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ABSTRACT

This paper examines the impact of extreme weather events on global supply

chains through disruptions to trade infrastructure in a context of climate change.

Leveraging high-frequency administrative data covering the quasi-universe of firm-

to-firm maritime shipments from the US and Brazil, I study the impact of tropical

cyclones on US port operations and firm-level responses. These weather events

temporarily disrupt port activities, prompting firms to reduce trade volumes with-

out significantly terminating relationships. Firms however demonstrate persistent

adjustments in route choices, even after ports resume normal operations. To eval-

uate the general equilibrium implications of these transportation-related weather

disruptions, I develop a quantitative model of spatial production networks with

endogenous trade costs and traffic congestion. Once taken to the data, the model

will serve to quantify spatial reallocation of economic activity induced by increas-

ing climate risks to the transportation network, and the effectiveness of port-level

infrastructure policy.
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1 INTRODUCTION

Transportation infrastructure is the backbone of international trade and channels large
investments to improve efficiency and resilience. Yet, disruptions related to trans-
portation and logistics are common and expose firms to bottlenecks, delays, and un-
certainty in shipping (Blaum et al., 2024). Transportation infrastructure is particularly
vulnerable to extreme weather events. The case of maritime ports, located at low al-
titudes in riverine areas and therefore prone to storm surge, high wind speeds, and
floods, is a prime example of such vulnerability. Weather-related hazards put not
only the physical infrastructure of ports at risk but also the trade flows that rely on it
(Verschuur et al., 2023b).1 Firms’ responses to port downtime, particularly re-routing,
can amplify these disruptions through congestion in alternative itineraries (Allen and
Arkolakis, 2022; Brancaccio et al., 2024). The advent of climate change, likely to in-
crease the frequency and intensity of extreme weather events, raises the question of
whether firms’ responses to weather-related transportation disruptions can mitigate
global supply chain exposure to shipping uncertainties.

I explore two potential responses of firms to transportation-related weather dis-
ruptions: (i) supply chain re-composition — adjusting the set of exposed suppliers —
and (ii) re-routing — diverting away from risky infrastructure. Capturing these adap-
tation margins and their impacts on the economy poses several challenges. First, one
needs detailed information on firm-to-firm linkages and the transportation infrastruc-
ture they rely on. Second, to quantify the general equilibrium impacts of such trans-
portation disruptions, one needs a theory of firm linkage formation at a fine spatial
granularity that accounts for complex routing decisions and the congestion spillovers
they might imply on the transportation network.

I address these challenges by leveraging high-frequency administrative data of in-
ternational maritime trade at the shipment level. The data contain information on the
nature of shipments, on each trading firm, and on the port infrastructure used to ship
the goods. Merging the trade data with detailed information on tropical cyclones’
trajectories and characteristics, I study the effect of US maritime ports’ exposure to
high-speed winds and the responses of Brazilian firms. I also develop a quantitative
model of spatial production networks with endogenous transportation costs and traf-
fic congestion. Once calibrated, the model can quantify how transport-related weather
disruptions induced by climate change translate into increased traffic congestion, sup-
ply chain recompositions, and welfare losses.2

Studying the context of US ports exposed to tropical cyclones and the responses of

1Studying 1,340 ports globally, Verschuur et al. (2023b) find that 86% of ports are exposed to more
than three weather-related hazards. Port-specific risk totals 7 billion USD per year, with 32% of the risk
attributed to tropical cyclone impacts, while 63 billion USD of trade is at risk every year.

2Quantitative calibration and results are not yet included in the paper.
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Brazilian firms provides me with an ideal setting to infer firm-level adaptation mar-
gins induced by transportation-related weather disruptions. First, maritime ports are
key infrastructure of international trade, responsible for more than 80% of global trade
volumes. Port disruptions can temporarily reduce the freight volume ports can pro-
cess, causing delays, depreciation of goods, and, in cases where cargo is re-routed,
additional transportation costs. Second, maritime ports are particularly vulnerable to
weather disasters, being located along coastlines and river shores.3 Tropical cyclones
are among the most prevalent sources of risk, inducing high-speed winds, heavy rain-
fall, and floods (Verschuur et al., 2020). Although the tropical storms affecting the US
are concentrated within a well-defined storm season (June 1 to November 30), the loca-
tion, timing, and intensity of the events remain largely unpredictable (Hsiang and Jina,
2014). Third, the exposure of US-to-Brazil trade flows to these disruptions is large. US
exports of goods to Brazil amount to more than 50 billion USD per year.4 Brazilian
ports, however, are rarely affected by tropical cyclones.5

Using recent advancements in the difference-in-difference literature (Dube et al.,
2023), I provide empirical evidence that port exposure to tropical cyclones affects firm-
to-firm trade and prompts persistent firm responses along routing decisions. I first
show that tropical cyclones temporarily disrupt the operations of US maritime ports,
for an average duration of four days around the cyclone’s landfall.6 Second, I doc-
ument that these disruptions induce a three-month decrease in firm-to-firm activity.
Firms delay or cancel shipments for a quarter before resuming linkage activity. The
cyclone events are not disruptive enough to break relationships, as I do not observe a
significant increase in the probability of relationship termination. Third, I show that
the adaptation margin of firms lies in the routing decision. Firms permanently re-route
trade away from the affected ports: the probability of using an exposed route declines
by 45% up to one year after the event. Given that the ports quickly resume opera-
tions, I interpret these results as adaptation responses to the occurrence of an extreme
weather event.

To address further challenges related to quantifying the economic impact of these
disruptions in a context of climate change, I build a model of spatial production net-
works with endogenous trade costs affected by weather disruptions. The model ac-
counts for traffic congestion, which likely induces economic agents to re-optimize

3A survey conducted by UNCTAD (2018) suggested that 72% of the responding port authorities
have been impacted by extreme weather events, causing delays (60%), disruption of operations (76%),
or physical damages (45%).

4The US is the second import partner of Brazil. Brazil is the 11th export partner of the US.
5Brazil’s coastal regions lie near the equator, where temperature variations are minimal and winds

primarily move vertically. Due to the weak convergence zone of trade winds in this area, tropical
cyclones do not form.

6Because port authorities forecast the cyclones’ trajectory and intensity, port downtime can antici-
pate the landfall. I use precautionary thresholds of the US Coast Guards to inform my definition of a
port-level shock (condition ZULU). See Section 3.1.
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routing. The empirical evidence I provide demonstrates that firms re-route trade to-
ward safer routes following weather disruptions. However, if traffic congestion raises
the costs of using these alternative routes, such routing responses could impact other
parts of the transportation network. Furthermore, while I empirically capture firm
responses to individual weather events, I cannot address a broader shift in the distri-
bution of such events — an essential feature of climate change.7 The model allows for
such a counterfactual scenario by assuming that a shift in firms’ perfectly informed
beliefs about the likelihood of weather disasters mirrors a sequence of realized events.
Through this process, firms continually update their information about the probability
of extreme weather events, enabling an analysis of long-term adaptation dynamics.

In the model, firms located across cities require intermediate inputs to produce fi-
nal goods. They take a joint sourcing and routing decision over the beliefs they form
on factory-gate costs and transportation costs, to find the most cost-effective supplier
and delivery route for the inputs. Road transportation is allowed when cities are di-
rectly connected through land, and maritime transportation when both cities contain
port infrastructure. Shipping through port infrastructure entails additional weather-
related costs, drawn from a distribution which is perfectly known by economic agents.
Transportation costs are endogenous to traffic, and inversely related to infrastructure
capacity.

I structurally estimate the components of transportation trade costs using the Brazil-
ian microdata, and confirm three predictions of the model: (i) port-level traffic leads to
congestion, and results in an increase in transportation costs, (ii) these congestions are
alleviated by port capacity, (iii) transportation costs are affected by wind conditions
around ports. A 1% increase in yearly expected windspeed at the port level increases
transportation costs by 0.02% — close to 25% of the effect of port congestion.

I calibrate the model at the sub-national level (GAUL1), and use the tropical cy-
clones probabilistic set projections of the STORM model to infer the climate-change-
induced increase in extreme wind events at the port level. The model can quantify the
distributional impacts of a shift in the distribution of extreme-weather events on mar-
itime ports. An increase in the probability of extreme weather events unambiguously
increases transportation costs of routes that use the affected ports. Traffic congestion,
on the other hand, creates negative spillovers to nearby ports. To explore further adap-
tation mechanisms, which do not relate to private firms’ responses already embedded
in the model, I propose another counterfactual scenario in which a social planner can
reallocate port capacity across the country’s existing port infrastructure. As traffic con-
gestion is inversely related to the capacity of infrastructure, decreasing the capacity of

7Although the intensity and frequency of tropical cyclones affecting US shores have increased since
the 2000s (see Appendix A.1), the link with climate change is arguably unclear (Vecchi et al., 2021).
Besides, the data I use on maritime shipments only covers six years, and therefore does not allow for
observing the effect of such a distributional shift.
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ports that are most affected by weather disruptions increases incentives to use alter-
native routes, less likely to experience weather disruptions. (This section is in progress,
and not included in the present version of the paper.)

Related Literature. This study is first and foremost related to the growing literature
assessing the impact of natural disasters and extreme weather events on production
networks (Barrot and Sauvagnat, 2016; Boehm et al., 2019; Carvalho et al., 2021). Both
the empirical and theoretical exercises of this paper are most closely related to the
recent works of Balboni et al. (2024) and Castro-Vincenzi et al. (2024), documenting the
impact of floods on domestic supply chains, and the adaptive responses of firms. Their
findings that firms form and update beliefs on the underlying distribution of weather-
related disruptions following the occurrence of an event constitute the stepping stones
on which I read my empirical results. A key difference to my setting is that they
primarily study the impact of floods on firm premises. I focus on a complementary
mechanism related to transport-related disruptions, the role of traffic congestion in
inducing further negative spillovers, and of mitigating infrastructure policy.8

Second, this paper is related to the literature considering the role transportation
costs and infrastructure play in shaping economic activity. A subset of the literature
explores the endogeneity of transportation costs to traffic congestion (Brancaccio et al.,
2020; Fajgelbaum and Schaal, 2020; Allen and Arkolakis, 2022). I draw from the frame-
work of Allen and Arkolakis (2022) and incorporate in the model an optimal trans-
portation problem defined as firms selecting bilateral least-cost routes.9 I extend the
transportation network to port infrastructure subject to capacity constraints that di-
rectly affect traffic congestion (Ducruet et al., 2024; Brancaccio et al., 2024). Another
related branch of the literature focuses on the effects of transport-related delays and
disruptions, and their consequences on firms’ sourcing decisions (Volpe Martincus
and Blyde, 2013; Martinez, 2024; Blaum et al., 2024; Clark et al., 2024). I complement
their findings by studying a setting in which I can more precisely identify the trade
infrastructure used to ship goods within firm-to-firm relationships.

Finally, this paper is related to a broader literature assessing the distributional im-
pacts of climate change on economic activity (Bilal and Rossi-Hansberg, 2023; Desmet
and Rossi-Hansberg, 2015; Cruz and Rossi-Hansberg, 2024; Rudik et al., 2021). A sub-
set of this literature highlights the role of firms’ decisions in shaping adaptation to

8Balboni et al. (2024) do consider flood-induced road disruptions and the subsequent responses of
firms as part of their results, using detailed GPS tracker data from commercial trucks. The data do
not, however, allow for observing the exact road infrastructure through which goods are shipped. Fur-
thermore, the effects of weather disasters on transportation costs is not explicitly incorporated in their
quantitative model.

9Subsequent works consider extensions of this framework to maritime trade with increasing returns
to scale in traffic (Ganapati et al., 2024), and endogenous port size (Ducruet et al., 2024), or to multi-
mode transportation networks (Wong and Fuchs, 2022).
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climate risks.10 These works put an emphasis on how firms adjust their set of suppli-
ers, location of production, entry and exit, or investments following extreme weather
events (Pankratz and Schiller, 2021; Castro-Vincenzi, 2024; Jia et al., 2022; Rabano and
Rosas, 2024). I focus on an additional margin of adaptation related to re-routing, and
suggest that firms’ responses should be complemented with infrastructure policy to
account for negative congestion spillovers.

