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Abstract
What places on Earth are most resilient to global catastrophic risk (GCR)? We provide the first study of what
locations are more resilient against the impacts of nuclear war, near-Earth objects, large-magnitude volcanic
eruptions, large-scale cyberattacks, high altitude electromagnetic pulse, geomagnetic storms and pandemics.
This shows there is no place on Earth which is resilient against all kinds of GCR. Australia and New Zealand
show resilience across the widest range of GCR scenarios, but even for them, continued international
cooperation and trade are essential. Across the different risks, common resilience factors that show up most
are geographic isolation (e.g. islands), self-sufficiency (especially in food production), high governance
quality (more democratic and lower inequality) and decentralization to mitigate single point catastrophic
failures (e.g. impacting trade or food supply). Many of these factors stand in tension with each other and
trade-offs are required to balance between different GCR scenarios and between a higher resilience against
the immediate impacts or against the longer-term consequences. The literature suggests that increased GCR
resilience requires more investment in preparation (e.g., food security), planning (e.g., national risk
assessments), and international agreements that facilitate cooperation on preparation and GCR response.
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1 Introduction
Global catastrophic risk (GCR) has been defined as the risk of death of a significant fraction of humans or a
significant loss of well-being on a global scale. Most commonly this refers to death of at least 10 % of the
global population within months to years (Beard and Bronson, 2023; Jehn et al., 2025b). Research around
this topic has grown considerably over the past decade (Jehn et al., 2025b), with much of it being focused
on hazards, namely events or processes that have the potential to inflict catastrophic harm upon humanity.
But risk also consists of vulnerability and exposure to the hazard. Vulnerability is the characteristics and
circumstances which make a system susceptible to damage, and exposure is that the system is exposed to
the hazard (Arnscheidt et al., 2025; Blaikie et al., 2014; Liu et al., 2018; United Nations General Assembly,
2016). Others also add ‘response’ to this risk equation: how a system responds can alleviate or aggravate
the risk (Reisinger et al., 2020; Simpson et al., 2021; Society for Risk Analysis, 2018).

Another important concept in relation to risk is resilience. Resilience is often understood as the ability to
withstand shock and recover without a system losing its fundamental identity or function (Cline and Kemp,
2022; Cumming and Peterson, 2017; Walker et al., 2006). Specifically, we take resilience, in the context of
global catastrophic risks, to be a society’s capacity to maintain critical functions and human welfare over
time when faced with severe disruptions. We are most interested in three interconnected aspects: (1)
robustness—the ability to withstand initial shocks and minimize immediate harm; (2) recovery—the
capacity to restore essential functions within meaningful timeframes; and (3) adaptation—the ability to
learn and reorganize while preserving core capabilities, even if original structures or processes must
transform. We can measure the degree of resilience by tracking how much welfare and functionality a
system sustains over a specified timeframe following a catastrophic event. This is evaluated relative to
either the system's pre-event baseline or minimum requirements for human survival. A region's overall
position with respect to GCR depends on both its exposure to specific hazards and its capacity to cope. This
paper considers both.

What specific geographical, institutional, and infrastructural factors have been empirically or theoretically
identified as enhancing regional ability to withstand and recover from a variety of global catastrophic risk?
No literature to date has directly answered this question. While there are many papers on resilience to GCR,
particularly in food systems (Jehn et al., 2025b) and in adjacent areas (pandemic preparedness; Boyd et al.
(2025a)), and some individually explored factors like the resilience of large islands (such as Australia and
New Zealand) (Boyd et al., 2025a; Boyd and Wilson, 2023; Turchin and Green, 2019; Wilson et al., 2023),
no research to date has comprehensively mapped these factors together. Our review does so by considering
factors based on geography (e.g., location, climate, resource availability), institutions (e.g., governance,
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policies, social cohesion), infrastructure and combined factors (e.g., built systems, technology, supply
chains).

Our review assesses three broad types of GCR: Abrupt Sunlight Reduction Scenarios (ASRS) (Pham et al.,
2022), Global Catastrophic Infrastructure Loss (GCIL) (García Martínez et al., 2025; Moersdorf et al.,
2024) and Global Catastrophic Biological Risk (GCBR) (Schoch-Spana et al., 2017) (Figure 1). These were
chosen since they are widely discussed in the GCR literature (Jehn et al., 2025b; Kemp, 2025; Ord, 2020).
Each of these risks not only causes widespread direct deaths and destruction of infrastructure, but also
significant cascading global consequences from these direct harms.

