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In this study, we investigated how global air connectivity shapes the
geography of multinational corporations (MNCs). Using a unique dataset
merging 7.5 million firms with 400,000 international flight routes

(1993-2023), we analyze how air network topology influences where MNCs
establish foreign subsidiaries. First, we show that reductionsin layovers
are associated with a greater presence of subsidiaries in destination

cities. Second, we show that MNCs in face-to-face-reliant sectors—such as
knowledge-based services—are more responsive to air connectivity than
firmsinlessinteraction-intensive sectors. Third, we demonstrate that
eigenvector centrality, capturing a city’s embeddedness within the global air
network, is the most robust predictor of subsidiary locations. These results
underscore the enduring role of physical connectivity in facilitating global
firm coordination and suggest that a city’s position in air networks is crucial
for attracting foreign investment.

Cities are key players in world trade and globalization, and those that
attract multinational companies (MNCs) gain power. Inrecent decades,
MNCs haveincreasingly expanded their operations internationally by
locating new subsidiaries in foreign cities' . Within this context, some
cities have attracted asubstantially larger share of foreigninvestment
compared to others*. These cities are typically major airport hubs char-
acterized by high levels of air traffic connectivity’.

MNCs’ global operationsinherently involve coordination to coun-
ter frictions ininformation transmission, stemming from transporta-
tion costs, time zone differences and the geographic dispersion of
their organizational units. Frequent flight connections help mitigate
these frictions by reducing travel time and costs®, thereby enabling
more face-to-face interactions among corporate managers, inves-
tors, clients, suppliers and other key partners, which are crucial for
trust building, nuanced communication, coordination and knowledge
creation’”’, Thisis because certain forms of knowledge—referred to as
‘know-how’ and ‘know-who’—are embedded in individuals and are dif-
ficult to transmit solely through written or digital means'. In this sense,
international passenger flight connections can effectively address the
information asymmetry challenge™ ™.

Information asymmetry is not confined to a single parent-
subsidiary relationship but rather extends across multiple tightly

interconnected relationships that often operate globally. A parent
company may have subsidiaries located in cities in various countries,
and these subsidiaries may, inturn, hold sharesin their own subsidiar-
ies, creating acomplex network of ownership linkages. This complexity
extends information asymmetry and coordination challenges both
withinand outside of the MNC"°. In fact, managers and investors often
collaborate with external partners, such as suppliers, clients and other
stakeholders, who are not part of the same corporation”. To mitigate
those frictions, MNCs may prefer to locate subsidiaries in those hub
citieswith high air connectivity to the broader city network: the easier
itis for investors, employers and business partners to travel between
different MNC locations and meet face-to-face, the more effective the
exchange of information can be.

Air passenger transportation has thus become a crucial factor in
thelocation choices of MNCs andin the ability of cities to attract foreign
investment and gain prominence in global markets'®". The existing
literature has already emphasized the importance of air connectivity
for a city’s economic development®>?. It has been shown that high air
traffic is associated with higher employment growth*?, higher real
aggregate taxable income*, greater agglomeration of economic activi-
ties—as captured by satelliteimages”—and an increase in the number
of regional headquarters or subsidiaries***%.

'Singapore-MIT Alliance for Research and Technology Centre, Singapore, Singapore. 2Department of Urban Studies and Planning and Center for Real
Estate, Massachusetts Institute of Technology, Cambridge, MA, US. ®Department of Real Estate, NUS Business School, National University of Singapore,

Singapore, Singapore.

e-mail: ambra.amico@smart.mit.edu; fduarte@mit.edu

Nature Cities


http://www.nature.com/natcities
https://doi.org/10.1038/s44284-025-00361-4
http://orcid.org/0009-0007-0024-2199
http://orcid.org/0000-0003-0909-5379
http://orcid.org/0000-0002-4467-8505
http://crossmark.crossref.org/dialog/?doi=10.1038/s44284-025-00361-4&domain=pdf
mailto:ambra.amico@smart.mit.edu
mailto:fduarte@mit.edu

Article

https://doi.org/10.1038/s44284-025-00361-4

Inthe studies mentioned above, the effect of air connectivityona
city’s attractiveness has often been assessed using local connectivity
measures. These include the total passenger flow or the number of
direct flights to other cities; and connectivity indices have been used
intheair transportation literature, although for different purposes. For
instance Suau-Sanchez et al.” and Rodriguez-Déniz et al.” introduced
demand-based indicators named traffic generator and connectivity,
respectively. However, the topological configuration of the entire air
transportation network and the influence of other airport cities that
arenotdirectly connected to the city of interest hasbeen overlooked.
Moreover, most previous studies have examined only asmall number
of cities, often only large global cities, or are limited to specific regions,
domestic flights or short time periods.

Our study adopts a broader methodological approach, relying
on a unique dataset that combines 7.5 million firm-level records with
30 years of international flight data. We examine the role of air con-
nectivity in over 800 airport cities across 142 countries between 1993
and 2023. We first assess the importance of pairwise connectivity
between parent companies and their subsidiaries, evaluating the num-
ber of direct and indirect flights between the cities in which they are
located. Then, to evaluate global connectivity, we use network-based
centrality measures—including closeness, betweenness and eigenvec-
tor centrality—that capture both direct and indirect connections within
theair transportation network thus accounting the whole topological
configuration of the network. In this sense, our global perspective is
essential for understanding the role of air transportation in the loca-
tion choices of multinational corporations. Our findings highlight
the importance of global air traffic connectivity in enhancing a city’s
attractiveness to foreign investment.

