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GRAPHICAL ABSTRACT

Local Blockages Can Cause Cargo Delivery Delays and Global Losses

Cargo delivery delays & supply chain effects
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PUBLIC SUMMARY

m We estimate the second-to-hourly updated trajectories of 432 delayed vessels and their carried cargo values.
= An adaptive multi-agent model is developed to simulate cargo blockage and its daily impact on supply chains.
® Modeling shows that India accounts for 75% of global losses from the Suez Canal blockage impacts.

m Global losses and blockage duration have a nonlinear relationship, with losses escalating rapidly after 5 days.
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Recent phenomena such as pandemics, geopolitical tensions, and climate
change-induced extreme weather events have caused transportation
network interruptions, revealing vulnerabilities in the global supply chain.
A salient example is the March 2021 Suez Canal blockage, which delayed
432 vessels carrying cargo valued at $92.7 billion, triggering widespread
supply chain disruptions. Our ability to model the spatiotemporal ramifica-
tions of such incidents remains limited. To fill this gap, we develop an
agent-based complex network model integrated with frequently updated
maritime data. The Suez Canal blockage is taken as a case study. The re-
sults indicate that the effects of such blockages go beyond the directly
affected countries and sectors. The Suez Canal blockage led to global los-
ses of about $136.9 ($127.5-$147.3) billion, with India suffering 75% of
these losses. Global losses show a nonlinear relationship with the duration
of blockage and exhibit intricate trends post blockage. Our proposed model
can be applied to diverse blockage scenarios, potentially acting as an early-
alert system for the ensuing supply chain impacts. Furthermore, high-reso-
lution daily data post blockage offer valuable insights that can help nations
and industries enhance their resilience against similar future events.

INTRODUCTION

Global supply chains have greatly expanded in recent decades, becoming
essential for the economic prosperity and resource security of many countries.’
Maritime transportation is a cornerstone of this complex network, given its effi-
cient transportation infrastructure and cost-effective operations; it accounts for
75% of global trade volume and 50% of trade value.” Thus, blockages of maritime
trade routes pose substantial threats to the security of global supply chains.® The
vital nodes in the maritime network, such as ports, canals, and straits, face high
blockage risks™® (Table S1) owing to unexpected events such as pandemics
and geopolitical tensions.® Moreover, with increases in climate change-related
extreme weather events,” such as storms® and severe droughts,” these critical no-
des in maritime networks face increased risks of congestion and disruption.'®""

These increased risks of transportation disruption against the background of
complex global linkages warrant investigating the effects of recent disruptions
on supply chain networks.'? Studies have aimed to quantify the ramifications
of road,"”® inland waterway,'“ and port disruptions,'® focusing on areas such
as operational transportation costs,'® shipper and carrier costs,'” reputation
loss, and port business loss.'® Regarding supply chain losses, studies have
used indicators such as increased transportation time,'” associated costs,'® !
and the extent of transportation infrastructure damage® to quantify the degree
of disruption. However, the impacts of disruptions often go beyond these met-
rics. Interruption could lead to reduced production when delays of raw materials
exceed inventory holding periods, precipitating a ripple effect throughout the sup-
ply chain and causing further cascading losses.”® Thus, the above indicators
along with the value of delayed cargo have been incorporated into computable
general equilibrium (CGE) models,'”'9?"?2%4 input-output models (for port
disruption),?® and Petri net models?® to evaluate the cascading effects of disrup-
tions on the overall supply chain. However, such research has focused solely on

the total value of delayed goods in specific regions, often overlooking critical de-
tails pertaining to the characteristics of these goods. Moreover, existing models
are limited in terms of effectively simulating the adaptive behavior of supply chain
networks when faced with supply shortages owing to interruptions. Since they
usually operate on an annual timescale, these models have difficulty accounting
for short-term disruptions or blockages.

A recent study revealed the effect of climatic-related port downtime on global
trade and economic activity.”” However, that study did not incorporate adaptive
behavior. Another study developed an agent-based supply chain model to simu-
late the impact of road disruptions in Tanzania.”® That model, however, inade-
quately captured mechanisms such as the substitution effects of homogeneous
products between different regions®® and weekly simulation. A numerical agent-
based shock model was developed to study the regional and global economic
effects of short-term disruptions in the Western Pacific trade route caused by ty-
phoons.®® The model was based on profit maximization as a behavioral criterion,
but this did not align with real-world micro-level behavioral norms based on habit
(see Text ST). Thus, there remains a gap in research on the evaluation of total
losses resulting from short-term blockages. In particular, it is important to incor-
porate data on daily cargo flows and delays arising from unexpected events.

This study, therefore, proposes a daily resolution loss-assessment model
based on adaptive agents to simulate the cascading impacts of shipping block-
ages in supply chain networks. The model operates on a daily time step based on
the postdisaster behaviors of supply chain network agents, such as mobilizing
excess capacity and inventory, reselecting trade partnerships, adjusting produc-
tion technologies, and undertaking reconstruction after a disaster. Our model al-
lows a large number of production, consumption, and transportation agents to
interact in a complex network, simulating the daily evolution of outputs under
a given shock and calculating the losses through comparisons with initial
steady-state values. We use the model to assess the daily global losses resulting
from the 2021 blockage of the Suez Canal, a vital maritime route situated on the
western side of the Sinai Peninsula in Egypt (Figure 1B). Previous studies of this
incident focused on its causes and the lessons learned,**' descriptive analyses
of its effects on global supply chains and its legal implications,®* and its influence
on the global shipping network®® and crude oil prices.*