Figure 1: Overview of the different global catastrophic risks considered for this review and how they relate
to each other.
1.1 Abrupt sunlight reduction scenarios (ASRS)
As the name suggests, ASRS are defined by an abrupt (meaning weeks to months) reduction in sunlight
reaching the surface of the Earth. ASRS can be caused by soot blocking out sunlight due to firestorms
caused by a nuclear war (Coupe et al., 2019; Toon et al., 2008), sulfate aerosols scattering sunlight after
major volcanic eruptions (Rampino, 2002; Rougier et al., 2018) and soot, dust and ash (and possibly
sulfates as if the asteroid hits sulfur-rich minerals; Rodiouchkina et al. (2025)) blocking sunlight after
asteroid/comet/meteor (bolide) impacts (Chapman and Morrison, 1994; Tabor et al., 2020). Reduced
sunlight leads to changes in the global average temperature, precipitation and wind speeds globally (Coupe
et al., 2019). Likely consequences could be severe, including reduction in food production yields (Xia et
al., 2022) and subsequent disruption of food trade (Jägermeyr et al., 2020; Jehn et al., 2025a).
1.2 Global catastrophic infrastructure loss (GCIL)
Risk from a GCIL is that infrastructure and industrial production are disrupted on a large scale (continental
to global). As almost all infrastructure and industrial production is reliant on electricity, the most likely
vector for a GCIL is disruption of the electrical grid for a prolonged period (a blackout). Besides the
general disruption of all societal systems (Petermann et al., 2011), this could also negatively impact food
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production due to a loss of storage, transportation and a decline in production due to loss of agricultural
inputs like fertilizers (Blouin et al., 2024a; Moersdorf et al., 2024). Such a disruption could hypothetically
be caused by High Altitude Electromagnetic Pulses (HEMP) (EPRI, 2019; Wilson, 2008), geomagnetic
storms (Baum, 2023; Cliver et al., 2022; Isobe et al., 2022), globally coordinated cyber attacks (Ogie, 2017)
and pandemics so deadly that people stop showing up for work on a very large scale (Denkenberger et al.,
2021a).
1.3 Global catastrophic biological risk (GCBR)
Global catastrophic biological risk includes all biological causes for large biological hazards, both natural
and man-made. GCBR scenarios are characterized by widespread infectious disease causing mass
casualties and severe societal disruption on a continental to global scale (Schoch-Spana et al., 2017). Such
catastrophic biological events could arise from naturally emerging pandemics with high transmissibility
and lethality, potentially far exceeding the impact of the Covid-19 pandemic (Madhav et al., 2023),
accidental release of dangerous pathogens from laboratory settings (Klotz and Sylvester, 2014), or
deliberate deployment of engineered biological weapons (Millett and Snyder-Beattie, 2017b). Beyond
direct mortality, which could number in the tens to hundreds of millions or more (Millett and Snyder-
Beattie, 2017a), these scenarios lead to cascading effects including the collapse of healthcare systems, loss
of essential workforce capacity across critical sectors, breakdown of supply chains, and potential secondary
famines due to disruption of agricultural production and food distribution. The combination of direct
casualties and systemic collapse could result in mortality far exceeding the initial disease burden.