Another novelty of our analysis is that we frame global air con-
nectivity as a critical coordination infrastructure for multinational
corporations—facilitating face-to-face interaction and mitigating the
information asymmetry and coordination frictions inherent in glob-
ally fragmented operations—and provide strong empirical evidence
tosupport thisargument. Differently from previous studies that focus
on the international connections of offices and branches of global
firms®, we particularly focus on ownership relationships between
companies and subsidiaries. Because subsidiaries are independent
legal entities from their parent companies, the two entities may suffer
ahigher degree of information asymmetry, creating agreater need for
face-to-faceinteraction to facilitate information exchange, knowledge
transfer and trust building. This is especially true for knowledge-
intensive activities.

To empirically test this mechanism, we conduct a heterogeneity
analysis using an industry-level social interaction index and find that
knowledge-based service sectors—those more reliant on face-to-face
communication and knowledge spillovers—are significantly more sen-
sitive toair connectivity thanless interaction-intensive sectors such as
manufacturingin terms of choosing the global spatial distribution of
their subsidiaries. This contribution underscores therole of global air
networks asanenablinginfrastructure for organizational coordination
inthe knowledge economy.

Results

Pairwise connectivity predicts new subsidiaries

Canair connectivity between two cities strengthen their MNCs’ parent
company-subsidiary linkage? A positive answer is confirmed by the
Tobitregression (equation (1) in Methods) implemented on firm-level
and air traffic data collected over the three decades from 1993 t0 2023.
Specifically, we study pairwise air connectivity by computing the mini-
mum number of connecting flights required to travel from the origin
city to the destination city, given the existing network structure of
the air transportation system. A company-subsidiary linkage refers
to the international ownership ties created when the parent company
in the origin city establishes new subsidiaries in the destination city.

Table 1| Effects of pairwise air connectivity on subsidiary
formation

Dependent variable: 1 2) 3) (4)
In(# bsidiari
n(¥ new subsidiaries) o503 2003 20032013 2013-2023 Pooled
1 connecting flight -0.25*** —-0.21%** -015*** -0.20***
(0.04) (0.04) (0.05) (0.03)
>2 connecting flights -0.34*** -0.38*** -0.30*** -0.34***
(0.05) (0.05) (0.06) (0.04)
#direct flights (in100s)  0.02*** 0.01*** 0.01*** 0.01***
(0.00) (0.00) (0.00) (0.00)
# passenger per flight 0.09*** 0.15*** 0.14*** 0.12***
(in100s) (0.03) (0.03) (0.03) (0.02)
In(population) 0.14%** 0.16*** 0.24*** 0.19***
subsidiary city (0.01) (0.01) (0.01) (0.01)
In(population) 0.16*** 0.13*** 0.16*** 0.14***
parent city (0.01) (0.01) (0.01) (0.01)
In(GDP per capita) -0.05**
subsidiary country <(0.03)
In(GDP per capita) 0.07***
parent country (0.03)
Constant Yes Yes Yes Yes
Subsidiary country FE Yes Yes Yes Yes
Parent country FE Yes Yes Yes Yes
Decennial FE No No No Yes
Cluster s.e.: sub. Yes Yes Yes Yes
country x par. country
Pseudo R? 0.20 0.18 0.16 0.18
Number of 15,779 24,320 32,486 71,696
observations
Number of city pairs 2,448 3,180 4,296 5,431

with direct flights

Tobit models of equation (1) estimate the effect of pairwise air connectivity from 1993 to 2023.
Columns (1)-(3) and column (4) present cross-sectional and pooled regressions, respectively.
Standard errors (s.e.) are clustered at the interaction of origin and destination country fixed
effects (FEs), where the origin is the country of the parent company (par. country) and the
destination is that of the subsidiary (sub. country). The key covariates capture connectivity
and are dummy variables indicating the minimum number of connecting flights. The
dependent variable is the log of the number of new subsidiaries established in the destination
city by parent companies from the origin city in each 10-year period. The results highlight that
fewer connecting flights strengthen the parent-subsidiary city linkage. GDP, Gross Domestic
Product. ***P <0.01; **P <0.05.

The strength of the linkage indicates the number of new subsidiaries
summed across all companies.

The results of estimation are in Table 1. A value of zero indicates
a direct flight, whereas connecting flight =1and > 2 denote indirect
flights with one layover and with two or more layovers, respectively.
Columns (1) to (3) report cross-sectional regressions for the three
decennial periods 0f1993-2003,2003-2013 and 2013-2023. Column
(4) presentsapooled regression. By poolingall periods of data, we can
use year fixed effects to control for general trends in MNCs’ cross-bor-
der operations that reflect globalization rather than air connectivity.
It also accounts for time-varying regional income that may influence
foreign investment decisions.

