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Abstract

The risk of disruption to global supply chains is rising because of the increasing frequency of pandemics

and natural disasters and deteriorating geopolitical stability, threatening the sustainability of global

supply chains. This study simulates how the disruption of imports from various regions affects the total

production of Japanese firms. We particularly incorporate the propagation of the economic effect through

domestic supply chains using data on more than one million firms and four million supply chain ties. We

find that the negative effect of the disruption of intermediate imports grows exponentially as its duration

and level increase because of downstream propagation. In addition, the propagation of the economic effect

is substantially affected by the network topology of importers, such as the number of importers (affected

nodes) and their upstreamness in supply chains, but not necessarily by their centrality. Furthermore, the

negative effect of import disruption can be mitigated by the reorganisation of domestic supply chains,

even when conducted only among network neighbours. Our findings highlight the differences between the

propagation of economic effects through supply chains and the diffusion of information and behaviours

through social networks and provide important policy and managerial implications for the achievement

of more sustainable global supply chains.
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Introduction

The sustainability and resilience of global supply chains, i.e., the network of trade in material and parts

for production across countries and industries, are currently threatened. In recent years, global supply

chains have frequently been disrupted by coronavirus disease 2019 (COVID-19) [1, 2, 3]; natural disasters,

such as the Great East Japan earthquake [4, 5]; military conflicts, such as the Russo-Ukrainian War [6];

and policies among the United States and its allies to “decouple” themselves from China [7]. The risk

of the disruption of global supply chains has been rising because pandemics and natural disasters are

predicted to occur more frequently in the future due to climate change and seismic cycles [8, 9, 10, 11,

12]. In addition, this disruption risk has been intensified because of increasing possibilities of countries

“weaponising” supply chains by restricting trade with particular partners for national security reasons

as global geopolitical risks soar [13, 14].

Global supply chains contribute to economic efficiency by allocating production processes across coun-

tries depending on their advantages and thus benefit both developed economies, which are the hubs of

supply chains, and developing economies, which have only recently started to participate in supply chains

[15]. Therefore, the possible disruption of global supply chains on a large scale would jeopardise the sus-

tainability of the global economy and thus have a substantial effect on all involved countries. Therefore,

it is vital to understand how large the effect is and how it can be alleviated. However, one major obstacle
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when estimating this effect is that trade disruption affects not only importers and exporters but also the

entire economy because of the propagation of the shock through domestic supply chains [16].

Therefore, this study estimates the effect of the disruption of the imports of inputs from various

regions on the domestic production of Japan while accounting for supply chain propagation. Specifically,

we simulate an agent-based model with large-scale data on more than one million firms that contain

detailed supply chain information and imports and exports at the firm level. Our model and simulations

extend those used in the literature that focus on the propagation of economic shocks through domestic

supply chains [16, 17, 18, 19, 20] by incorporating international trade. To the best of our knowledge, this

study is the first to simulate the economic effect of the disruption of global supply chains using a model

and data at the firm level.

To examine how the sustainability of global supply chains can be strengthened, we further analyse how

the network topology of affected nodes, i.e., firms importing intermediate goods, influences propagation

through the network and the total effect. In addition to measures of centrality and density, which have

often been found to be influential in the literature [21, 22], we employ measures of the upstreamness of

affected nodes and the loops in which they are involved as possible determinants of propagation. Finally,

we investigate the role of the substitutability of suppliers in the sustainability of supply chains.

This study is related and contributes to several strands of literature. First, some studies estimate

the economic effect of disruptions to global supply chains using theoretical models and industry-level

data [2, 23, 24]. However, their major shortcoming is that they use input–output (IO) linkages at the

country-industry level and ignore the complexity of supply chains at the firm level, which can aggravate the

propagation of economic shocks [17, 20, 25, 26]; thus, such studies likely underestimate the economic effect

of supply chain disruption [17]. Therefore, we incorporate firm-level supply chains to more accurately

examine the economic effect of supply chain disruption.

Second, several studies adopt an econometric approach to investigate the effect of the propagation

of economic shocks due to natural disasters on production through supply chains using firm-level data

[4, 5, 27, 28]. Although this econometric approach can clarify whether and to what degree a reduction in

the supply and demand of foreign firms affects the production of each of their supply chain partners, it

cannot estimate the total effect of such a reduction on the whole economy . In contrast, our simulation

approach enables us to estimate this total effect.

Third, this study contributes to the literature on the relationship between the topology of and prop-

agation through networks. In the literature on the diffusion of information and behaviours through

networks, measures of the centrality of each node and the density of its ego-network are often used as

determinants of diffusion [29, 30, 31]. In addition to these measures, we examine the effective measures

of upstreamness in potential flows and involvement in loop flows of each affected node, which can be

calculated using Helmholtz–Hodge decomposition (HHD) [32, 33, 34], and find a more important role of

upstreamness than that obtained through the use of standard centrality measures. The propagation of

economic shocks through supply chains is quite different from diffusion in other types of networks, pos-

sibly because of their structure, which is based on hierarchy from upstream to downstream but contains

many loops in a complex manner [32].

Finally, our analyses are also related to several studies that investigate how rewiring or adding new

links in response to the removal of nodes or links affects the robustness and resilience of network connec-

tivity [35, 36, 37]. We find that connecting firms facing supply disruption with new suppliers in network

neighbours, such as suppliers of competitive firms in ordinary times, can mitigate the negative effect as

much as can connecting with new suppliers chosen from the whole network. Our findings suggest that

since competitive firms can be easily recognised in ordinary times, resilience can be achieved through a

cooperative framework during emergency situations between competitive firms, which is quite useful.
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Results

Import disruption

Using the method described in detail in the Method section, we estimate the value of the loss in total

value-added production in Japan due to the disruption of the imports of inputs from the world or from

various regions by 20-80% for two, four, or six weeks or two months. Throughout the main paper, we

focus on the disruption of imports because the effect of import disruption is found to be substantially

larger than is the effect of export disruption. The Results section in the Supplementary Information (SI)

file presents the results from the disruption of exports to various regions and the disruption of imports

and outputs.

Fig. 1 depicts the relationship between the duration of import disruption at a particular strength (a

reduction in imports by 20-80%) and the loss in value-added production due to this disruption, whereas

the inset in the same figure illustrates the relationship between the duration and ratio of loss to total

value-added production without disruption in the same periods. Since the results for two weeks are almost

negligible, they are not shown. Furthermore, the three findings presented below should be emphasised.

First, the effect of import disruption is substantially magnified by propagation through domestic

supply chains. When imports decrease by 80% for two months (60 days), the total value of disrupted

imports is 5.9 trillion yen, whereas the reduction in the total value-added production due to this disruption

is 41.1 trillion yen, or approximately 7 times as large as that for disrupted imports (Fig. 1). The loss in

value added due to import disruption accounts for 47.5% of total value-added production (inset).

Second, the loss in value-added production is not proportional to the duration of import disruption.