2 Methods
This review combines two approaches: a structured database search and an expert-driven curation phase.
We adopted this hybrid design because the literature relevant to GCR resilience is highly heterogeneous in
methodology, geographic scope, and disciplinary framing, and because much of it is not explicitly framed
as GCR research and would therefore be missed by keyword-based search alone. A flow diagram
summarising the selection process is provided in Figure 2.
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Figure 2: Selection process for documents used for this study
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2.1 Database scan
The database for this study was a search using OpenAlex (Priem et al., 2022). OpenAlex is a free and open
source bibliographic catalogue, which can be queried for academic documents. The exact query we ran was
(as of Oct 10, 2024):
(resilience OR mitigation OR resilient OR mitigate) AND ((("global catastrophic risk" OR "existential
risk") AND (nuclear OR famine OR volcano OR pandemic)) OR ("nuclear winter" OR "volcanic winter"
OR "abrupt sunlight reduction" OR "catastrophic infrastructure loss" OR "extreme space weather" OR
"severe space weather" OR ("biological threat" AND pandemic) OR "global catastrophic biological risk"
OR "engineered pathogen" OR "global food supply catastrophe"))
This query was meant to capture all documents which specifically tackle resilience from a GCR perspective
and therefore we used terms commonly used in the literature like GCIL, ASRS or GCBR. It resulted in a
total of 3200 matching documents. All relevant files can be found in the repository of the paper (Roessler
and Jehn, 2026).
2.2 Eligibility criteria
Documents were eligible for inclusion if they addressed at least one of the following: regional resilience to
a GCR; regional variation in catastrophe impacts (including non-GCR catastrophes where the mechanism
described was potentially transferable to GCR contexts); cross-regional comparison of responses to
catastrophes; regional preparedness assessments relevant to GCR; analysis of local GCR resilience factors;
or local assessments of resilience factors transferable to global-scale risks.
Eligible documents also had to address one or more of the following GCR categories: ASRS (nuclear
winter, volcanic winter, near-Earth object impact), GCIL (geomagnetic storms, HEMP, cyber attacks,
large-scale infrastructure failure), GCBR (pandemics, biological weapons), or combinations and cascading
interactions among these.
Documents were excluded if they addressed only: local disasters without global implications, regular
natural disasters without GCR-scale potential, or non-catastrophic risks (e.g., individual mental health
impacts of isolated events). Language was restricted to English. No restrictions were placed on publication
type and date.
2.3 Selection process
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Title and abstract screening of the 3200 records was conducted by a single reviewer (MR), with random
spot-checks by FUJ and MB to verify exclusion decisions; all spot-checked exclusions were confirmed as
clearly off-topic. At this stage, records were excluded if they were duplicates or did not mention resilience
at any level relevant to GCR. This resulted in retention of 551 potentially relevant documents.
The 551 records were then skimmed at full-text level by FUJ, MB and MR against the eligibility criteria
above. Each document was assessed by all three reviewers. All documents were included where at least one
reviewer deemed them relevant. This reduced the corpus to 147 documents.
2.4 Data charting and synthesis
At the outset, we developed a structured charting framework intended to extract for each document: GCRs
addressed, geographic scope, whether resilience factors were already implemented or proposed, type of
resilience factor (geographic, institutional, infrastructural, other), temporal focus (robustness versus
recovery), methodological approach (model, review, case study), and nature of findings (quantitative,
qualitative, or theoretical). In practice, this framework proved unwieldy given the heterogeneity of the
included literature, and we moved to narrative synthesis informed by the framework rather than formal
charting. The charting dimensions instead served as a shared frame of reference for what reviewers
attended to when reading.
Claude Sonnet 3.7 was used to pre-sort the 147 eligible documents by GCR category and geographic focus
to allocate reading workload across the three reviewers. The model had no role in eligibility decisions, data
extraction, or synthesis; all 147 documents were read in full by a human reviewer. This further excluded 72
documents as they did not meet the eligibility criteria when studied more closely, leaving 75 documents.
Based on those 75 documents, each author wrote a synthesis for their assigned categories.
Resilience factors were identified inductively. Each reviewer recorded any factor that a source paper
explicitly linked to resilience against one or more GCRs, independent of whether the supporting evidence
was empirical, modelled, or theoretical. A single mention was enough to be included, since much of the
GCR resilience literature is still small and exploratory. The relative weight of evidence for each factor can
be inferred from the number of citations associated with it in Section 3. Where source papers reported
conflicting findings (e.g., the contested magnitude of UV exposure following nuclear war, or the disputed
severity of geomagnetic storm impacts), both positions are reported.
The three reviewer-specific syntheses were then merged by FUJ, who wrote a synthesis, which was then re-
ordered by GCR category level, ie the identified factors relevant for (Level 1: All GCR, Level 2: ASRS,
GCIL, GCBR, Level 3: Nuclear winter, volcanic winter, impact winter, geomagnetic storms, HEMP, cyber



