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Abstract

This paper investigates the economic impacts of ine [Cieht transport network design,
using China’s restrictive airspace as a case study. China’s commercial airlines are
limited to using 20% of its airspace, giving rise to an average route curvature of 17%—
compared to 5% in the US and Europe. Using route curvature as a direct measure
of ine Cciehcy and an IV estimation strategy, We find that greater route curvature
increases airfares and delays while reducing flight frequency and aeroconnected city
pairs. These ine [Ciehcies cascade into broader economic costs, hampering cross-city
activities including corporate investment, patent collaboration, personal travel, and

migration.
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1 Introduction

Few inventions better represent the age of globalization than the airline network. Today,
people and cargo are transported across the globe at unprecedented speeds and historically
low costs. A key advantage of air travel is that airspace is free of physical barriers, allow-
ing aircraft to follow the most e [cieht direct routes. However, flight paths are often not
straight—an often overlooked fact.

Consider two airline routes in China, shown in Figure 1 Panel (a): Shanghai-Zhangjiakou
(1,205.1 km direct distance) and Chongging-Shijiazhuang (1,205.4 km direct distance). De-
spite their near-identical direct distances, the routes’ curvatures—measuring deviations from
the straight-line path—di [en significantly: 49.9% for Shanghai-Zhangjiakou but 4.8% for
Chongging-Shijiazhuang. This means the Shanghai-Zhangjiakou flight route is on average
543 kilometers longer.

This stark dilerence is not attributable to common factors such as weather conditions,
bird strikes, or air tra [c_thanagement. Instead, it highlights a critical yet often overlooked
source of ine [ciehcy in transportation networks: politics. Geopolitical conflicts, bureau-
cratic red tape, national security concerns, and other political factors frequently lead to
suboptimal design of transportation networks, aledting transportation industry dynamics
and generating economic and welfare losses. While extensive research, particularly that of
Campante and Yanagizawa-Drott (2018), has documented the welfare gains from transporta-
tion connectivity and networks on the extensive margin (Faber, 2014; Bahar et al., 2023),
less attention has been given to the economic impact of ine Lcieht route design or network
“quality.” A key empirical challenge in addressing this gap lies in measurement: How can we
quantify route ine Lciehcy? Specifically, how do we identify optimal counterfactual routes?

The airline network provides a unique setting to study ine Lcieht design of transportation
networks for two main reasons. First, route curvature provides a direct and intuitive measure
of ine Lciehcy. In contrast to land transportation, where the optimal routes are shaped by
physical barriers such as mountains and rivers, air travel can be benchmarked against the
great circle distance—the shortest path between two points on a sphere. While individual
flights may deviate from this benchmark because of “random” factors such as weather, per-
sistent route curvatures typically reflect regulatory constraints. Second, the airline industry
is one of the most heavily regulated sectors globally. Governments exert significant control
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Figure 1: Airline routes in China and the US

Notes: Panel (a) shows a typical straight airline route (Chongging-Shijiazhuang, curvature 4.8%), alongside
a typical curved airline route (Shanghai-Zhangjiakou, curvature 49.9%). Panel (b) displays China’s five
most curved airline routes of over 1000 km: Shanghai-Zhangjiakou (curvature 49.9%, black), Hengyang—
Qingdao (curvature 44.5%, red), Zhengzhou-Jieyang (curvature 43.1%, blue), Xi’an-Ganzhou (curvature
43.1%, purple), and Chongging—Quanzhou (curvature 42.3%, green). Panels (c) and (d) show real-time
flight maps from www.flightradar24.com for mainland China and the continental US at 12:00 PM Beijing
time and 12:00 PM EST on June 1, 2025.

over route establishment, airline formation, and market access through strict licensing and
operational requirements. The impact of such regulations on route e [ciehcy is evident from
several recent examples: Argentina’s pre-2016 mandate that almost all domestic flights pass
through Buenos Aires caused substantial detours. The Russia—Ukraine war has forced EU
and US carriers to avoid Russian airspace, resulting in longer trans-Pacific and trans-Atlantic
routes (e.g., Appendix Figure Al shows a 15% increase in flight distance between Shanghai
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and Frankfurt after the war). Similarly, during the 2017 Qatar diplomatic crisis, several
Middle Eastern nations prohibited Qatari aircraft from accessing their airspace, disrupting
regional flights.

In this paper, we use the unique regulatory environment of China—the world’s sec-
ond largest civil aviation market,® which operates under exceptionally restrictive airspace
controls—to empirically investigate how airspace regulations shape the airline industry.
While developed regions such as the US and Europe have progressively liberalized their
airspaces since the 1970s, China maintains stringent military control, with 80% of its airspace
under air force jurisdiction and only the remaining 20% available for commercial use. In con-
trast, commercial flights can use more than 80% of the airspace in the US.? A direct outcome
is that the average curvature of Chinese airline routes is 17%,%> much higher than the 5%
for US and European routes.* This translates to an additional 164 km of flight distance
for an average-distance trip in mainland China. Next, we examine the impact of airspace
regulation on airfares, flight frequency, quantity of seats provided, and the flight delay rate.
Furthermore, we analyze how these regulatory impacts a[edt intercity economic activities,
including personal travel, migration, corporate investment, and patent collaborations.

To study the impact of airspace regulation, we use detailed flight path data to determine
airline routes and measure regulatory route ine Lciehcy in mainland China, with coordinates
on the path reported every minute. We obtain these data from Flightradar24, the most
“authoritative” provider of real-time aircraft flight tracking information, according to The
Guardian. The data allow us to map each flight’s route and calculate its actual distance and
curvature. We use flight prices and carrier information for September 2019 from Ctrip.com,
China’s leading online travel agency. We use four proxies for intercity economic activities:
ownership investments from corporate headquarters in one city to subsidiaries in another as
a proxy of cross-city investment, cross-city patent collaborations, an index of annual searches
of one city’s name by users in another city, and the Weibo mobility index, which measures
the frequency of social media users’ annual travel between cities.