Incidents such as the Suez Canal blockage are expected to greatly affect global
supply chains, potentially causing massive but unknown losses to many coun-
tries and sectors. Thus, we couple the shipping network with the supply chain
network to simulate and evaluate the impacts of the Suez Canal blockage on
the global trade system. First, we collect empirical vessel data from the Automatic
Identification System (AIS) dataset, which provides information on the affected
vessels during the study period. Second, based on that information, we estimate
the volume and monetary value of blocked cargo in the global supply chain
network. Then, using our agent-based complex network model, we simulate the
production decline caused by cargo delays and the cascading losses transmitted
through the supply chain. We then analyze the heterogeneous impacts of
blockage on various countries and sectors. Furthermore, we perform scenario an-
alyses to measure the impacts of varying durations of blockage on global supply
chains. Sensitivity analysis is conducted to evaluate the proportion of losses and
the losses caused by a delay of one dollar for different types of cargo.
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Figure 1. Trajectory and value of vessels and cargo affected by the Suez Canal blockage (A) Trajectory of the blocked vessels. The size of the trajectory represents the weight of
cargo transported on these vessels; the color represents the monetary value of cargo on these vessels. (B) Location and schematic diagram of the Suez Canal. (C) International matrix
of blocked cargo value. Countries are divided into two groups according to whether they are located on the west or east side of the Suez Canal. In each group, countries are arranged in
descending order of cargo imports; those without notable cargo value are merged into “Others in West" and “Others in East.”

RESULTS
Suez Canal blockage

Beginning on March 23, 2021, the Suez Canal faced a 175-h blockage
(~7.3 days) caused by the grounding of the container vessel Ever Given (see
Text S2). We estimate the weight and value of cargo transported by blocked ves-

sels based on vessel movement data and the BACI database™ (see materials
and methods for details). Figure 1A shows the origin-destination routes of 432
vessels that were affected by the Suez Canal blockage. The weight and monetary
value of cargo transported by these vessels between countries are indicated by
the size and color of the lines on the map. Among the affected vessels, loaded
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Figure 2. Total value-added losses from the Suez Canal blockage at the global and country levels (A) Value-added loss and trade decrease proportion under different inventory days.
The proportion of the decrease in the value of global trade is obtained by the ratio of trade loss caused by the Suez Canal blockage to trade value in 2020. (B) Simulated global daily and
cumulative loss owing to the Suez Canal blockage. (C) Value-added loss from Suez Canal blockage in each county. Color shades represent the loss of value added by countries. (D)
Global total loss under different counterfactual scenarios, assuming the Suez Canal was blocked for only 1 day, 2 days, and so on, up to 8 days. For each scenario, we calculate the
global value-added loss under the reasonable inventory size (interval 0.07; a total of 31 cases). The dashed line in the figure represents the total global loss under the selected inventory

size under the actual duration of the Suez Canal blockage.

vessels (372 in total) and empty vessels (60 in total) are mapped separately in
Figure ST. The results show that 25.8 million tons of cargo, with a total value
of $92.7 billion, were blocked; these figures differ by only 2% and 10%, respec-
tively, from data published by canal officials and the media (Text S3).

The affected trajectories were mainly between the United States, Europe, the
Middle East, India, and East Asia, pertaining to the trade volume, geographical
location, and distribution of trade objects in each country or region. Figure ST
further details the trajectories of blocked vessels heading to these regions.
Among all of the vessels, two crude oil vessels (one traveling from Norway to In-
dia and another from Saudi Arabia to Egypt) carried the heaviest cargo (nearly
0.3 million tons each). Blocked vessels with high cargo values mainly operated
between China and Europe. Notably, three European container vessels each car-
ried cargo values of over $1.5 billion.

By aggregating the value of cargo transported by blocked vessels at the coun-
try level, we obtain an international matrix of blocked cargo values (Figure 1C).
Among the nearly 700 blocked cargo flows at the country level, the top 10
high-value flows account for 19.8% of the total blocked cargo value. Noteworthy
high-value flows in the matrix include cargo flows from the Netherlands, Ger-
many, and Belgium to China (9.3%); from China to Germany (1.8%); from the
United States and France to Saudi Arabia (3.2%); and from China to the United
States (1.3%). In terms of the accumulated blocked cargo value by country, China
ranks first for both imports (22.6%) and exports (9.1%), reflecting the huge trade
volume between China and Europe. Moreover, Figure S2 summarizes the com-
positions of blocked import and export cargo value by country. The results
show that 31.9% of cargo value comes from electrical and machinery products
(mainly exported from Europe to East Asia and the Middle East); 19.1% comes
from petroleum products (mainly exported from the Middle East to Europe).
The blocked cargo value matrix in Figure 1C is divided into four quadrants.
Among them, the cargoes in the second and fourth quadrants, accounting for
89.5% of the value of blocked cargo, were transported by the blocked vessels

crossing the Suez Canal from east to west or west to east, reaching their desti-
nation ports after the blockage was resolved. Meanwhile, some vessels pass
through the Suez Canal without cargo, subsequently facing delayed loading for
their next shipment. Thus, a small portion of cargo carried by these vessels is sit-
uated in the first quadrant (east to east) or third quadrant (west to west), account-
ing for 10.5% of the value of blocked cargo.