10

attacks, pandemics). This allowed us to assess the resilience factors by catastrophe type, cross-cutting
themes and identify regions which are likely most resilient.
The category structure used in Section 3 (governance, production, location, trade, and additional factors at
the general level, followed by hazard-specific subsections) emerged inductively during the merging stage
rather than being pre-specified. After FUJ consolidated the three reviewer syntheses, recurring themes were
grouped under category headings, and the same exercise was repeated within each GCR subcategory.
Factors appearing in syntheses across multiple GCRs were assigned to Section 3.1; factors specific to one
GCR were assigned to the relevant subsection.
Country-level identifications in Section 3 follow a two-step logic. First, for each GCR, the literature was
used to compile a list of resilience-relevant factors. Second, countries were matched against this list. Where
source papers explicitly named countries as resilient or vulnerable to a specific GCR, those countries are
cited directly to the relevant source (e.g., Australia and New Zealand for ASRS, following Boyd and
Wilson, 2023). Where countries appear in the synthesis but are not named in any source paper (e.g.,
Switzerland and Uruguay in the GCIL section), the identification is an inference by the authors applying
the factor list to known country characteristics. Such inferences are not exhaustive: other countries likely fit
the factor list comparably well. The country-level conclusions should therefore be read as illustrative of the
kinds of places favoured by the identified factors, not as a definitive ranking. A more systematic country-
level analysis would require a composite index built from quantitative indicators for each factor, a direction
we discuss in Section 5.3.
2.5 Expert driven input
The database scan provided a broad overview of the literature, but also highlighted that there were
important gaps, as much of the relevant literature is not explicitly framed in the context of GCR. For
example, there is a wide range of volcanic research that is highly relevant, but was not included. Therefore,
we invited additional authors with subject matter expertise around societal collapse (Luke Kemp), nuclear
winter and food systems (Juan B. García Martínez), cyber attacks (Zachary Kallenborn) and volcanic
eruptions (Lara Mani, Michael Cassidy) to contribute to the review and fill as many of the remaining gaps
as possible. All authors contributed further studies across all sections of the manuscript.
This expert-driven phase was deliberately unsystematic: each contributing expert identified additional
literature based on their domain knowledge, without a shared search protocol. We chose this approach
because the gaps we sought to fill could not be reliably identified through keyword-based search and had to
rely on expert judgement. Experts were briefed on the scope and aim of the paper and asked to add
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documents that would contribute to these aims, but had been missed. A total of 77 additional documents
were added through this process, bringing the final corpus to 152.

3 Which factors make places resilient to GCR?
The combination of the structured database search and the expert driven input allowed us to sample a wide
range of the literature relevant to GCR resilience. In the following, we describe what makes societies
resilient to different types of GCR based on this literature. Some of the factors that influence resilience to
GCR are shared between different hazards. Therefore, for this section we will start with those more general
factors and then examine the specific hazards.
3.1 Factors applicable across all global catastrophic risks
There are several factors that make a society more resilient to all GCR. These mostly group around the
general capabilities and stability of a society. If a society is more politically stable and able to produce a
wide range of goods, the literature suggests that this society should be more resilient.

3.1.1 Governance and institutional factors

The literature repeatedly identified effective governance as a critical resilience factor, as all else is
downstream from that. If a society does not have governance structures that work, it will not be able to
efficiently mobilize or distribute capabilities and resources and react quickly, even if it has other resilience
factors. Effective governance encompasses social cohesion (Allen et al., 2022; Peregrine, 2018, 2021),
political stability, defence capability, education levels, health security systems, governance structures,
catastrophe planning, risk communication, and social capital (Boyd and Wilson, 2023). Similarly, for
handling hazards, having a clear hierarchy between levels of government makes it easier to coordinate
(Petermann et al., 2011). Also, higher state capacity allows a better implementation of measures to handle
hazards (Hamm et al., 2012; Lin, 2015; Omberg and Tabarrok, 2022). Relevant planning domains
identified include national emergency management, agricultural coordination and food resilience planning,
and fuel storage or biofuel production policies (Boyd et al., 2023), alongside public awareness of resilient
food systems (Denkenberger and Pearce, 2015).