Disruption at any strength level for two weeks causes a negligible reduction in value-added production

because firms are assumed to hold inventories of intermediates for nine days of their use on average

(Model section in the SI file). However, the reduction rate becomes nonnegligible four weeks after the

start of the disruption when its strength is high: 7.2 and 18.1% due to a reduction in imports by 60 and

80%, respectively. When the disruption lasts for two months, i.e., an approximately doubled duration, the

corresponding reduction rate becomes far larger: 29.0 (4.0 times) and 47.5% (2.6 times). This exponential

growth of the reduction in production is due to propagation of the effect of the disruption of imports to

the direct and indirect clients of importers through supply chains.

Finally, as the strength of disruption increases, the loss in value-added production also increases

exponentially, rather than proportionally. When the level of a 2-month disruption doubles from 40 to

80%, the production loss becomes 4 times as large, from 10.0 trillion yen (11.5% of the total value added

for the 2 months) to 41.1 trillion yen (47.5%). This result is due to the cascading effect of supply chain

disruptions. If the shock is relatively small, then it can be absorbed by substitutability. However, if the

shock is large, then it cannot be absorbed and causes a cascading effect. Therefore, a small difference in

the initial shock can be substantially enhanced in the long run.

Fig. 2 depicts the simulation results assuming the disruption of imports from various regions that are

defined by our data: China, Asia except for China (other Asia), North America, and Europe. Our data

also include the Middle East and other areas as partner regions, but the results are not shown here for

simplicity (see the SI file). The results in all panels share the same characteristics as the abovementioned

simulation of the disruption of global imports: exponential growth in the reduction rate in production

as the duration or level of disruption increases. Comparing the panels, we observe that the largest effect

comes from the disruption of imports from China, followed by those from other Asia. The disruption

of imports from China and other Asia for two months by 80% reduces total value-added production by

14.8 and 14.3%, respectively. This large effect for Asia is obviously due to its large share of imports of

intermediate goods to Japan.
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Figure 1: The effect of the disruption of global imports on domestic production. The main
panels in the figure show the total loss of value-added production in Japan when global imports are
disrupted at a particular strength (20-80%) for a particular duration (from 2 weeks to 2 months). The
inset panels show the ratio of the loss in value-added production to the total production when global
imports are disrupted at a particular strength for 4 and 6 weeks and 2 months. Note that the right edge
of each colour of the bars indicates the loss rate at the corresponding strength (20, 40, 60, or 80%).

Industry-level analysis

We now perform industry-by-industry analysis. Specifically, we investigate how a reduction in imports in

a particular manufacturing industry by 80% for six weeks affects production in other industries. Those

industries for which imports are disrupted are limited to manufacturing industries and defined at the

two-digit level according to the Japan Standard Industrial Classification [38]. Those industries that are

affected by such disruption are defined at the one-digit level for nonmanufacturing industries and at the

two-digit level for manufacturing industries (SI Tables 1 and 2).

The results are presented in Fig. 3. The upper-left panel shows the effect of the disruption of global

imports to a particular industry, in the horizontal axis, on various industries, on the vertical axis. Several

findings are notable. First, the disruption of manufacturing imports (industries E09-E32) substantially

reduces production in most manufacturing sectors, while its effect on nonmanufacturing sectors (A-D and

F-T), except for the mining industry (C), is limited. Second, among manufacturing industries (E), the

disruption of imports in most light industries, such as the food and beverage industry (9-10), wood and

furniture industry (12-13), paper industry (14), and leather industry (20), does not largely affect other

manufacturing industries. In contrast, when a heavy or high-tech manufacturing industry (15-32 except

for 20) is affected, the effect propagates to other industries.

We focus on the disruption of imports from selected regions, i.e., China, other Asia, and North

America, in the other panels of Fig. 3. The comparison among the three panels clearly shows that

the effect of the disruption of imports from China and other Asia to any industry is far greater than

that from North America. In addition, the disruption of imports from China and other Asia results

in similar patterns of interindustry propagation. Notably, interindustry propagation is more prominent

when imports to industries, such as the chemical (code E16), plastic (18), production machinery (26),

business machinery (27), electronics (28), electrical machinery and equipment (29), and information and

communication electronics equipment (30) industries, are disrupted.

Fig. 4 further shows the relationship between the value of disrupted imports to a particular industry

from each region and the production loss in the whole economy due to import disruption. In Fig. 4,

the light-to-dark-red dots represent import disruptions from China, whereas the light-to-dark-blue dots

represent those from other Asia. The numbers next to selected dots indicate industry classification codes.

We find that the top industries in terms of the effect of the disruption of imports from China and other

Asia include the electrical machinery and electronics (28-30), plastic (18), chemical (16), and machinery
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Figure 2: The effect of the disruption of imports from various areas on domestic production.
The main panels in the figure show the total loss in value-added production in Japan when imports from
each region are disrupted to a particular extent (20-80%) for a particular duration (from 2 weeks to 2
months). The inset panels show the ratio of the loss in value-added production to total production when
the imports from each region are disrupted at a particular strength for 4 and 6 weeks and 2 months. The
right edge of each colour of the bars indicates the loss rate at the corresponding strength (20, 40, 60, or
80%). “Other Asia” represents Asian countries except for China.

(26-27) industries. These findings suggest that the disruption of imports, particularly from China and

other Asia, to selected industries, most notably the electrical machinery and equipment industry, will

reduce production not only in these industries but also in the whole Japanese economy via the propagation

of economic shocks through supply chains.

Another notable finding from Fig. 4 is that the production loss is not necessarily proportional to

the value of disrupted imports. For example, the disruption of imports from China or other Asia to the

plastic (18) and metal products industries would cause a large production loss, although their volumes

of disrupted imports are small. Therefore, we now turn to how the production loss propagates through

supply chains, focusing on the role of the network topology of importers.

Effect of network topology on propagation

We estimate how the average network topology of importers, such as degree and betweenness centrality,

upstreamness in supply chains measured by “potential”, the number of loops involved, and the local

clustering coefficients, affects the size of the production loss using a regression framework (see the Method

section for details). The potential and number of loops are computed by HHD (see the Method section).

The estimated coefficient of each variable and its 95% confidence interval are shown in Fig. 5. The blue,

orange, and green dots and lines indicate results from the disruption of imports for 4 weeks, 6 weeks, and
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Figure 3: The effect of import disruption on production by industry and exporter country.
The heat maps show the ratio of loss in the value-added production of each industry, on the vertical axis,
to its total production when imports to a particular industry, on the horizontal axis, from a particular
region, labelled at the top of each panel, are disrupted by 80% for 6 weeks. Those industries on the
horizontal axis (disrupted industries) are at the two-digit level in the manufacturing sector, whereas
those industries on the vertical axis (affected industries) are at the one-digit level for nonmanufacturing
industries and at the two-digit level for manufacturing industries. The colour separations in the panel
labelled “World” are defined independently, whereas those in the other panels are commonly defined.

2 months, respectively.

We find that when imports from a region are disrupted, the number of importers has a positive

and significant effect on the loss of value-added production due to import disruption, regardless of the

duration of such disruption. The values of the significant coefficients imply that an increase in the number

of importers by one standard deviation is associated with a substantial increase in production loss by

80-94%.