We find that city pairs connected through at least one connecting
flight are associated with, onaverage, 20% fewer subsidiariesin the des-
tination city, relative to otherwise identical pairs connected by adirect
flight. Ifthe minimum number of connecting flights is two or more, the
reduction relative to having a direct flight optionis even greater: 34%
fewer subsidiaries every 10 years during the 30-year period. Translated
into an average annual change, these reductions amount to 1.8% and
3.0% fewer subsidiaries each year. Whereas the 1.8% figure represents
only a handful of enterprises within the scope of this study, the effect
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Fig. 1| Global air network and leading central airport cities. Left panels show
the global air traffic network in 2019, with node size reflecting degree (top),
betweenness (middle) and eigenvector (bottom) centrality. Right panels list the
top-20 cities ranked by the corresponding metric. Nodes represent airport cities,
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and links denote direct flight connections. The global air traffic network was
visualized using the Gephi software**, applying the Geo Layout plugin to position
nodes according to their geographical coordinates.

isnon-negligible becauseit reflects just one of the many parent cities a
destination can connect to. When summed over all possible parent cit-
ies, the difference becomes substantial, suggesting that a city without
convenientair transportation could be left behind in the MNC invest-
ment network. This result, obtained over the entire 30-year period,
is consistent between the three decades considered separately. The
signs and significance levels of the coefficients remain stable in both
the decade-specific regressions and the pooled 30-year regression.
The modelincludes additional covariates used to strengthen the
identification. However, these controls also reveal several meaningful
results. First, if a city pair is connected by a direct flight route, then

having 100 additional flights on that route at the start of a10-year
periodis associated with 1% more subsidiariesin the destination city at
the end of the period. Similarly, a higher average number of passengers
per flightisalso positively associated with the number of subsidiaries.
The estimated coefficients for population and income indicate that
large cities not only attract more foreigninvestment but also generate
more outward investment through multinational companies. MNCs
based in high-income cities tend to expand abroad in search of new
opportunities. These investments often flow to developing countries,
where destination cities offer lower business costs and thus acompara-
tive advantage.
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Itisimportantto note thatall covariates are measured in the initial
year before the 10-year period. This setting is intended to partially
alleviate underlying endogeneity concerns. We acknowledge that the
number of new subsidiaries in a destination city may also affect the
number of direct flights to that city, as increased business activity can
increase the demand for air travel. To further address these concerns
and strengthen the causal interpretation of the results, we use the
establishment of the World Trade Organization in1995 as an exogenous
shock to ownership linkages between cities in different countries.
Theresultsarereportedin Supplementary Section 1. Our findings are
consistent with those discussed above, suggesting that air connectivity
is akey factor in MNC location choices and that the effect is robust to
potential endogeneity.

Global connectivity predicts new subsidiaries

Air connectivity can be analyzed from two perspectives. In the pre-
vious subsection, we examined pairwise connectivity, focusing on
direct links between city pairs. Here we shift to the macro dimension,
considering how acity’s positionin the global network—through both
direct and indirect connections—may enhance its attractiveness to
MNCs. To evaluate this, we employ four network-based centrality
measures—degree, eigenvector, betweenness and closeness—each
capturing adifferent aspect of a city’s global connectivity. Degree cen-
trality reflects how many cities a city is connected to via direct flights,
whereas eigenvector centrality also accounts for how well connected
itsneighboring cities are. Betweenness centrality capturesacity’srole
asapotential transfer hub, linking other cities throughits routes, and
closeness centrality measures how easily a city can reach all others
with a minimum number of connecting flights. We leave the detailed
definitions and interpretations of the centrality measures to Methods.
Arepresentation of the global air traffic network is shownin Fig. 1. City
sizesand colors correspond to degree (top), betweenness (middle) and
eigenvector (bottom) centrality values.

The results from the regression model expressed by equation (2)
are reported in Table 2. Again, Columns (1) to (3) are cross-sectional
results by decade. Column (4) concerns the regression pooling all data.

We find that all centrality measures—except for closeness-are
positively and significantly associated with the number of new sub-
sidiaries. This relationship holds consistently across the three decades
analyzed (1993-2023), with elasticity values increasing slightly from
thefirst to the third decade. A one-standard-deviationincreasein the
log-transformed centrality of a city in the initial year is associated with
up to 63% more subsidiaries over the subsequent 10 years for degree,
44% for betweenness and 55% for eigenvector.

Note that the values above are expressed in terms of standard
deviations of the log-transformed centrality measures. When trans-
lating these values into percentage changes, we obtain the following
elasticities:al0%increase in degree centrality leads to approximately a
4.3%increase in the number of subsidiaries. For betweenness, the cor-
respondingincreaseis 0.5%, and for eigenvector centrality, it isabout
0.9%. This effect becomes stronger over the three decades. Closeness
centrality, however, does not show a significant effect on the number
of new subsidiaries.

Overall, our findings support the view that a city’s positionin the
air traffic network—measured by its degree, betweenness and eigen-
vector centralities—predictsits attractiveness to MNCs. The elasticity
values estimated for these three measures differ numerically, but these
differencesare notstatistically significant, as shown by the Chi*tests. To
assess the relative importance of the centrality measuresin predicting
subsidiary locations, we conduct a Principal Component Regression
(PCR)*, as described in the next subsection.