Democratic processes were also identified as hallmarks of resilient societies. Democracy enables more
flexible reactions, by enabling epistemic humility to interpret events, collective intelligence mechanisms
(democratic processes, prediction markets, diverse decision-making), and good data-sharing for adaptive
responses (Neumayer and Plümper, 2022; Yang and Sandberg, 2023). Boyd and Wilson (2021) argued that
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this could be further enhanced by the implementation of dedicated GCR policy structures, such as
parliamentary commissioners for extreme risk, or similar institutions. Also, decentralized decision-making
(historically associated with greater innovation than centralized systems), like differences in the history of
agriculture innovation in decentralized Europe in comparison with more centralised systems (Butzer, 2012;
Scheidel, 2021) and international cooperation for globally-scaled risks have been identified as increasing
resilience (Maher and Baum, 2013). We identified some historical evidence to support the importance of
democratic processes to be better able to handle GCR. Historical analysis using the Late Antique Little Ice
Age (ca. 536-556 CE) as a nuclear winter analogue demonstrates better outcomes correlate with broad
political participation, bridging social capital through broader stakeholder engagement, decentralized
decision-making, shared authority structures, and horizontal information flow (Kemp, 2025; Peregrine,
2018, 2021). Similarly during Covid-19, more democratic island nations implemented more effective
border biosecurity and exclusion/elimination strategies resulting in fewer pandemic deaths, possibly due to
social cohesion, perceived legitimacy, and feasibility of interventions (Boyd et al., 2026).

The included literature suggests that social resilience may be more influential than environmental resilience
in determining outcomes (Haldon et al., 2020b; Maher and Baum, 2013). Other potentially important social
factors included trust in government and social cohesion, low inequality, food storage flexibility, as well as
agricultural diversification. Historical case studies show the importance of these factors: for example,
during the Justinian plague, political adaptation and absence of infighting (social cohesion) contributed to
recovery (Haldon et al., 2020a), while low government corruption, trust in government, and trust in
individuals were key predictors of early Covid-19 pandemic outcomes (Dieleman, 2022). High inequality
has been identified as a historical vulnerability factor in large dataset historical studies (Kemp, 2025;
Turchin, 2023), as well as been highlighted as a risk for future generations (Schmidt and Juijn, 2024) and as
an important contributing factor to GCR in general by decreasing social cohesion and weakening
democracies (Jehn and Hoyer, 2026). During Covid-19, non-island jurisdictions with lower income
inequality suffered less excess mortality and less severe initial GDP contractions (Boyd et al., 2026).
Higher inequality also appears to drive higher corruption, polarisation, and democratic backsliding.
Importantly, it also seems to be increasing for the majority of the global population (Chrisendo et al.,
2025).
3.1.2 Production
A second theme identified in the literature we assessed is a society's productive capacity, especially its
industrial base. The more capacity you have, the more of a buffer exists. For example, a larger industrial
base means more things like paper mills, biorefineries and breweries, which could be repurposed for food
production (García Martínez et al., 2026; Throup et al., 2022) or food oil refineries, which could produce
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biodiesel (Boyd et al., 2023). More generally, there will be more institutional capacity for rapid budget
redirection and industrial resource reallocation toward resilient food production (García Martínez et al.,
2021a, 2025). Having a larger productive capacity also implies more resources, which could be used to
create strategic stockpiles of fuels, seeds, fertilizers, and other critical inputs (Boyd and Wilson, 2023), but
it is unclear how different societies compare here. Finally, this larger productive base could also be
repurposed to create manufacturing capability for replacement parts if these are not available anymore via
trade (Boyd and Wilson, 2023). A historical precedent here is the volcano climate shock after the Tambora
eruption, where famine in Europe could only be averted by imports from Russia (Oppenheimer, 2011).