A key identification challenge lies in the potential endogeneity of the key independent
variable—route curvature: More politically and economically significant cities (e.g., Beijing)

1In 2019, the annual revenue of China’s airline industry was 154.27 billion USD.
2Source: Sina Finance.

SCurvature is defined as the additional distance (in percent) that the plane needs to fly beyond the
shortest possible distance (great circle distance).

4Source: Chinese People’s Political Consultative Conference Website.
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may face more restrictive airspace regulation because they are likelier to have nearby mili-
tary bases. Conversely, airlines may have incentives to lobby for straighter routes between
major cities. We address endogeneity concerns using an instrumental variable (IV) method.
Our 1V strategy exploits that establishment of new airspace corridors involves substantial
costs, creating strong incentives for new routes to “free-ride” on existing routes. The first
instrument predicts routing for city pairs unconnected in 1995 by identifying the path that
maximizes overlap with routes established by 1995 or earlier.> The second instrument uses
the average curvature of the five geographically nearest routes that were operational by 1995
to predict the curvature of subsequently established connections. This approach reflects
airlines’ practical tendency to minimize regulatory complexity by building upon established
airspace routes. Furthermore, we include fixed e [edts for both departure and arrival cities
to account for city-level characteristics and controls for high-speed rail (HSR) connections.

Our data structure allows us to evaluate the exclusion restriction through a falsification
test. Our IVs can be constructed not only for city pairs already connected by direct flights
but also for those not yet connected by 2019. If the exclusion restriction holds, our instru-
ments should aledt the outcome variables exclusively through their impact on actual route
curvature. Consequently, for unconnected city pairs, the 1Vs should exhibit no relationship
with firm investment, research collaboration, or population mobility outcomes. The falsifica-
tion test results indicate that our instruments indeed operate through airline route curvature
rather than channels uncorrelated with airline connectivity.

Our ordinary least squares (OLS) and IV results indicate that greater curvature of a
specific route is associated with (1) higher airfares for an average economy seat, (2) fewer
weekly flights available on the route, and (3) a higher flight delay rate. Next, we empirically
verify the broader economic consequences of airspace regulation, examining cross-city cor-
porate investment and patent collaboration, the online search index, and travel frequency
of social media users. All four measures of economic activity decrease significantly with
increasing route curvature between city pairs. We also find that predicted curvature signifi-
cantly reduces the probability of new routes having been created between two cities by 2019,
suggesting that airspace regulations substantially limit intercity connectivity. If China were
to relax its airspace regulation to the US level, approximately 10% more city pairs would
become connected.

5The earliest year for which airline route data are available is 1995. Existing airline routes rarely change
over time.



Our study contributes to the growing literature on the economic impact of transportation
infrastructure, which has focused primarily on the economic impacts of connectivity on the
extensive margin while paying less attention to the quality of transportation network design
(i.e., the intensive margin). Recent research has examined the e[edts of road or railway
connections on market access (Banerjee et al., 2020; Herzog, 2021), immigration (Sequeira
et al., 2020), economic growth (Faber, 2014; Banerjee et al., 2020; Asturias et al., 2019;
Dong et al., 2021; Asher and Novosad, 2020), suburbanization (Baum-Snow, 2007; Baum-
Snow et al., 2017), urban form (Duranton and Turner, 2012), poverty (Aggarwal, 2018), and
knowledge di[udion (Dong et al., 2020; Bahar et al., 2023). Our paper is most closely related
to Campante and Yanagizawa-Drott (2018), who examine airline networks. Some works also
examine how road quality shapes local economic development (Allen and Arkolakis, 2022;
Currier et al., 2023; Gertler et al., 2024). We use China’s airspace regulation as a case study
to show that the quality of transportation network design significantly impacts not only the
airline industry itself but also broader economic outcomes. City pairs with a low-quality
connection (i.e., with higher airline route curvature) have weaker economic connections, as
reflected by cross-city travel, corporate investment, patent collaborations, and migration
intentions.

Our research is closely related to the growing literature examining political influence on
infrastructure development. Studies have documented how electoral incentives shape infras-
tructure decisions(Akbulut-Yuksel et al., 2024; Fajgelbaum et al., 2023). Prior literature has
also revealed regional favoritism as an alternative motive for politicians’ infrastructure allo-
cation decisions (Burgess et al., 2015; Alder et al., 2019). Our paper extends the literature by
focusing not on the political causes but on the sectoral and broader economic consequences
of such decisions—particularly, how politically driven ine Lciehcies in transportation route
design aledt interregional economic connectivity.

Given our focus on airline regulations, this paper also contributes to the literature on
regulation and deregulation in this sector. Following the Airline Deregulation Act of 1978 in
the US, economists have studied the policy’s impacts on fares (Moore, 1986), economies of
scale (Brueckner and Spiller, 1994), and local population, income, and employment growth
(Blonigen and Cristea, 2015). For international flights, Winston and Yan (2015) analyze
the welfare e [edts of open skies agreements on US international routes. Although airspace
regulation is prevalent because of geopolitical conflicts, military regulations, and other po-



litical factors, it has received limited attention in the literature.® We extend the literature
by providing empirical evidence on how airspace regulations shape the airline industry and
how the impacts cascade into broader economic outcomes.

The rest of the paper is organized as follows: Section 2 provides background on airspace
regulation and the airline industry in mainland China. Section 3 describes the data utilized in
our empirical analysis. Section 4 outlines our empirical strategies, followed by the empirical
results presented in Section 5. Finally, Section 6 concludes the paper.

2 Background

2.1 Airspace regulation

Regulation of airspace has historically been shaped by a combination of military, geopolitical,
and technological considerations. Following the emergence of powered flight in the early
20th century, the Paris Convention of 1919 laid the legal foundations for air sovereignty,
a [rming that “every state has complete and exclusive sovereignty over the airspace above
its territory.” While the 1944 Chicago Convention established the International Civil Aviation
Organization (ICAO) to promote international cooperation and technical standards for civil
aviation, airspace control remained a sovereign matter, allowing countries to determine their
own access and usage rules, with significant implications for airline route design and economic
connectivity.

