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Disruptions to ports from climate extremes can have systemic impacts
onglobal shipping, trade and supply chains. By combining estimated
climatic-related port downtime at 1,320 ports with aglobal model of

transport flows, we pinpoint systemic risks to global maritime transport,
trade and supply-chain networks. We estimate a total of US$81 billion of
global trade and at least US$122 billion of economic activity being at-risk on

average annually.

Ports handle around 80% of the volume of global trade’. However, many
ports are exposed to operational disruptions from extreme weather
events, causing costly downtime?” The most extreme events can cause
extensive physical damage and render ports inoperable for longer
periods of time. For instance, operations at the ports of Shanghai and
Ningbo are disrupted for 5 to 6 days each year on average because of
extreme wind conditions’. In the aftermath of Hurricane Katrina (2005),
the port of New Orleans was shut for almost 4 months®. Such climatic
shocks to ports can have systemicimpacts, including knock-on effects
toother portsandacross supply chains. For example, ref. 5 revealed that
every dollar of trade that is disrupted at the port of Los Angeles-Long
Beach could have a multiplier effect of 2.9 through domestic
supply chains.

In ref. 6, we quantified the annual expected downtime days per
year (downtime risk) associated with operational disruptions (due to
weather extremes), as well as the reconstruction time associated with
physical damage to ports from climate extremes (cyclone wind and
coastal, fluvial and pluvial flooding), for the 1,320 most critical ports
globally. Together, climate-related disruptions were found to have a
downtime risk of 1.4 days across ports globally but >5 days for 5% of
ports. Here, we combine these estimates of port downtime risk witha
dataset of (1) ship movements between ports, (2) maritime transport
freight flows and (3) dependencies between ports and global supply
chains'. This allows us to quantify the systemic exposure of transport,
trade and supply chains to port disruptions (Methods). This informa-
tion is essential to identify cross-border vulnerabilities, as well as
preparing ports, firms and countries for port-related shocks, which are
notadequately quantified using best practice tools for risk assessment,
for example in the insurance sector.

Wesstart by extending our previous analysis of port downtime risk®
to quantify the (first-order) knock-on delays at the ports of trading
partners. Specifically, we calculate the delays in ship arrivals at a port

because of disruptions ata port where the goods are loaded (Methods).
Others’ found that when a European portis subject to coastal flooding,
other European ports are most prone to knock-ondisruptionsbutsoare
portsin North America, northern Africaand the Middle East. Extended
DataFig.1lareproducesour previous results for average climate-related
downtime, whilst Extended Data Fig. 1b shows how these impacts
propagateto other ports through port-to-port shipping delays. Both of
these versions of disruption are high in cyclone-prone regions, making
the two correlated (Spearman’s rank correlation = 0.50), as ports tend
tobe connectedto portsin their geographic proximity. Moreover, ports
having alower number of trading partners (Supplementary Fig.1) tend
to have higher port-to-port downtimerisk because they do not benefit
fromdiversification of partners (Supplementary Methods). Inrelative
terms, the potentials for port-to-portdisruptions are particularly high
inSouthern Australia, the Middle East, Western Africa, South America,
the Western United States and parts of Northern Europe (Extended Data
Fig.2). The average disruption at portsintheseregionsis relatively low,
but the potential for knock-on effects from disruptions at transport
dependent ports is relatively high (>80% of total downtime risk). In
fact, these knock-on port-to-port disruptions are found to be larger
than direct downtime risk for around two-thirds of ports.