Not all industrial capacity is directly translatable to be helpful after global catastrophe, but generally the
larger the industrial base is, the higher the chance that GCR relevant industries are also present. Some
industrial capacity can be repurposed relatively quickly, like the transition from cars to fighter planes in the
US in World War 2 (Automobile Manufacturers Association, 1950) and the shift to produce much more
disinfectant during COVID-19 (Ho et al., 2022). Industrial production will have inherent sectorial
differences that limit transfer, such as the nature of technology (semiconductor fabs cannot produce
vaccines), the global concentration of specific industries, and the degree to which crucial supply chains are
globalized. Nonetheless, the overall size of the industrial base can be a useful proxy for general resilience.
3.1.3 Location
Large islands were often identified as good places for resilience to GCR, as they are climate buffered due to
the heat capacity of the water around them, and can easily isolate themselves (e.g. via closed borders), as it
is more difficult to reach a location when there is a large water body in between (Turchin and Green, 2019,
2017). Generally, relatively isolated regions with self-sufficient food production could also prove to be
very resilient, with the important part being their remoteness; islands tend to be more remote. (Baum et al.,
2015). However, they have to have an economy that is able to at least support itself partially. Especially
fuel and medication can quickly become a problem if no infrastructure exists on the specific island to
produce those goods (Boyd et al., 2023; Wilson et al., 2025). Having a large soil seed bank could be an
advantage, as it allows to potentially create new cultivars that are better suited to changed environments
and allows plants to regrow easier (Grime, 1986). Also, once catastrophe strikes, urban areas quickly
become death traps, as they are highly reliant on continuous import of foods and other daily products
(Baum et al., 2015; Petermann et al., 2011). We specify this resilience factor to ‘large islands’ (such as
New Zealand, but also Australia, as it is a continent sized island) since small islands (such as Tuvalu or the
Marshall Islands) are significantly vulnerable to sea-level rise from climate change, tsunamis from
earthquakes and near-Earth object impacts, and tend not to have the economic size to be self-sufficient.
However, we also note that some islands could maintain traditional ways of life, even after global
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catastrophe, as they have ample food production and are significant above sea level (e.g., Vanuatu and
Solomon Islands). Many of the problems described here only apply to regions that are overpopulated
relative to their local carrying capacity and reliant on a steady inflow of trade.
Location also determines the exposure of a country to different hazards. For instance, countries in the
southern hemisphere will suffer less of a drop in temperatures during a nuclear winter (Coupe et al., 2019),
which is explained in more detail below. Similarly, countries in the tropics, Gulf region, and Subsaharan
Africa are far more exposed to climate impacts, especially extreme heat (Kemp et al., 2022; Vecellio et al.,
2023).
3.1.4 Trade
The papers we assessed implied that societies particularly reliant on trade to receive needed goods like
fertilizers, food, or medicine may be more vulnerable to global catastrophic risk (Jehn et al., 2025a; Boyd
& Wilson 2023). Catastrophes that are not overtly global in scope, such as low to moderate magnitude
volcanic eruptions or wars blocking important trade routes (e.g., Strait of Hormuz), could still cripple
global trade and communications if affecting key ‘pinch points’ - regions where a high convergence of
global systems and infrastructures are observed (Mani et al., 2021). Critical trade dependence might be
partly mitigated by ensuring robust regional trade networks (Chan et al., 2025). Resilience may require
food or fuel rationing and prioritization systems, proactive inventory management, and open trade policies.
Export bans may be particularly harmful as there is potential for cascading impacts across many trading
partners. Trade policy coordination, especially to manage hoarding behaviors, requires proactive
management of food supply systems and transportation networks (Hochman et al., 2022; Jehn et al., 2025a;
Rivers et al., 2024).
3.1.5 Additional reasons
More wealthy countries tend to have more resources and thus capabilities than poorer countries. This is
acknowledged in the Global Catastrophic Risk Index by the Global Governance Forum (2025), as it tracks
the resilience of countries against GCR based on proxies like economic stability, education or business
environment which are all strongly coupled to how rich a country is. A real world test of the effects of
wealth was the COVID-19 pandemic, which showed that richer countries tended to navigate the pandemic
better, but also that wealth only captures a part of the resilience (Boyd et al., 2025a). In addition, the
expectation is that food prices will rise considerably in many of the scenarios described here and thus richer
countries can afford more food (Asal et al., 2025; Hinge et al., 2026).
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Especially for the food system, resilience factors that get regularly mentioned are modularity,
decentralization and diversity (e.g., in the form of genetic diversity in crops) (Clapp, 2023; Tzachor et al.,
2021).
3.1.6 Summary of general GCR resilience factors
Taken together, societies are generally more resilient to GCR if they:

● Are more democratic.
● Are wealthier.
● Have lower inequality.
● Have large industrial base, with high governmental influence.
● Are located in remote locations (like large islands).
● Have higher decentralization and diversity.
● Are not highly reliant on trade or have geographically close trading partners.