Impacts on global supply chains

Blockages can lead to delays in cargo delivery, resulting in shortages of raw
materials, which can cause production declines and supply chain losses. Consid-
ering this, we develop an agent-based complex network model to simulate the
impacts of the Suez Canal blockage on global supply chains (see materials
and methods for details). Since the model yields different losses for varying
inventory levels, we use external macroeconomic data provided by Allianz as
constraints. According to these data, every week of the Suez Canal closure
should have resulted in a reduction in global annual trade growth of 0.2%—
0.4%.°° The inventory days in our agent-based complex network model are
3.39-3.69 days, and the corresponding global value-added loss ranges from
$127.5 to $147.3 hillion (Figure 2A, Text S4). In our main analyses, we use 3.5 in-
ventory days to evaluate the effect of the Suez Canal blockage, with losses at this
inventory level being close to average losses.

Figure S3 and Video ST show the evolution of losses in the supply chain
network, offering insights into blockage-related losses. We observe two phases
in the losses: initially, cargo delays caused by the blockage contribute to losses.
In the second stage, the cascading effect in the supply chain network becomes
the main cause. Figure 2B presents the daily evolution of global total value-added
losses resulting from the Suez Canal blockage. The gray area indicates the daily
dynamics of value-added losses, which first appear on March 27 (4 days after the
blockage began). This is because the cargoes transported by vessels originally
scheduled to arrive in Egypt and Saudi Arabia—which are located near the
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Figure 3. Normalized daily value-added losses of countries and sectors Normalized daily value-added loss curves of countries (A—C) and sectors (D—F). We select the top 30
countries based on the percentage of annual value-added loss and all of the sectors in Eora.”** Based on the number of peaks and the relationship between the two peak heights in
the loss curves (the first peak is marked with a pink point and the second with a green point), we divide the selected countries and sectors into three groups. The two peaks are about
the same height (A and F); the first wave crest is lower (B and E) and higher (D) than the second; there is only one obvious crest (C).

Suez Canal—on March 23 were delayed for 4 days, exceeding the inventory size
for these regions. This delay then led to raw material shortages, production de-
clines, and losses. As the blockage continued, more cargo was delayed, with los-
ses peaking on April 4. Subsequently, as the blocked vessels started to arrive at
their destinations (India and Western Europe), the delayed cargoes were deliv-
ered, and production recovered. Losses began to decline reaching a low point
on April 11, with most blocked vessels finally arriving at their destinations
(including the United States and East Asia). Therefore, we can roughly attribute
the first peak to direct losses, which were value-added losses resulting from pro-
duction interruption caused by the delay of cargo exceeding inventory. Losses
began to rise once more as direct losses spread throughout the supply chain,
culminating in indirect losses, as indicated by the second peak on April 18, as
shown in Figure 2B. We can reasonably attribute the second peak in losses to
indirect loss.

Figure 2C shows the value-added losses incurred by countries as a result of
the Suez Canal blockage. Out of the total economic loss of $136.9 billion, India
faced the most significant loss, amounting to $102 billion (equivalent to 3.8%
of its GDP), followed by Spain, Brazil, China, and the UAE, whose losses range
from $2 billion to $4 billion. We observe that countries with more losses are sit-
uated in coastal areas, while those in Central Asia and Africa incurred consider-
ably lower losses, nearly approaching negligible levels. The Suez Canal blockage
had a more significant impact on India than on other countries; this can be attrib-
uted to two main factors. First, India’s manufacturing industry is heavily reliant on
imported raw materials from Europe and the United States.®” Second, the
blockade raised transportation costs for exported Indian goods. Factors such
as a decrease in factory profits and an inability to transport goods to Europe
and the United States in a timely manner led to the suspension or cancellation
of some orders (see Text S5 for specific details).

The Suez Canal remained blocked for about 7.3 days. Based on daily blocked
cargo data (Figure S4) and our daily-scale simulation model, we calculate total
global production losses under eight counterfactual scenarios (e.g., the Suez Ca-
nal was assumed to block for a total of 1 day, 2 days, ... 8 days; see scenario
analysis in materials and methods). As shown in Figure 2D, when blockage per-
sists for fewer than 4 days, thanks to inventories, there is almost no production
decline or loss. However, when blockage persists for 4 or 5 days, some produc-
tion agents begin depleting their inventories, leading to raw material shortages,
reduced production, and average supply chain losses of $5.8 billion. If blockage
lasts 6 days, supply constraints extensively permeate the supply chain, resulting
in a substantial loss of about $89.9 billion. Losses incurred under 7 days of
blockage amount to $149.9 billion, which is nearly identical to that for an 8-day
blockage. The results of the counterfactual analysis indicate that, in the event
of a blockage of the Suez Canal, aiming to dredge the canal and restore naviga-
tion within 5 days can significantly reduce the impact on global supply chains.

Country- and sector-level loss propagation

Figure 3 shows the daily evolution of losses across countries and sectors. We
can see that the loss curves have different numbers of peaks. Similar to Figure 2B,
the initial peak is mainly attributed to direct losses resulting from production in-
terruptions caused by cargo delays surpassing available inventory; the second
peak mainly represents indirect losses stemming from the propagation of direct
losses throughout the supply chain.

By examining the number of peaks and the relationship between their heights,
we analyze the types and causes of losses in each country and sector. Notably,
the two peaks in the curves of Figures 3A and 3F have similar heights, indicating
that these countries and sectors faced significant direct and indirect effects. By
contrast, the first peak in the curve in Figure 3D is much higher than the second
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peak, indicating that these sectors were mainly affected directly and to a lesser
extent indirectly. While the losses in Figures 3B and 3E appear immediately after
the end of the blockage, the height of the first wave is comparatively low, whereas
the losses in Figure 3C occur sometime after the end of the blockage. This sug-
gests that the countries in Figures 3B and 3C and sectors in Figure 3E suffered
fewer direct impacts, with most of the loss transmitted through supply chain ef-
fects from other countries and sectors. Based on the type and extent of impact
on countries and sectors resulting from the Suez Canal blockage, targeted mea-
sures for loss reduction can be implemented (Text S6).