During the Cold War, many nations—especially those with significant military concerns—
implemented highly restrictive airspace regimes. The Soviet Union famously denied overflight
access to Western carriers, compelling Asia—Europe or Asia-North America flights to make
major detours and turning cities such as Anchorage into critical refueling hubs. Although
Russia eased these Cold War—era restrictions in the 1990s, it introduced a fee of approxi-
mately $10,000 for commercial flights to use its airspace.

In contrast, airspace liberalization advanced considerably in the US and Europe after
the 1970s. The US Airline Deregulation Act of 1978 not only liberalized pricing and entry
but coincided with increased civilian access to previously restricted airspace. Similarly,

50ne exception is Besedes et al. (2024), who use Russia’s airspace closure as a natural experiment to
study the impact of distance on trade costs.



Eurocontrol has played a key role in facilitating more flexible and integrated airspace use
across European countries, although national militaries still retain some control over specific
Zones.

China, which after 2005 quickly rose to become the second largest civil aviation market,
has maintained a highly centralized and security-oriented airspace regime. Approximately
80% of Chinese airspace is controlled by the People’s Liberation Army Air Force, with civilian
commercial flights limited to the remaining 20%. In the US, in stark contrast, commercial
aviation can access over 80% of national airspace. This restrictive allocation contributes to
significant ine [ciehcies: Average route curvature in China is approximately 17%,’ compared
to 5% in the US and Europe. This restrictive allocation reflects China’s institutionally
rigid approach to airspace management. New civilian routes, particularly those that cross
multiple jurisdictions, require approval from both the Civil Aviation Administration of China
(CAAC), the aviation authority under the Ministry of Transport, and regional military
theater commands. These institutional barriers have prevented more e [cieht route designs
despite the dramatic growth in China’s aviation market.

The spatial implications of China’s airspace regulation vis-a-vis the laissez-faire approach
in the US are obvious in Figure 1 Panels (c¢) and (d). Panel (c) presents a real-time flight
map of mainland China, which we obtained around noon (local time) on January 9, 2025,
from Flightradar24. It shows dense clustering of flights along narrow corridors and large
swaths of “empty” airspace, particularly in central and southern regions. These visible gaps
strongly suggest the existence of extensive no-fly zones where commercial aviation is pro-
hibited, consistent with the institutional constraints described above. Panel (d) displays the
contemporaneous flight map over the United States, where commercial flights appear evenly
distributed across the country, with minimal clustering and no apparent restricted zones.

China’s approach, while extreme, reflects broader patterns of politically motivated airspace
restrictions worldwide. Contemporary examples underscore the ongoing relevance of such
controls: The 2022 Russia—Ukraine conflict forced Western carriers to avoid Russian airspace,
adding thousands of kilometers to transcontinental flights, while Middle Eastern geopolitical
tensions continue to oblige carriers from various nations to make detours. Israeli aircraft
remain barred from many Arab countries’ airspace, and Taiwanese carriers face significant

’Source:  https:/ffinance.sina.cn/china/gncj/2014-07-23/detail-iavxeafr5439198.d.html?f
rom=wap retrieved on January 15, 2025.
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route restrictions because of limited access to airspace in mainland China.® Such restrictions
demonstrate that airspace regulation, though largely invisible to passengers, fundamentally
shapes airline network e [ciehcy and, as this paper shows, broader economic connectivity
between regions.

2.2 Airline industry in China

China’s airline industry has experienced rapid expansion since the 1990s, alongside the coun-
try’s market reforms and privatization. Prior to this period, all commercial air operations
were centrally managed by the CAAC. Starting in the mid-1980s and accelerating in the
early 1990s, the CAAC allowed entry by regionally backed, private carriers such as Xiamen
Airlines, marking the first wave of market liberalization in the sector (Wang et al., 2016). By
2019, the industry had grown to include 49 commercial airlines. However, market concen-
tration remains high: Three major state-owned carriers—Air China, China Eastern Airlines,
and China Southern Airlines—and their subsidiaries account for approximately two-thirds
of the domestic market.

Airfare regulation has also undergone gradual liberalization. The CAAC historically set
price ceilings on economy-class fares based on route distance.® Since 2013, 200 high-demand
routes have been exempt from these ceilings, such that airlines have greater pricing flexibility.
In practice, especially outside peak holiday periods, most price caps are nonbinding. In our
2019 sample, 98.2% of flights faced no e [edtive price ceiling.

Despite the limited liberalization on market entry and pricing, the Chinese airline indus-
try remains highly regulated in terms of route authorization and airspace usage. To operate
a new route, airlines must submit a detailed application to the CAAC, specifying the aircraft
type, flight schedule, and operational plan. If the proposed route uses airspace not currently
open to civilian tra [c,_hpproval must be obtained from the relevant military theater com-
mand. For routes that span multiple military zones, airlines must secure clearance from
each involved command. In addition, they must demonstrate local government support and
operational readiness.

These bureaucratic hurdles are compounded by the rigidity of existing route infrastruc-

8Panel (b) of Appendix Figure A presents the curved airline route from Taipei to Frankfurt.

9For most nonmountainous routes, the cap is calculated as Log(150;0:6 Distance) Distance 1:1 1:25.
This gives a cap of 1,080 CNY (154 USD) for a 1,000 km one-way route and 2,300 CNY (329 USD) for a
3,000 km route.



ture. Approximately 95% of scheduled airline routes in China have remained unchanged
since 1995, reflecting the high institutional costs associated with modifying existing routes
or opening new airspace. This persistence entrenches ine Lciehcies in the domestic aviation
network and limits adaptation to evolving economic and mobility patterns.

3 Data and Measures

This section describes the construction of key variables used in this study. Summary statistics
of the relevant variables are presented in Appendix Table Al.

Airline routes We construct airline routes using the real-time airflight tracking informa-
tion from Flightradar24, a global flight tracking service provider. This dataset covers all
commercial flights within mainland China, with each flight’s latitude and longitude coordi-
nates reported at intervals of 30 to 60 seconds (see details in Appendix Figure A2). These
high-frequency positioning data allow us to map the precise flight path for each route and
calculate the actual distance traveled.