Centrality contributions to subsidiary location choice
Here we perform a PCR* to identify which aspect of a city’s centrality
intheair traffic network is most relevant for MNCs’ subsidiary location

Table 2 | Effects of global air connectivity on subsidiary
formation

Dependent variable: In(# (1) 2 3) (4)
new subsidiaries) 1993- 2003- 20132023 Pooled
2003 2013

Key variables
s.d. In(degree) 0.63*** 0.67*** 0.73*** 0.63***
0.15) (0.07) (0.08) (0.05)
Pseudo R? 0.38 0.40 0.38 0.36
s.d. In(closeness) 0.02 0.15 0.36 on
(0.08) (0.19) (0.35) (0.08)
Pseudo R? 0.35 0.36 0.35 0.33
s.d. In(betweenness) 0.38*** 0.44*** 0.59*** 0.44***
(013) (0.07) (0.08) (0.05)
Pseudo R? 0.36 0.38 0.37 0.35
s.d. In(eigenvector) 0.43*** 0.53*** 0.76*** 0.55***
(0.16) (0.11) (0.11) (0.08)
Pseudo R? 0.37 0.39 0.38 0.35
Other covariates
Constant Yes Yes Yes Yes
In(population) Yes Yes Yes Yes
In(GDP per capita) No No No Yes
Country FE Yes Yes Yes Yes
Decennial FE No No No Yes
Cluster s.e.: country Yes Yes Yes Yes
Num. obs. 455 559 692 1,706
Coefficient tests (x2)
Ho: Boegree =Beigenvector 0.94
Ho: Beigenveotor=Betweenness 162
Ho: Baatweenness =Batoseness 1222

Tobit models of equation (2) estimate the effect of global air connectivity from 1993 to 2023.
Columns (1)-(3) and Column (4) present cross-sectional and pooled regressions, respectively.
The key covariates capture global connectivity by four network centrality measures:

degree, betweenness, eigenvector and closeness. The dependent variable is the log of new
subsidiaries established in the city during each 10-year period. Standard errors are clustered
at the country fixed effects (FEs) level. The results highlight that degree, betweenness and
eigenvector centrality are positively associated with the number of new subsidiaries, whereas
closeness centrality does not show a significant relationship. ***P <0.01.

choices. We opt for this approach to address the multicollinearity issue
among the centrality measures. Indeed, the Variance Inflation Factor
values range between 5 and 10, suggesting that multicollinearity may
beaconcern. PCR mitigates this problem by transforming the original
centrality variables into uncorrelated principal components (PCs).
We then regress the number of new subsidiaries on these PCs. Finally,
we evaluate the contribution of each centrality measure to the PCs.

InFig.2a, wereport the estimated coefficients for each of the four
PCs across the three decades, highlighting in blue the ones that are
statistically significant. In Fig. 2b, we show the contributions of each
centrality measure to the PCs that are statistically significant. The full
results are presented in Supplementary Table 2.

Two components consistently show the strongest predictive
power: PCland PC3, with PC3 having a higher estimate. PC1combines
allfour centrality measures, with degree, betweenness and eigenvector
contributing equally, and closeness only marginally. PC3, by contrast, is
mainly driven by eigenvector centrality, which accounts for about 73%
ofits contribution. This pattern is consistent across all three periods,
with aslightly stronger effect over time.

Our results point to eigenvector centrality as the centrality meas-
ure most strongly associated with new subsidiary locations. This canbe
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Fig. 2| PCR. We apply PCR to quantify the contribution of each centrality
measure to subsidiary formation in cities over three periods (1993-2003,
2003-2013 and 2013-2023). a, The regression coefficients for the three decades.
Components with a significant effect (P < 0.05) are highlighted in blue (PC1and
PC3). Error bars indicate 95% confidence intervals for the estimated coefficients,
computed from the standard errors of the ordinary least squares estimates.

Significant No

City-level sample sizes are 458 for the first period, 563 for the second period and
696 for the third period. b, The contributions of the centrality measures to the
significant components PC1and PC3. All centrality measures contribute to PC1,
whereas eigenvector centrality shows the largest contribution to PC3 across all
three periods.

explained by two characteristics of this measure. First, unlike degree,
betweenness and closeness, eigenvector centrality is aweighted meas-
urethatincorporates the volume of passenger traffic, making it more
informative than purely topological metrics. Second, eigenvector
centrality can be interpreted through the random walk model***,
which captures dynamic processes on the network. In this framework,
arandom walker is more likely to visit and eventually terminate at
nodes with high eigenvector centrality, as these nodes not only exhibit
substantial passenger flows themselves but are also connected to other
high-flow nodes. In the context of the global air traffic network, this
corresponds to the movement of passengers between cities. Cities with
higher eigenvector centrality are therefore more likely to experience
greater flows of people, which, in turn, can be linked to knowledge
flows that, as noted in the introduction, enhance business activities
inseveral ways.

Our finding that eigenvector centrality is the strongest predic-
tor aligns with the firm network literature, which associates higher
eigenvector centrality with greater innovation and organizational per-
formance. For example, Debreceny et al.** found a strong correlation
betweenafirm’s eigenvector centrality in the Twitter communication
network and its accounting fundamentals; Nezami etal.* conducted a
meta-analysis showing that network centrality is positively related to
firm performance, with the effect of eigenvector centrality strength-
ening over time; and Larcker et al.”’ reported that a firm’s eigenvector
centrality in the board of directors network is positively associated
withits market value.