The rest of the paper proceeds as follows. Section 2 describes the data. Section 3
provides empirical evidence on firms’ responses to transportation-related weather dis-
ruptions. Section 4 incorporates these responses into a theoretical model of production
network formation with traffic congestion and weather-induced transportation costs.
Section 5 discusses the model parametrization and calibration. Section 6 provides in-
sights on the future quantitative exercises I will conduct. Section 7 concludes.

2 DATA

In this section, I describe the data I use in the empirical Section 3. The main sources
of data that allow me to study firm-to-firm relationships and port-level outcomes are
bill of lading data from the US and Brazil. A bill of lading is a document issued by a
carrier to acknowledge receipt or shipment of cargo. It usually contains information
on the cargo’s origin, destination, quantity, packaging, shipping details, and cargo
description. I use the bill of lading data from Brazilian imports to recover relationship
outcomes, as it contains the identifiers of both the origin and destination parties at the
establishment level. The bill of lading data for US exports does not contain information
on the destination establishment (the foreign buyer). I use it to recover port-level
outcomes. I combine the bill of lading data with tropical cyclone tracks and climate
data.

Firm-to-firm shipments. I study firm-to-firm relationships and trading routes using
bill of lading data assembled by S&P Panjiva. The dataset encompasses the universe
of maritime import transactions conducted by Brazilian firms between June 2014 and
December 2019. Each shipment entry includes unique identifiers for both the Brazil-
ian importer and the foreign exporter, based on parent company names. Geographic
details, such as street address, city, postal code, and country, are recorded for each
trading party, allowing precise geocoding of shipment origins and destinations. The
data also track the maritime ports of origin and destination for each shipment, en-
abling the reconstruction of trading routes. Each transaction is classified by a 10-digit

10An extensive survey on firm adaptation to climate change is provided by Grover and Kahn (2024).

6



Harmonized System (HS10) code, providing detailed information on the nature of the
traded product. The dataset records the weight, volume, and current US dollar value
of each shipment. An indicator informs whether the shipment cargo is owned by the
trading parties or whether they are forwarders of the goods — i.e., merely third parties
transporting the goods.

I perform a series of steps to clean the data and restrict attention to trade between
production-oriented, regularly trading, and geolocalized parties. I refer to geolocal-
ized establishments belonging to an identified parent company as firms.11 First, all
shipments with missing parent company name or port ID are removed, since I cannot
identify the trading parties or routes. Second, I obtain firm geolocalization through
an ArcGIS geocoder and remove from the sample firms that are not geolocalized at
the city or postal code level. Third, to avoid noise generated by infrequent relation-
ships, I remove all pairs of firms trading only once. Fourth, I restrict attention to all
shipments for which both parties are declared the real owners of the cargo, thereby
removing warehouses or transportation companies from the sample. Fifth, I remove
all importers not geolocalized in Brazil and all exporters geolocalized in Brazil.

Throughout the empirical section, I denote Brazilian importers as buyers (indexed
by b), foreign exporters as suppliers (indexed by s), and buyer-supplier pairs {b, s} as re-
lationships. Based on the location of establishments, I assign to each supplier and buyer
their location (or ’city’ in Section 4) at the GAUL1 level, respectively denoted no for
the origin location, and nd for the destination location. When shipments transit from
a port of origin po to a port of destination pd, I denote the quadruplet {no,nd, po, pd}
as a route (indexed by r). The final sample contains 545,259 shipments, from 9,105
suppliers, to 7,853 buyers, through 1,088 routes. Appendix B.1 describes the sampling
procedure and provides summary statistics on firm-to-firm trade. Figure 1a presents
the geographic distribution of firms in the sample.

US port-level activity. To construct US port-level outcomes, I use US bill of lading
data assembled by S&P Panjiva, which covers all maritime export transactions from
US firms to foreign countries between January 2011 and December 2019.12 The data
contain information about the exporting parent company, geographic information on
the shipment origin (the establishment), the port of origin through which the ship-
ment leaves the US, and the name of the vessel carrying the goods. To recover the
UN/LOCODE of the ports, I manually match the US port names in the Panjiva dataset

11To palliate frequent typos in company names and geographic details, I clean the name strings, and
assign to a single firm ID all establishments belonging to a parent company name and geolocalized
within a 10km radius.

12This dataset is the US counterpart of the Brazilian transaction data. I do not use it to run firm-level
regressions, however, given that it does not contain information about the foreign buyer of shipments
— only about the country of destination.
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(a) Location of trading firms (b) Maritime routes

Notes: Panel 1a maps the location of the firms selected in the final sample. Each dot represents a firm:
red dots are foreign suppliers (n=9,105), and blue dots are Brazilian buyers (n=7,853). Panel 1b maps
the location of the ports, and the associated active routes within the sample. Each dot represents a port:
red dots are foreign ports of exit (n=268), black dots are Brazilian ports of entry (n=34), and a line the
direct distance of an active route (n=1088).

Figure 1: Plants, ports, and routes

with the Principal Ports data of the United States Army Corps of Engineers (USACE).
The final sample consists of 71 large ports, among which 32 ship to Brazil. Appendix
B.2 provides port-level summary statistics.

Global port-level traffic. To recover global port-level traffic, I use the daily indicators
of port and trade activity provided by the IMF PortWatch. The data contains daily
count of port calls, estimates of import and export volumes (in TEU) disaggregated
by ship type (contained, dry bulk, general cargo, tankers, ro-ro) for 1666 global ports,
from 2019 to 2023. I match 531 ports by name with the Brazilian bill of lading data,
and use the daily port-level aggregates of imported and exported TEU volumes as a
proxy for port traffic.13

Tropical cyclones tracks. I obtain information on tropical cyclones using the IBTrACS
(International Best Track Archive for Climate Stewardship) database (Knapp et al.,
2010). This database provides a comprehensive record of tropical storms and cyclones
since 1841. It contains detailed characteristics of storm systems’ positions and inten-
sities, with a 3-hour temporal resolution and a 0.1◦ spatial resolution. I focus on all
cyclones that occurred from 2014 to 2019 within a 200km buffer zone around main-
land US coasts. Appendix B.4 provides summary statistics on cyclones’ wind profiles.

Tropical cyclones climate. I obtain port-level current and future tropical cyclone cli-

13Data dowloaded from IMF PortWatch. The data is based on raw AIS data from the United National
Global Platform. Port-level daily estimates are PortWatch team’s calculations, based on the methodol-
ogy described in Arslanalp et al. (2021).
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Figure 2: Present to RCP8.5: ∆ Tropical Cyclone Windspeed

Notes: This map reports the change in expected windspeed induced by tropical cyclones, from the
present-day scenario (1980-2015) to a RCP8.5 scenario (2015-2050). The calculations are based on wind-
speed and return periods for 10,000 years of synthetic cyclone tracks from the STORM model.

mates from the STORM model (Bloemendaal et al., 2020a,b). The data reports the
maximum windspeed (meter/second) for a fixed set of return periods, recovered from
10,000 years of synthetic tropical cyclone tracks under present-day (1980-2015) and fu-
ture climate scenario (2015-2050, RCP8.5/SSP5) at a 10km resolution. I calculate the
expected windspeed in a 2◦ grid cell as the sum of maximum sustained windspeed
weighted by the inverse of their return period (i.e. the probability of occurrence in
10,000 years). Figure 2 maps the global change in expected windspeed from tropical
cyclone. Figure B.1 reports the raw data.

3 EMPIRICAL EVIDENCE

3.1 EXPOSURE TO TROPICAL CYCLONES

I proceed to describe the nature of the shocks I consider and how I measure the expo-
sure of firms (and relationships) to tropical cyclones affecting maritime ports. I first
describe how I define and measure the exposure of US ports to tropical cyclones. I
then describe how I assign firm-to-firm relationships and their trading routes to these
treatments.

Port condition ZULU and shocks to ports. Tropical cyclones may affect the operations
of maritime ports in several ways (Verschuur et al., 2023a). Port critical infrastructure
is at risk of damage under heavy rain, floods, and intense wind. To prevent the risk
of infrastructure damage upon the arrival of a tropical cyclone within 72 hours, the
US Coast Guards can issue a set of port conditions — i.e., measures restricting port op-
erations — to guide ship operators in responding to tropical weather conditions. Im-
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portantly, these measures are issued upon the projected arrival of sustained gale-force
winds (greater than 34 knots), leading ports to preemptively prepare for the arrival of
a cyclone.14 When the cyclone is projected to reach the port within 12 hours, the port
condition ZULU is issued, closing the port to all vessel traffic. Appendix A provides
an example of a Maritime Bulletin Safety Information, issued upon the arrival of Hur-
ricane Milton at the port of Key West (October 2024, Florida). I use the port condition
ZULU as a guide to define port disruptions induced by tropical cyclones.

Exhaustive information on the issuance of port conditions ZULU for all US ports is
not easily accessible, nor is the actual experienced wind around ports during cyclone
events. I therefore proxy disruptive tropical cyclone events by modeling the experi-
enced wind speed around port locations, using the parametric model of Willoughby
et al. (2006), adjusted for asymmetry using Chen (1994). The input of this cyclone
profile simulation method is the IBTrACS data described in Section 2. The output is
a vector of cyclone characteristics at the port level, including the maximum sustained
wind speed experienced at the port location during the duration of the event. Figure
3 provides an example of the cyclone profile modeling procedure across the surface
of the US for Hurricane Harvey (August 2017). For my baseline definition of a port-
level shock, I use a threshold of experienced maximum wind speed of 28 knots.15 This
accounts for (i) noise in the modeling of experienced wind speeds and (ii) uncertain-
ties regarding the trajectory of the cyclone and the projected wind speed models used
by port authorities to inform the port conditions issuance decisions.16 Importantly, I
use the time of the first ever recorded information on the cyclone as the time of the
shock. This corresponds to the time at which the weather agency discovered the cy-
clone anomaly and therefore helps avoid any anticipation of the cyclone by economic
agents in a difference-in-difference setting. Table B.6 reports summary statistics on
tropical cyclones.

Measuring exposure to port disruptions. I define the treatment variable Ei,t = 1 when
the unit of analysis i is exposed to a tropical cyclone at period t, where t corresponds to
the birth period of the cyclone, and 0 otherwise.

For port-level analyses, i corresponds to US ports, and t represents days. Ports are
assigned to treatment whenever they are exposed to a maximum sustained wind speed
above the 28-knot threshold. For relationship-level analyses, i corresponds to a pair
(b, s), where b is a Brazilian buyer and s is a foreign supplier, and t represents months.
Assigning firm pairs to treatment poses an additional challenge, as the bill of lading
data only records existing shipments but does not contain information about delayed

14The knot is a unit of speed corresponding to one nautical mile per hour. Sustained gale-force winds
approximately correspond to wind speeds greater than 63 kilometers per hour, or 39 miles per hour.

15This corresponds to 52 kilometers per hour, or 32 miles per hour.
16I reproduce my main results using higher thresholds (34 and 41 knots) in Appendix C.2.
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Figure 3: Wind speed profile of hurricane Harvey

Notes: This map shows the maximum sustained wind speed experienced by US counties during Hur-
ricane Harvey (23 August to 02 September 2017). The red dots represent the eye of the hurricane across
its lifespan (IBTrACS). Wind speed is modeled using the method of Willoughby et al. (2006), adjusted
for asymmetry using Chen (1994). Black dots indicate US ports that export to Brazil in the Brazilian bill
of lading data. Grey dots represent US ports that do not export to Brazil.

or canceled shipments due to port disruptions. To circumvent this issue, I assign a
pair (b, s) to treatment if I observe any shipment between this pair of firms through an
exposed port within a 6-month window prior to the cyclone event.17 Therefore, a rela-
tionship is considered treated even if only a small proportion of its shipments transit
through an exposed port.18 For relationship-route-level analyses, i corresponds to a
triplet (b, s,r), where b is a Brazilian buyer, s is a foreign supplier, r is a port of exit-
to-port of entry maritime route, and t represents months. I assign a triplet (b, s,r) to
treatment if I observe any shipment between this pair of firms through a route where
the port of exit is an exposed port within a 6-month window prior to the cyclone event.

3.2 TROPICAL CYCLONES, MARITIME PORTS, AND SUPPLY CHAIN

DISRUPTIONS

I leverage the quasi-random timing and location of tropical cyclones to examine how
(i) port operations, (ii) firm-to-firm trade, and (iii) route choices are affected by weather
shocks. The empirical setting I consider poses several challenges to estimation. First,
the treatment is staggered, and the treatment effect is most likely heterogeneous across
groups and over time. Tropical cyclones may affect ports that are more or less pre-

17I reproduce my main results using alternative exposure windows (12 months, 24 months, all
months) in Appendix C.3.