Port disruptions can have wider impacts for international trade
and economicactivity. Forinstance, in2017, the shutdown of Australian
coal exporting ports as a result of Cyclone Debbie led to supply
shortages in Indian and Chinese steel mills®. To capture such systemic
risks, we start by calculating the amount of each country’s maritime
importsand exports at-risk due to port downtime and quantify domes-
tic (domestic ports used forimports/exports) and cross-border down-
time risk (foreign ports used for transhipments and import/exports
at trading partners). In value terms, out of the 207 countries consid-
ered, domestic port downtime risk dominates for 30 (26) countries
for their imports (exports), while for the remaining countries the
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Fig.1|Maritime trade at-risk. a, Cross-border downtime risk forimport flows of countries. b, Same as abut for exports. ¢, Top 30 countries in terms of maritime trade
at-risk (in value terms), including a breakdown between domestic and cross-border downtime risk. Basemaps in a,b from GADM (gadm.org). The country codes refer

to country ISO-alpha3 code.

cross-border risk dominates. Out of the total maritime trade at-risk,
which equals US$81 billion per year (-117 billion tonnes), 63% (58%) of
imports (exports) is cross-border risk, although with sectoral differ-
ences (Supplementary Tables1and 2).

Countries with large import cross-border risks include small
Pacific islands (Micronesia and Tonga) and countries in Central Asia
(Kyrgyzstan, Kazakhstan and Uzbekistan) and Central America
(Nicaragua and Guatemala) (Fig. 1a).In terms of exports, several land-
locked countries have high cross-border risks, including Chad, Malawi,
Andorra and Bhutan (Fig. 1b). Figure 1c shows the top 30 countries in
terms of total relative maritime trade at-risk in value terms (Supple-
mentary Fig. 2 shows the same in volume terms). At the top of the list
are several small island developing states (SIDS), including Northern
Marianalslands (MNP), Grenada (GRN), Dominica (DMA), Saint Vincent
andthe Grenadines (VCT) and Micronesia (FSM). Many of the SIDS have
ahighdomestic contribution to trade at-risk, while also depending on
arelatively few hazard-prone partner ports, including transhipment
ports, for their trade, contributing to elevated cross-border risk. Still,
within the top 30, there are also some of the world’s large economies
(China,Japan, Australia, South Africa, Vietnam and the Philippines).

Theimpact of port disruptions may propagate (first and higher
order effects) inunexpected ways because of complex dependencies
onspecific supply chains that are routed through ports. We therefore
quantify how much of the activity of each economic sector (industry
output or final consumption) depends directly (firms directly rely-
ing on traded goods through ports) or indirectly (firms relying on
other firms that traded goods through ports, either first-order or
higher order suppliers) ontrade flows through each port (11sectors,
184 countries, 1,320 ports; Methods). Globally, an average of
US$95.8 billion of industry output and US$26.3 billion of consump-
tionis exposed every year to port disruptions, of which 64% and 60%
are cross-border risk, respectively (Supplementary Table 3 shows
sectoral differences). This is only considering forward (or down-
stream) supply-chain dependencies, while backward (or upstream)
dependencies could put another US$173 billion of industry output
at-risk every year (Supplementary Fig. 3).

Some countries have a large share of their industry output and
consumption at-risk every year (Fig. 2a,b). Interms of industry output,

countriesin Southern Africa, Southeast Asiaand Central Americahave
the largest percentage of industry output at-risk from port disruptions.
Countries whose final consumption is most exposed to port disrup-
tion are more dispersed. The top ten most at-risk countries include
Taiwan, Macau, Hong Kong and some SIDS, having more than 26% of
their final consumption dependent on imports via critical ports and
on average more than 0.5% of all final consumption expected to be
disrupted eachyear.

The aggregate risk numbers hide some specific supply chains
that are at-risk from port downtime, both in terms of consumption
and industry output (Fig. 2c). Some of the most at-risk supply chains
are wood and paper manufacturingin Taiwan and South Korea, mining
and quarrying in France and petroleum, chemical and non-metallic
mineral products in Macau and Aruba. In terms of industry output,
the most at-risk supply chains of >US$1 billion output are the mining
and quarrying industry in Hong Kong, textiles and wearing apparel in
Mauritius, electrical and machinery in the Philippines and transport
equipment in South Africa and the Dominican Republic.