The curvature of each route is defined as Curvature;; = ( S’fgﬂ?gﬁgﬁie:] 1) 100%
where the shortest distance is the great-circle distance between the departure and arrival
airports. Route curvature, our preferred measure of route e Lciehcy, can be interpreted as
the percentage of additional distance a plane must fly in deviation from the shortest distance.
Unlike measures such as extra flight distance or flying time, it is normalized and not directly

aledted by the shortest possible distance between two cities.°

Airfare data ~ We obtained the airfare data from Ctrip (www.ctrip.com), mainland China’s
largest online travel agency. This dataset contains the average economy-class price and
arrival delay rate for almost all commercial flights scheduled between September 16 and
September 22, 2019.1%12 We also calculate the weekly flight frequency for each airline route

10\We also control for the shortest possible distance between two cities in all specifications.

1\We use the data for this period since we want to avoid the impact of the COVID-19 shock or any major
national holidays.

2\We exclude flights that depart from or arrive at airports in the 30 ethnic minorities autonomous prefec-
tures in our analysis because of missing information on both the airfares and other outcome variables. These
prefectures are typically located in remote area with combined GDP accounts for approximately 1% of the
national total.
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based on this dataset. Notably, China’s flight scheduling operates on a weekly cycle, with
flight schedules remaining virtually identical across weeks within a given flight season, making
our one-week sample representative of broader patterns.

Cross-city investment Firms’ cross-city investment data are constructed from the uni-
versal firm registration database from the State Administration for Industry and Com-
merce.*®For each registered firm, we have information related to its geocoded address and its
subsidiaries. From this information, we construct cross-city firm investment at the origin-
—destination city pair level.

Cross-city patent collaboration The cross-city patent collaboration network is con-
structed from records of patents granted in 2019, sourced from the China National Intellec-
tual Property Administration database.'* Using the addresses of all patents with multiple
assignee firms, we construct the cross-city patent collaboration data.

Population mobility To measure cross-city population mobility, we compiled two sources
of data. The first is the 2019 Weibo mobility index, sourced from the Spatial Data Lab
at Harvard University.’®> This index is constructed from aggregated records of individuals’
travel patterns based on the geographical information from users’ posts on Weibo, the largest
social media platform in China.’® These data are at the origin-destination city pair level.
Each observation in the dataset represents the travel intensity from the origin city i to the
destination city j .

Second, we use an online search index, the Baidu Index, for 2019 to measure cross-city
migration intentions.!’ Baidu’s market share in China was 73% in June 2019.'® Baidu tags
each query with the user’s geographic location at the time of the search.!® We extract search
queries that clearly relate to migration intention, such as “moving to city j” or “employment

Bpata source: https://www.gsxt.gov.cn/index.html.

4Data source: https://search.cnipr.com.

5Data source: https://dataverse.harvard.edu/dataverse/weibomobilityindex.

16 At the end of 2019, Weibo had 516 million active users (36.6% of China’s population).

"Data source: https://index.baidu.com.

BSource: https://marketmechina.com/wp/wp-content/uploads/2019/07/baidu-market-share-search-
engines-china-jun-2019.pdf.

19This index has been used in previous works to study divorce decisions (Alm et al., 2022) and sentiment
in the stock market (Fang et al., 2020).
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in city j.” We construct the online search index by aggregating these search queries to the
origin—destination city pair level. Each observation in this dataset represents the intensity
of search among city i’s population in terms of migrating to or working in destination city j .

4 Empirical Strategies

4.1 Empirical speci cation

To explore the impact of airline route curvature on key outcomes, we estimate the following
equation:

Yi; = aCurvaturej; + i+ j+ X5 + 5 @

where i denotes the departure city and j denotes the arrival city. Y;; represents the key
outcome variables, including (1) the logarithm of economy-class airfares, (2) the number of
flights per week on a given route i;j, (3) the number of seats per week on a route i;j, (4)
the arrival delay rate, (5) the number of subsidiaries in city j whose parent firms come from
city i, (6) the number of patent collaborations between city i and city j, (7) the indices for
Weibo mobility and online search intensity from city i to city j.°

Curvature;; is the key independent variable. It measures the curvature of the airline
route from city i to city j. ; and ; represent departure and arrival city fixed e [edts,
respectively. X;; comprises a set of control variables, including the logarithm of the shortest
(great circle) distance from city i to city j, the presence of a direct HSR connection between
city i and city j in 2019, and the political status of cities i and j (i.e., whether both are
vice-provincial level cities or higher). Note that city-level characteristics are absorbed by ;
and ;.

4.2 ldenti cation

One potential concern regarding the reduced-form regression in Equation (1) is the possibility
of omitted variable bias. More politically and economically significant cities (e.g., Beijing)
may face more restrictive airspace regulation because they are likelier to have nearby military

2ONote that, for the ticket price regressions, the observations are at the flight level. All other regressions
are estimated at the airline route (i;j ) level.
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bases, which could make their connected airline routes more circuitous. Conversely, airlines
may lobby for straighter routes between major cities to maximize profit.?!

We use an IV approach to deal with the endogeneity concern. When designing new airline
routes, airlines typically leverage existing routes because obtaining authorization for use of
new airspace is costly. For instance, if Cities 1 and 2 already share an established route and
City 3 is close to City 1 while City 4 is close to City 2, the new route between Cities 3 and
4 will likely resemble that of the route between Cities 1 and 2. This “free-riding” strategy
e [edtively allows airlines to minimize the cost of applying for the new airline routes.??

Following this logic, we construct two 1Vs using airline route data from 1995, the earliest
year for which such data are available. Our Vs are designed to predict, on the basis of the
airline routes of 687 city pairs already connected in 1995, the curvature of airline routes for
740 city pairs not connected in 1995 but connected by 2019.