Figure S5 provides an overview of value-added losses by sector groups. While
the proportion of losses is relatively small, the financial intermediation sector
shows the largest value-added loss owing to its substantial GDP. Conversely, sec-
tors such as agriculture, recycling, textiles, and apparel show losses that account
for a significant proportion of their annual GDP, mainly attributable to supply
chain effects. We conduct a sensitivity analysis of the losses caused by delayed
cargo, considering both the proportion of losses attributed to different types of
cargo and the losses caused by a delay of one dollar for different types of cargo.
Petroleum, chemical, and non-metallic mineral products, along with electrical and
machinery products, contribute substantially to overall losses, each accounting
for over 16%. As for losses caused by a one-dollar cargo delay, fishery, metal
products, and mining and quarrying products incur higher losses (Figure S6). Fig-
ure S7 depicts the losses caused by delays in energy-related cargo.

We compute the 365-day loss of all of the region-sectors and select the top
2,000 region-sectors with the highest value-added loss to illustrate the global
impact of the Suez Canal blockage in Figure 4. Among the first 200 region-sec-
tors, daily value-added losses exceed $0.1 million from the onset of the Suez Ca-
nal blockage until the end of the simulation, signifying a sustained supply chain
impact lasting throughout the year. These 200 region-sectors (Table S2) include
all of the sectors in India and the majority of sectors in Spain, Brazil, and Slovenia.
Additionally, approximately half of the sectors in UAE, Saudi Arabia, and China, as
well as about one-third of the sectors in Thailand, the United States, and Ger-
many, fall into this category. Some countries have only one or two sectors in
the first 200 region-sectors, and most are in the mining and quarrying sector, fol-
lowed by the financial sector, metal products sector, and petroleum products
sector. As for the remaining region-sectors, losses last about 3 months before
gradually reducing to zero. This trend could be related to the small amount of
cargo affected by the blockage in these specific region-sectors.

Scarcity
We compute the daily evolution of scarcity indices for sectors across
different countries, as shown in Video S2. In the 365-day simulation, May

to value-added losses. Therefore, to cope
with the supply chain impact caused by the
blockage, these seriously affected region-sec-
tors should appropriately increase their inventories and overcapacity proportion
to reduce losses.

DISCUSSION
Understanding the global impacts of maritime network blockages

This study presents a method for simulating the dynamic effects of maritime
network blockages on intercountry supply chains. Employing a multi-agent com-
plex network model in conjunction with empirical vessel tracking data, we un-
cover the intricate interplay of factors such as blockage, scarcity of goods, direct
and indirect impacts on supply chains, and the evolution of supply chain net-
works. Addressing such complexity requires a comprehensive understanding
of the spatial and temporal heterogeneity inherent in these factors, which is
pivotal for effective blockage-mnanagement strategies.

The results show that total losses worldwide are approximately $136.9 billion,
ranging from $127.5 to $147.3 billion. Notably, losses in India account for about
74.5% of the total loss, which is far greater than the proportion of blocked cargo
value (4.1%) in the country. This indicates that blocked cargo value is not the sole
determinant of output losses caused by the Suez Canal blockage. Our finding
that India was seriously affected by the Suez Canal blockage aligns with a previ-
ous report.*® Different from India, China had the highest blocked cargo value
(22.6%) but faced lower output loss (1.9%) due to its relatively complete industrial
system. Also, highly import-dependent cargoes in China (e.g., oil and mineral re-
sources) were not affected by the blockage. In addition, output losses in Europe
accounted for about 10% of total losses. This differs from the view of some
supply chain experts who thought the European market would be the most
affected.”!

Enhanced modeling approach

Our research represents a significant advancement over prior studies in several
key aspects. First, in terms of scope, we focus on simulating short-term transpor-
tation blockages that frequently occur in reality, as opposed to the long-term
transportation disruptions investigated in previous studies.?*?*?"? |n previous
research, “disruption” has referred to the complete impairment of an entire trans-
portation route, rendering cargo transport between two regions impossible. By
contrast, in our context, “blockage” means that cargo can be delivered and trans-
ported in a steady stream between two regions, but a node is temporarily blocked,
causing cargo accumulation in that place for a short time.

Second, our research significantly enhances data resolution. Unlike earlier
studies that mainly assessed losses at annual,*” monthly,** or weekly”” intervals,
we use second-to-hourly updated AIS data to analyze blocked cargo and simu-
late losses at a daily resolution. This dataset offers comprehensive information
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Figure 5. Scarcity index of each product in selected regions The horizontal axis is the top 60 countries in terms of value-added loss proportion. Vertical axis is the sectors of Eora, and

each sector corresponds to a product. Scarcity indices are defined as (product demanded —

about basic ship characteristics, route information, shipping information with
timestamps, and sectors affected by delayed cargoes. This rich dataset has
higher spatial and temporal resolution, facilitating the implementation of a daily
modeling approach. Consequently, our results are more finely detailed in both
spatial and temporal aspects, enhancing the precision of our analysis.