Air connectivity enhances knowledge-intensive sectors

Not all businesses require the same level of air travel. The impact is
greater inindustries where investors, managers and employees need
totravel frequently for effective in-person communication, trust build-
ing and coordination. Knowledge-intensive sectors, such as financial
and professional services, which typically rely on more face-to-face
interactions, are therefore likely to benefit more, asin-person contact
can create competitive advantages®*** ™,

Aworkplace social interaction potential (SIP) index, which meas-
ures the frequency of face-to-face communication in business, was
developed by Wessel et al.*°. They report SIP values for NAICS two-
digit sectors, which we use to classify industries into three groups:
High, Medium and Low SIP. The High SIP group includes NAICS 48-49
and 51-56, with information, finance and insurance and professional,
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Fig. 3| Heterogeneous effects across industries. We examine differences across
NAICS industry classifications in the impact of air connectivity on attracting

new businesses. The estimated coefficients for direct flights and for degree,
betweenness and eigenvector centrality are shown by SIP class, which reflects
the importance of face-to-face interaction by industry (higher SIP=greater
importance; ref. 40). For direct flights, the unit of analysis is the city pair within
aspecific NAICS two-digit industry, whereas for the centrality measures, it is the
destination city within a specific NAICS two-digit industry. Thus, the sample sizes
for the direct flight analyses are 18,970, 69,947 and 11,266 for high, medium and
low SIP groups, respectively; and for the centrality analyses, they are 3,682,1,516
and 2,928 for high, medium and low SIP groups, respectively. All these samples
are panel data comprising three decades of observations. The regression
specifications are based on equation (1) for direct flights and equation (2) for the
centrality measures. The coefficient estimates and their 95% confidence intervals
are plotted. We find that the effect of air connectivity is stronger inindustries
where face-to-face interaction matters more; in high-SIP industries, all air
connectivity measures are statistically significant.

scientific and technical services ranking highest. The Low SIP group
includes NAICS 23,31-33,41-45and 92, where construction, manufac-
turing and retail trade are most prominent. This classification allows us
to examine whether the effect of air connectivity is stronger inindus-
triesthat rely more heavily on frequent in-personinteraction. Further
details on the classification procedure are provided in Methods.
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We repeat the pairwise connectivity and global network-based con-
nectivity regressions presented earlier, breaking down the results by
SIPgroup. Figure 3 reports the key coefficient estimates and their con-
fidence intervals. The leftmost panelillustrates the effect of pairwise
connectivity, whereas the next three panels present results for global
connectivity, expressed through eigenvector, degree and betweenness
centrality. Figure 4 shows the top twenty airport cities ranked by the
total number of foreign MNC subsidiaries in 2023, aggregated across
alINAICS sectors. Additional details on the firm-level data and industry
classifications are provided in Methods.

City pairs with direct flights attract more MNC cross-border sub-
sidiariesthanthose without. This effectis stronger forindustriesin the
High SIP group, whereasit is not statistically significant for thosein the
Low SIP group. A similar pattern emerges for global connectivity: all
three centrality measures significantly increase the likelihood that a
destination city attracts subsidiaries—evenin Low SIP sectors—but the
effect is disproportionately larger in High SIP sectors, which benefit
the most from air connectivity.

Discussion

This Article investigates how global air passenger connectivity shapes
the geography of multinational companies’ investment on the estab-
lishment of foreign subsidiaries in airport cities. As MNCs operate
across vast networks worldwide, a global perspective is essential to
understand theinfrastructure that enables coordination and reduces
information asymmetry. Whereas prior studies have largely relied on
local connectivity measures, such as the number of direct flights or
total passengers, we argue that these indicators must be complemented
with global network metrics that reflect the full topological structure
ofthe air transportation system.

Combining over 7.5 million firm-level records with 30 years of
international flight data globally, we demonstrate that flight con-
nectivity is significantly associated with MNCs’ subsidiary location
decisions. We also find that pairwise air connectivity between parent
and subsidiary cities matters: direct flight is positively associated
with new subsidiary formation, whereas a higher number of required

layovers is negatively associated. This supports the view that air
access lowers the frictions of face-to-face coordination across organi-
zational units. Interms of global network metrics, cities with greater
direct connectivity (degree centrality), bridging positions between
regions (betweenness) or deeper integration into the global net-
work (eigenvector centrality) consistently attract more subsidiaries.
Among these, eigenvector centrality emerges as the most robust and
strongest predictor. It captures not only a city’s own connections but
also the connectivity of its neighbors, offering a measure of embed-
dedness in the global air network. We interpret this as a proxy for a
city’s capacity to facilitate the flow of people, information and knowl-
edge, makingit especially attractive for firms operating globally. As
noted in the literature*”, knowledge connectivity is an important
factor in MNCs’ location decisions. Cities that are well connected
within knowledge networks—such as those based on co-invention,
co-authorship or citation patterns—also tend to attract a greater
number of MNC subsidiaries. Overall, our findings echo insights
from firm network research, which shows that firms embedded in
highly central networks tend to exhibit stronger performance and
innovation outcomes®™.

Importantly, these effects are not uniform. Heterogeneity anal-
ysis shows that firms in communication-intensive sectors, such as
knowledge-based service sectors, are more sensitive to air connectiv-
ity thanthose in other sectors such as manufacturing. These patterns
hold consistently over the 30-year period, from 1993 t0 2023, for both
pairwise and network-based connectivity measures, underscoring the
long-standing and persistent role of air transportation in mitigating
information and coordination frictions and facilitating MNC'’s global
expansion of investment.

This study opens several avenues for future research. First, due to
datalimitations, we are unable to observe individual passenger itiner-
aries, which prevents us from distinguishing true transfer passengers
fromdirect-origin-destination travelers. Instead, we rely on the mini-
mum number of connecting flights inferred from network topology.
While thisis a valid proxy, future access to passenger-level travel data
could help capture morerealistic travel behavior and provide abasis for
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crossvalidating our findings. Second, to sharpen our focus on how air
connectivity mitigates information asymmetry—and due to constraints
in data processing and article scope—we restrict our analysis to sub-
sidiaries, excluding branchlocations, because branches typically face
lower coordination frictions relative to subsidiaries. Future research
could expand the analysis to compare the role of air connectivity across
both types of MNCs’ establishments. Additionally, further research
could explore how occupational roles, firm-level digitalization and
hybrid work models interact with physical connectivity in shaping the
evolving geography of global business activity.