Ourresults highlight the scale of global trade and economic activ-
ity exposed to port disruptions and pinpoint the systemic vulner-
abilities within maritime transport, trade and supply-chain networks.
The results highlight that many SIDS are very susceptible to systemic
risks given high direct exposure and cross-border vulnerabilities due
to limited trade and transport diversification. Whilst all our results
are presented in terms of annual averages, the impacts in any given
year may be much greater or lower. In addition, risks estimated are
influenced by, among others, specific extreme events affecting
multiple ports simultaneously* and the level of resilience in the
interconnected systems.

Countries and firms that are highly dependent on ports with a
large risk of climate-related disruptions should consider the resi-
lience options at their disposal, which fall into four categories:
(1) enhancing resilience of ports to climate-related disruptions,
(2) reducing dependence on maritime trade by enhancing domestic
production, (3) trade or transport diversification and (4) increas-
ing inventories and stocks to make supply chains less vulnerable
to port-related disruptions. Our analysis has revealed which
ports each port, country and supply-chain critically depends upon

Nature Climate Change | Volume 13 | August 2023 | 804-806

805


http://www.nature.com/natureclimatechange
http://gadm.org

Brief Communication

https://doi.org/10.1038/s41558-023-01754-w

a € Consumption Industry output
75°N TWN  MAC
E | FRA  ETH
50 °N - ; KOR  ABW
v a0 o3 U VAC  TWN
25°N A - . . ABW  BHS
-?33’ K Y @4% L Cross- Domestic DOM  HKG
= o N ' N border CYM  JAM
® N BHS  LBR
— 25°3 y ! GIN  BRB
HTI  MUS
=
50 °S 1 0o 025 05 m-ves v
Pecentage industry output (%) cus  veB
75°8 T T T T T T T JAM Fll
o o o N o o PHL  MOZ
150°W 100 °W 50 °W 0] 50°E 100°E 150°E coL PHL
. VNM  DOM
b Longitude aIN 7aF
75°N A AGO  MDG @ Agriculture
- . £ HKG - JPN @ Electrical and machinery
o F 9 BRB  CYM o
50 °N 1 43 170 NoL{y @ Fishing
-
o $ sl COG  CPV ® Food and beverages
25°N - N\ .
% “%»J e ‘ ‘é . FJl SGP Metal products
3 o L » & ) PN VUTH{I @ Mining and quarrying
-‘g & HND  VNM ® Other manufacturing
— 25°8 4 ]’ ' “ Mus BLZ @ Petroleum, chemical and non-metallic mineral products
i — N tEAM sz\: Textiles and wearing apparel
v/ :
50°S 4 o 025 05 MDG  PYF @ Transport equipment
Pecentage consumption (%) NZL  MKD ® Wood and paper
75°S T T T T T T T " T T T 1 t T T T T |
150 °W  100°W 50 °W 0] 50°E 100°E 150 °E 10 6 4 2 0 0 2 4 6 8 10
Longitude Percentage sector consumption Percentage sector industry

Fig.2|Supply chains exposed to port disruptions. a, The fraction of industry
output exposed annually to systemic port failures. b, Same as a but for
consumption. ¢, The top 30 most at-risk supply chains per country, including
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the contribution of domestic and cross-border systemic risks to the risk. Only

forward dependencies are considered in here. Basemapsina,b from GADM
(gadm.org).

(seeSupplementary Figs. 3-6 for examples), providing crucial infor-
mation for policy prioritization. First, countries may wish to take
regulatory steps toenhance the resilience of critical domestic ports,
whilst using our data to scrutinize the reliability of foreign ports
with which they trade. Second, our analysis illustrates the extent
towhichtrade relationships are diversified across ports and allows
identifying alternative commodity exporting countries where port
disruptions are less frequent or strategies to improve the resilience
of the national port system, for instance by building in spare capac-
ity (for example, as done inJapan after the 2011 Tohoku earthquake
and tsunami)’. Where this is not feasible, additional steps, such as
increasing back-up inventories or promoting domestic production
may bejustified™. Finally, our analysis can be further supplemented
with projections of future changes in port downtime due to climate
change, allowing countries and firms to build resilience against
future systemic disruptions.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41558-023-01754-w.
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Methods