However, the effect of some other variables varies depending on the duration of import disruption. The

outdegree, or the number of clients of importers, positively affects production loss when the duration is 4

weeks; this effect is large because an increase in the outdegree by one standard deviation raises production

loss by 70%. However, the effect of the outdegree is smaller and nonsignificant when the duration is longer

than 4 weeks. Similarly, the measure of loop flows is negatively correlated with production loss, but the

correlation is significant only when the duration is 4 weeks. In contrast, the effect of potential, a measure

of upstreamness, is nonsignificant when the duration is 4 weeks but becomes positive and significant when

the duration is 6 weeks or 2 months. Furthermore, an increase in potential by one standard deviation
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Figure 4: Relationship between disrupted imports and the resulting production loss by in-
dustry. This figure shows the correlation between a reduction in imports of a particular industry in
the manufacturing sector from each region by 80% for 6 weeks and the reduction in production due to
import disruptions (both in trillions of yen). The red, blue, and black dots, including their light-coloured
versions, indicate imports from China, other Asia, and other regions except for Asia, respectively. The
darkness of the colour indicates the upstreamness of importers in supply chains. The definition of up-
streamness is given in the Results section. The numbers next to the selected dots indicate their industry
classification. The classification codes are explained in detail in SI Table 2.

Figure 5: The effects of the network topology of importers on production loss. This figure
shows coefficients and their 95% confidence intervals from three regressions of the decline in production in
logs because of the disruption of imports from a particular region to a particular manufacturing industry
for 4 weeks, 6 weeks, or 2 months. In each regression, we control for the value of disrupted imports in
logs. To make the sizes of coefficients comparable across variables, we multiply the average clustering
coefficient by 10 and average betweenness by 10,000.
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leads to an increase in production loss in 2 months by 62%.

These results imply that in the short run, the outdegree of importers and their involvement in loop

flows substantially affects production loss, most likely because a higher outdegree results in immediate

propagation to a large number of firms and because the presence of loops helps confine the shock to the

loops. However, in the long run, shocks propagate to more downstream indirect clients of importers,

beyond their direct clients, and cannot be confined within loops of importers but rather escape outside.

Therefore, the upstreamness of importers plays a more important role in propagation in the long run

than do their outdegree and involvement in loops.

Furthermore, we find that the indegree, betweenness centrality, or clustering coefficient of importers

has no significant effect using any duration once we control for the number of importers and thus use the

average values of importers. These findings suggest that standard measures of network topology often

used in the literature may not be good predictors of the long-run propagation of shocks through supply

chains, whereas the upstreamness of affected nodes, which has not been well examined, generally plays

a larger role. This finding implies that the key factors of propagation in supply chains are different from

those in other standard networks because of the crucial role of upstreamness/downstreamness in supply

chains.

Substitution of suppliers

Given that the negative effect of import disruption is found to be magnified by domestic supply chains,

the next question aims to address how propagation can be mitigated. We particularly examine the role of

substitution among domestic suppliers suggested in the literature [4] by simulating three modified models

assuming different levels of substitution.

In our benchmark model, after import disruption, firms cannot be linked with suppliers or clients

without any prior link to cope with supply chain disruption. However, in the first modified model, we

assume that when a client firm faces a reduction in the transaction volume with one of its suppliers, it

can be matched with another supplier in Japan and procure disrupted supplies from the new supplier

as long as the new supplier has the appropriate production capacity. Because this matching assumption

may be too strong from a practical perspective, our second modified model alternatively assumes that a

client firm facing supply disruption can find another supplier not directly but indirectly linked through

supply chains within two steps. The inset of Fig. 6 indicates how the new supplier is found. Firm D

is indirectly linked with supplier C through B and E. Let us suppose that A and C are in the same

industry. Then, when the transactions between A and D decline after a shock, we assume that firm D

procures its supplies from C depending on the production capacity of C because information about firm

C flows through supply chains to firm D. Such endogenous network shifts based on the current network

are empirically found in the literature [39, 40]. In addition, this model includes a case where competitive

firms share suppliers. Finally, to highlight the importance of supplier substitution, we also experiment

with another model that assumes no substitution between suppliers, even when they are in the same

industry.

Fig. 6 shows the changes in daily value-added production in Japan for 60 days predicted by the

four models, assuming a disruption of 80% of global imports. The green, red, blue, and brown lines in

the figure indicate the results assuming no substitutability of suppliers, substitutability between current

suppliers (benchmark case), substitutability between network neighbours, and complete substitutability,

respectively. Although the daily value added 2 months after the start of import disruption is similar

across the 4 scenarios, it varies substantially up until 4 weeks. Accordingly, the cumulative value-added

production loss for the first 4 weeks is 13.5% of total value added without disruption under the sub-

stitutability of neighbouring suppliers while 18.1% in the benchmark case. Moreover, using alternative

models assuming both no substitutability and complete substitutability, cumulative production is shown

to decrease by 27.5 and 12.2%, respectively.

These results clearly suggest that the negative effect of import disruption can be mitigated by a more

flexible reorganisation of domestic supply chains. In addition, we find that matching with new suppliers
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Figure 6: Decrease in production due to import disruption using different assumptions re-
garding supplier substitution. This figure illustrates the changes in daily total value added after
the disruption of global imports by 80% for 60 days. The green, red, blue, and brown lines indicate
changes assuming no supplier substitution, substitution between current suppliers in the same industry,
substitution with new suppliers indirectly linked through supply chains, and perfect substitution with
new suppliers, respectively. The inset panel illustrates how firms find new suppliers after supply chain
disruption in the alternative model.

indirectly linked through supply chains only a few steps away leads to a decline in production similar to

that when assuming complete matching with any supplier. This finding implies that the reorganisation

of supply chains only within neighbouring firms can substantially ameliorate the negative effect of import

disruption.

Discussion

Some of our findings are unique in the literature on network science. First, we find that although

the extent of the propagation of the effect of import disruption through the supply chain network is

positively affected by the degree centrality of affected nodes in the short run, the effect of the degree or

any standard centrality measure disappears in the long run once we control for the number of affected

nodes. Our results contrast with other results showing that the node centrality is a major determinant of

the diffusion of information and behaviour from the nodes [30, 31]. In contrast, our findings indicate that

the upstreamness of affected nodes is positively correlated with the long-run propagation effect, most

likely because an economic shock from a more upstream position propagates through long supply chains

to the bottom and thus affects more firms in the long run.

Second, loops in supply chains are found to alleviate propagation in the short run, although some

studies find that clusters can promote the diffusion of behaviour because of reinforcement from clustered

neighbours [29]. We obtain results different from those of previous works because when affected nodes

are involved in many loops and clusters in supply chains, the shock may be confined to the loops and

may not extensively affect the economy outside the loops in the short run.

All of the above findings suggest that the propagation of economic shocks among firms through supply

chains is quite different from the diffusion of information and behaviour among individuals, most likely

because upstreamness is important in supply chains, unlike in other networks.