Overall, our findings strongly suggest that what matters is not
only the number of direct connections a city has, but also which cit-
iesitis connected to. This insight carries important implications for
policymakers. Many hub airports—such as London—are facing air
traffic saturation, prompting de-hubbing processes that may reduce
the number of direct connections®®*. Such de-hubbing may not neces-
sarily harm the economicgrowth of airportcities, provided they remain
wellintegrated into the global network throughindirect connections.
Rather than focusing solely on building new connections, efforts could
be directed toward enhancing existing ones—especially those linking
to cities with high eigenvector centrality, which represent strategic
nodes in the global air traffic network.

In practice, however, this is not always easy or even feasible. The
airline industry is highly demand-driven (instead of supply-driven),
and smaller airport cities may struggle to establish or maintain direct
connections with major hubs when demand is limited, making it dif-
ficult to attract new airlines. Moreover, the configuration of the air
transportation networkis shaped not only by currentairline strategies
but also by historical ties and long-standing commercial relation-
ships?%. As a result, modifying the network structure is a complex
and often constrained process. Further research is needed to explore
more realistic scenarios of de-hubbing and re-hubbing. Thisincludes
investigating how reconfiguring the global air transportation network
may affect cities’ network positions and, in turn, their attractiveness
to multinational corporations.

Methods

Data

Air traffic data. The air traffic data were collected from the Traffic by
FlightStage (TFS) dataset published by the International Civil Aviation
Organization*>. The TFS dataset covers approximately 400,000 inter-
national flight connections between city pairs worldwide. It includes
each flight’s departure and destination cities, the number of direct
flights and passenger counts per flight, all aggregated at the annual
level. The dataset spans 34 years, from 1989 to 2023. In our analysis,
we focus on three decades, from 1993 to 2023. While the TFS dataset
contains some domestic flights, we focus oninternational connections
and exclude domestic flights from our analysis.

Using the annual flights, we reconstruct the global air traffic net-
work and represent it as a weighted graph, where nodes are cities and
links are direct flight connections. The weight of each link represents
the number of passengers traveling between the two cities. The mini-
mum number of connecting flights between two cities is defined as
the shortest path length in the network. Since the TFS dataset does
notincludeitinerary-level passenger data, this measure captures only
potential connectivity between cities, not real passenger itineraries.
Ittherefore reflects the accessibility of routes implied by the network
topology rather than the actual paths taken by travelers.

To quantify a city’s global air connectivity, we calculate four cen-
trality measures: degree, eigenvector, betweenness and closeness®.
Figure 1 shows the global air traffic network in 2019, visualized using
the Gephisoftware**, with node size and color proportional to the val-
ues of degree (top), betweenness (middle) and eigenvector (bottom)
centrality. Therankings of the top-20 cities for each centrality measure
aredisplayed ontheright side of the figure.

The global air traffic network reveals dense connectivity among
European cities, which dominate the degree centrality ranking, as this
measure captures only direct connectivity. Large US cities, such as
New York or Los Angeles, do not appear as prominently in the global
rankings because domestic flights, including intra-US flights, are
excluded from the analysis. To emphasize, our study focuses oninter-
national companies, that is, subsidiaries of multinationals, and their
relationships with the international airline network (specifically the
links between a parent company in one country and its subsidiariesin
another). Because domestic flights do not capture such cross-border
relations, whichis the core of this Article, they are not included in the
analysis. Future research could investigate how domestic flights shape
the spatial distribution of domestic subsidiaries and branches and to
what extentintra-country and intra-continental connectivity comple-
ment inter-continental connectivity in shaping the location patterns
of MNC subsidiaries.

Betweenness centrality, on the other hand, highlights cities that
function as bridges between pairs of airport cities. Notable examples
include Doha in the Middle East, Johannesburg in South Africa and
Miami in the USA. The eigenvector centrality highlights cities with
high connectivity that are also well connected to other major hubs in
the network. In this case, Singapore and New York rank highly, along
with other Asian cities such as Shanghai and Tokyo.

Firm-level data. Firm-level data were obtained from the Orbis data-
base®. The dataset provides comprehensive firm-level information,
including ownership linkages. For each company, we retrieve the com-
plete list of subsidiaries, specifying the city-level location of both the
parent company and its subsidiaries, along with their sectoral clas-
sification according to the North American Industry Classification
System (NAICS).

The dataset alsoincludesthe year ofincorporation for both parent
and subsidiary companies, enabling us to calculate the number of new
subsidiariesin a given city within a specified time period, §,.

In this study, we focus on large- and medium-sized firms with
aminimum annual revenue of US$5 million. As a result, our dataset
includes a total of 7,593,874 firms, encompassing both parent and
subsidiary entities located worldwide. Note that the parent companies
are not necessarily the headquarters. The parent companies hold
direct control of its subsidiaries, while the headquarters represent
the primary administrative center. Note also that we include only
firms that are officially registered as subsidiaries. We follow Orbis
classification without applying additional filters based on ownership
share. Asaresult, all subsidiaries areincluded regardless of the parent
company’s ownership percentage, including those with unspecified
ownership stakes.

