For instance,
an interesting question is the existence of legal travel bubbles, as actively announced
by governments. Future research could analyze the properties of these legal bubbles
and compare them to our findings of data-measurable travel bubbles. Another direction
for future work concerns the actual data. Here, we have used the number of flights as
an indicator for the connectivity between countries. With more data available, for instance,
including the actual number of passengers, one could perform more fine-grained analysis
of bubbles and possibly detect more evolutionary changes. Similarly, it would be interesting
to distinguish cargo-converted or -used passengers aircraft in future studies, once data are
available, given that some airlines used cargo transportation as an alternative to passenger
transportation throughout parts of the COVID-19 pandemic. Finally, it would be interesting
to perform further analysis for the drivers of bubbles, including the possibility to perform
econometric analyses, such as regressions against a set of country-specific explanatory
variables. Similarly, given the recent progress in vaccination in some parts of the world,
another type of bubble will presumably become of interest: so-called vaccination bubbles,
induced by vaccination passports [62]. Instead of being based on the number of reported
cases, these bubbles could be built on the fraction of vaccinated populations in the countries
which aim to form a bubble. The analysis of such vaccination bubbles is a very interesting
and timely direction for future work.
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