Port downtime at the port-level (1,320 ports) is associated with the
annual exceedance of various operational thresholds and natural
disaster impacts. Operational disruptions include extreme wind,
temperature, waves and overtopping, which shut down a portabove
some set thresholds. The downtime associated natural disaster
impacts, including earthquakes, cyclone and coastal, pluvial and
fluvial flooding, cover the time needed to restore damaged infra-
structure, resulting in downtime for the port. Details of the meth-
odology areincludedinref. 6 and described in the Supplementary
Methods.

The systemic risk analysis of the maritime transport network is
based on asatellite-derived dataset of vessel movements for 2019 and
2020, from which a port-to-port transport network was constructed,
including the loaded capacity (payload times carrying capacity of the
vessel) of vessels onagiven route. Details of the dataset are described
inref.1and the Supplementary Methods. The port-to-port downtime
risk (PtPDR) for any given port (p) depends ontheloaded capacity (LC)
between the number (n) of origin ports (0) and the port of interest and
the downtime risk (DR) at the origin port:

" DR, x LC
PtPDR, = > —°Lc oP
p

o=1

Thisonly includes forward network effects and not any backward
network effects of downtime at destination ports (that is, reduced
trafficif destination ports are shut).

Todetermineimportand export dependencies between countries
and ports, we use the model output of the OxMarTrans global mari-
time transport model, which include for the year 2015 the simulated
maritime routes of all maritime bilateral trade flows. Using this dataset,
for both flow (f) directions (import and export), we can determine the
systemic risk associated with port downtime. The trade at-risk (TaR)
isdetermined by the number (n) of ports (p) a country (c) dependson,
the fraction of the country’s maritime trade (MT) flow through p and
the downtime at these ports:

MT; &

p:

DR, x MT¢,,
MTg,

The TaR can be subdivided between the fraction that is domes-
tic, which includes part of the TaR associated with ports located in
the country of interest and the share associated with ports in foreign
countries.

To evaluate the economic activity at-risk because of port disrup-
tions, we use datafromref. 1, which linked the downscaled port-to-port
trade network to the EORA multiregional input-output tables (MRIO).
By extracting ports from the (downscaled) MRIO tables, the industry
output and consumption in any country directly or indirectly linked
to this port could be evaluated (the Supplementary Methods give a
detailed description). The economic activity at-risk (EAaR) for the two
metrics considered (m, industry output or consumption) is associated
with the economic activity (EA) of country (c) linked to a port and the
downtime at that port:

EAp . &

365 Z

p=1

DR, X EApcp
EApc

EAaR,, . =

This can be done on an aggregated basis or on a country-sector
basis. In the main text, the economic activity linked to a port is only
associated with the forward supply-chain dependencies (supply shocks
duetotradebottlenecks)and not any backward supply-chain depend-
encies (demand shocks dueto tradebottlenecks), which are shown for
reference in Supplementary Fig. 3.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

This research relies on publicly available data which are referenced.
Thedatarequired toreproduce the analysis can be found inaMendeley
Datarepository".

Code availability
The code needed to analyse the data and reproduce the figures is
provided in aMendeley Data repository".
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Extended Data Fig. 1| Systemic risks of maritime transport networks. (a) The
direct downtime risk (annual expected days per year) at the port-level. (b) The
port-to-port downtime risk, showing the number of days of expected annual

downtime or delays because of downtime at the ports that are visited by vessels
before these vessel visit the port of interest. The base map is derived from Global
Administrative Areas (GADM) dataset (available at gadm.org).