18This is an important assumption, as the effect is likely to be larger for relationships that transit a
large proportion of their shipments through exposed ports. The use of a binary treatment, as opposed
to a continuous one, is constrained by the LP-DiD estimator.
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pared and have different recovery abilities. Furthermore, treated relationships may
differ across unobservable factors that affect their duration and ability to recover from
shocks, such as age, specificity of inputs, etc. Recent work has demonstrated that
two-way fixed-effect event-study estimators are biased in this case (Borusyak et al.,
2024). Second, the treatment is non-absorbing: ports, and therefore relationships, can
be treated multiple times while recovering in between. Third, the treatment is most
likely continuous, depending on the magnitude of the cyclone events or the exposure
to weather disasters.19 Fourth, in order to disentangle the effect of the cyclone events
on ports from the effects on firms themselves, I need to control for a large set of fixed
effects.

I partially address these concerns by using the local-projection difference-in-difference
estimator proposed by Dube et al. (2023) throughout the empirical exercise. The esti-
mator allows for recovering interpretable average treatment effect estimates in a stag-
gered design, with dynamic and heterogeneous treatment effects. It accommodates
non-absorbing treatments under an assumption of effect stabilization and is computa-
tionally efficient, even with a large number of fixed effects.

3.2.1 PORT-LEVEL DISRUPTIONS

I first document that tropical cyclones temporarily affect the operations of US ports
that ship to Brazil. I construct two daily measures of port activity from the US bill of
lading data. The first outcome of interest — the extensive margin of port operations —
is a binary variable that takes the value 1 if no vessels exporting goods were recorded
during day t, i.e., the port is closed. The second outcome of interest — the intensive
margin of port operations — is the log number of establishments that export through
port p on day t, conditional on the port being open. The sample consists of all US
ports that export at least once to Brazil (as recorded in the Brazilian bill of lading
data). I consider the following local projection difference-in-difference specification to
estimate the effect of cyclones on port activity:

yp,t+h −
1

15

t−1

∑
τ=t−15

yp,τ = βh∆Ep,t + αh
p,y(t) + αh

p,m(t) + εh
p,t , (1)

where yp,t+h corresponds to the outcome of interest for a port p, h days after the port
received treatment on day t. The regression controls for port-year and port-calendar
month fixed effects, absorbing port-specific seasonality and yearly fluctuations in ac-
tivity. Standard errors are clustered at the port level. Daily port-level outcomes show
high volatility, and choosing the relative period t − 1 as the baseline can lead to noisy

19Ports may rely on a set of critical infrastructure to operate, e.g., nearby power grids or entrepôts,
with variation in exposure to weather disasters (Verschuur et al., 2023a). Firms exhibit varying degrees
of reliance on high-risk routes for the delivery of goods.
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estimates, even with the assumption of no anticipation. I therefore choose a speci-
fication in which the long difference of the outcome variable is taken relative to its
average value over a 15-day interval before t, instead of relative to t − 1.20 As ports
may be affected by multiple cyclone events within a month, the sample is restricted to
observations that are either:

newly treated Ep,t = 1, Ep,t−j = 0 for 1 ≤ j ≤ 15,

or clean control ∆Ep,t−j = 0 for − h ≤ j ≤ 15.

That is, the effect of treatment is assumed to stabilize after 15 days, and observa-
tions that experience a change in treatment status between t− 15 and t− 1, or between
t+ 1 and t+ h are excluded from the estimation sample. Figure 4a shows the results of
estimating Equation (1) on the extensive margin of port activity, for a 15-day window
before and after the shocks. The effect of port exposure to cyclones is a 3- to 4-day in-
crease in the probability of closing the port before ports recover operations. The effect
corresponds to a 41% increase in the probability of closing within the exposure win-
dow.21 The recovery period shows signs of a temporary decrease in the probability
of closing, likely linked to the port working full time to catch up with planned ship-
ments. Figure 4b shows that, when ports do not close, the number of exporting firms
jumps as the cyclone is announced and decreases around the landfall.

3.2.2 FIRM-TO-FIRM DISRUPTIONS

I then document the effect of port exposure to cyclones on firm-to-firm trade. I am
mainly interested in the extensive margin of firm-to-firm trade, i.e., in supply chain
composition. My first outcome of interest is a monthly measure of relationship ac-
tivity, defined as a binary variable taking the value 1 for a positive number of ship-
ments within the relationship (b, s) at month t, and 0 otherwise. Relationship activity
is conditioned on the entry and exit of the relationship, respectively defined as the
first and last recorded shipments between b and s.22 Given that such a measure may
underestimate the effect of cyclones if relationships terminate, I construct a measure
of relationship termination, a binary variable taking the value 1 at the month of the

20This is referred to as the ‘pre-mean-differenced’ estimator in Dube et al. (2023).
21The unconditional probability of port closing is 0.58. The duration of the effect is consistent with

the findings of Verschuur et al. (2020). Reviewing the effect of natural disasters on port operations
using vessel tracking data, they find a median disruption duration of six days. In many instances,
port operations recapture, i.e., port productivity increases immediately after the event to reduce further
delays in shipments.

22This avoids making comparisons between poorly defined potential relationships, i.e., before the
recorded first activity of the relationships. When the first recorded shipment is observed within the first
year of the sample, I consider that the relationship enters during the first period of the sample. I treat
the exit of relationships analogously, when the last recorded sale is observed within the last year of the
sample.

13



(a) Probability of closing (b) Log number of exporting firms

Figure 4: The impact of exposure to cyclones on port activity

Notes: These panels plot the effect of exposure to tropical cyclones on daily port-level outcomes, as
specified by Equation (1). The outcome of Panel 4a is a binary variable, taking value 1 if no vessels
exported goods in period t (port closing), 0 otherwise. The outcome of Panel 4b is the log number
of exporting plants using the port in period t, conditioning on at least one vessel exporting goods.
Regressions include port-year and port-month fixed effects. The sample consists of all geolocalized
US ports, which ship to Brazil from 2014 to 2019. Standard errors are clustered at the port level. The
bars correspond to 95% confidence intervals. Black dots are point estimates significant at the 5% level,
gray squares are point estimates significant at the 10% level, and empty dots are point estimates non-
significant at the 10% level.

last recorded shipment of the relationship, and 0 otherwise.23 To estimate the effect of
cyclones affecting maritime ports on firm-to-firm trade, I consider the following local
projection difference-in-difference specification:

ybs,t+h − ybs,t−1 = βh∆Ebs,t + αh
s,t + αh

b,t + εh
bs,t , (2)

where ybs,t+h corresponds to the outcome of interest for a buyer-supplier relationship
(b, s), h months after the relationship received treatment at month t. The regression
controls for buyer-month and supplier-month fixed effects. These fixed effects absorb
supplier- or buyer-specific shocks. This is particularly important to disentangle the
effect of cyclones on the ports that the relationships use while removing the effect of
cyclones on the suppliers themselves. Standard errors are clustered at the buyer level.
As relationships may be affected by multiple cyclone events, the sample is restricted
to observations that are either:

newly treated Ebs,t = 1, Ebs,t−j = 0 for 1 ≤ j ≤ 6,

or clean control ∆Ebs,t−j = 0 for − h ≤ j ≤ 6.

That is, the effect of treatment is assumed to stabilize after 6 months, and observa-
tions that experience a change in treatment status between t − 6 and t − 1, or between
t + 1 and t + h, are excluded from the estimation sample. Figure 5a reports the estima-
tion of Equation (2) on relationship activity, 6 months before and 12 months after the

23This measure is similar to that of Martinez (2024).
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(a) Relationship activity (b) Relationship termination

Figure 5: The impact of port exposure to cyclones on firm-to-firm relationship

Notes: These panels plot the effect of port exposure to tropical cyclones on monthly firm-to-firm-level
outcomes, as specified by Equation (2). The outcome of the left panel (a) is a binary variable, taking the
value 1 if at least one shipment is observed for the trading pair at month t (active relationship), and 0
otherwise. Relationship activity is conditioned on the entry and exit of the relationship. The outcome
of the right panel (b) is a binary variable, taking the value 1 if an observed shipment at month t is the
last observable shipment of the trading pair (relationship termination), and 0 otherwise. Regressions
include buyer-time and supplier-time fixed effects. Standard errors are clustered at the buyer level.
The bars correspond to 95% confidence intervals. Black dots are point estimates significant at the 5%
level, gray squares are point estimates significant at the 10% level, and empty dots are point estimates
non-significant at the 10% level.

shock. Results suggest that port exposure to cyclones has a three-month temporary
effect on the extensive margin of firm-to-firm trade, before a full recovery of the prob-
ability of activity (conditioning on relationships that do not terminate). The effect is
largest one month after the birth of the cyclone, corresponding to a 36% decrease in the
probability of trading for treated relationships compared to untreated relationships.24

Figure 5b reports the estimation of Equation (2) on relationship termination within a
similar time window. Results show no particular signs of an increase in relationship
termination, suggesting that the shocks are not large enough to permanently recom-
pose supply chains around the shocks’ timing. In addition, I find no significant effect
on the intensive margin of trade, measured as the log number of shipments, the log
total weight, or the log total volume, conditional on active relationships. Figure C.1
reports results of the intensive margin specifications.

3.2.3 ROUTE CHOICE

I finally turn to the effect of port exposure to cyclones on the choice of routes that
firms take when shipping goods. Having already established that firms decrease trade
around the time of the cyclone, I seek to understand whether the choice of the route is
an adaptation margin when firms keep trading after being treated. I restrict attention

24The unconditional probability of relationship activity in the sample is 0.35.
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to all relationships that are treated throughout the sample.25 The outcome of interest
is a monthly measure of the extensive margin of route activity, a binary variable taking
the value 1 for a positive number of shipments between b and s, using route r, and 0
otherwise. Route activity is conditioned on (b, s) being active at t, so as to disentangle
route activity from relationship activity. I also consider an intensive margin outcome,
the log share of shipments between b and s using route r, conditioned on route activity.
I consider the following local projection difference-in-difference specification:

ybsr,t+h − ybsr,t−1 = βh∆Ebsr,t + αh
bs,t + αh

pd(r),t
+ εh

bsr,t , (3)

where ybsr,t+h corresponds to the outcome of interest for a relationship-route (b, s,r), h
months after the relationship received treatment at month t. The regression controls
for relationship-month and port of destination-month fixed effects. As such, I restrict
comparisons to within-relationship route choice, holding constant the port of destina-
tion. I aim to isolate the choice of the port of origin to ship goods, given that only
ports of origin are potentially treated. Standard errors are clustered at the relationship
level. As routes within a relationship may be affected by multiple cyclone events, the
sample is restricted to observations that are either:

newly treated Ebsr,t = 1, Ebsr,t−j = 0 for 1 ≤ j ≤ 6,

or clean control ∆Ebsr,t−j = 0 for − h ≤ j ≤ 6.

That is, the effect of treatment is assumed to stabilize after 6 months, and observa-
tions that experience a change in treatment status between t − 6 and t − 1, or between
t + 1 and t + h, are excluded from the estimation sample. Figure 6a reports the estima-
tion of Equation (3) on route activity, 6 months before and 12 months after the shock.
Results suggest that, conditioning on relationship activity, port exposure to cyclones
has a long-lasting effect on route choice. Twelve months after the shock, the effect
corresponds to a 45% decrease in the probability of trading through the exposed route
compared to untreated routes within the same relationship.26 Figure 6b reports the
estimation of Equation (3) on the log share of shipments through the route. Results
show only a slight effect (significant at the 90% level) on the intensive margin of route
activity.

25The sample consists of 1,906 relationships. Table B.4 reports summary statistics for this sample at
the relationship-route level.

26The unconditional probability of route activity in the sample is 0.40.
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(a) Route activity (b) Log share of shipments

Figure 6: The impact of port exposure to cyclones on route choice

Notes: These panels plot the effect of port exposure to tropical cyclones on monthly firm-to-firm-route-
level outcomes, as specified by Equation (3). The outcome of the left panel (a) is a binary variable, taking
the value 1 if at least one shipment is observed for the trading pair through route r at month t (active
route), and 0 otherwise. Route activity is conditioned on the activity of the firm-to-firm relationship.
The outcome of the right panel (b) is the log share of shipments of the relationship using route r. The
log share of shipments is conditioned on the activity of the route. Regressions include relationship-
time and port of destination-time fixed effects. Standard errors are clustered at the relationship level.
The bars correspond to 95% confidence intervals. Black dots are point estimates significant at the 5%
level, gray squares are point estimates significant at the 10% level, and empty dots are point estimates
non-significant at the 10% level.