Although Orbis provides dataonboth branchlocations and subsidi-
aries, our analysisis restricted to subsidiaries. Subsidiaries are separate
legal entities owned by the parent company, possessing greater auton-
omy andindependent financial obligations compared to branches. This
legal separationintroduces stronger information asymmetry between
parent company headquarters and subsidiaries thanis typically present
inbranch structures. As aresult, the communications between parent
companies and subsidiaries face greater informational frictions and
these frictions are further compounded by physical separation and
transportation costs, making subsidiaries particularly sensitive to
global air connectivity. As this mechanismlies at the core of our research
question, we focus on subsidiaries rather than branches and leave the
exploration of branch-level dynamics for future research.

Airport cities. In this study, we focus on airport cities, that is, cities
that have an international airport and are part of the global air traffic
network, as reconstructed from the TFS dataset.

As companies may locate their subsidiariesin suburban areas, we
consider all urban and suburban areas within 60 km of the airport as
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part of the airport city. This setting required additional data mining
steps. First, from the city and country names where firms are located,
we extracted their geographical coordinates using OpenStreetMap via
the geopy Pythonlibrary. Then we measured the distance of such cities
to the closest airport in the country. The list of airports was obtained
from the OpenFlights Database*®, which provides the city name, the
mainairport associated withthe city and the geographical coordinates
of14,110 airports worldwide. Thus, we calculated the distance between
each city and the closest airport, and if that distance was less than
60 km, weincorporated the firminto the airport city.

We acknowledge that defining an ‘airport city” as all airports within
a60-kmradius assumes seamless inter-airport connectivity, which may
not reflect ground transport realities. This approach was necessary
duetodatalimitations—we lack passenger itinerary data—and ensures
consistency across thousands of cities. The limitation mainly affects a
few large multi-airport metropolitan areas; for most cities, the aggrega-
tion is either irrelevant or accurate. Future work using itinerary-level
data couldrefine airport-level connectivity within metropolitanareas.

To ensure consistency, city names were thoroughly cleaned by
converting them to ASCII (the American Standard Code for Informa-
tion Interchange) format, removing special characters and eliminating
numbers sometimes included in the Orbis data. Additionally, some
Eastern European country names were updated toreflect their current
names following the Yugoslav wars.

After filtering out companies without city location information
and considering only subsidiaries whose parent companies arelocated
inaforeign country, our final sample consists of 729,273 firms located
in829 airport citiesin 142 countries. Figure 4a displays aworld map with
bar chartsindicating the total number of foreign MNC subsidiaries in
thetenlargestairportcitiesin2023, along with anillustrative example
of how these cities are interconnected through business linkages.
Figure 4b ranks the top-20 cities. Singapore and London have the
highest numbers, with about 6,000 firms in the former and 5,000
in the latter. Many Asian cities, including Shanghai, Beijing, Kuala
Lumpur and Seoul, follow closely, dominating the ranking and under-
scoring the growing importance of the Asian market in attracting
MNCs’ subsidiaries.

Control variables. City-level population data are sourced from the
WorldPop Database***®. The dataset provides historical population esti-
mates from 2000 to 2020 at a 1-km resolution grid worldwide. To get
thetotal population ofthe city, we use the city borders obtained from
OpenStreetMap using the osmnx Pythonlibrary. Country Gross Domes-
tic Product (GDP) data are sourced from the World Bank Database™.

Hypothesis testing

Pairwise connectivity. We measure the pairwise air connectivity
between two cities by computing the minimum number of connecting
flights required to travel between them, given the existing topology of
theglobal air traffic network. Thus, given two airport cities we examine
how their connectivity affects the likelihood that a parent companyin
one city will locate new subsidiaries in the other. Our unit of analysisis
anownership link between two cities: they are connected if acompany
based in one city has a subsidiary in the other. The linkage is directed
from the origin city to the destination city; thus, two cities may have
two types of linkage, onein each direction. Its strength is represented
by the number of subsidiaries located in the destination city.

We assume that these linkages can be explained by asimple grav-
ity model*°, where two cities are more likely to be connected through
anownership linkage ifthey are large in terms of their population and
geographically close. Here instead of using geographical distance, we
measure the closeness between cities using the air traffic connectiv-
ity. Our hypothesis is that air traffic connectivity between two cities
strengthens such ownership linkage, increasing the number of new
subsidiaries located in the destination city.

Inthe analyzed data, many cities did not establish new subsidiaries
during the period considered. To account for the prevalence of zero
values, we use a Tobit model* with logarithmic transformation. We
aim to predict the ownership linkage between city i and cityj at time
t+,based ontheair connectivity between the two citiesat timet. The
models are specified as either a cross-sectional, for agiven decade, or
apooledregression that includes all decades together. For the latter,
the specificationis as follows:

InYj .6,
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The outcomevariable, ¥}, 5, represents the strengthening of the own-
ership linkage between city i and cityj within the period 8,. This is
measured as the number of new subsidiaries located in cityj (the des-
tination city), with parent companies located in city i (the origin city)
and established within the period 6,.

Using al0-year §,, we compute air connectivity in three reference
years (t) to predict the number of new subsidiaries established in the
following decade (¢ + 6,). The first period takes 1993 as the reference
year to predict the number of new subsidiaries established between
1994 and 2003. The second period uses 2003 as the reference to pre-
dict the number of new subsidiaries between 2004 and 2013. The
third period uses 2013 as the reference, to predict the number of new
subsidiaries between 2014 and 2023.