Nature Climate Change


http://www.nature.com/natureclimatechange

Brief Communication https://doi.org/10.1038/s41558-023-01754-w

a Direct downtime risk dominant
L] L]
60 1 S 0. 1)
b s
o
& .‘.a @ = g 4
40 1 (] o c. o C) h .0 ) X o 0 8
. o .o .. . .’o s : . . " g;“'
L ] L ] (S
20 4 0. ° -:.‘. § L) ",t‘
L] S . L] 3 ° F
0e® o o ©® °
& . > L .
0 1 ° . .. L
° Py °
o o o ° °
% ] ®
_20 d e L] . y L ] [ J ! Y
L]
° 4 L B <
—40 A 5 o®
 ——
60 0 50 100
Contribution indirect risk to total risk (%)
—150 —100 =50 0 50 100 150
b Port-to-port downtime risk dominant
i oy
60 oo 15}“ .
° < ° v °
? TR ‘c - 2
| ) a0 o :uo .?& oo o ° t
40 . R L .
.\ o ° ': : ..’ - ? ..“ ¢
® " ) 3 o .'.
20 - LY .o g .. e . d .‘ .Q Q.. o ~ ]
‘: oo “ 3 . %o 0.
o o b L oo o /‘“' A I
0 - ° K. e P .. ° . 1 ':'o..’. s e ®
\ ) A L0 R M R
° oe o e 0 . o g
_20 B ° .' “.0 : N : L]
o, .
40 :. . ° v, o ® .‘..‘ ] :
O gy — o
i . 0 50 100
Contribution indirect risk to total risk (%)
-150 -100 =50 0 50 100 150
Extended Data Fig. 2| Relative contribution of direct and port-to-port the port-to-port downtime being the dominant risk contributor. The base
downtime. (a) The ports where the direct downtime risk is the dominant risk map s derived from Global Administrative Areas (GADM) dataset (available at
factor in the total downtime risk (direct + port-to-port). (b) Same as (a) but with gadm.org).

Nature Climate Change


http://www.nature.com/natureclimatechange

nature portfolio

Corresponding author(s):  Jasper Verschuur

Last updated by author(s): Jun 26, 2023

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
—
e
()
o]
le)
=
o
=
—
D
o)
o)
=
>
Q@
wm
[
=
=
Q
=
<L

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
Q

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX X X XX X XL
N I I O ™

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  All data was collected from previously published data sources, which are mentioned in the text.

Data analysis Python coding was used to analyse the data and generate new output.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Lcoc Y21y

While all input code is already publicly available at the sources mentioned in the manuscript, all final data to reproduce the results+code is made available in this
paper. A Zenodo link is added.




Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender

Population characteristics

Recruitment

Ethics oversight

Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design whether sex and/or gender was determined based on self-reporting or assigned and methods used. Provide in the
source data disaggregated sex and gender data where this information has been collected, and consent has been obtained for
sharing of individual-level data, provide overall numbers in this Reporting Summary. Please state if this information has not
been collected. Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based
analysis.

Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Life sciences X’ Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Quantitative data was used on port-level information, maritime transport networks, and port supply-chain connections.
Research sample Sample of ports and countries.

Sampling strategy NA

Data collection NA

Timing NA

Data exclusions NA

Non-participation NA

Randomization NA

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

>
Q)
=
c
)
o)
o)
=3
o
=
@
o)
o)
=
>
Q@
wv
<
3
=
Q)
2




Materials & experimental systems

Methods

XXNXNXMNXKX s
Oooood

Involved in the study

Antibodies

Eukaryotic cell lines
Palaeontology and archaeology
Animals and other organisms
Clinical data

Dual use research of concern

n/a | Involved in the study
|X| |:| ChiIP-seq
|X| |:| Flow cytometry

XI|[ ] MRi-based neuroimaging

>
Q)
=
c
)
o)
o)
=3
o
=
@
o)
o)
=
>
Q@
wn
<
3
=
Q)
2

02 Y210y

¢

l




	Systemic risks from climate-related disruptions at ports

	Online content

	Fig. 1 Maritime trade at-risk.
	Fig. 2 Supply chains exposed to port disruptions.
	Extended Data Fig. 1 Systemic risks of maritime transport networks.
	Extended Data Fig. 2 Relative contribution of direct and port-to-port downtime.