Third, we introduce innovative approaches to supply chain impact simulation.
Traditional models such as the input-output model assume that the ratio of pro-
duction factors and prices remains fixed and linear, thereby failing to capture the
adaptive behaviors of economic systems under blockage shocks.** The CGE
model assumes market equilibrium and adjusts prices to adapt to external
shocks, making it difficult to accurately capture sudden short-term shocks owing
to blockage.*® By contrast, our agent-based complex network model integrates
several habit-based micro-level adaptive behaviors in a unified framework, aiming
to describe model mechanisms using the simplest mathematical formulas and
language possible. For blockage simulation, we introduce a novel approach.
While previous studies simulated interruption impacts by simply eliminating
the disrupted route from cargo transportation networks,”” our method provides
a more realistic simulation by including the processes of loading, transporting,
blockage, and unloading between agents in the supply chain network, thus
achieving a more realistic simulation of vessel blockage.

Policy implications

Our simulation of the Suez Canal blockage event has implications for govern-
ments and industry stakeholders. It emphasizes that the repercussions of such
blockages extend far beyond the countries directly affected by import delays. The
ripple effect throughout the global supply chain results in reduced orders for raw
materials from upstream suppliers, leading to supply shortages for downstream
customers. This highlights the vulnerability and interconnectedness of interna-
tional supply chains, emphasizing the urgent need for comprehensive measures
to enhance supply chain resilience.

Additionally, blockage duration is a critical factor influencing global value-added
losses. When a blockage persists for a period shorter than the typical inventory
size (e.g., 4 days), losses remain relatively minor thanks to the buffer provided
by existing inventory levels. However, when blockage duration extends beyond
this inventory threshold, losses escalate significantly. Therefore, policymakers
should prioritize swift resolutions, aiming to resume canal passage before inven-
tory depletion occurs. This strategic approach could be highly effective for mini-
mizing global losses and ensuring the smooth flow of goods through the canal.

Furthermore, our research has the potential to serve as an early-warning sys-
tem for the global economic community. By predicting product shortages at spe-
cific times and in specific regions, policymakers can proactively address potential

product supplied)/(product demanded). If this index is >0, supply cannot meet demand.

supply chain impacts. Leveraging the scarcity index, governments and industry
players can implement targeted policies and strategies to bolster inventories
of critical products before shortages occur. This proactive approach not only re-
duces the impact of maritime network blockages but also helps manage long-
term inventory costs, ultimately contributing to a more resilient global supply
chain ecosystem.

Limitations and future research

Faced with constraints related to trade relationships in the multi-regional input
output (MRIO) framework and uncertainty estimating the value of delayed cargo,
we set a constant inventory size for all of the region-sectors. Our proposed quan-
titative modeling framework can be extended to assess the significance of key
maritime network nodes and the potential cost-effectiveness of various conges-
tion-mitigation measures. Future investigations can aim to further enhance pre-
paredness, response, and resilience in the face of global-scale supply chain inter-
ruptions (see Text S7 for details).

MATERIALS AND METHODS
See the supplemental information for details.

DATA AND CODE AVAILABILITY

The AIS data are restricted to the third party and used under license for this
study. The Eora26 database is available at Eora26: https://worldmrio.com/
eora?6. Data for intercountry trade flow come from the BACI database, available
at BACI database: http://www.cepii.fr/CEPII/fr/bdd_modele/bdd_modele_item.
asp?id=37. Shipping distances between 189 countries come from the CERDI
SeaDistance database (CERDI database: https://zenodo.org/record/46822#.
Yn9dVYxByUK). GDP growth rate and inflation rate come from Trading Eco-
nomics (https://zh.tradingeconomics.com/united-states/inflation-cpi), OECE
(https://www.oecd.org/economic-outlook/march-2021/), and the World Bank
(https://data.worldbank.org.cn/indicator/NY.GDP.MKTP.KD?).

The codes used in this study are available from the corresponding author upon
reasonable request.

REFERENCES
1. Federico, G., and Tena-Junguito, A. (2017). A tale of two globalizations: gains from trade and
openness 1800—2010. Rev. World Econ. 153: 601-626. https://doi.org/10.1007/s10290-
017-0279-z.
2. Verschuur, J., Koks, E.E., and Hall, JW. (2022). Ports' criticality in international trade and
global supply-chains. Nat. Commun. 13: 4351. https://doi.org/10.1038/s41467-022-
32070-0

6 The Innovation 5(4): 100653, July 1, 2024

www.cell.com/the-innovation


https://worldmrio.com/eora26
https://worldmrio.com/eora26
http://www.cepii.fr/CEPII/fr/bdd_modele/bdd_modele_item.asp?id=37
http://www.cepii.fr/CEPII/fr/bdd_modele/bdd_modele_item.asp?id=37
https://zenodo.org/record/46822#.Yn9dVYxByUk
https://zenodo.org/record/46822#.Yn9dVYxByUk
https://zh.tradingeconomics.com/united-states/inflation-cpi
https://www.oecd.org/economic-outlook/march-2021/
https://data.worldbank.org.cn/indicator/NY.GDP.MKTP.KD?
https://doi.org/10.1007/s10290-017-0279-z
https://doi.org/10.1007/s10290-017-0279-z
https://doi.org/10.1038/s41467-022-32070-0
https://doi.org/10.1038/s41467-022-32070-0
http://www.thennovation.org00029297
http://www.thennovation.org00029297

w

(o))

~

[oc]

O

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Taherzadeh, 0., Bithell, M., and Richards, K. (2021). Water, energy and land insecurity in

global supply chains. Global Environ. Change 67: 102158. https://doi.org/10.1016/j.gloenv-
cha.2020.102158

Fan, S., Yang, Z., Wang, J., et al. (2022). Shipping accident analysis in restricted waters:
Lesson from the Suez Canal blockage in 2021. Ocean Eng. 266: 113119. https://doi.org/
10.1016/j.oceaneng.2022.113119.