Our first IV is constructed in two steps: (1) We use the airline routes from 1995 to
predict an airline route connecting two cities unconnected in 1995. Then, (2) we calculate
the predicted curvature by dividing the length of the predicted route by the shortest distance
between the two cities. Figure 2 illustrates the route prediction process in the first step. In
this figure, Cities 1 and 2 were connected by a nonstop flight in 1995 (blue dotted line).
When we construct the first 1V, the predicted route between Cities 3 and 4 maximizes use of
the existing route to minimize costly applications for new airspace, represented by the yellow
dotted line. Similarly, the second IV uses the average curvature of the five geographically
nearest routes operational by 1995 to predict curvature levels for subsequently established
connections. The first-stage results of the IV estimation are reported in Appendix Table A2.

The exclusion restriction could be violated if predicted airline route curvature correlates
with cities’ political and economic characteristics (Faber, 2014). To address this concern,
we include departure and arrival city fixed e[edts.?®> We also control for whether the city
pairs have a direct HSR connection in 2019 to eliminate the potential impact of alternative
transportation infrastructure. Additionally, note that since we use airline routes established
in or before 1995 to construct the two IVs, our IV regressions focus exclusively on city pairs

2Most airline routes have remained unchanged over time, so we cannot estimate the baseline equation
and address endogeneity through a di [erknce-in-di [erences approach.

22The logic of this IV is similar to that of the 1V in Faber (2014), who predicts railway paths based on
the lowest-cost path.

230ur controls are more comprehensive than those in Faber (2014), which includes province fixed e [edts
and controls for county-level economic and political characteristics.
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Figure 2: Illustration of construction of curvature 1V1

Notes: Our rst IV is constructed in two steps: (1) We use the airline routes from 1995 (blue dashed line) to predict
the airline route connecting two cities unconnected in 1995 (orange dashed line), and (2) we calculate the predicted
curvature (IV1) by dividing the length of the predicted route (orange dashed line) by the shortest distance between
two cities unconnected in 1995.

unconnected in 1995 but connected by 2019, rather than on the more significant city pairs
already connected in 1995. Furthermore, Appendix Table A3 provides results from a balance
test to confirm that neither the departure/arrival cities’ political status (whether the cities
are vice-provincial-level cities) nor their economic characteristics (GDP and population)
aledt the airline route curvature.

Our data structure allows us to directly test the exclusion restriction. Vs can be con-
structed for both connected and unconnected city pairs. If the Vs influence the outcomes
solely through the curvature of airline routes, then the IVs for unconnected city pairs should
have no e [edt on the outcome variables—firm investment, research collaboration, migration
intention, and population mobility—since curvature of potential airline routes between these
(unconnected) cities should not influence these outcomes. The results of this falsification test
are reported in Appendix Table A4, showing no significant e [edt on the outcome variables
examined in this paper, thereby supporting the identification assumptions.

Other factors, such as arrival and departure tra Lc Yolume, flight takeo[—dngle, and
runway orientation, can also aledt the actual flying distance during takeo[—dnd landing.
However, they typically change the actual flying distance by less than 10 kilometers, much
less than the curvature caused by deviations from the most e Lcieht route to conform to
airspace regulations, as shown in Figure 1 Panel (c). Moreover, the arrival and departure
city fixed e [edts control for factors such as departure tra [cCMolume and runway orientation.
Conditional on our including these fixed e [edts, these factors are unlikely to directly bias the

14



model estimation. We exclude flight trajectories in which the aircraft exhibits a prolonged
circling pattern before landing when we calculate the actual flying distance.

5 Empirical Results

This section presents the estimation results of Equation (1) for various outcomes. We first
focus on the impact of airspace regulations on airfares, flight frequency, the total number of
seats operated in a given route, and the delay rate. \WWe then analyze how these regulatory im-
pacts cascade into broader economic outcomes. Finally, using the predicted route curvature
from our IV strategy, we investigate the impact of airspace regulation on aeroconnectivity.

To enhance the interpretability of the results, we normalize the main independent vari-
able, Curvature;;, to have a mean of 0 and a standard deviation of 1. A 1.2-standard-
deviation decrease in airline route curvature would bring mainland China’s airline route
curvature to the US level.

5.1 Impact of airspace regulations on airfares, ight frequency, and
delay rate

Table 1 summarizes how route curvature aledts airfares, flight frequency, and the flight
arrival delay rate. Column (1) presents the OLS results, with departure and arrival city
fixed eledts and a control for the logarithm of the shortest distance between the airport
in city i and the airport in city j. Column (2) adds controls, including whether Route;;
has a direct HSR connection and whether city i and city j are both vice-provincial-level
cities. Column (3) shows the OLS results with all controls included, using the same sample
as in the IV estimation. Columns (4) and (5) display the IV estimation results. Note
that since we use airlines established before 1995 to construct the 1Vs for Curvature;; for
airlines established after 1995, those established in 1995 or earlier are excluded from our
IV estimation. Consequently, the number of observations is smaller in Columns (4) and (5)
than in Columns (1) and (2).

Panel A of Table 1 reports the impact of airline route curvature on the logarithm of
airfares. The observations are at the ight level. We find that both the OLS and IV
regression results suggest that airline route curvature significantly increases airfares, with
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the 1V estimates being larger than the OLS estimates. The point estimate in Column (5)
indicates that if China were to relax airspace regulations by one standard deviation, the
average airline ticket price would decrease by approximately 5%.