4 THEORY

In this section, I develop a theory of spatial production network formation with en-
dogenous trade costs and weather shocks to trade infrastructure. The model ratio-
nalizes my empirical findings: (i) tropical cyclones affect the operation of maritime
ports and induce firm-to-firm trade disruptions, and (ii) firms adapt to these disrup-
tions by re-routing trade, even after the recovery of port activities. I use the model to
perform counterfactual simulations on a climate change scenario and infrastructure-
related adaptation policies.

To parsimoniously capture empirical evidence on the impacts of trade infrastruc-
ture exposure to weather disasters on global supply chains, I assume that, in a produc-
tion network environment similar to that of Oberfield (2018), firms take a joint sourc-
ing and routing decision over the beliefs they form on factory-gate costs and trade
costs.27 Trade costs are endogenous to traffic congestion, as in Allen and Arkolakis
(2022), and for maritime routes include the costs of using maritime port infrastruc-
ture, which is potentially affected by weather disasters. Firms are perfectly informed
about the underlying distribution of weather-related risks to port infrastructure.

The model is able to form predictions that are not testable in the reduced-form em-
pirical evidence in Section 3. First, the model incorporates traffic congestion, which

27I draw from the model of endogenous production network formation under idiosyncratic and ag-
gregate weather disaster risks presented in Balboni et al. (2024). Chen et al. (2023) proposes a related
model in which technology compatibility between firms shapes the marginal costs of inputs. I extend
this class of models with a geography, endogenous trade costs, and transportation-related weather risks.
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likely impacts trade costs in the long run. Section 3.2 shows that firms adapt by re-
directing trade through alternative routes long after the ports recover from the shocks.
If traffic congestion increases the cost of using these alternative routes, such adapta-
tion mechanisms may, in turn, distort bilateral components of sourcing shares and
affect the aggregate impacts of infrastructure exposure to weather disasters. Second,
while the empirical results describe the reactions to single weather events, they do
not address a local shift in the distribution of weather events — which is a hallmark of
climate change. The model accommodates such a counterfactual scenario, with the as-
sumption that a shift in the perfectly-informed beliefs of firms over the distribution of
weather disasters is akin to a sequence of realized events through which firms update
information on the probability set of extreme weather events.28

4.1 ENVIRONMENT

The economy consists of a discrete set N of cities (indexed by n or n′), each popu-
lated with a continuum Mn ∈ {Mn}n∈N ≡M of firms, and an exogenous measure of
households Ln ∈ {Ln}n∈N ≡ L. Each city is endowed with a fundamental productiv-
ity an ∈ {an}n∈N ≡ A. Some cities contain port infrastructure (port-cities), allowing
for trade across cities that are not connected by land. The set of port-cities is denoted
P . Both cities and ports are connected through a transportation network, i.e., a matrix
of bilateral trade frictions δll′ ∈ {δll′}l,l′∈N∪P×N∪P ≡ T incurred from moving directly
from a location (a city or a port, indexed by l or l’) to another. The transportation
network is a function of endogenous variables (traffic) and exogenous ones (distance
and capacity). Cities are distant from each other, with a bilateral measure of distance
ϵnn′ ∈ {ϵnn′}n,n′∈N 2 ≡ D. Each port has a capacity denoted Kp ∈ {Kp}p∈P ≡ Kp (e.g.,
port berths). Cities are connected via a countable set of routes R, allowing trade in
intermediate inputs.

Households. Households in city n inelastically supply labor li to local firms and con-
sume a bundle of differentiated final goods supplied by local firms:

qn =

(∫
i∈Mn

q
σ−1

σ
i di

) σ
σ−1

, (4)

where qi is the quantity of final goods supplied by firm i ∈ Mn to households, and
σ > 1 is the elasticity of substitution across varieties of final goods supplied in city
n. I assume no trade in final goods and no migration across cities.29 Households are

28Note that, although static, the model can also serve as a description of the immediate aftermath
of a weather disaster and therefore can accommodate the dynamic — but short-lived — disruptions
described in Section 3.

29These are restrictive assumptions but ones that map directly to the model studied in Section 3, and
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subject to the budget constraint:∫
i∈Mn

qi pidi = wn + Πn, (5)

where pi is the price charged by firm i to households for final goods, wn is the wage
rate in city n, and Πn are per-capita profits rebated from firms to households in city n.

Firms. Firms’ production process involves combining local labor and perfectly substi-
tutable intermediate inputs supplied by other firms along different routes. Firms are
faced with a mass of potential suppliers located in all cities (including locally) and a set
of delivery routes. A specific combination of labor, input, and delivery route yields a
’technique’ of production, defined over a supplier-buyer match ϕ and a delivery route
r:

yi(ϕ,r) = χan(i)l
1−α
i (z(ϕ)xi(ϕ,r))α, (6)

where li is the amount of labor used by firm i, xi(ϕ,r) is the amount of intermediate
inputs supplied through route r and yielding the match-specific input-augmenting
productivity z(ϕ), and an(i) is city-specific productivity shifter.30

Firms choose the technique that yields the minimum marginal cost of production,
at which they sell their goods to other firms — i.e., buyers have full bargaining power
(see Oberfield (2018)). Firms engage in monopolistic competition when selling final
goods to local households. Trade in intermediate inputs is subject to route-specific
iceberg costs such that, for each unit to be used as an input in production, τn(j)n(i)(r)≥
1 units must be shipped from the supplier’s city n(j) to the buyer’s city n(i) using
route r. The factory-gate price (marginal cost) of production using technique (ϕ,r) is
such that:

ci(ϕ,r) =
w1−α

n(i)

an(i)

(
τn(j)n(i)(r)

cj(ϕ)

z(ϕ)

)α

, (7)

where cj(ϕ) is the marginal cost of inputs from supplier j. I make two functional form
assumptions on firms, which allow for a tractable characterization of the equilibrium.

ASSUMPTION 1. For any firm i in city n, the number of potential suppliers j ∈ Mn′ that i
can choose from, and that yield a match productivity z > z̄, is distributed Poisson with mean
an′ z̄−ξ , where an′ is the fundamental productivity of firms in city n′.

Assumption 1 describes the distribution of match-specific productivity among the
techniques available to a firm in n, and idiosyncratic productivity. The parameter ξ

determines the tail behavior of the distribution of match-specific productivity draws
(Oberfield, 2018; Chen et al., 2023; Balboni et al., 2024). A higher value of ξ implies that

to the fact that I only observe firm-related transactions in the bill of lading data.
30χ is a normalizing constant equal to α−α(1 − α)−(1−α).
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the draws are, on average, more similar, making a buyer more inclined to substitute to
an alternative supplier when route-level or factory-gate-level costs increase.

Shipping. Firms from city n can ship to any other city. However, shipment may be
indirect, as some cities are not directly connected (e.g., by a direct road or shipping
line). Shipping routes are comprised of a countable set Br of legs, with |Br| − 1 stops
from origin n (k = 1) to destination n′ (k = |Br|). Each stop may be a port or a non-port
city. Each stop involves iceberg direct transportation costs across all cities, as well as
port-city-level trade costs. For a route r connecting n to n′ through |Br| legs, including
|Pr| port cities, the trade costs are given by:

τn(j)n(i)(r) =
|Br|

∏
k=1

drk−1,rk

|Pr|

∏
m=1

tp(r)m . (8)

Following Ganapati et al. (2024), I allow for transportation costs to be a function of
both endogenous and exogenous variables:

drk−1,rk = d(ϵrk−1,rk), tp(r)m = t(Ξ,Kp(r)m)× θp(r)m , (9)

where ϵrk−1,rk represents exogenous transportation costs, such as distance, Ξ is a ma-
trix of traffic flows, Kp(r)m represents port-level infrastructure capacity, while θp(r)m

represents port-level weather-related wedges, with the following assumption:

ASSUMPTION 2. Port-level wedges are randomly drawn from a Pareto distribution with c.d.f.
Fp(r)(θ) = 1 − θ−ψp(r) , for θp(r) ≥ 1.

Assumption 2 describes the distribution of port-level wedges. With a higher shape
parameter ψp(r), firms will on average draw lower transportation cost wedges, as the
tail of the distribution becomes thinner. This assumption ensures that transportation
costs in Equation (8) remain tractable.

Sourcing and routing decisions. I first characterize the distribution of factory-gate
costs.

PROPOSITION 1. Under Assumption 1, the marginal cost distribution of firms in Mn′ is
Weibull:

P(ci(ϕ,r) > c) = exp

−(an′wα−1
n′

) ξ
α

∑
n

an c̄−ξ
n ∑

r∈Rnn′

|Br|

∏
k=1

d−ξ
rk−1,rk

|Pr|

∏
m=1

t̄−ξ
p(r)m

 c
ξ
α

 , (10)

where c̄−ξ
n = aξ

nw(α−1)ξ
n

(
∑̃
n

añ c̄−ξ
ñ ∑

r∈Rñn

|Br|

∏
k=1

d−ξ
rk−1,rk

|Pr|

∏
m=1

t̄−ξ
p(r)m

)α

Γ (1 − α) , (11)
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and t̄−ξ
p(r)m

=
∫ ∞

1
t−ξ

p(r)m
dFp(r)m(θ). (12)

Proof. See Appendix D.1.

This result follows from the fact that, if the effective price of inputs for suppliers
in all origin cities and delivering through any route is distributed Weibull, then the
distribution of factory-gate prices of all firms i in destination n′ is also distributed
Weibull.31 The production network structure affects the distribution of marginal costs
through the factory-gate costs of the upstream suppliers, apparent in Equation (11)
specifying the cost indices of downstream firms as a fixed point. The transportation
costs, however, depart from similar models of production network formation (Chen
et al., 2023; Balboni et al., 2024) by explicitly including the set of links and transporta-
tion infrastructure of which routes are composed. I characterize the joint sourcing and
routing decisions of firms as a corollary to Proposition 1.

COROLLARY 1. The probability that firm i in n′ sources from route r connecting n to n′ is:

πi,r =
an c̄−ξ

n ∏|Br|
k=1 d−ξ

rk−1,rk ∏|Pr|
m=1 t̄−ξ

p(r)m

∑ñ añ c̄−ξ
ñ ∑r∈Rñn′ ∏|Br|

k=1 d−ξ
rk−1,rk ∏|Pr|

m=1 t̄−ξ
p(r)m

. (13)

Proof. See Appendix D.1.

Equation (13) represents the unconditional probability of choosing route r to source
goods. Given that route r links destination n′ to origin n, Equation (13) jointly specifies
the sourcing city and the delivering route. Given that this probability is independent of
firm i characteristics, πi,r is also the share of expenses of city n′ in city n through route
r. Aggregating the sourcing-routing shares across routes yields city-to-city bilateral
trade shares, as shown in Corollary 2:

COROLLARY 2. The bilateral trade share between n′ and n is:

πnn′ =
an c̄−ξ

n τ
−ξ
nn′

∑ñ añ c̄−ξ
ñ τ

−ξ
ñn′

, (14)

where τnn′ =

 ∑
r∈Rnn′

(|Br|

∏
k=1

d−ξ
rk−1,rk

)( |Pr|

∏
m=1

t̄−ξ
p(r)m

)− 1
ξ

. (15)

Proof. See Appendix D.1.

31I define the effective price of inputs delivered by supplier j through route r as

λj(ϕ,r) =
cj

z(ϕ)

|Br |

∏
k=1

drk−1,rk

|Pr |

∏
m=1

tp(r)m
.
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Equation (14) resembles one of traditional trade models, with the addition of production-
network-affected marginal cost indices c̄n and endogenous transportation costs. Equa-
tion (15) embodies my departure from trade modeling with endogenous routing (Allen
and Arkolakis, 2022; Ganapati et al., 2024), with the addition of infrastructure-level
costs.