. Gui, D, Wang, H., and Yu, M. (2022). Risk assessment of port congestion risk during the

COVID-19 pandemic. J. Mar. Sci. Eng. 70: 150. https://doi.org/10.3390/jmse10020150.

. Jiang, Q, Xu, Z,, and Zhang, H. (2022). Global impacts of COVID-19 on sustainable ocean

development. Innovation 3: 100250. https://doi.org/10.1016/j.xinn.2022.100250.

. Xu,X.(2024). Frequent occurrence of extreme weather and out-of-balance climate systems

Innovation Geosci 2: 100049. https://doi.org/10.59717/j.xinn-ge0.2024.100049.

. Balagury, K, Foltz, G.R, Leung, L.R, et al. (2016). Global warming-induced upper-ocean

freshening and the intensification of super typhoons. Nat. Commun. 7: 13670. https://doi.
org/10.1038/ncomms13670.

. Yuan, X, Wang, Y., Ji, P., et al. (2023). A global transition to flash droughts under climate

change. Science 380: 187—-191. https://doi.org/10.1126/science.abn6301.

. Carse, A. (2012). Nature as infrastructure: Making and managing the Panama Canal water-

shed. Soc. Stud. Sci. 42: 539-563. https://doi.org/10.1177/0306312712440166.

. Izaguirre, C., Losada, I.J., Camus, P., et al. (2021). Climate change risk to global port opera-

tions. Nat. Clim. Change 77: 14-20. https://doi.org/10.1038/s41558-020-00937-z.

. Kurth, M., Kozlowski, W., Ganin, A., et al. (2020). Lack of resilience in transportation networks:

Economic implications. Environ. Times 86: 102419. https://doi.org/10.1016/j.trd.2020.
102479.

. Paul, SK, Asian, S., Goh, M., et al. (2019). Managing sudden transportation disruptions in

supply chains under delivery delay and quantity loss. Ann. Oper. Res. 273: 783-814.
https://doi.org/10.1007/s10479-017-2684-z.

. Simmons, S, Casavant, K., and Sage, J. (2013). Real-Time Assessment of the Columbia—

Snake River Extended Lock Outage: Process and Impacts. Transport. Res. Rec. 2330:
95-102. https://doi.org/10.3141/2330-13.

. Lewis, B.M,, Erera, AL, and White, C.C., Il (2006). Impact of temporary seaport closures on

freight supply chain costs. Transport. Res. Rec. 1963: 64—70. https://doi.org/10.1177/
0361198106196300109.

. Mesa-Arango, R., Zhan, X., Ukkusuri, S.V., et al. (2016). Direct transportation economic im-

pacts of highway networks disruptions using public data from the United States.
J. Transport. Saf. Secur. 8: 36—55. https://doi.org/10.1080/19439962.2014.978962.

. Vadali, S, Chandra, S., Shelton, J., et al. (2015). Economic costs of critical infrastructure fail-

ure in bi-national regions and implications for resilience building: Evidence from El Paso—
Ciudad Juarez. Res. Transp. Bus. Manag. 16: 15-31. https://doi.org/10.1016/j.rtbm.2015
08.001.

. Zhang, Y., and Lam, J.S.L. (2015). Estimating the economic losses of port disruption due to

extreme wind events. Ocean Coast Manag. 176: 300—310. https://doi.org/10.1016/j.0ce-
coaman.2015.08.009.

. Roberts, B, Rose, A, Heatwole, N., et al. (2014). The impact on the US economy of changes

in wait times at ports of entry. Transport Pol. 35: 162—175. https://doi.org/10.1016/j.tran-
pol.2014.05.010.

Tatano, H., and Tsuchiya, S. (2008). A framework for economic loss estimation due to
seismic transportation network disruption: a spatial computable general equilibrium
approach. Nat. Hazards 44: 253—265. https://doi.org/10.1007/s11069-007-9151-0.
Tirasirichai, C., and Enke, D. (2007). Case study: Applying a regional CGE model for estima-
tion of indirect economic losses due to damaged highway bridges. Eng. Econ. 52: 367-401.
https://doi.org/10.1080/00137910701686996.

Chen, Z., and Rose, A. (2018). Economic resilience to transportation failure: a computable
general equilibrium analysis. Transportation 45: 1009-1027. https://doi.org/10.1007/
s11116-017-9819-6.

Barrot, J.-N., and Sauvagnat, J. (2016). Input specificity and the propagation of idiosyncratic
shocks in production networks. Q. J. Econ. 137: 1543—1592. https://doi.org/10.1093/qje/
qjw018.

Wei, F., Koc, E., Li, N, et al. (2022). A data-driven framework to evaluate the indirect economic
impacts of transportation infrastructure disruptions. Int. J. Disaster Risk Reduc. 75:102946.
https://doi.org/10.1016/}.ijdrr.2022.102946.

Pant, R., Barker, K., Grant, F.H., et al. (2011). Interdependent impacts of inoperability at multi-
modal transportation container terminals. Transport. Res. E Logist. Transport. Rev. 47:
722-737. https://doi.org/10.1016/j.tre.2011.02.009.

Zhang, Y., and Lam, J.S.L. (2016). Estimating economic losses of industry clusters due to
port disruptions. Transport. Res. A Pol. Pract. 91: 17-33. https://doi.org/10.1016/j.tra.
2016.05.017.