Table 1: Impact of route curvature on airfares, flight frequency, and competition

Estimation method oLSs v
1) ) 3) 4) ©)

Panel A: Dep. Variable: Log average price of ights
Curvature 0.0225%* 0.0203*** 0.0175* 0.0535*** 0.0506***

(0.00728) (0.00726) (0.00904) (0.0186) (0.0187)
Sample mean 4.56 4.56 4.54 4.54 4.54
Observations 69694 69694 21239 21239 21239
Adjusted R? 0.620 0.622 0.642
KPF statistics 31.8 29.7

Panel B: Dep. Variable: Number of ights per week

Curvature j; -2.111%* -1.852*** -0.980 -3.845** -3.228**
(0.661) (0.642) (0.700) (1.804) (1.585)

Sample mean 24.77 24.77 14.50 14.50 14.50

Observations 2807 2807 1452 1452 1452

Adjusted R2 0.482 0.539 0.553

KPF statistics 40.1 39.5

Panel C: Dep. Variable: Number of seats per week (in thousands)

Curvature j; -0.423*** -0.374*** -0.213 -0.829** -0.697*
(0.136) (0.131) (0.152) (0.406) (0.356)

Sample mean 4.43 4.43 2.61 2.61 2.61

Observations 2807 2807 1452 1452 1452

Adjusted R2 0.469 0.526 0.556

KPF statistics 40.1 39.5

Panel D: Dep. Variable: Flight arrival delay rate (%)

Curvature j; -0.0989 -0.0772 0.0212 2.446%** 2.558%**
(0.179) (0.181) (0.344) (0.921) (0.944)
Sample mean 13.31 13.31 15.89 15.89 15.89
Observations 69694 69694 21239 21239 21239
Adjusted R? 0.191 0.191 0.253
KPF statistics 31.8 29.7
Controls Basic Full Full Basic Full
Departure city FE Yes Yes Yes Yes Yes
Arrival city FE Yes Yes Yes Yes Yes

Notes: This table reports estimates of 3 from the variants of Equation (1). The key independent variable Curvature ;i

is normalized to a distribution with mean of 0 and standard deviation of 1. Columns (1) (3) report OLS results, and
Columns (4) and (5) report IV results. The rst-stage results from the IV estimations are reported in Table A2. Column

(1) includes the basic control variable, the logarithm of the shortest (great circle) distance between the departure and
arrival cities. Column (2) adds controls, including a dummy for HSR connection and an indicator of the city pair's place

in the political hiararchy. Column (3) restricts the sample as in Columns (4) and (5), which replicate Columns (1) and
(2) with 1V estimations. Since we use airlines established before 1995 to construct the 1Vs, those established in 1995 or
earlier are excluded from our IV estimation. Consequently, the number of observations is smaller in Columns (4) and
(5) than in Columns (1) and (2). All regressions include departure and arrival city xed e ects. Robust standard errors
clustered at the city pair level are reported in parentheses. * signi cant at 10%; ** signi cant at 5%; *** signi cant at

1%.
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If we assume that variable costs (e.g., fuel, depreciation, maintenance, and crew costs)
linearly correlate with mileage and account for 75% of the total cost (Koopmans and Lieshout,
2016), a back-of-the-envelope calculation based on the IV estimates from Column (5) suggests
that approximately 67% of the cost increase due to the curved airline route is passed through
to consumers.?*

We next turn our attention to the impact of airspace regulation on flight frequency. The
results are reported in Table 1 Panel B. The observations for this regression are at the airline
route level. We find that a one-standard-deviation increase in route curvature significantly
reduces the number of flights on Route;; by 3.2 flights per week (22% of the sample mean).
The reduction in flight frequency can be attributed to lower demand resulting from higher
prices and reduced supply from increased costs. The impact of airline curvature on the
number of seats operated per week on a given route is reported in Panel C. Similarly to the
results in Panel B, a one-standard-deviation increase in route curvature reduces the total
weekly seat count by approximately 700.

In Table 1 Panel D, we examine how route curvature aledts the flight delay rate. The
results suggest that increased airline route curvature is associated with a higher flight delay
rate, defined as the percentage of flights that either land more than 15 minutes after the
scheduled time or are canceled. The scheduled time already accounts for route curvature,
so this measure largely reflects the logistical impact of curved airline routes. One possible
explanation is that more curved routes are subject to stricter airspace regulations, which
may increase the likelihood of delays and cancellations.

Overall, the results in Table 1 indicate that curved airline routes in China adversely
aledt the domestic airline industry. These routes significantly increase carriers’ operational
costs, raise airfares, reduce profit margins, and increase delay rates. A back-of-the-envelope
calculation suggests that if mainland China were to reduce airline route curvature to the US
level (a decrease of 1.2 standard deviations), airfares would be 6% lower, there would be 3.9
more flights per week on a given route, and the delay rate would decrease by 3 percentage
points.

24 0:9508:1 =0:67, where 0.1 represents a one-standard-deviation change in route curvature.
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5.2 Broader economic activities

In this subsection, we explore how airline route curvature aledts economic connections be-
tween cities. The specification in each column remains the same as in Table 1. Observations
in all regressions are at the city pair level.

Table 2 Panel A examines how route curvature influences firms’ cross-city investment.
The results indicate that a one-standard-deviation increase in route curvature between city
i and city j reduces the number of subsidiaries established in city j by firms from city
i by approximately 1.3, which represents approximately 12% of the sample mean. One
interpretation of this result is that curved airline routes may increase the cost of personal
communication and interaction between cities, thereby raising information acquisition costs

and reducing information exchange.

We also find some negative eledts of airline route curvature on patent collaborations
across cities, as shown in Table 2 Panel B, though the coe [ciehts are estimated with less
precision than those in Panel A. Similarly to firm investment, patent collaboration depends
heavily on interpersonal interaction, which is hindered by curved airline routes through higher
airfares, lower flight frequency, and higher flight delay rates. Note that the observations do
not distinguish between origin and destination cities, as this information is not available in
the patent data. Therefore, the number of observations in Panel B is approximately half
that in the other panels.

To formally test the impact of airline route curvature on interpersonal connections and
intercity mobility, we use two outcome variables: online search intensity related to employ-
ment or migration from city i to city j (the Baidu Index) and mobility data based on the
location of social media users’ posts (the Weibo Mobility Index). The results are presented
in Table 2 Panels C and D, respectively. Both panels confirm that airspace regulations
significantly reduce individual mobility and information exchange between cities.