Equilibrium transportation costs. Define the auxiliary matrix ∆ as a (|N | + |P|) ×
(|N |+ |P|) matrix, where |N | corresponds to the number of cities (port- or non-port
cities), and |P| the number of port cities. Each of the first |N | rows and columns of ∆
corresponds to a city, while each of the last |P| rows and columns of ∆ corresponds to
a port. Denoting both cities and ports as locations, indexed l or l′, the (l, l′) entry δll′

of ∆ is 0 if l and l′ are not directly connected. If both locations are connected and l′

is a port, then δll′ = d−ξ
ll′ t̄−ξ

l′ . If both locations are connected and l′ is not a port, then
δll′ = d−ξ

ll′ . It follows that the city-to-city transportation costs are given by the Leontiev
inverse of the auxiliary matrix ∆:

[τnn′ ] =
[
(I − ∆)−1

]◦(− 1
ξ

)
. (16)

The conditional probability that a good passes through port p, given origin n and
destination n′, is:32

π(p|nn′) =

(
τnpτpn′

τnn′

)−ξ

, (17)

Using these port-level conditional probabilities, I characterize traffic as the total value
of goods that transit through ports:

Ξp = ∑
n

∑
n′

(
τnpτpn′τ−1

nn′

)−ξ
Xnn′ , (18)

where Xnn′ is the total trade value from n′ to n.

Closing the model. Appendix D.2 completes the description of the model environ-
ment. The model closes with a good market clearing condition, which requires trade
in intermediate inputs to be balanced.

Equilibrium. Appendix D.3 formally defines the general equilibrium of the model
with traffic congestion, and provides the system of equation that characterizes it. Ap-
pendix D.4 provides the numerical algorithm implemented to recover counterfactual
equilibria.

32Here, I follow Allen and Arkolakis (2022) and Ducruet et al. (2024).
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5 MODEL PARAMETERIZATION AND CALIBRATION

The aim is to estimate key parameters of the model using bill of lading microdata when
feasible, and calibrate the model at a fine spatial granularity. I need to recover the
following parameters and fundamentals: the measures of labor (Ln), the measures of
firms (Mn), fundamental city-level productivity an, port capacity (Kp), transportation
costs elasticity to distance (λ1), elasticity to traffic (λ2), elasticity to port-level capacity
(λ3), port-level weather dispersion (ψp), final goods elasticity of substitution (σ), the
intermediate input share (α), and the dispersion of match-specific productivity (ξ).
Table 2 summarizes the provenance or procedure to obtain the calibrated parameters
and fundamentals.

5.1 ESTIMATING TRANSPORTATION COSTS

I aim at recovering a set of transportation costs that account for the effect of traffic, port
capacity, and weather risk. I parametrize the general formulation of transportation
costs in Equation (9) as:

d−ξ
nn′ = ϵλ1

nn′ , and t̄−ξ
p = Ξλ2

p Kλ3
p

ψp

ψp + ξ
, (19)

where λ1 is the elasticity of link-level costs to distance, λ2 is the elasticity of port-level
costs to port traffic, and λ3 is the elasticity of port-level costs to port capacity.33 To
estimate the parameters affecting transportations costs, I use a reduced-form analog
of route-level bilateral trade shares described in Corollary 1:

log(πweight
nd,r,t ) = αnond,t + αpd,t + α1 log(Distancer)

+ α2 log(ΞTEU
po,t )

+ α3 log(KTEU
po )

+ α4 log(CycloneRiskpo)

+ εnd,r,t.

(20)

I bring Equation (20) to the data by constructing a microdata equivalent of route-level
bilateral trade share from Brazilian bill of ladings. That is, π

weight
nd,r,t is defined the weekly

share of shipment weight that destination location nd sources through route r.34 In the
data, locations to refer GAUL1 sub-national units, while routes are approximated as
the quadruplet {no,nd, po, pd}, where po and pd are respectively the port of origin, and
port of destination of shipments. The distance component of transportation costs is

33From Proposition 1 and the definition of port-level trade costs in Equation (9), t̄−ξ
p =

t(Ξ,Kp)−ξ
∫ ∞

1 θ−ξ
p dFp(θ). Assumption 2 implies that

∫ ∞
1 θ−ξ

p dFp(θ) = ψp/(ψp + ξ), and I parametrize
t(Ξ,Kp)−ξ = Ξλ2

p Kλ3
p .

34I use weight instead of value to prevent misreporting of shipment values to bias the results.
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approximated as the least-cost distance over land and sea traveled by the goods from
supplier origin to buyer destination, traveling through po and pd. I use weekly esti-
mates of total TEU volumes transiting through ports from PortWatch to proxy port-
level traffic. Port capacity is proxied as the maximum daily TEU volume ports process
throughout the sample. I proxy cyclone risks with expected windspeed at the port, as
reported in the STORM data (Figure B.1a).35 Origin-destination-time fixed effects con-
trol for any origin or destination general equilibrium terms in Equation (13). Regress-
ing route-level bilateral trade share on port traffic causes for endogeneity concerns, as
both are by definition positively correlated in Equation (18). Port of destination-time
fixed effects partially alleviate this concerns, as port traffic and capacity elasticities are
only estimated on port of origins. To further address endogeneity issues, I restrict
the sample of ports of origin to US, China, and EU28 ports - whose weekly traffic are
arguably exogenous to Brazilian-bound shipments.

Table 1 reports the results of the estimation. Conditional on port capacity, a 1%
increase in port traffic reduces route-level bilateral trade shares by 0.25%. Assuming a
widely used trade elasticity of ξ = 4, this results in a 0.06% increase in port-level trade
costs.36 On the other hand, a 1% increase in port capacity decreases port-level trade
costs by 0.11%, indicating the presence of scale economies.37 Furthermore, results
suggest that a 1% increase in cyclone risks decreases route-level bilateral trade shares
by 0.06%.

5.2 FUNDAMENTALS AND ECONOMY-WIDE PARAMETERS.

Parameters from the literature. I follow Castro-Vincenzi (2024) by setting σ = 2, and
Ganapati et al. (2024) by setting ξ = 4. I set the intermediate input share to α = 0.8
following Balboni et al. (2024). (A discussion about the selected parameters is in progress.)

Fundamentals. The model is calibrated at the GAUL1 unit. I calibrate GAUL1-level
population from the Gridded Population of the World (GPW) data provided by NASA.
The data model the distribution of human population on a continuous global raster
surface and allow recovery of population estimates at a 0.1◦ spatial resolution. Mea-
sures of firms are inferred from the Orbis by Bureau van Dijk dataset, providing data
on companies worldwide, including firm counts at sub-national levels. I assign the
ports in PortWatch to each GAUL1 unit, and use the maximum daily TEU traffic as a

35Formally, I parametrize ψp

ψp+ξ = CycloneRiskp = (1 + windspeedp)λw , where windspeedp is computed
as the yearly mean expected windspeed in cells within a 50km radius of the port, and λw is the elasticity
of transportation costs to expected windspeed.

36By comparison, Allen and Arkolakis (2022) find an elasticity of traffic flow (per lane) to transporta-
tion cost of 0.09 in the US highway system.

37Given the high observed correlation between port level traffic and port capacity, this fact is consis-
tent with the findings of Ganapati et al. (2024), who document scale economies in the maritime network,
although not disentangling traffic from capacity.
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Table 1: Estimation of transportation costs

Dep. var: Log π
weight
nd ,r,t (1) (2)

Log Distance -0.19∗∗∗ -0.48∗∗∗

(0.06) (0.09)
Log Port Traffic (TEU) -0.17∗∗∗ -0.25∗∗∗

(0.04) (0.06)
Log Port Origin Capacity 0.34∗∗∗ 0.42∗∗∗

(0.05) (0.07)
Log Cyclone Risk -0.07∗∗∗ -0.06∗∗

(0.02) (0.02)

Ports All US+CN+EU28

Fixed-effects
Destination-Origin-Week Yes Yes
Port Destination-Week Yes Yes

Observations 33,702 23,248
Adjusted R2 0.55 0.54

Note: This table reports the estimation of transportation costs on route-level bilateral trade shares
(measured in weight of shipments), as specified in Equation (20). Column (2) restricts the sample to
ports of origin from the US, China, and the EU28. Signif. Codes: ***: 0.01, **: 0.05, *: 0.1.

Table 2: Calibration of parameters and fundamentals

Parameters Description Source/Procedure

Panel A: Parameters from related literature
σ = 2 Final goods CES Castro-Vincenzi (2024)
α = 0.8 Intermediate input share Balboni et al. (2024)
ξ = 4 Trade elasticity Ganapati et al. (2024)

Panel B: Calibrated parameters
λ1 = −0.48 Distance elasticity Section 5.1
λ2 = −0.25 Traffic elasticity Section 5.1
λ3 = 0.42 Capacity elasticity Section 5.1

Fundamentals Description Source/Matched moments

Panel C: Calibrated fundamentals
N Cities Aggregation at GAUL1 level
P Port-cities IMF PortWatch
L Population NASA GPW
A City-level productivity Matched to Rossi-Hansberg and Zhang (2025)
D Distance Eurostat SeaRoute & OpenStreetMap
Kp Port capacity IMF PortWatch
{ψp}p∈P Weather wedge Section 5.1

measure of port capacity. Distances between GAUL1 unit centroids are calculated as
shortest road paths from the OpenStreetMap API. I use the Eurostat SeaRoute program
to calculate shortest sea routes between ports. With the rest of the model parameters
calibrated, I pin down city-level fundamental productivity by inverting the model, so
as to recover the measure of local GDP provided by Rossi-Hansberg and Zhang (2025).
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6 QUANTITATIVE RESULTS

This section is in progress and incomplete. In this section, I provide insights on the
future quantitative exercises I will conduct. The aim is to perform climate change-
related counterfactual simulations. The first counterfactual of interest pertains to in-
creased risks of weather-related disruptions of maritime ports in a climate change sce-
nario. The second counterfactual of interest is related to optimal infrastructure policy
in the context of climate change.

Counterfactual simulations. I will conduct two main counterfactual simulations.
First, I will infer the climate-change-induced increase in extreme wind events at the
port level using the change in expected windspeed in the STORM data (Figure 2).
The change in predicted wind conditions around port locations will provide my main
counterfactual variable. Next, I will allow a social planner at the country level to re-
allocate port capacity Kp in the climate change scenario to redirect trade toward the
least-affected ports using traffic congestion forces. This will indicate whether port ca-
pacity is misallocated in light of a climate change scenario that increases the risks of
port disruptions.

7 CONCLUSION

This paper investigates the impacts of climate-induced disruptions on global supply
chains, focusing on the role of disruptions to maritime trade infrastructure. Lever-
aging high-frequency data on firm-to-firm shipments and detailed cyclone activity, I
provide empirical evidence on how extreme weather events affect port operations and
reshape trade routes. My findings show that, while firm-to-firm relationships are only
temporarily affected, routing decisions adapt significantly, reflecting a persistent real-
location of economic activity across transportation networks.

I further develop a quantitative model of spatial production networks incorporat-
ing endogenous transportation costs and congestion, offering a framework to evaluate
the broader economic implications of climate-induced transportation disruptions. The
model reveals spatial and welfare implications of climate risks to trade infrastructure
for global trade, emphasizing the critical role of adaptive strategies and infrastructure
resilience in mitigating adverse effects.

These findings have clear policy relevance. Investments in climate-resilient trans-
portation networks can not only reduce the direct costs of disruptions but also alle-
viate secondary congestion effects on unaffected regions. Policymakers should prior-
itize adaptive strategies that account for dynamic firm behaviors and transportation
network spillovers. While I only focus on maritime trade, future research could ex-
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tend this analysis by incorporating additional modes of transport and leveraging the
rich set of climate data currently available to study a wider array of extreme weather
events, offering a more comprehensive picture of global supply chain vulnerability to
climate risks affecting trade infrastructure.
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Appendix
A ANECDOTAL EVIDENCE

Figure A.1: Annual cyclone activity (ACE) around US shores, 1950-2022

Notes: This figure represents the total annual Accumulated Cyclone Energy (ACE) Index values, a
measure of cyclone intensity accounting for cyclone strength, duration, and frequency, within a 200km
radius around US shores. The blue line represents a 5-year moving average.
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Marine Safety Information Bulletin
Commander
U.S. Coast Guard
Sector Key West
100 Trurnbo Road

Key West, FL 33040-6655

MSIB Number: SKW-28-24
Date: Oct7,2024
contact: LT Hailye Wilson
Phone: (305) 292-8768
Email : SKWWaterways@uscg.mil

U.S. COAST GUARD SECTOR KEY WEST PORT CONDITION ZULU

on october g,2o24,at 0600 (6:00 AM), the Captain of the Port will set Port Condition (PoRTCoN) LULU for the Port of Key west.