Verschuur, J., Koks, E.E., and Hall, J.W. (2023). Systemic risks from climate-related disrup-
tions at ports. Nat. Clim. Change 13: 804-806. https://doi.org/10.1038/s41558-023-
01754-w.

Colon, C., Hallegatte, S., and Rozenberg, J. (2020). Criticality analysis of a country's transport
network via an agent-based supply chain model. Nat. Sustain. 4: 209—215. https://doi.org/
10.1038/s41893-020-00649-4.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

REPORT

Verschuur, J., Koks, E.E.,and Hall, J.W. (2021). Observed impacts of the COVID-19 pandemic
on global trade. Nat. Human Behav. 5: 305-307. https://doi.org/10.1038/s41562-021-
01060-5.

Kuhla, K., Willner, S.N., Otto, C., et al. (2023). Resilience of international trade to typhoon-
related supply disruptions. J. Econ. Dynam. Control 157: 104663. https://doi.org/10.
1016/} jedc.2023.104663.

Khan, I.A, and Rahman, S. (2021). Review and analysis of blockage of Suez Canal region
due to giant container ship. Mar. Technol. Soc. J. 55: 39-43. https://doi.org/10.4031/
MTSJ.65.5.5.

Lee, JM.-Y., and Wong, E.Y.-C. (2021). Suez Canal blockage: an analysis of legal impact, risks
and liabilities to the global supply chain. MATEC Web Conf. 339: 01019. https://doi.org/10.
2139/ssrn.1994500.

Wan, Z,, Su, Y., Li, Z, et al. (2023). Analysis of the impact of Suez Canal blockage on the
global shipping network. Ocean Coast Manag. 245: 106868. https://doi.org/10.1016/j.oce-
coaman.2023.106868.

Alfadhli, M., Alali, M., and Alkulaib, H. (2022). The Effect of Suez Canal Blockage on Crude Oil
Prices: An Event Study Analysis. J. Bus. Manag. 23: 64—66. https://doi.org/10.9790/487X-
2304026466.

Gaulier, G., and Zignago, S. (2010). Baci: international trade database at the product-level
(the 1994-2007 version). Version Working Paper 2010-23 (CEPII, 2010). SSRN J. https://
doi.org/10.2139/ssrn.1994500.

Subran, L., Boata, A, Huang, F., et al. (2021). The Suez canal ship is not the only thing clog-
qging global trade. https://www.allianz.com/en/economic_research/insights/publications/
specials_fmo/2021_03_26_SupplyChainDisruption.html.

Business Maps of India (2019). American Companies in India. https://business.
mapsofindia.com/india-company/america.html.

Lenzen, M., Moran, D., Kanemoto, K., et al. (2013). Building Eora: a global multi-region input—
output database at high country and sector resolution. Econ. Syst. Res. 25: 20—-49. https://
doi.org/10.1080/09535314.2013.769938.

Lenzen, M., Kanemoto, K., Moran, D., et al. (2012). Mapping the structure of the world econ-
omy. Environ. Sci. Technol. 46: 8374-8381. https://doi.org/10.1021/es300171x.

Desk, M. (2021). Impact of the Suez Canal on Indian Economy - The Promising Link. https://
themachinemaker.com/market/importance-of-suez-canal-indian-economy-190421.
Neuman, S., and Northam, J. (2021). How a Long Shutdown of the Suez Canal Might Have
Roiled the Global Economy. https://www.gpb.org/news/2021/03/29/how-long-shutdown-
of-the-suez-canal-might-have-roiled-the-global-economy.

Gller, G.U., Johnson, AW., and Cooper, M. (2012). Case study: energy industry economic im-
pacts from Ohio River transportation disruption. Eng. Econ. §7: 77-100. https://doi.org/10.
1080/0013791X.2012.677114.

Park, J., Gordon, P., Moore, J.E., I, et al. (2008). The state-by-state economic impacts of the
2002 shutdown of the Los Angeles—Long Beach ports. Growth Change 39: 548—-572.
https://doi.org/10.1111/j.1468-2257.2008.00446 x.

Okuyama, Y., and Santos, J.R. (2014). Disaster impact and input—output analysis. Econ.
Syst. Res. 26: 1-12. https://doi.org/10.1080/09535314.2013.871505.

Zhou, L., and Chen, Z. (2020). Are CGE models reliable for disaster impact analyses? Econ.
Syst. Res. 33: 1-27. https://doi.org/10.1080/09535314.2020.1780566.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science Foundation of China

(72022004, 52370189, and 52200228) and National Key Research and Development Pro-
gram Project (2021YFC3200205).

AUTHOR CONTRIBUTIONS

S.Q., V.S, and Q.Z. conceived the study and performed the analysis. Y.S., J.V, and H.L.

contributed to the data collection and processing. Y.S. and S.Q. analyzed the data and im-
plemented the model. Y.S, Q.Z,, and J.V. contributed to preparing the figures. S.Q., Y.S,
QZ,JV, L-T.Z,MX, and Y.-MW. contributed to the writing and reviewing of the paper.

DECLARATION OF INTERESTS

The authors declare no competing interests.

SUPPLEMENTAL INFORMATION

It can be found online at https://doi.org/10.1016/).xinn.2024.100653.

LEAD CONTACT WEBSITES

Shen Qu: https://som.bit.edu.cn/gbszdw/gbjxzy/gbsglgex/b187732.htm.