5.3 Aeroconnectivity

The results in Sections 5.1 and 5.2 focus on established airlines. Another critical e [edt of
airspace regulations is that they can deter the establishment of new airline routes, which
may further impact cities’ economic connections. In this section, we investigate how route
curvature aledts aeroconnectivity between cities, specifically nonstop flight connections.
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Table 2: Broader economic impact of route curvature

Estimation method OLS v
1) ) (3) (4) (5)
Panel A. Firm cross-city investment (Dep. Variable: # of subsidiaries)
Curvature -0.657** -0.505** -0.615** -1.552** -1.337*
(0.251) (0.246) (0.294) (0.608) (0.609)
Sample mean 16.07 16.07 10.49 10.49 10.49
Observations 2549 2549 2549 1248 1248
KPF statistics 42.0 40.7
Adjusted R? 0.761 0.774 0.770
Panel B. Research collaboration (Dep. Variable: # of collaborated patents)
Curvature -0.355 -0.203 -0.270 -1.348* -1.212**
(0.235) (0.231) (0.316) (0.681) (0.686)
Sample mean 7.20 7.20 4.32 4.32 4.32
Observations 1389 1389 709 709 709
KPF statistics 31.3 30.3
Adjusted R? 0.644 0.664 0.660
Panel C. Migration intention (Dep. Variable: Online search index)
Curvature -0.0934* -0.0723 -0.134%** -0.348** -0.299***
(0.0547) (0.0474) (0.0457) (0.117) (0.0984)
Sample mean 7.33 7.33 5.98 5.98 5.98
Observations 2807 2807 1452 1452 1452
KPF statistics 40.1 395
Adjusted R? 0.849 0.878 0.890
Panel D. Population mobility (Dep. Variable: Mobility index)
Curvature -0.0780 -0.0605 -0.142 -0.577* -0.497***
(0.125) (0.109) (0.114) (0.233) (0.189)
Sample mean 2.49 2.49 1.38 1.38 1.38
Observations 2807 2807 1452 1452 1452
KPF statistics 40.1 395
Adjusted R? 0.553 0.645 0.705
Controls Basic Full Full Basic Full
Departure city FE Yes Yes Yes Yes Yes
Arrival city FE Yes Yes Yes Yes Yes

Notes: This table reports estimates of 1 from the variants of Equation (1). Panel A uses the number of subdidiaries
as the dependent variable, Panel B uses the number of collaborated patents, Panel C uses the online search index,
and Panel D uses the Weibo mobility index. The observations in Panel B do not distinguish between origin and
destination cities, as this information is not available in the patent data. Therefore, the number of observations in
Panel B is approximately half that in the other panels. Columns (1) (3) report OLS results, and Columns (4) and
(5) report IV results. The rst-stage results of the IV estimations are reported in Table A2. Column (1) includes the
basic control variable, the logarithm of the shortest (great circle) distance between the departure and arrival cities.
Column (2) adds controls, including a dummy for HSR connection and an indicator of the city pair's place in the
political hiararchy. Column (3) restricts the sample as in Columns (4) and (5), which replicate Columns (1) and (2)
with IV estimations. All regressions include departure and arrival city xed e ects. Robust standard errors clustered
at the city pair level are reported in parentheses. * signi cant at 10%; ** signi cant at 5%; *** signi cant at 1%.

Based on the IV estimation results (reported in columns (3) and (4) of Appendix Table
A2), we predict the curvatures of routes not yet introduced during our 2019 sample period.
We then estimate the following reduced-form equation to explore the impact of potential
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airline route curvature on aeroconnectivity:
Yi; = iPredictedCurvature;; + i+ j+ X + i (2)

where the dependent variable, Y;; , is a dummy indicating whether cities i and j were con-
nected by a nonstop flight in 2019. The terms ; and ; represent the departure and arrival
city fixed e [edts, respectively. X;; is a set of city pair characteristics, as previously defined.

Table 3: Impact of predicted route curvature on connectivity

Estimation method Reduced form of the IV strategy
Dependent variable Dummy of air connection
1) 2

Predicted Curvature j; -0.0243*** -0.0262***

(0.00526) (0.00527)
Sample mean 0.259 0.259
Observations 13176 13176
Adjusted R? 0.330 0.332
Controls Basic Full
Departure city FE Yes Yes
Arrival city FE Yes Yes

Notes: This table reports estimates of 1 from the variants of Equation (2). We exclude city

pairs whose shortest distance is less than 200 km, as these cities are unlikely to have direct ight

connections. Column (1) includes the basic control variable, the logarithm of the shortest (great

circle) distance between the departure and arrival cities. Column (2) adds controls, including a

dummy for HSR connection and an indicator of the city pair's place in the political hiararchy.

All regressions include departure and arrival city xed e ects. Robust standard errors clustered

at the city pair level are reported in parentheses. * signi cant at 10%; ** signi cant at 5%; ***

signi cant at 1%.

The results in Table 3 suggest that the underlying curvature of airline routes significantly

negatively impacts aeroconnectivity. Specifically, a one-standard-deviation increase in cur-
vature between cities i and j reduces the probability of a direct flight connection between

them by 2.6 percentage points, equivalent to 10% of the sample mean.

6 Conclusion

This paper uses China’s restrictive commercial airspace as a case study to investigate the
economic impacts of ine Lcieht design in transportation networks. In contrast to the liter-
ature that focuses primarily on the economic impacts of transportation connectivity at the
extensive margin, this paper studies the e [edts of connection “quality.” The airline industry
provides an ideal setting for our study. Unlike land transportation connections, where the
optimal routes are shaped by multiple physical barriers such as mountains and rivers, airline
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connections can be evaluated against an obvious quality benchmark, namely, the great circle
distance—the shortest path between two points on a sphere.