Finally, our experiments reveal that substitution between only neighbouring nodes indirectly linked

a few steps apart in the network can mitigate the propagation of the negative effect as much as can

substitution between distant nodes. Although the importance of supplier substitution for sustainable

supply chains has been empirically found in several previous studies [17, 18, 4, 28], such studies do not

compare different types of substitution for higher sustainability. Furthermore, although some studies in
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network science examine how the rewiring of nodes improves sustainability in the context of airline and

power grid networks [35, 37], they do not show that rewiring between network neighbours can effectively

improve sustainability.

These findings provide policy and managerial implications for sustainable global supply chains and

the global economy. First, our finding on the role of the network topology of importers implies that to

minimise the economic effect of policies that restrict imports from a particular country, policy makers

should be concerned about the structure of supply chains rather than simply focusing on the value

of restricted imports. Second, firms’ inventories of intermediate goods for a longer time can alleviate

the negative effect of supply chain disruption. Finally, firms are encouraged to plan for the possible

substitution of neighbouring suppliers in supply chains for affected suppliers in the event of supply chain

disruption.

Method

Data

This study uses two datasets. The first set comes from the Company Information Database and Company

Linkage Database of Tokyo Shoko Research (TSR) for 2020, which contains attributes for most firms

in Japan, including small and medium-sized enterprises (SMEs), and their major domestic clients and

suppliers. After removing those firms without sales information, the number of firms and supply chain

links in the sample is 104,9697 and 4,957,967, respectively. Because the TSR data do not contain the sales

of each firm to final consumers and the transaction volume of each supply chain link, we estimate these

factors using the IO table of Japan in 2015 [41] so that the aggregate transactions between industries

and final consumers according to firm-level estimations match those in the IO table.

The other dataset is the Basic Survey of Japanese Business Structure and Activities (Kigyo Katsudo

Kihon Chosa, hereafter the BSJ) collected annually by the Ministry of Economy, Trade and Industry

(METI). The BSJ targets firms in Japan with 50 or more employees and initial capital of 30 or more

million yen, i.e., relatively large firms. The response rate of the BSJ in 2019 is 78.8%, and the number

of respondent firms is 37,162. The BSJ data include information on imports of inputs from and exports

of outputs of firms to broadly classified foreign regions and countries, i.e., Asia, China, Europe, North

America, the Middle East, and other regions. Throughout the study, we follow the definition of regions

used in the BSJ data and denote East Asia, including China, Southeast Asia, South Asia, and Central

Asia as “Asia” and West Asia as “the Middle East.” We combine the TSR data with trade information at

the firm level taken from BSJ data, using firm identification numbers for the BSJ that are also included

in the TSR data.

Model

We extend dynamic agent-based models that focus on domestic supply chains by incorporating imports

of inputs and exports of outputs [16, 17, 18, 42]. This subsection and Fig. 7 provide an overview of the

model, with further details provided in the SI file.

The model assumes that firms in a country are linked not only with each other through domestic

supply chains but also with foreign input and output markets through international trade, as illustrated

by the arrows in Fig. 7. Each firm utilises a fixed amount of labour and various intermediates provided

by its domestic suppliers (for example, QS
ij in the figure) and imported from foreign countries (Q IM

ia ),

produces its product, and sells it to domestic (QS
hi) and foreign client firms (QEX

ai ) and final consumers

(QS
Ci). Following a Leontief production function, each firm utilises a certain amount of each intermediate

good and labour to produce one unit of its product. What and how much intermediate goods are required

vary across firms and are determined by the data. Products are sector specific, and hence, all firms in

a particular sector produce the same product. Sectors are defined by the Japan Standard Industrial

Classification defined in 2013 [38] and categorised into 1,460 classifications. Because our data include
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Figure 7: Overview of the agent-based model. Products flow from left to right, whereas orders flow
in the opposite direction.

values of imported inputs from each broadly defined foreign region but not the product type of such

imported inputs, we assume that the sectoral classification of the input imported by a firm is the same as

that of the product of the firm. Suppliers and clients are predetermined by the data and do not change in

principle. In other words, even after the disruption of supply chains, firms cannot find any new supplier

or client. However, in exercises in the Results and Discussion sections, firms are shown to be able to find

other suppliers to identify product substitutions. Each firm holds an inventory of intermediates purchased

from each manufacturing firm in case of a shortage of supplies (Iij ), whereas no inventory is assumed

for service inputs. Moreover, when the inventory of intermediates are from suppliers in the same sector,

for example, firms j and j′ in Fig. 7, they are substitutable for each other. In addition, firms hold no

inventory of their own product and immediately deliver it to clients and consumers.

We do not assume profit maximisation, following other agent-based models for simplicity. Instead, we

assume that each firm follows several rules that determine the demand for each intermediate good and

the supply of its product to clients and consumers. In the initial period, or day 0 without any economic

shock, the demand and supply of each firm’s product are the same. On day 1, an economic shock, such

as a new policy or natural disaster, disrupts imports from particular foreign regions (Q IM
ia ). After the

shock, firms directly facing disrupted supply chains (firms h and h′) reduce their production level because

of the supply shortages of inputs. Conversely, the disruption of exports to certain regions (QEX
ai ) affects

exporters’ clients (firms j and j′). Furthermore, the shock propagates downstream and upstream to other

firms through supply chains. Because of the possible reduction in the production level, the demand for

a firm’s product may exceed its supply. If so, the firm determines how its production is allocated to its

client firms and consumers following a rationing rule.

Simulations

Using an agent-based model and firm-level data with supply chain information, we simulate how the

disruption of imports or exports due to a new trade policy or natural disaster affects the total production

of Japan. In particular, we simulate the model using a number of scenarios in five dimensions: (1) the

type of trade (imports, exports, or both); (2) the target region (the world, Asia, China, Asia except for

China, North America, Europe, the Middle East, and others); (3) the duration of disruption (two, four,

or six weeks or two months); (4) the strength of disruption, i.e., the rate of reduction in imports from

or exports to the target region (20, 40, 60, or 80%); and (5) the industries whose imports or exports

are disrupted (all or one of the manufacturing industries). For example, in one scenario, we assume a
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reduction in the global imports of all intermediate products by 60% for four weeks and simulate the total

production of Japan day by day. In addition, we assume a reduction in imports of electrical machinery,

equipment, and supplies from China by 80% for two months.

Then, we calculate the total reduction and the ratio of the reduction in total production due to the

disruption to the total production without any disruption during the disruption period, denoted as the

reduction rate. In scenarios where we assume disruption in a particular industry, we additionally compute

how much the industry-specific disruption reduces the production of the own industry and of each of the

other industries. By doing so, we can examine spillovers of the effect of industry-specific disruption across

industries.

HHD

HHD decomposes a flow in a network into a potential flow component and a loop flow component. A

potential flow from one node to another is determined by the upstreamness/downstreamness of the nodes

in a network [33], whereas loop flows are given by the constraint that the summation of the incoming

and outgoing loop flows of any node equals zero. This method can be applied to any network to compute

potential and loop flows, even if the network is complex [34, 43, 44, 45].