Qi Zhou: https://som.bit.edu.cn/gbszdw/gbjxzy/gbsglgcx/8af99163b9404357a6¢0d

c7f904a42d8 htm.

uolypAouu| dy |

@ CelPress Partner Journal

The Innovation 5(4): 100653, July 1, 2024 7



https://doi.org/10.1016/j.gloenvcha.2020.102158
https://doi.org/10.1016/j.gloenvcha.2020.102158
https://doi.org/10.1016/j.oceaneng.2022.113119
https://doi.org/10.1016/j.oceaneng.2022.113119
https://doi.org/10.3390/jmse10020150
https://doi.org/10.1016/j.xinn.2022.100250
https://doi.org/10.59717/j.xinn-geo.2024.100049
https://doi.org/10.1038/ncomms13670
https://doi.org/10.1038/ncomms13670
https://doi.org/10.1126/science.abn6301
https://doi.org/10.1177/0306312712440166
https://doi.org/10.1038/s41558-020-00937-z
https://doi.org/10.1016/j.trd.2020.102419
https://doi.org/10.1016/j.trd.2020.102419
https://doi.org/10.1007/s10479-017-2684-z
https://doi.org/10.3141/2330-13
https://doi.org/10.1177/0361198106196300109
https://doi.org/10.1177/0361198106196300109
https://doi.org/10.1080/19439962.2014.978962
https://doi.org/10.1016/j.rtbm.2015.08.001
https://doi.org/10.1016/j.rtbm.2015.08.001
https://doi.org/10.1016/j.ocecoaman.2015.08.009
https://doi.org/10.1016/j.ocecoaman.2015.08.009
https://doi.org/10.1016/j.tranpol.2014.05.010
https://doi.org/10.1016/j.tranpol.2014.05.010
https://doi.org/10.1007/s11069-007-9151-0
https://doi.org/10.1080/00137910701686996
https://doi.org/10.1007/s11116-017-9819-6
https://doi.org/10.1007/s11116-017-9819-6
https://doi.org/10.1093/qje/qjw018
https://doi.org/10.1093/qje/qjw018
https://doi.org/10.1016/j.ijdrr.2022.102946
https://doi.org/10.1016/j.tre.2011.02.009
https://doi.org/10.1016/j.tra.2016.05.017
https://doi.org/10.1016/j.tra.2016.05.017
https://doi.org/10.1038/s41558-023-01754-w
https://doi.org/10.1038/s41558-023-01754-w
https://doi.org/10.1038/s41893-020-00649-4
https://doi.org/10.1038/s41893-020-00649-4
https://doi.org/10.1038/s41562-021-01060-5
https://doi.org/10.1038/s41562-021-01060-5
https://doi.org/10.1016/j.jedc.2023.104663
https://doi.org/10.1016/j.jedc.2023.104663
https://doi.org/10.4031/MTSJ.55.5.5
https://doi.org/10.4031/MTSJ.55.5.5
https://doi.org/10.2139/ssrn.1994500
https://doi.org/10.2139/ssrn.1994500
https://doi.org/10.1016/j.ocecoaman.2023.106868
https://doi.org/10.1016/j.ocecoaman.2023.106868
https://doi.org/10.9790/487X-2304026466
https://doi.org/10.9790/487X-2304026466
https://doi.org/10.2139/ssrn.1994500
https://doi.org/10.2139/ssrn.1994500
https://www.allianz.com/en/economic_research/insights/publications/specials_fmo/2021_03_26_SupplyChainDisruption.html
https://www.allianz.com/en/economic_research/insights/publications/specials_fmo/2021_03_26_SupplyChainDisruption.html
https://business.mapsofindia.com/india-company/america.html
https://business.mapsofindia.com/india-company/america.html
https://doi.org/10.1080/09535314.2013.769938
https://doi.org/10.1080/09535314.2013.769938
https://doi.org/10.1021/es300171x
https://themachinemaker.com/market/importance-of-suez-canal-indian-economy-190421
https://themachinemaker.com/market/importance-of-suez-canal-indian-economy-190421
https://www.gpb.org/news/2021/03/29/how-long-shutdown-of-the-suez-canal-might-have-roiled-the-global-economy
https://www.gpb.org/news/2021/03/29/how-long-shutdown-of-the-suez-canal-might-have-roiled-the-global-economy
https://doi.org/10.1080/0013791X.2012.677114
https://doi.org/10.1080/0013791X.2012.677114
https://doi.org/10.1111/j.1468-2257.2008.00446.x
https://doi.org/10.1080/09535314.2013.871505
https://doi.org/10.1080/09535314.2020.1780566
https://doi.org/10.1016/j.xinn.2024.100653
https://som.bit.edu.cn/gbszdw/gbjxzy/gbsglgcx/b187732.htm
https://som.bit.edu.cn/gbszdw/gbjxzy/gbsglgcx/8af99163b9404357a6c0dc7f904a42d8.htm
https://som.bit.edu.cn/gbszdw/gbjxzy/gbsglgcx/8af99163b9404357a6c0dc7f904a42d8.htm

	Modeling the dynamic impacts of maritime network blockage on global supply chains
	XINN100653_proof_v5i4.pdf
	Modeling the dynamic impacts of maritime network blockage on global supply chains
	Introduction
	Results
	Suez Canal blockage
	Impacts on global supply chains
	Country- and sector-level loss propagation
	Scarcity

	Discussion
	Understanding the global impacts of maritime network blockages
	Enhanced modeling approach
	Policy implications
	Limitations and future research

	Materials and methods
	Data and code availability
	References
	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information