We collected a novel dataset on flight trajectories to measure actual flight distances and
airline route curvatures. To address potential endogeneity concerns, we employ an 1V ap-
proach. Our analysis reveals that, because of the restrictions on commercial use of airspace,
the average route curvature in China is 17%, significantly higher than the 5% average in
the US and Europe. Both OLS and IV estimates indicate that substantial route curvature
increases airfares, reduces flight frequency, raises delay rates, and decreases the number of
aeroconnected city pairs. These ine [ciehcies impose considerable economic costs, hinder-
ing intercity activities such as personal travel, population migration, cross-city corporate
investment, and patent collaboration.
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Barriers in the Sky
(Not Intended for Publication)

Online Appendix
A Curved routes on international ights

Figure Al: Curved routes on international flights

(a) Shanghai—-Frankfurt flight routes before and after the Russia—Ukraine war

(b) Taipei-Frankfurt flight route in 2025

Notes: The green (blue) line in Panel (a) represents the Shanghai—Frankfurt flight route before (after)
Russia’s invasion of Ukraine in February 2022. Panel (b) presents the Taipei—-Frankfurt flight route in 2025.



B Further data description

Figure A2: Example of airline route data: Shanghai-Beijing

Notes: This gure illustrates the raw data obtained from Flightradar24, using the Shanghai Beijing airline route as

an example. For each airline route, the real-time coordinates of each ight are recorded at an average frequency of
once per minute, with the maximum interval between consecutive coordinates not exceeding ten minutes. With these
coordinates, we can reconstruct the actual ight path in a GIS environment by connecting the points with a straight
line.

Table Al: Descriptive statistics

Variable Obs Mean SD 10" pct Median 90" pct
Panel A. Airline routes
Curvature (%) 2807 17.2 9.6 7.2 15.2 28.9

Shortest (great circle) distance (km) 2807 1186.3 498.1 620.7 1127.9 1814.4
Panel B. Flight data

Average price of ights (USD 2019) 69694 104.7 48.1 54.8 94.1 170.6
Flight delay rate (%) 69694  13.3 14.4 0 8.7 33
# of weekly ights 2807 24.8 32.2 4 14 60
# of weekly seats 2807 4.4 6.7 .6 2.3 10.5
Panel C. City pair data

Weibo Mobility Index 2807 2.5 4.9 A1 .8 5.7
Baidu Search Index 2807 7.3 4.7 3.3 5.9 13.2
# of branch rms 2807 16 16.3 1 8 47

# of collaborated patents 1389 7.2 111 0 1 32
Dummy HSR connection 2807 5 5 0 0 1
City pair place in political hiararchy 2807 A 3 0 0 1
Dummy air connection 14626 .3 4 0 0 1

Notes: This table summarizes the descriptive statistics of relevant variables used in our empirical
analyses.



C First stage of IV estimations

Table A2: First stage of 1V estimations

Estimation method

OoLS

Dependent variable

Curvature (%)

1) (2 (3) 4)
IV1j; 3.840%** 3.768*** 4.396*** 4.389***
(0.954) (0.945) (0.771) (0.771)
IV2j; 9.497%*** 9.448*** 7.927%** 7.785%*
(1.490) (1.501) (1.365) (1.368)
Observations 21239 21239 1452 1452
Adjusted R? 0.218 0.219 0.047 0.048
Controls Basic Full Basic Full
Departure city FE Yes Yes Yes Yes
Arrival city FE Yes Yes Yes Yes

Notes: This table reports the rst-stage results of the IV estimations in Columns (4) and (5) of Table

1. IVs are applied for city pairs that were not connected in 1995 but by 2019 in columns (1) and (2),
while columns (3) and (4) use the unconnected pairs by 2019. IV1;; is the predicted shortest route
connecting two cities on the basis of the airline routes from 1995. IV2;; is the average curvature of
the ve closest routes as of 1995. Robust standard errors clustered at the city pair level are reported

in parentheses. * signi cant at 10%; ** signi cant at 5%; *** signi cant at 1%.



D Airline route curvature and city characteristics

Table A3: Relationship between airline route curvature and city characteristics

Estimation method OLS
Dependent variable Curvature (%)
1) (2)
Population (departure city) 0.00109 0.00182
(0.00607) (0.00607)
GDP (departure city) 0.0242 -0.00772
(0.0585) (0.0638)
Population (arrival city) 0.000761 0.00147
(0.00606) (0.00606)
GDP (arrival city) 0.0274 -0.00316
(0.0587) (0.0640)
Place in political hiararchy (departure city) 0.0586
(0.0506)
Place in political hiararchy (arrival city) 0.0564
(0.0506)
Log shortest distance -0.914*** -0.918***
(0.0766) (0.0765)
Observations 2822 2822
Adjusted R? 0.149 0.150

Notes: This table reports the relationship between airline route curvature and city characteristics. The
populations of the departure and arrival cities are measured in millions. The GDP statistics of the departure
and arrival cities are measured in trillions of CNY. The place in political hiararchy variable is a dummy
that equals 1 if the departature/arrival city is a vice-provincial-level city. Robust standard errors clustered
at the city pair level are reported in parentheses. * signi cant at 10%; ** signi cant at 5%; *** signi cant
at 1%.



E Falsi cation test

Table A4: Falsification test
Estimation method oLS
Dependent variable Firm Research Migration Population
investment collaboration intention mobility
1) (2 (3) (4)
IV 1 0.192 0.112 0.0257 0.0421
(0.149) (0.0836) (0.0257) (0.0449)
IV 2 -0.0355 -0.126** 0.0333 0.0475
(0.158) (0.0564) (0.0261) (0.0519)
Observations 10637 5340 10601 10458
Adjusted R? 0.501 0.373 0.828 0.382
Controls Full Full Full Full
Departure city FE Yes Yes Yes Yes
Arrival city FE Yes Yes Yes Yes

Notes: This table presents the falsi cation test results. The sample used in this table is the city pairs not yet
IV 1;j is the predicted shortest route connecting two cities using airline routes
from 1995. IV 2;; is the average curvature of the ve closest routes as of 1995. The observations in research
collaboration do not distinguish between origin and destination cities, as this information is not available in
the patent data. Therefore, the number of observations in Column (2) is approximately half that in the other
panels. Robust standard errors clustered at the city pair level are reported in parentheses. * signi cant at

connected by a direct ight.

10%; ** signi cant at 5%; *** signi cant at 1%.
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