The shift is based on the projected arrival of sustained gale force winds (greater than 34 knots/39mph) associated with Hurricane

Milton. The table below iummarizes CoTP requirements for PoRTCON Zulu in accordance with 33 CFR 165.707:

Mariners should be aware that no "safe havens" exist within the Florida Keys for vessels to safely survive hurricane force winds or

storm surges without creating a threat to the safety of the port and public welfare. Owners/operators of vessels greater than 300 GT

desiring to remain in port throughout hurricane season who have not already submitted healy weather plans to the COTP for review

should be prepared to depart nolater than the setting of PORTCON Yankee. Remain in Port Checklists are available for review on the

Sector Key West HOMEpORT website: https:/,ihomeport.uscg.miVport-directory/key-west. Regulated facilities are reminded to

review and update their healy weather response plans to safely weather any storm that may approach the Florida Keys.

Mariners navigating through the Islamorada Snake Creek Draw Bridge are reminded that the bridge may not operate on normally

published schedules as early as 36 hours prior to forecasted storm's arrival. The bridge will not open for maritime traffic upon arrival

of gale force winds (34 knots or higher) or following a mandatory Monroe County evacuation order'

The official PORTCON and associated Marine Safety Information Bulletin (MSIB) will be set on Sector Key West's Homeport

website. As weather conditions may change rapidly, mariners are encouraged to monitor the National Weather Service's forecasts and

observations at https://www.weather.gov/key or on NOAA weather radios. For questions or additional information, call Coast Guard

Sector Key West at (305) 292-8727 or email SKW@uscg.mil.

Sincerely

J.D
Captain, U. S. Coast Guard
Captain of the Port

Requirements (annotatedfrom 33 CFR 165.707)
Hours

Prior to
Gales

Port
Condition

o Oceangoing vessels greater than 300 gross tons (GT) must

the setting of Port Condition Yankee unless authorizedby
make plans to depart no later than
ttre COTP. Vessels intending to

PORTCON Xmust contact the COTPremam ln to
Whiskey72

setting of PORTCON Yankee.
o All vessels, regulated facilities, and waterfront facilities must ensure that potential flying

debris is removed or secured. HAZMATlpollution hazards must be secured in a safe manner

o Vessels greater than 300 GT without an approval to remain in port must depart prior to the

a from waterfront areas.

48 X-Ray

Yankee
o The port is closed to all inbound vessel traffic. All vessels greater than 300 GT must have

the unless authorized the COTP24

Zulu
is closed to all vessel traffic except as specifically authorized by the COTP

facilities must cease all cargo operations, including bunkering and
o The port
o Regulated

t2

o The port will be re-opened only after satisfactory assessments of the waterways, including

critical aids to navigation verifications, have been conducted.

After
Storm's

Four
(All Clear)

This Marine Sof"ty Information Bulletin has been issued for public information and notification purposes.

Figure A.2: Example of port condition ZULU

Notes: This document is the Marine Safety Information Bulletin issued on October 8, 2024, by the US
Coast Guards of Port Key West (Florida), before the landfall of Hurricane Milton.
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B DATA

B.1 BILL OF LADING DATA — BRAZIL

Table B.1: Data Cleaning - Firms and Relationships

Desc. Num. Shipments Num. Importers Num. Exporters Num. Rel.

Relationship Sample
(1) Raw Panjiva 5658662 37657 28042 134524
(2) Drop missing parent company ID 5621336 37628 28006 134294
(3) Drop poorly geolocalized firms 1432748 22285 22926 87687
(4) Drop poorly reported ports 1431912 22284 22916 87630
(5) Keep Brazilian imp., foreign exp. 1427963 22107 22534 86847
(6) Drop NVO/forwarders 574010 13500 16189 45690
(7) Drop infrequent rel. 545259 7853 9105 23020

Relationship-Route Sample
(8) Only treated relationships 120096 1084 556 1906

Note: This table reports the effect of the data cleaning procedure on firm-related variables. Firms refer to ge-
olocalized establishments. ”Num. Shipments” refers to the number of distinct shipments, as identified by the bill of
lading ID. ”Num. Importers” refers to the number of establishments importing goods. ”Num. Exporters” refers to
the number of establishments exporting goods. ”Num. Rel.” refers to the number of trading establishment pairs.

Table B.2: Data Cleaning - Maritime Ports and Routes

Desc. Num. Exit Ports Num. Entry Ports Num. Routes Num. Rel.-Routes

Relationship Sample
(1) Raw Panjiva 773 48 4081 392635
(2) Drop missing parent company ID 765 48 4029 390428
(3) Drop poorly geolocalized firms 363 41 1500 160648
(4) Drop poorly reported ports 359 40 1477 160308
(5) Keep Brazilian imp., foreign exp. 353 40 1461 159261
(6) Drop NVO/forwarders 329 39 1352 71423
(7) Drop infrequent rel. 268 34 1088 48402

Relationship-Route Sample
(8) Only treated relationships 85 30 384 5735

Note: This table reports the effect of the data cleaning procedure on route-related variables. Routes refer to port of
exit-port of entry pairs. ”Num. Exit Ports” refers to the number of port of lading, as identified by the UN/LOCODE.
”Num. Entry Ports” refers to the number of port of unlading, as identified by UN/LOCODE. ”Num. Routes” refers to the
number of observed port pairs. ”Num. Rel.Routes” refers to the number of importer-exporter-route triplets.
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Table B.3: Summary Statistics - Relationship Sample

Desc. Mean 25% 50% 75% 90% 95%

Per Buyer - Month
Num. transactions 5.88 1.00 2.00 4.00 10.00 18.00
Num. suppliers 1.64 1.00 1.00 2.00 3.00 4.00
Num. exit ports 1.65 1.00 1.00 2.00 3.00 4.00
Num. entry ports 1.10 1.00 1.00 1.00 1.00 2.00
Num. routes 1.69 1.00 1.00 2.00 3.00 4.00
Log weight (kg) 10.87 9.86 10.68 11.85 13.05 13.89
Log volume (TEU) 1.49 0.69 1.39 2.30 3.40 4.09
Log value (USD) 11.93 10.89 11.77 12.85 13.95 14.72

Per Supplier - Month
Num. transactions 5.74 1.00 2.00 4.00 9.00 17.00
Num. buyers 1.60 1.00 1.00 1.00 2.00 4.00
Num. exit ports 1.32 1.00 1.00 1.00 2.00 3.00
Num. entry ports 1.26 1.00 1.00 1.00 2.00 2.00
Num. routes 1.52 1.00 1.00 1.00 2.00 3.00
Log weight (kg) 10.57 9.63 10.42 11.59 12.80 13.65
Log volume (TEU) 1.37 0.69 1.10 2.20 3.26 3.95
Log value (USD) 11.94 10.90 11.80 12.90 14.05 14.85

Per Relationship - Month
Num. transactions 3.59 1.00 1.00 2.00 5.00 10.00
Num. exit ports 1.15 1.00 1.00 1.00 2.00 2.00
Num. entry ports 1.03 1.00 1.00 1.00 1.00 1.00
Num. routes 1.17 1.00 1.00 1.00 2.00 2.00
Log weight (kg) 10.44 9.67 10.20 11.34 12.42 13.17
Log volume (TEU) 1.16 0.00 0.69 1.79 2.89 3.50
Log value (USD) 11.64 10.73 11.51 12.47 13.49 14.21

Note: The table reports summary statistics of the relationship sam-
ple. ”Num. Shipments” refers to the number of distinct shipments,
as identified by the bill of lading ID. ”Num. exit ports” refers to the
number of ports of exit, as identified by the UN/LOCODE. ”Num. en-
try ports” refers to the number of ports of entry, as identified by the
UN/LOCODE. ”Num. routes” refers to the number of pairs or ports
of exit and entry. ”Log weight (kg)” refers to the total weight of ship-
ments, in kilograms. ”Log volume (TEU)” refers to the total volume of
shipments, in Twenty-foot Equivalent Units. ”Log value (USD)” refers
to the total value of shipments, in current USD.
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Table B.4: Summary Statistics - Relationship-Route Sample

Desc. Mean 25% 50% 75% 90% 95%

Per Buyer - Month
Num. shipments 7.73 1.00 2.00 6.00 18.00 37.00
Num. suppliers 1.26 1.00 1.00 1.00 2.00 3.00
Num. exit ports 1.76 1.00 1.00 2.00 3.00 5.00
Num. entry ports 1.11 1.00 1.00 1.00 1.00 2.00
Num. routes 1.81 1.00 1.00 2.00 4.00 5.00
Log weight (kg) 11.13 9.88 10.88 12.14 13.51 14.43
Log volume (TEU) 1.81 0.69 1.61 2.77 3.89 4.62
Log value (USD) 11.97 10.79 11.72 12.96 14.22 15.03

Per Supplier - Month
Num. shipments 12.67 1.00 3.00 10.00 30.00 58.00
Num. buyers 2.07 1.00 1.00 2.00 3.00 6.00
Num. exit ports 1.99 1.00 1.00 2.00 4.00 6.00
Num. entry ports 1.39 1.00 1.00 1.00 2.00 3.00
Num. routes 2.38 1.00 1.00 2.00 5.00 7.00
Log weight (kg) 11.22 9.82 11.04 12.37 13.76 14.69
Log volume (TEU) 2.09 0.69 1.95 3.09 4.29 4.99
Log value (USD) 12.35 11.02 12.18 13.48 14.82 15.73

Per Relationship - Month
Num. shipments 6.11 1.00 2.00 5.00 13.00 28.00
Num. exit ports 1.50 1.00 1.00 1.00 3.00 4.00
Num. entry ports 1.07 1.00 1.00 1.00 1.00 2.00
Num. routes 1.54 1.00 1.00 2.00 3.00 4.00
Log weight (kg) 10.90 9.78 10.65 11.87 13.15 14.09
Log volume (TEU) 1.62 0.69 1.39 2.48 3.61 4.29
Log value (USD) 11.81 10.71 11.56 12.73 13.93 14.76

Note: The table reports summary statistics of the relationship-route
sample. It contains only treated relationships. ”Num. Shipments”
refers to the number of distinct shipments, as identified by the bill of
lading ID. ”Num. exit ports” refers to the number of ports of exit, as
identified by the UN/LOCODE. ”Num. entry ports” refers to the num-
ber of ports of entry, as identified by the UN/LOCODE. ”Num. routes”
refers to the number of pairs or ports of exit and entry. ”Log weight
(kg)” refers to the total weight of shipments, in kilograms. ”Log vol-
ume (TEU)” refers to the total volume of shipments, in Twenty-foot
Equivalent Units. ”Log value (USD)” refers to the total value of ship-
ments, in current USD.
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B.2 BILL OF LADING DATA — US

Table B.5: Summary Statistics - U.S. Ports Exporting to Brazil (per day)

Desc. Mean 10% 25% 50% 75% 90%

Num. vessels 4.60 1.00 2.00 3.00 7.00 10.00
Num. shipments 214.47 2.00 4.00 56.00 323.00 652.00
Num. exporters 89.09 1.00 2.00 27.00 148.00 272.00
Log volume (TEU) 6.53 4.70 5.72 6.72 7.61 8.13
Log value (USD) 16.76 14.65 15.87 16.95 17.82 18.93

Note:

B.3 TROPICAL CYCLONES - US

Table B.6: Summary Statistics - Tropical Cyclones

Desc. Mean 10% 25% 50% 75% 90%

Per Cyclone Event
Num. ports of lading 4.65 1.00 3.50 5.00 5.50 8.00
Wind speed (knots) 50.34 37.51 40.59 48.07 55.98 68.58
Exposure - 34 knots (hours) 14.85 5.09 7.51 10.05 23.95 28.54
Days to landfall 2.42 1.00 1.00 2.00 3.00 5.00

Per Port - Year
Num. cyclones 1.44 1.00 1.00 1.00 2.00 2.00
Wind speed (knots) 53.31 37.70 41.57 48.95 60.65 71.84
Exposure - 34 knots (hours) 16.66 4.40 7.43 12.62 19.80 33.83
Days to landfall 2.54 1.00 1.73 3.00 3.00 4.00

Note:
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B.4 TROPICAL CYCLONES - PRESENT AND FUTURE CLIMATES

(STORM MODEL)

Figure B.1: Present and future (RCP8.5) tropical cyclone climates

(a) Present-day (1980-2015)

(b) RCP8.5 (2015-2050)

Notes: This map reports expected wind speeds (m/s) induced by tropical cyclones, in the present-day
(panel a) and the future RCP8.5 scenario (panel b) of the STORM model.