Specifically, HHD is explained by the following equations. Suppose that a network is denoted by a

set of flows from node i to j, represented by Xij . For simplicity, we assume that ∀i, j Xij ≥ 0. Aij is a

binary adjacency matrix generated from Xij : Aij equals 1 if Xij > 0 and 0 otherwise. We define a “net

flow” Fij by Fij = Xij −Xji, and a “net weight” wij by wij = Aij + Aji. Note that wij is symmetric,

wij = wji, and nonnegative, wij ≥ 0, for any pair of i and j. Then, the HHD value is given by

Fij = F
(c)
ij + F

(p)
ij , (1)

where loop flow F
(c)
ij satisfies ∑

j

F
(c)
ij = 0, (2)

meaning that the loop flows are divergence free. Potential flow F
(p)
ij can be expressed as

F
(p)
ij = wij(ϕi − ϕj), (3)

where ϕi is the potential of node i that identifies its upstreamness in the network. Equation (3) indicates

that potential flow F
(p)
ij is the difference in the potential between two nodes when they are linked and

zero when they are not linked. We further assume that∑
i

ϕi = 0 (4)

for normalisation purposes. Then, Equations (1)–(4) can be uniquely solved for F
(c)
ij , F

(p)
ij , and ϕi for all

i and j in the whole network.

SI Fig. 5 shows the average potential of importers from various regions by industry, indicating that

manufacturing industries (codes 9-32) are relatively upstream, while wholesale (50-55), retail (56-61),

and finance (62-67) industries are more downstream, confirming the finding in the literature [34].

Regressions

In the analysis of the effect of the network topology, we first hypothesise that the number of importers

and their centrality in domestic supply chains may positively affect production loss, as the two are related

to the number of nodes affected initially and subsequently. To measure the centrality of importers, we

use the average of their degree and betweenness centrality.
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Second, we hypothesise that if importers are located in more upstream positions, i.e., if they import

less assembled material, parts, or components, then the effect of import disruption can affect more firms

through long supply chains to the bottom and thus result in a larger loss. To compute the upstreamness

of each firm, we employ HHD [33]. Using HHD, we can decompose a flow from one node to another into

potential (hierarchical) and loop (horizontal) flows and thus compute the “potential” of each node that

can be regarded as a measure of its upstreamness [32, 34]. Our firm-level measure of upstreamness can

capture heterogeneity in upstreamness across firms within the same industry, unlike the industry-level

measures of upstreamness often used in the literature [46, 47, 48, 49, 50]. We take the average of the

potential of importers in each industry from each region and use it as a measure of the upstreamness of

importers.

Finally, we examine how loops affect propagation through supply chains. Supply chains consist of

a number of loops in a complex way [17, 32] because upstream suppliers may use final products, such

as machinery and computers, produced by downstream assemblers. If an economic shock from import

disruption is confined in a loop and does not affect firms outside the loop, then the production loss can be

smaller than it would be otherwise. Therefore, we hypothesise that the number of loops that pass through

importers is negatively correlated with production loss. Using HHD, we can compute the number of loop

flows in which a node is involved in a network. In addition, we utilise a more widely used measure, the

local clustering coefficient of a node, which is defined as the ratio of the number of actual links between

nodes linked with the focal node to the number of all possible links between them. We use importers’

average of the number of loops and the clustering coefficient.

We test these hypotheses with ordinary least squares (OLS) estimations of the following equation:

lnProdLosssc = α+ β lnDisruptImpsc +Xscδ
′ + ϵsc , (5)

where ProdLosssc indicates the predicted total loss in value-added production in Japan due to the disrup-

tion of imports from country c to industry s by 80% for 28, 42, or 60 days and DisruptImpsc is the value

of disrupted imports. Xsc indicates a vector of variables that represent the network topology of importers

in industry s from country c, namely, the number of importers and their average outdegree, indegree,

betweenness centrality, potential, loop flows, and local clustering coefficient. We run separate regres-

sions using data at the exporter country-industry level from simulations assuming different durations of

import disruption to examine how the effect of network topology differs depending on the duration. In

the benchmark specification, we include all the variables for network topology in each regression and

illustrate the results in Fig. 5. In addition, we experiment with those specifications where only one of

the topology variables is used as Xsc in Equation (5) and show the results in SI Tables 4-6, confirming

the robustness of the benchmark results.

Acknowledgements

This research was conducted as part of a project entitled “Research on relationships between economic and social

networks and globalization” undertaken at the Research Institute of Economy, Trade, and Industry (RIETI). This

study utilises the micro data of the questionnaire information based on the ”Basic Survey of Japanese Business

Structure and Activities” conducted by the Ministry of Economy, Trade and Industry (METI) and the Company

Information Database and Company Linkage Database collected by Tokyo Shoko Research. The authors are

grateful for the financial support of the COVID-19 AI and Simulation Project of the Cabinet Secretariat of the

Japanese Government, JSPS KAKENHI Grant Numbers JP18H03642, JP18K04615, JP20H02391, JP21H00743,

JP22K18533, and JP22H01752; JSPS Topic-Setting Program to Advance Cutting-Edge Humanities and Social

Sciences Research, JST PRESTO Grant Number JPMJPR21R2; Hyogo Science and Technology Association; the

Asahi Glass Foundation; the Kansai Research Foundation for Technology Promotion; Japan Securities Scholarship

Foundation; and Hyogo Earthquake Memorial 21st Century Research Institute. This study used the computational

resources of the supercomputer Fugaku (the evaluation environment in the trial phase) provided by the RIKEN

Center for Computational Science. We would like to thank Nobuyasu Ito (RIKEN CCS) for their insightful

discussions.

13



References

[1] Felix L Friedt and Kaichong Zhang. The triple effect of covid-19 on chinese exports: First evidence of the export

supply, import demand and gvc contagion effects. Covid Economics, 53:72–109, 2020.

[2] Dabo Guan, Daoping Wang, Stephane Hallegatte, Jingwen Huo, Shuping Li, Yangchun Bai, Tianyang Lei, Qianyu

Xue, Steven J Davis, D’Maris Coffman, et al. Global economic footprint of the covid-19 pandemic. Nature Human

Behavior, 4:577–587, 2020.

[3] Matthias Meier and Eugenio Pinto. Covid-19 supply chain disruptions. Covid Economics, 48:139–170, 2020.
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level evidence from the 2011 Tōhoku earthquake. Review of Economics and Statistics, 101(1):60–75, 2019.

[28] Yuzuka Kashiwagi, Yasuyuki Todo, and Petr Matous. Propagation of economic shocks through global supply chains:

Evidence from hurricane sandy. Review of International Economics, 29(5):1186–1220, 2021.

[29] Damon Centola. The spread of behavior in an online social network experiment. Science, 329(5996):1194–1197, 2010.

[30] Raghuram Iyengar, Christophe Van den Bulte, and Thomas W Valente. Opinion leadership and social contagion in

new product diffusion. Marketing science, 30(2):195–212, 2011.