There are tensions here, especially between being an island and having a large productive capacity.
Relaxing this a bit, Japan and Taiwan could arguably fit these factors reasonably well. They both have a
large industrial base, with high governmental influence and are located on islands. They are also
democratic and have relatively low inequality. However, both are very reliant on trade. If we relax the
factors, this could further include Australia, New Zealand, the United Kingdom and Iceland.
3.2 Abrupt sunlight reduction scenarios
Southern Hemisphere islands may be particularly resilient against ASRS, because there are no nuclear
armed states in the Southern Hemisphere and also fewer large volcanoes. In larger ASRS, although effects
occur in both hemispheres, the hemisphere in which the triggering event occurs tends to suffer more
sunlight reduction (Coupe et al., 2019). In addition, oceans around islands act as a temperature buffer,
which allows them to maintain a more stable temperature. Boyd and Wilson (2023) argue that Australia,
New Zealand and Iceland have the best prospects among islands in an ASRS, as they possess diverse
resilience factors including enough capacity to produce food to maintain their population. Other evaluated
islands like Vanuatu or the Solomon Islands produce large food excess but lack infrastructure and
manufacturing to sustain industrial society without trade, while island societies like Indonesia may be at
risk from social or political instability during an ASRS.

In an ASRS food production could likely be affected on a large scale and in more severe scenarios most
countries do not have suitable cultivars available in their borders. However, regions with diverse climate
zones and good landrace crop varieties have at least a higher chance of having marginally suitable cultivars
to handle the colder temperature in ASRS (McLaughlin et al., 2025). As the growing season could be
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shortened during ASRS, countries with a long (or full year) growing season could fare better, as they have
a longer buffer (Mills et al., 2014). In addition, societies with larger food production sectors and diverse
crops could fare better. Examples highlighted in the literature are Brazil and Argentina (Rivers et al., 2024).
To supplement local food production, trade would likely be necessary for many countries. Countries with a
network of trading partners throughout the world and with many climate regions could be in an
advantageous position (Keys et al., 2025).

High reliance on fisheries is seen as a detriment during ASRS. While there might be some areas in the
tropics and subtropics with increased catch, generally catch is predicted to decrease during ASRS (Scherrer
et al., 2020). This pattern was also seen during the last major ASRS after the eruption of Mount Tambora
(Indonesia, 1815), which led to much reduced catch in many regions (Alexander et al., 2017). This could
likely be repeated in a new ASRS. Seaweed, in contrast, has been identified as having a high chance of
being able to contribute a significant amount of global calories during ASRS, especially in the Pacific area
(South East Asia and Western side of South and Central America and in some seas near major river deltas
like Niger or Congo) (Jehn et al., 2024).

When it comes to energy, researchers have found that areas that have more renewable energy could fare
worse, as both wind and solar decrease during ASRSs (Varne et al., 2024), but fossil fuel reliance could
also make energy production difficult, if trade ceases (Boyd et al., 2023). This could be mitigated in areas
with either easy access to natural energy sources like geothermal or hydropower or large amounts of wood
available for fuel (Winstead and Jacobson, 2022). Heavily forested regions could also be used as a source
of wood-based foods like Fungi (Mottaghi et al., 2023). Areas without wood, but a large industrial base,
could produce advanced resilient foods for low sunlight scenarios like methane-derived single-cell protein,
which demand specific facilities for microbial biomass cultivation (García Martínez et al., 2021b, 2022,
2024), locations with existing chemical or bioprocess industries possess advantages for rapid deployment
of synthetic food production systems (García Martínez et al., 2021a). Success in implementing such a
repurposing requires organizational capability, pre-existing engineering designs and fast-build methods
(Rivers et al., 2024).