38



C ROBUSTNESS AND ALTERNATIVE SPECIFICATIONS.

C.1 ADDITIONAL OUTCOMES.

Figure C.1: Port exposure to cyclones and firm-to-firm relationship (intensive margin)

(a) Log number of shipments (b) Log weight (kg) (c) Log volume (TEU)

Notes: These panels plot the effect of port exposure to tropical cyclones on firm-to-firm-level outcomes,
as specified by Equation (2). The outcome of the left panel (a) is the log number of shipments, condi-
tioned on a positive relationship activity. The outcome of the center panel (b) is the log total weight
of shipments in kilograms, conditioned on a positive relationship activity. The outcome of the right
panel (c) is the log total volume of shipments in TEU, conditioned on a positive relationship activity.
Regressions include buyer-time and supplier-time fixed effects. Standard errors are clustered at the
buyer level. The bars correspond to 95% confidence intervals. Black dots are point estimates significant
at the 5% level, gray squares are point estimates significant at the 10% level, and empty dots are point
estimates non-significant at the 10% level.
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C.2 ALTERNATIVE WIND THRESHOLD.

Figure C.2: Port exposure to cyclones and firm-to-firm relationship

(a) Relationship activity (34 knots) (b) Relationship termination (34 knots)

(c) Relationship activity (41 knots) (d) Relationship termination (41 knots)

Notes: These panels plot the effect of port exposure to tropical cyclones on firm-to-firm-level outcomes,
as specified by Equation (2). The wind threshold for the shock definition is 34 knots for panels (a) and
(b), and 41 knots for panels (c) and (d). The outcome of the left panels (a) and (c) is a binary variable,
taking value 1 if at least one shipment is observed for the trading pair at month t (active relationship),
0 otherwise. Relationship activity is conditioned on the entry and exit of the relationship. The outcome
of right panels (b) and (d) is a binary variable, taking value 1 if an observed shipment at month t is the
last observable shipment of the trading pair (relationship termination), and 0 otherwise. Relationship
termination is conditioned on the entry and exit of the relationship. Regressions include buyer-time
and supplier-time fixed effects. Standard errors are clustered at the buyer level. The bars correspond
to 95% confidence intervals. Black dots are point estimates significant at the 5% level, gray squares are
point estimates significant at the 10% level, and empty dots are point estimates non-significant at the
10% level.
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Figure C.3: The impact of port exposure to cyclones on route choice

(a) Route activity (34 knots) (b) Log share of shipments (34 knots)

(c) Route activity (41 knots) (d) Log share of shipments (41 knots)

Notes: These panels plot the effect of port exposure to tropical cyclones on firm-to-firm-route-level
outcomes, as specified by Equation (3). The wind threshold for the shock definition is 34 knots for
panels (a) and (b), and 41 knots for panels (c) and (d). The outcome of the left panels (a) and (c) is a
binary variable, taking value 1 if at least one shipment is observed for the trading pair through route
r at month t (active route), 0 otherwise. Route activity is conditioned on the activity of the firm-to-
firm relationship. The outcome of the right panels (b) and (d) is the log share of shipments of the
relationship, using route r. The log share of shipments is conditioned on the activity of the route.
Regressions include relationship-time, and port of destination-time fixed effects. Standard errors are
clustered at the relationship level. The bars correspond to 95% confidence intervals. Black dots are
point estimates significant at the 5% level, gray squares are point estimates significant at the 10% level,
and empty dots are point estimates non-significant at the 10% level.
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C.3 ALTERNATIVE EXPOSURE THRESHOLDS

Figure C.4: Port exposure to cyclones and firm-to-firm relationships

(a) Route activity (12 months exposure) (b) Log share of shipments (12 months)

(c) Route activity (24 months) (d) Log share of shipments (24 months)

(e) Route activity (All months) (f) Log share of shipments (All months)

Notes: These panels plot the effect of port exposure to tropical cyclones on firm-to-firm-level outcomes,
as specified by Equation (2). The exposure window for the shock definition is 12 months knots for
panels (a) and (b), and 24 months for panels (c) and (d), and all months for panel (e) and (f). The
outcome of the left panels (a), (c) and (e) is a binary variable, taking value 1 if at least one shipment
is observed for the trading pair at month t (active relationship), 0 otherwise. Relationship activity is
conditioned on the entry and exit of the relationship. The outcome of right panels (b), (d) and (f) is a
binary variable, taking value 1 if an observed shipment at month t is the last observable shipment of
the trading pair (relationship termination), and 0 otherwise. Relationship termination is conditioned on
the entry and exit of the relationship. Regressions include buyer-time and supplier-time fixed effects.
Standard errors are clustered at the buyer level. The bars correspond to 95% confidence intervals. Black
dots are point estimates significant at the 5% level, gray squares are point estimates significant at the
10% level, and empty dots are point estimates non-significant at the 10% level.
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Figure C.5: The impact of port exposure to cyclones on route choice

(a) Route activity (12 months exposure) (b) Log share of shipments (12 months)

(c) Route activity (24 months) (d) Log share of shipments (24 months)

(e) Route activity (All months) (f) Log share of shipments (All months)

Notes: These panels plot the effect of port exposure to tropical cyclones on firm-to-firm-route-level
outcomes, as specified by Equation (3). The exposure window for the shock definition is 12 months
knots for panels (a) and (b), and 24 months for panels (c) and (d), and all months for panel (e) and (f).
The outcome of the left panels (a), (c), and (e) is a binary variable, taking value 1 if at least one shipment
is observed for the trading pair through route r at month t (active route), 0 otherwise. Route activity
is conditioned on the activity of the firm-to-firm relationship. The outcome of the right panels (b), (d)
and (f) is the log share of shipments of the relationship, using route r. The log share of shipments is
conditioned on the activity of the route. Regressions include relationship-time, and port of destination-
time fixed effects. Standard errors are clustered at the relationship level. The bars correspond to 95%
confidence intervals. Black dots are point estimates significant at the 5% level, gray squares are point
estimates significant at the 10% level, and empty dots are point estimates non-significant at the 10%
level.
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C.4 ABSORBING TREATMENTS

Figure C.6: Port exposure to cyclones and firm-to-firm relationship

(a) Relationship activity (b) Relationship termination

Notes: These panels plot the effect of port exposure to tropical cyclones on firm-to-firm-level outcomes,
as specified by Equation (2), but under the assumption of absorbing treatment. The outcome of the left
panel (a) is a binary variable, taking value 1 if at least one shipment is observed for the trading pair
at month t (active relationship), 0 otherwise. Relationship activity is conditioned on the entry and exit
of the relationship. The outcome of right panel (b) is a binary variable, taking value 1 if an observed
shipment at month t is the last observable shipment of the trading pair (relationship termination), and 0
otherwise. Relationship termination is conditioned on the entry and exit of the relationship. Regressions
include buyer-time and supplier-time fixed effects. Standard errors are clustered at the buyer level. The
bars correspond to 95% confidence intervals. Black dots are point estimates significant at the 5% level,
gray squares are point estimates significant at the 10% level, and empty dots are point estimates non-
significant at the 10% level.

Figure C.7: The impact of port exposure to cyclones on route choice

(a) Route activity (b) Log share of shipments

Notes: These panels plot the effect of port exposure to tropical cyclones on firm-to-firm-route-level
outcomes, as specified by Equation (3), but under the assumption of absorbing treatments. The outcome
of the left panel (a) is a binary variable, taking value 1 if at least one shipment is observed for the trading
pair through route r at month t (active route), 0 otherwise. Route activity is conditioned on the activity
of the firm-to-firm relationship. The outcome of the right panel (b) is the log share of shipments of
the relationship, using route r. The log share of shipments is conditioned on the activity of the route.
Regressions include relationship-time, and port of destination-time fixed effects. Standard errors are
clustered at the relationship level. The bars correspond to 95% confidence intervals. Black dots are
point estimates significant at the 5% level, gray squares are point estimates significant at the 10% level,
and empty dots are point estimates non-significant at the 10% level.
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D THEORY

D.1 PROOFS

Proof: Proposition 1. Denote by λj(ϕ,r) =
cj

z(ϕ) ∏|Br|
k=1 drk−1,rk ∏|Pr|

m=1 tp(r)m the effective
costs of using input from supplier j in technique ϕ, along route r. Consider the prob-
ability that the effective cost of supplier j ∈ Mn′ available to i ∈ Mn through route r is
strictly lower than a threshold λ,

P(λj(ϕ,r) ≤ λ) = P

(
cj

z(ϕ)

|Br|

∏
k=1

drk−1,rk

|Pr|

∏
m=1

tp(r)m ≤ λ

)
= Fr(λ).

Integrating Fr over realizations of z and tp(r)1
, · · · , tp(r)M

, we obtain that the number
of potential suppliers that deliver effective cost weakly less than λ through route r
follows a Poisson distribution with mean
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where
c̄−ξ

j =
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0
c−ξ

j dFn′(cj) and t̄−ξ
p(r)m

=
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1
t−ξ

p(r)m
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The second equality follows when applying the transformation zλ/
(

∏|Br|
k=1 drk−1,rk ∏|Pr|

m=1 tp(r)m

)
=

u, while the third equality follows when applying the transformation u/cj = s. There-
fore, number of potential suppliers along route r that deliver effective cost strictly
greater than λ is such that:

P(λj(ϕ,r) > λ) = e−Λjr = e−an′λ
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j ∏
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Consider now the cost distribution of firm i ∈ Mn with a supplier j ∈ Mn′ along route
r. Using the marginal cost of firm i, one obtains

P (ci(ϕ,r) > c) = P
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w1−α
n
an
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(24)

Then the probability that firm i’s minimal cost from sourcing from n′ through route r
is higher than a threshold, P (ci(ϕ,r)min,r > c) is as follows:
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Consider finally the minimum cost at which firm i can produce (sourcing from any
supplier through any route r ∈ R), given realizations of an:

P(ci(ϕ,r)min,r∈R > c) = ∏
r∈R

P (ci(ϕ,r)min,r > c)

= ∏
r∈R

exp

[
−an′c

ξ
α

(
anwα−1

n

) ξ
α
|Br|

∏
k=1

d−ξ
rk−1,rk

|Pr|

∏
m=1

t̄−ξ
p(r)m

c̄−ξ
n′

]

= exp

−(anwα−1
n

) ξ
α

∑
n′

an′ c̄−ξ
n′ ∑

r∈Rn′n

|Br|

∏
k=1

d−ξ
rk−1,rk

|Pr|

∏
m=1

t̄−ξ
p(r)m

 c
ξ
α

 .

(26)

46



which is Weibull distributed. It remains to characterize c̄n and θ̄r, both moments of the
respective marginal cost and trade cost distributions. Consider first
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The second equality follows from applying the transformation
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The third equality follows from applying the transformation v = u
ξ
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Moreover, t̄−ξ
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follows immediately from its definition and the Pareto assumptions
on its distribution:

t̄−ξ
p(r)m

=
∫ ∞

1
t−ξ

p(r)m
dFp(r)m(t)

=
∫ ∞

1
t−ξ

p(r)m
d{1 − t−ψp(r)m}

=
ψp(r)m

ψp(r)m + ξ
.

(28)

Proof: Corollary 1. From the cost distribution of firm i ∈ Mn′ sourcing from route
r, the number of suppliers located in n and using route r available to firm i in city n′,
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such that i achieves a cost below c is distributed Poisson with parameter
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Moreover, from the cost distribution of firm i ∈ Mn′ sourcing from any route, the num-
ber of suppliers available to firm i from any route, such that i achieves a cost below c
is distributed Poisson with parameter
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The probability that a firm i in location n (able to deliver costs below c) supplies from
location n′ through route r is the ratio of ρi,r and ρi:

πi,r =
anc

ξ
α

(
an′wα−1

n′

) ξ
α

∏|Br|
k=1 d−ξ

rk−1,rk ∏|Pr|
m=1 t̄−ξ

p(r)m
c̄−ξ

n(
an′wα−1

n′

) ξ
α
(
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Note that the probability of sourcing from r is the same for any firm in n′. Since there
are a continuum of firms in n′, πi,r is also the bilateral trade share of route r in the total
absorption of goods of destination n′, denoted πn′,r.