[31] David A Kim, Alison R Hwong, Derek Stafford, D Alex Hughes, A James O’Malley, James H Fowler, and Nicholas A

Christakis. Social network targeting to maximise population behaviour change: a cluster randomised controlled trial.

The Lancet, 386(9989):145–153, 2015.

[32] Abhijit Chakraborty, Yuichi Kichikawa, Takashi Iino, Hiroshi Iyetomi, Hiroyasu Inoue, Yoshi Fujiwara, and Hideaki

Aoyama. Hierarchical communities in the walnut structure of the japanese production network. PloS one, 13(8), 2018.

[33] X. Jiang, L.-H. Lim, Y. Yao, and Y. Ye. Statistical ranking and combinatorial hodge theory. Mathematical Program-

ming, 127(1):203–244, 2011.

[34] Yuichi Kichikawa, Hiroshi Iyetomi, Takashi Iino, and Hiroyasu Inoue. Community structure based on circular flow in

a large-scale transaction network. Applied Network Science, 4(1):92, 2019.

[35] Pin-Yu Chen and Alfred O Hero. Assessing and safeguarding network resilience to nodal attacks. IEEE Communications

Magazine, 52(11):138–143, 2014.

[36] Alexander A Ganin, Emanuele Massaro, Alexander Gutfraind, Nicolas Steen, Jeffrey M Keisler, Alexander Kott, Rami

Mangoubi, and Igor Linkov. Operational resilience: concepts, design and analysis. Scientific Reports, 6(1):1–12, 2016.

[37] Daniel R Wuellner, Soumen Roy, and Raissa M D’Souza. Resilience and rewiring of the passenger airline networks in

the united states. Physical Review E, 82(5):056101, 2010.

[38] Ministry of International Affairs and Communications. Japan Standard Industrial Classification (Revision 13), 2013.

(accessed April 19, 2022).

[39] Brian Uzzi. The sources and consequences of embeddedness for the economic performance of organizations: The

network effect. American Sociological Review, 61(4):674–698, 1996.

[40] Petr Matous and Yasuyuki Todo. Analyzing the coevolution of interorganizational networks and organizational per-

formance: Automakers’ production networks in japan. Applied Network Science, 2(1):5, 2017.

[41] Ministry of Internal Affairs and Communications, the Cabinet Office, the Financial Services Agency, the Ministry

of Finance, the Ministry of Education, Culture, Sports, Science and Technology, the Ministry of Health, Labour and

Welfare, the Ministry of Agriculture, Forestry and Fisheries, the Ministry of Economy, Trade and Industry, the Ministry

of Land, Infrastructure, Transport and Tourism, and the Ministry of Environment, Japan. 2015 Input-Output tables

for Japan. https://www.soumu.go.jp/english/dgpp_ss/data/io/index.htm, 2015.

[42] Fanny Henriet, Stéphane Hallegatte, and Lionel Tabourier. Firm-network characteristics and economic robustness to

natural disasters. Journal of Economic Dynamics and Control, 36(1):150–167, 2012.

[43] H. Iyetomi, H. Aoyama, Y. Fujiwara, W. Souma, I. Vodenska, and H. Yoshikawa. Relationship between macroeconomic

indicators and economic cycles in u.s. Sci. Rep., 10:8420, 2020. https://doi.org/10.1038/s41598-020-65002-3.

[44] RS MacKay, S Johnson, and B Sansom. How directed is a directed network? arXiv preprint arXiv:2001.05173, 2020.

[45] Y. Fujiwara, H. Inoue, T. Yamaguchi, H. Aoyama, and T. Tanaka. Money flow network among firms’ accounts in a

regional bank of japan. https://ssrn.com/abstract=3662893, July 2020.

15

https://www.soumu.go.jp/english/dgpp_ss/data/io/index.htm
https://ssrn.com/abstract=3662893


[46] Laura Alfaro, Davin Chor, Pol Antras, and Paola Conconi. Internalizing global value chains: A firm-level analysis.

Journal of Political Economy, 127(2):508–559, 2019.
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Method

Data

The Tokyo Shoko Research (TSR) data do not contain the sales of each firm to final consumers or the

transaction volume of each supply chain link. We estimate the former by dividing the final consumption

of each industrial sector, taken from the input–output (IO) table of Japan in 2015 [1], among all firms

in the sector in proportion to their sales. In addition, we estimate the transaction volume of each link

using the following algorithm. First, each supplier’s total sales less sales to final consumers are tentatively

divided among its clients in proportion to the clients’ sales. Second, the tentative volume of each supplier-

client transaction is summed up within each pair of industries. Then, we adjust the interfirm transaction

volume so that the sum of the estimated volume within any industry pair is equal to the actual volume

taken from the IO table of Japan in 2015.

We combine the TSR data with trade information at the firm level taken from the Basic Survey of

Japanese Business Structure and Activities (BSJ) data, using firm identification numbers for the BSJ

that are also included in the TSR data. Because the number of firms in the BSJ data is substantially

smaller than that in the TSR data, we have to ignore the imports and exports of small firms that are

not included in the BSJ data. However, the total imports and exports of firms in the BSJ data are 47.7

and 83.0 trillion yen, respectively, whereas the total imports and exports of Japan in 2019 taken from

the customs data are 78.6 and 76.9 trillion yen [2], respectively1. Therefore, we assume that the BSJ

data cover most exports of Japanese firms. Most exporters may be included in the BSJ data because

only productive and thus large firms can usually export [3, 4]. The total exports in the BSJ data exceed

those in the customs data, possibly because the indirect exports of firms through traders are double

counted as exports of both producers and traders in the BSJ data. In contrast, the imports in our

data are undervalued because those of small and medium-sized enterprises (SMEs) are not included. In

particular, imports from China in our data, 8.55 trillion yen, are particularly undervalued compared with

those in the BSJ data, 18.5 trillion yen. The reason for this is possibly that a number of SMEs that

import inputs rely on imports from China. In contrast, those imports from Asia except for China in our

data are 13.5 trillion yen and relatively closer to those in the BSJ data, 18.9 trillion.

Model

Supply and demand

In the following, we denote the daily supply of the intermediate product of supplier i to client h on day

t by QS
hi(t), the supply to final consumers by QS

Ci(t), and the exports to region a by QEX
ai (t). Then, the

1We also use BSJ data for 2018 to check the overall trend in the data and the validity of the use of the data for 2019.
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production of firm i on day 0 is given by

QS
i (0) = ΣhQ

S
hi(0) +QS

Ci(0) + ΣaQ
EX
ai (0). (1)

We assume that each firm predicts that the demand for its product on day t is equal to that on

the previous day, QD
i (t − 1). To meet this demand, firm i needs supplier j’s product in an amount,

QS
ij(0)Q

D
i (t− 1)/QS

i (0), because QS
ij(0) represents the supply of supplier j’s product to firm i in the

initial state, and QD
i (t− 1)/QS

i (0) is the ratio of the current demand to initial supply.

In addition, firms demand intermediates to hold their inventories in case of supply chain disruption.