All time-varying covariates are measured in the reference year t.
The key regressor, X;;,, indicates the minimum number of connecting
flights between city iand city. The vectors Z;,and Z; ,include the popu-
lation and the country’s GDP per capita of city i and city, respectively,
to control for market size and business costs. Country fixed effects
forthe originand destination cities, denoted by v,and v, respectively,
absorb country-specific unobservables such as culture and national
policy. In the pooled regression, the time fixed effects are expressed
by 7.. Thevector K isacontrol variable that denotes, in compact form,
the totalnumber of direct flights and the average number of passengers
per flight betweeniandjinyeart. These areincluded for the following
reason. The airline business is mainly driven by demand from leisure
travelers®, who are attracted to cities with notable destinations. This
demand supportsdirect flights, which, inturn, provide convenience for
business travelers, making such cities favorable for MNCs’ international
operations. In other words, the establishment of subsidiaries can be
related both to the availability of direct flights and to the destination
city’seconomic conditions, and these two factors are also correlated.
However, the decision to open overseas subsidiariesisinfrequentand
takes time. Therefore, we use air travel activity (such as passenger
numbers) in the initial year to approximate unobserved economic
factors and separate them from the effect of pairwise air connectivity.
Lastly, we cluster standard errors by theinteraction between origin and
destination country fixed effects to account for residual correlations
arising from heterogeneous bilateral trade relations and physical
proximity between countries.

Global connectivity. By global connectivity, we mean both direct
andindirect connectionsto all other cities in the network. We employ
four network centrality measures: degree, eigenvector, betweenness
and closeness*. An overview of each of these centrality measures is
provided below, along with their interpretationinthe context of the air
traffic network. The formulas and interpretations are summarized in
Supplementary Table 3. References **** provide amore comprehensive
discussion of these measures.

The degree of anode represents the number of direct connections
ithaswith other nodesinthe network. Inthe air traffic network, acity’s
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degree refers to how many other cities it has direct flight connections
with. Eigenvector centrality measures anode’simportance by consid-
ering how many direct connections it has but also how well connected
itsneighbors are. Anode with high eigenvector centrality is connected
to other highly connected nodes. In the air traffic network, thismeans
that a city with high eigenvector centrality has direct flights to other
cities that are also well connected. Betweenness measures how many
routes pass through an airport city to connect two other cities, effec-
tively acting as a bridge in the network. A city with high betweenness
centrality can serve as a key transfer or layover point for passengers
traveling between other cities. Finally, closeness centrality measures
anode’s average distance to all other nodes in the network. A city with
high closeness centrality is connected to other cities via short travel dis-
tances, suchasdirect flights or indirect flights with few layovers. Unlike
degree centrality, whichisalocal measure, eigenvector, betweenness
and closeness centrality are global measures, as they depend on the
overall structure of the network.

Here we test the hypothesis that airport cities with higher central-
ityintheair trafficnetwork are more likely to attract subsidiaries from
foreign companies. The unit of analysis is the city, and the outcome
variable is the number of new subsidiaries formed withinagiven period
8,. As above, to deal with the prevalence of zero values, we use a Tobit
modelwithalogarithmictransformation. We aim to predict the number
of newsubsidiariesin cityjattime ¢+ §,based on the city’s centrality at
timet. Themodels are either a cross-sectional or a pooled regression,
and the specification of the latter is as follows:

InY;.s =a+ BSD l"X’;,t +yInZ, +vi+ 1.+ €, 2)
N————————
Global air
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where the dependent variable Y, indicates the number of new
subsidiaries established during the period ¢ + §,. The key regressor,
ij,t, represents the kth centrality of cityjin the air traffic network at
thetimet, and SD denotes the standard deviation. The four centrali-
ties include: degree (k=1), eigenvector (k =2), betweenness (k =3)
and closeness (k = 4). For coherent results interpretation, we stand-
ardize the centrality measures™. The vector Z;, includes the city j’s
population and its country’s GDP per capita. Weinclude country fixed
effects v;and year fixed effects 7,. Standard errors are clustered at the
country level.

Heterogeneous effect analysis by industrial sectoral group. Dif-
ferent industries place varying importance on air traffic connectivity
and centrality. To capture this, we adopt the workplace index of social
interaction potential (SIP) from Wessel et al.*°. The SIPindex measures
how strongly an industry relies on face-to-face communication: the
higher the value, the greater the need. Using their estimates (Fig. 3 in
ref. 40), we classify industries into three groups—high, medium and
low SIP—based on two-digit NAICS sectors.

 High SIP: transportation and warehousing (48-49), information
(51), finance and insurance (52), real estate and rental and leasing
(53), professional, scientific and technical Services (54), manage-
ment of companies and enterprises (55) and administrative and
support and waste management and remediation services (56).

« Medium SIP: wholesale trade (42), educational services (61),
health care and social assistance (62), arts, entertainment and
recreation (71), accommodation and food services (72) and
other services (81).

» Low SIP: construction (23), manufacturing (31-33), retail trade
(44-45) and public administration (92).

Each new subsidiary is assigned to an SIP group according to
its two-digit NAICS code. We then count subsidiaries by SIP group,

origin-destination city pair and decennial period. Finally, we conduct
both pairwise and global connectivity analyses, as described in the
subsections above, ‘Pairwise connectivity’ and ‘Global connectivity’,
but separately for each SIP group.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The compiled version of the data used in this study is available via Code
Ocean at https://doi.org/10.24433/C0.5314715.v1.

Code availability
The analysis code is available via Code Ocean at https://doi.
0rg/10.24433/C0.5314715.v1.
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