Proof: Corollary 2

πnn′ = ∑
r∈Rnn′

πn′,r

=
an c̄−ξ

n τ
−ξ
nn′

∑ñ añ c̄−ξ
ñ τ

−ξ
nñ

(32)

where

τnn′ =

 ∑
r∈Rnn′

(|Br|

∏
k=1

d−ξ
rk−1,rk

)( |Pr|

∏
m=1

ψp(r)m

ψp(r)m + ξ

)− 1
ξ

(33)

D.2 CLOSING THE MODEL

Labor market clearing: Labor demand for a firm i in location n is given by li = (1 −
α)yici/wn. Plugging this condition into the labor market clearing gives:

Ln =
∫

i∈Mn
lidi ⇒ wnLn

1 − α
=
∫

i∈Mn
yicidi. (34)
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Good market clearing:

yi = Lnqi + ∑
n′

∫
j∈Mn′

τn(j)n(j)xijdj, xij = xj × 1{i = i∗} (35)

Multiplying both sides by marginal costs cj and aggregating over firms in Mn′ :

∫
i∈Mn

ciyidi︸ ︷︷ ︸
(1) Supply

= Ln

∫
i∈Mn

ciqidi︸ ︷︷ ︸
(2) Final good demand

+
∫

i∈Mn
ci

[
∑
n′

∫
j∈Mn′

τn(i)n(j)(xj × 1{i = i∗})dj

]
di︸ ︷︷ ︸

(3) Intermediate input demand

.

(36)
Term (1) simplifies using the labor market clearing condition,

∫
i∈Mn

ciyidi = wnLn/(1−
α).
Term (2) simplifies as follows: With isoelastic preferences and monopolistic compe-
tition, households in city n demand qj = qn pσ

n p−σ
j , where pi = ci

σ
σ−1 . Realizing that

qn = (wn + Πn)/pn, where wn is the wage rate and Πn is the per-capita profits of firms
in n rebated to labor, implies:

Ln

∫
i∈Mn

ciqidi = Ln(wn + Πn)pσ−1
n

(
σ

σ − 1

)−σ ∫
i∈Mn

c1−σ
i di

= Ln(wn + Πn)

((∫
i∈Mn

p1−σ
i di

) 1
1−σ

)σ−1(
σ

σ − 1

)−σ ∫
i∈Mn

c1−σ
i di

= Ln(wn + Πn)

(
σ

σ − 1

)−1(∫
i∈Mn

c1−σ
i di

)−1 ∫
i∈Mn

c1−σ
i di

= Ln(wn + Πn)σ̃
−1.

(37)

[Note: term (2) simplifies also easily when considering that qn pn =
∫

i∈Mn
σ̃ciqidi, where

σ̃ = σ/(σ − 1), and qn pn = wn + Πn.] It remains to characterize per-capita profit re-
bated to households in city n. Note that firms only gain profits from selling final goods
to local households:

Profiti = piqiLn − ciqiLn. (38)
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Therefore, total profit per capita (aggregating over all firms in Mn) yields:

Πn = L−1
n

∫
i∈Mn

Ln(piqi − ciqi)di

=
∫

i∈Mn
(σ̃ciqi − ciqi)di

= (σ̃ − 1)
∫

i∈Mn
ciqidi

= (σ̃ − 1)σ̃−1qn pn

=
1
σ
(wn + Πn).

(39)

Solving for per-capita profits yields Πn = wn
σ−1 . Therefore, term (2) simplifies to:

Ln

∫
i∈Mn

ciqidi = Ln

(
wn +

wn

σ − 1

)
σ̃−1

= Lnwn.
(40)

Term (3) simplifies as follows: Firms demand xj =
(1−α)yjcj
ciτn(i)n(j)

units of intermediate in-
puts. This implies:

∫
i∈Mn

ci

(
∑
n′

∫
j∈Mn′

τnn′(xj × 1{i = i∗})dj

)
di = α

∫
i∈Mn

(
∑
n′

∫
j∈Mn′

1{i = i∗}yjcjdj

)
di

= α∑
n′

∫
j∈Mn′

1{i∗ ∈ Mn}yjcjdj

= α∑
n′

πnn′

∫
j∈Mn′

yjcjdj

= α∑
n′

πnn′
wn′Ln′

1 − α

(41)

Putting terms (1), (2) and (3) together yields the following system for city-level wages:

wnLn = ∑
n′

πnn′wn′Ln′ . (42)

Note that, if the technological constant α is city-specific, the system reads:

αn

1 − αn
wnLn = ∑

n′

αn′

1 − αn′
πnn′wn′Ln′ . (43)
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Finally, to obtain traffic, we recover the value of bilateral flows (i.e. the level of expen-
ditures from firms in n′ to firms in n):

Xnn′ =
∫

i∈Mn

∫
j∈Mn′

ciτnn′(xj × 1{i = i∗})djdi

= α
∫

i∈Mn

∫
j∈Mn′

1{i = i∗}yjcjdjdi

= α
∫

j∈Mn′
1{i∗ ∈ Mn}yjcjdj

= απnn′

∫
j∈Mn′

yjcjdj

= απnn′
wn′Ln′

1 − α

(44)

D.3 GENERAL EQUILIBRIUM: DEFINITION

Given a geography G = {N ,P ,L,M,A,D,Kp} and a vector of model parameters
{α,ξ,λ1,λ2,λ3,{ψp}p∈P}, an equilibrium is defined as a distribution of wages and
factory-gate prices {wn, c̄n}n∈N , such that:

1. Given the equilibrium transportation network δll′ ∈ {δll′}l,l′∈N∪P×N∪P , (i) con-
sumers maximize utility; (ii) firms choose the techniques and the routes that min-
imize costs, and markups that maximize profits; and (iii) market clears.38

2. Given the transportation network fundamentals {D,Kp} an equilibrium prices,
the equilibrium transportation network δll′ ∈ {δll′}l,l′∈N∪P×N∪P is determined
by the equilibrium levels of traffic {Ξp}.

This leads the equilibrium to be characterized by the following set of equations:39

wnLn =
1 − α

α ∑
n′

Xnn′ (wage bill)

πnn′ =
an c̄−ξ

n τ
−ξ
nn′

∑ñ añ c̄−ξ
ñ τ

−ξ
ñn′

(bilateral trade shares)

c̄−ξ
n = aξ

nw(α−1)ξ
n

(
∑̃
n

añ c̄−ξ
ñ τñn

)α

Γ (1 − α) (factory-gate cost indices)

[τnn′ ] =

1 if n = n′[
(I − ∆)−1]◦(− 1

ξ

)
otherwise

(transportation costs)

38Formally, the economy admits ports as cities. However, I assume that ports have a 0 measure of
households and firms, such that they do not consume or produce. It results that equilibrium prices have
dimension |N |, while the transportation network has dimensions (|N ∪ P|)2.

39Up to a numeraire: w1 = 1.
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∆ = [δll′ ], δij =

d−ξ
ll′ t̄−ξ

l′ if l′ ∈ P

d−ξ
ll′ otherwise

(transportation network)

d−ξ
ll′ = ϵλ1

ll′ , t̄−ξ
l′ = Ξλ2

l′ Kλ3
l′

ψl′

ψl′ + ξ
(link- and port-level costs)

Ξp = δpp ∑
n

∑
n′

(
τnpτpn′τ−1

nn′

)−ξ
Xnn′ (link- and port-level traffic)

Xnn′ = απnn′
wn′Ln′

1 − α
(bilateral trade)

D.4 GENERAL EQUILIBRIUM: NUMERICAL ALGORITHM

Given a set of geography fundamentals G = {N ,P ,L,M,A,D,Kp} and a set of model
parameters {σ,α,ξ,λ1,λ2,λ3,{ψp}p∈P}, the following algorithm solves for the equilib-
rium of the economy:

1. Initialize endogenous variables:

(a) {wn}n∈N (wages)

(b) {c̄n}n∈N (factory-gate cost indices)

(c) {πnn′}n,n′∈N 2 (bilateral trade shares)

(d) {Ξp}p∈P (port traffic)

2. Outer-loop — While distancewages > tol or distancetra f f ic > tol:

(a) Based on distances ϵll′ , port capacity Kp and traffic Ξp, update Λ (transporta-
tion network)

(b) Based on Λ, update transportation costs τll′ (transportation costs)

(c) Inner-loop (factory-gate costs) — While distancecosts > tol:

i. Based on transportation costs τnn′ , city-level productivity an, factory-
gate costs indices c̄n, and wages wn, update c̄n (factory-cost indices)40

ii. Compute distancecosts =∑n
[
(c̄n)ic − (c̄n)ic+1]2, with ic = iteration (inner-

loop)

(d) Based on transportation costs τnn′ , city-level productivity an, factory-gate
costs indices c̄n, and wages wn, update πnn′ (bilateral trade shares)

(e) Based on bilateral trade shares πnn′ and wages bills wnLn, update Xnn′ (bi-
lateral trade)

40Note that transportation costs used in factory-gate cost indices and bilateral trade shares do not
have the same dimension as transportation costs used for traffic. This is because ports have a measure
0 of firms, and therefore would not impact bilateral trade shares and costs indices. I use only the sub-
matrix of τij with dimensions |N| × |N|.
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(f) Based on the transportation network Λ and bilateral trade Xnn′ , compute
Ξp (port-level traffic)

(g) Based on bilateral trade Xnn′ , and households Ln compute wages wn (wage
bills), up to a normalization w1 = 1

(h) Compute distancewages = ∑n
[
(wn)iout − (wn)iout+1]2 and

distancetra f f ic = ∑p
[
(Ξp)iout − (Ξp)iout+1]2, with iout = iteration (outer loop)

D.5 WELFARE

Define welfare in location d as:

Vn =
Ln(wn + Πn)(∫
i∈Mn

p1−σ
i di

) 1
1−σ

=
Lnwnσ̃(∫

i∈Mn
(σ̃ci)1−σdi

) 1
1−σ

=
Lnwn

(Mn
∫

c1−σdFi(c))
1

1−σ

(45)

It remains to characterize
∫

c1−σdFi(c):

∫
c1−σdFi(c) =

∫ ∞

0
c1−σd

{
1 − exp

−(anwα−1
n

) ξ
α

∑
n′

an′ c̄−ξ
n′ ∑

r∈Rn′n

|Br|

∏
k=1

d−ξ
rk−1,rk

|Pr|

∏
m=1

t̄−ξ
p(r)m

 c
ξ
α

}

=
∫ ∞

0
c1−σd

{
1 − exp

[
−
(

anwα−1
n

) ξ
α

(
∑
n′

an′ c̄−ξ
n′ τn′n

)
c

ξ
α

]}

=

anwα−1
n

(
∑
n′

an′ c̄−ξ
n′ τn′n

) α
ξ

σ−1 ∫ ∞

0
u1−σd

{
1 − exp

[
−u

ξ
α

]}

=

anwα−1
n

(
∑
n′

an′ c̄−ξ
n′ τn′n

) α
ξ

σ−1 ∫ ∞

0
v−

α(σ−1)
ξ d

{
1 − e−v

}

=

anwα−1
n

(
∑
n′

an′ c̄−ξ
n′ τn′n

) α
ξ

σ−1 ∫ ∞

0
v−

α(σ−1)
ξ e−vdv

=

anwα−1
n

(
∑
n′

an′ c̄−ξ
n′ τn′n

) α
ξ

σ−1

Γ
(

1 − α(σ − 1)
ξ

)
,

(46)

The third equality follows from applying the transformation anwα−1
n

(
∑n′ an′ c̄−ξ

n′ τn′n

) α
ξ c=

u. The fourth equality follows from applying the transformation v = u
ξ
α . The sixth
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equality follows from the definition of the Gamma function Γ(z) =
∫ ∞

0 tz−1e−tdt. There-
fore, welfare writes:

Vn = LnwnM
1

σ−1
n

anwα−1
n

(
∑
n′

an′ c̄−ξ
n′ τn′n

) α
ξ

σ−1

Γ
(

1 − α(σ − 1)
ξ

)
(47)
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