Specifically, firm i has an inventory of the intermediate produced by firm j on day t, Iij(t), and intends

to restore this inventory to a level equal to a given number of days, ni, of the utilisation of supplier

j’s product, niQ
S
ij(0). We assume that ni is randomly determined by a Poisson distribution, where the

mean is n in the beginning of the simulation. Note that there are data indicating the inventory of each

firm’s own products but not that of the intermediate goods used by each firm. Therefore, we rely on this

probabilistic assignment. Following Inoue and Todo [5], n is set to 9 such that the model replicates the

economic reaction to the Great East Japan earthquake. In addition, to avoid a bullwhip effect, i.e., large

fluctuations across simulations, ni is assumed to be greater than or equal to 4. When actual inventory

Iij(t) is smaller than its target niQ
S
ij(0), firm i increases its inventory gradually by 1/τ of the gap in one

day such that it reaches the target in τ days. We assume that τ = 6, following an existing study [6].

Combined with the abovementioned two purposes, i.e., production and inventory, firm i’s demand for

the product of its supplier j on day t, denoted by QD
ij(t), is given by

QD
ij(t) = QS

ij(0)
QD

i (t− 1)

QS
i (0)

+
1

τ

[
niQ

S
ij(0)− Iij(t)

]
. (2)

Inventory should not be considered for a service supplier. This aspect is realised by the second term

and is thus omitted, and QD
ij(t) is always equal to QS

ij(0), where j belongs to a service sector.

Accordingly, total demand for the product of supplier i on day t, QD
i (t), is given by the sum of total

demand from its client firms and final consumers and exports:

QD
i (t) = ΣhQ

D
hi(t) +QD

Ci +ΣaQ
EX
ai (0). (3)

On day 0, we assume that the level of inventory is equal to its target level (niQ
S
ij(0) = Iij(0)) and that

the demand for the product of firm i on the previous day is equal to its production (QD
i (t− 1) = QS

i (0)).

Therefore, there is no excess supply or demand on day 0: QS
ij(0) = QD

ij(0) and QS
i (0) = QD

i (0).

Disruption of supply chains

Now, let us suppose that the imports of intermediate goods from some foreign countries or regions are

disrupted because of a new trade policy or natural disaster. When facing a shortage of imports of

an intermediate product from region a, firm i can use its inventory of the intermediate, including the

inventory of the same intermediate from other domestic suppliers in the same sector and imports from

other regions. Therefore, the maximum possible production of firm i, limited by the product inventory

of the sector s intermediate on day t, Q̄S
i(s)(t), is given by

Q̄S
i(s)(t) =

Σj∈sIij(t)

Σj∈sQS
ij(0)

QS
i (0), (4)
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where Σj∈sIij(t) is firm i’s total inventory of the intermediate of sector s, including imports, on day t

and Σj∈sQ
S
ij(0) is the amount of intermediate s required to produce the initial production level of firm

i. Because we assume a Leontief production function, the maximum possible production of firm i on day

t is constrained by the availability of inputs and given by the following:

QS
maxi(t) = Mins(Q̄

S
i(s)(t)). (5)

Therefore, the supply of firm i on day t is determined either by the maximum production capacity when

it is smaller than the demand or by the demand and thus given by

QS
i (t) = Min

(
QS
maxi(t), Q

D
i (t)

)
. (6)

In alternative scenarios, we assume that the exports of products to some foreign countries or regions

are stopped because of a trade policy or natural disaster. In this case, the demand for firms exporting to

foreign regions declines by the amount of exports. The supply of firm i is still determined by Equation

(6).

In either scenario, the supply and demand of firms that are not directly engaged in international trade

may be affected by supply chain disruption because of propagation of its effect throughout supply chains.

Rationing of production

When the total demand for firm i’s product is greater than its production capacity, the firm cannot

satisfy the demand of its clients and consumers and thus has to ration its production to them. Sup-

pose that firm i has clients h ∈ {1, ...,H}, final consumers, and importers. The supply to each client,

consumer, and importer is determined by the following steps, where the demand of agents, which is rel-

atively small compared with their initial demand, is prioritised [5]. To explain the associated procedure,

let us define the amount of production that has not been rationed and remains to be rationed at the

beginning of step x as QR
i [x]. We also denote the minimum ratio of current demand to initial demand by

qDmin(t) ≡ Min(qDhi(t), q
D
CEXi(t)). Here, qDhi(t) ≡ QD

hi(t)/Q
S
hi(0) is the ratio of the demand of client h for

the product of firm i to its initial demand, and qDCEXi(t) ≡ (QD
Ci(t) + ΣaQ

EX
ai (t))/(QS

Ci(0) + ΣaQ
EX
ai (0))

is the corresponding ratio for the sum of the demand of final consumers and importers.

In the first step, x = 1 and QR
i [1] = QS

i (t) by definition. At every step, the following equation is

evaluated:

QR
i [x] ≥ qDmin(t)Q

D
i (t). (7)

If Equation (7) holds, then firm i rations to each client firm, consumer, and importer the amount of its

demand multiplied by the minimum demand ratio qDmin(t). The remainder of the production, QR
i [x+1] =

QR[x]−qDmin(t)Q
D
i (t), flows to the next step. In addition, the demand from each client firm, consumer, and

importer is removed by the ratio qD. Therefore, a client firm or the aggregate consumers and importers

that satisfy its demand (or whose rate of current demand to initial demand is the minimum) is dropped.

On the other hand, if Equation (7) does not hold at some step x, then firm i rations to each client,

consumer, and importer the amount of its demand multiplied by the ratio of the remaining production

to demand defined by qDr-di ≡ QR
i [x]/Q

D
i (t). At this step, the procedure ends because QR

i [x+1] becomes

zero.

Under this rationing policy, the inventory of firm j’s product held by firm i on day t+1 is updated to

Iij(t+ 1) = Iij(t) +QS
ij(t)−QS

ij(0)
QS

i (t− 1)

QS
i (0)

. (8)
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This equation, combined with Equations (2) and (6), determines the demand of firm i for the intermediate

good supplied by firm j on day t + 1, QD
ij(t + 1), and the total demand for firm i’s product, QD

i (t + 1).

The supply of firm i on day t+ 1, QS
i (t+ 1), is then determined by Equation (6).

Limitations

Several caveats of this study should be noted. First, our benchmark model allows for changes in supply

chain links after import or export disruption with the predisruption partners but not with new part-

ners. Second, our analysis is based on an agent-based model without any price. Because of these two

shortcomings, our conclusions should be viewed with caution and applied only to short-term analysis.

Therefore, the long-term scenarios where we assume import or export disruption for two months may

lead to an overvaluation of the effect of supply chain disruption due to the rigidity of supply chains.

Finally, our trade data are based on BSJ data in which only large firms are included, and thus, imports

are particularly undervalued (see the Data section). Because SMEs that import inputs often rely only

on China, those imports from China in our data (Data section) and their effect on production in our

simulation may be underestimated.

Results

Disruption of exports

Fig. 2 illustrates the simulation results for the disruption of global exports, while Fig. 3 shows the results

by region. We find three notable differences between the effects of import and export disruption. First,

the disruption of the imports of intermediate goods has a far greater impact on the total production

of the economy than do disruptions of the exports of final products. For example, reductions in global

imports and exports by 80% for 2 months reduce value-added production by 41 and 2.7 trillion yen,

respectively (Fig. 2). Despite the larger effect of import disruption than of export disruption, the total

annual imports in the data used in our simulation, 45 billion yen, are approximately half of the total

annual exports, 81 billion yen. Moreover, the share of imports in the total value of intermediates, 2.8%,

is substantially smaller than the share of exports in total production, 16.7%. Second, as the duration

of export disruption is extended, the loss in value-added production naturally increases. However, the

ratio of the loss in value added to total value-added production declines, although the loss ratio increases

exponentially in the case of import disruption. For example, Panel (b) of Fig. 2 indicates that when

global exports are disrupted by 80% for two weeks, the total production of Japan declines by 4.4% during

that period. When the duration becomes four weeks and two months, the rate of the loss in value-added

production declines to 3.7 and 3.2%, respectively. Finally, the loss ratio is closely proportional to the

strength of disruption, i.e., the rate of reduction in exports. For example, when exports to the world are

disrupted by 20, 40, 60, and 80% for two months, total production declines by 0.65, 1.3, 2.1, and 3.2%,

respectively (inset of Panel (b) in Fig. 2).

Differences between import and export disruption

The differences between import and export disruption are due to the following three reasons. First, the

effect of import disruption, i.e., reduction in supplies of inputs, can be partially absorbed by utilising

the inventory of disrupted inputs. Therefore, the effect of import disruption is initially quite small. In

contrast, the effect of export disruption, i.e., reduction in demand, cannot be absorbed but rather is

aggravated by inventory usage. When exporting firms face the shrinkage of their exports, their demand

for intermediate products also declines. Because exporters hold inventories of their intermediates, they use

4



these inventories for decreased production and drastically reduce their number of purchases from their

suppliers immediately after export disruption. As a result, the production of their suppliers declines

substantially, leading to a large initial reduction in value-added production relative to total production.

Second, although the initial effect of import disruption is alleviated by the use of input inventory,

its effect is aggravated over time as inventory becomes exhausted. Moreover, the effect propagates

downstream through supply chains because a decrease in the production of a firm results in a decline

in the production of its clients. The propagation is gradual because of the input inventory held by the

clients but can be substantial after a time. In contrast, how the effect of export disruption is influenced

by inventory is the opposite. Once the excess inventories of intermediates are used shortly after export

disruption, exporters purchase more intermediates from their suppliers, and thus, the rate of production

loss declines in the long run compared to that immediately after the disruption.

Finally, the effect of import disruption is “leveraged” or propagated to more firms as the shock

proceeds downstream to clients through input shortages. However, there is no such leverage effect of

export disruption because firms facing a reduction in demand directly or indirectly because of export

disruption simply reduce their production by reducing demand. As a result, the rate of value-added loss

due to import disruption increases exponentially as the strength of disruption rises, while that due to

export disruption is proportional to its strength.

We experiment with simultaneous import and export shocks (SI Fig. 1) to determine the outcome if

the shocks occur at the same time. Although the total reductions are not simple summations of those

obtained from import and export shocks independently, they are slightly smaller than the summations.

As the effect of import disruption is far greater than the effect of export disruption, we focus on import

disruption in the following analyses.
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Figures and Tables

Figure 1: The effect of the disruption of imports from various areas on domestic production.
The main panels in the figure show the total loss in value-added production in Japan when imports from
each region are disrupted to a particular extent (20-80%) for a particular duration (from 2 weeks to 2
months). The inset panels show the ratio of the loss in value-added production to total production when
imports from each region are disrupted at a particular strength for 4 and 6 weeks and 2 months. The
right edge of each colour of the bars indicates the loss rate at the corresponding strength (20, 40, 60, or
80%). The titles of the panels are (e) and (f) because they are supplements of Fig. 2 in the main text.

Figure 2: The effect of the disruption of global exports on domestic production. The main
panels in the figure show the total loss of value-added production in Japan when exports to the world are
disrupted to a particular strength (20-80%) for a particular duration (from 2 weeks to 2 months). The
inset panels show the ratio of the loss in value-added production to total production when imports from
and exports to the world are disrupted at particular strength for 4 and 6 weeks and 2 months. The right
edge of each colour of the bars indicates the loss rate at the corresponding strength (20, 40, 60, or 80%).
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Figure 3: The effect of the disruption of exports to various areas on domestic production.
The main panels in the figure show the total reductions in production in Japan when exports to given
areas are disrupted to a particular extent (20-80%) for a particular duration (from 2 weeks to 2 months).
The inset panels show the ratio of the loss in value-added production to total production when exports
to each region are disrupted at a particular strength for 4 and 6 weeks and 2 months. The right edge of
each colour of the bars indicates the loss rate at the corresponding strength (20, 40, 60, or 80%). “Other
Asia” represents Asian countries except for China.
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Figure 4: The effect of the simultaneous disruption of imports and exports on domestic
production. The main panels in the figure show the total reductions in production in Japan when
global and specific areas’ imports and exports are simultaneously disrupted to a particular extent (20-
80%) for a particular duration (from 2 weeks to 2 months). The inset panel shows the ratios of the losses
in value-added production in Japan to total production when disruptions occur at a particular strength
for a particular duration (4 and 6 weeks, and 2 months). Note that the bars are not cumulative, but the
right edges of the bars indicate the rates of loss at the corresponding strengths. “Other Asia” represents
Asian countries except for China.
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Figure 5: Average potential of importing firms by industry and region. The horizontal axis
indicates the Japan Standard Industrial Classification (JSIC) two-digit industries of importers, whereas
the vertical axis indicates the mean of the potential of importing firms. The colour of each dot represents
the exporting country.

Figure 6: Production decrease due to import disruption using different assumptions on the
substitution of suppliers: The China scenario. This figure illustrates the total changes in daily
value added after the disruption of imports from China by 80% for 60 days. The green, red, brown, and
blue lines indicate changes assuming no supplier substitution, substitution between current suppliers in
the same industry, perfect substitution with new suppliers, and substitution with new suppliers indirectly
linked through supply chains, respectively.
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Table 1: JSIC (Rev. 13, 2013) [7]: 1-digit level.

Table 2: JSIC (Rev. 13, 2013) [7]: 2-digit level.

Table 3: Overview of Japanese firms’ imports to and exports from foreign areas.

Import Export
Volume # of links Volume # of links

Area (trillion yen) (trillion yen)
Global 47.7 14,476 83.0 19,572
Asia 24.3 8,540 41.5 10,172

China 8.7 4,197 17.1 4,635
Other Asia 15.7 4,343 24.3 5,537

North America 4.6 2,257 19.0 3,339
Europe 5.2 2,575 12.4 2,951
Middle East 9.8 280 2.9 1,032
Other 3.8 824 7.2 2,078
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