A factor just recently identified in the literature is the danger to the drinking water system. Lamilla Cuellar
et al. (2026) analysed changes in frost depth during a nuclear winter and how they could impact drinking
water. They found that most drinking water infrastructure further north than 25° latitude could be damaged.
This means from a drinking water perspective being in the subtropics, tropics or Southern Hemisphere is
preferable, though there are mitigation measures (Kamana-Williams et al., 2025).
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Finally, Maher and Baum (2013) identified equatorial mountains as a good place for food stockpiles during
ASRS. They have physical protection due to elevation, are less affected by sunlight reduction and are far
away from possible direct impacts like tsunamis. The equatorial Andes (e.g., La Paz, Bolivia; Pasto,
Colombia) are specifically mentioned as prime candidates for food stockpile placement.

3.2.1 Nuclear winter
The direct effects of nuclear weapons harm those areas targeted during any nuclear conflict. Targeted
locations, cities, and regions would suffer immensely and the top of the list of targets would be those
societies involved in nuclear war, likely to be societies which also possess nuclear weapons. This means the
United States, Russia, United Kingdom, France, China, India, Pakistan, Israel and North Korea are in most
danger, as are countries that are in conflict with one of those powers (e.g., Ukraine being at risk from
Russia, Iran being at risk from Israel or the United States). This risk further increases for conflicts where
both parties have nuclear weapons. Also, for any conflict that would include the United States, United
Kingdom or France, there might be a high chance that NATO could get involved (collective defense after
Article 5), which means that NATO countries are generally also more in danger from nuclear war.
Additionally, countries under a nuclear umbrella (like Japan or Australia) might be at elevated risk (Figure
3). Non-NATO and especially non-target societies could likely suffer less direct harm (Coupe et al., 2019;
Xia et al., 2022). In particular, many remote islands are unlikely to be direct targets (Boyd and Wilson,
2023). This all points to the Northern Hemisphere as being highly vulnerable to nuclear war, while the
Southern Hemisphere might fare better.

Figure 3. Nuclear weapon states and their military alliances.
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Climate disturbances are likely to follow the same pattern, with high latitude regions, especially in the
Northern Hemisphere, suffering the most cooling (with corresponding shortening of growing season, and
mid-latitude regions experiencing the highest UV exposures if the nuclear war has disrupted the ozone
layer) (Coupe et al., 2019; Mills et al., 2014). Potentially elevated UV exposure could occur especially in
the tropics (Bardeen et al., 2021; Coupe et al., 2019). The intensity of the UV exposure is still a topic of
active debate. With some estimates stating that UV exposure would only be a problem in the largest scale
nuclear conflicts and only years after the war (Shi et al., 2025), others argue that even smaller nuclear war
scenarios could lead to strong disruption of the ozone layer and thus UV exposure (Yook et al., 2025).

Specific locations described in the papers examined as being more resilient to the climate and food system
impacts of nuclear winter include: Australia (Boyd and Wilson, 2023; Jehn et al., 2024; Mills et al., 2014;
Wilson et al., 2023), New Zealand (Boyd et al., 2023; Boyd and Wilson, 2023; Jehn et al., 2024; Mills et
al., 2014; Wilson et al., 2023), Iceland (Boyd et al., 2023; Boyd and Wilson, 2023), Solomon Islands or
Vanuatu (Boyd and Wilson, 2023), Peru (Jehn et al., 2024; Scherrer et al., 2020), Chile (Jehn et al., 2024),
the Southern Ocean (Coupe et al., 2019), Pacific Ocean equatorial upwelling zones (Jehn et al., 2024), and
equatorial regions generally (McLaughlin et al., 2025), as well as Southern Africa and South America
(Mills et al., 2014).

Specific countries and regions identified as being particularly at risk include: high latitude regions (Coupe
et al., 2019; Xia et al., 2022), low population countries with insufficient agricultural production and food
stores, non-tropical countries that cannot grow crops during nuclear winter (Rivers et al., 2024), the United
States (Coupe et al., 2019; Denkenberger et al., 2017; Jehn et al., 2024; Mills et al., 2014; Scherrer et al.,
2020), Central Europe (Jehn et al., 2024, 2025a), Eastern Europe (Coupe et al., 2019; Jehn et al., 2024),
Russia (Coupe et al., 2019; Early and Asal, 2014; Hochman et al., 2022; Scherrer et al., 2020), Canada
(Hochman et al., 2022; Jehn et al., 2024; Scherrer et al., 2020), China (Coupe et al., 2019), North Korea
(Hochman et al., 2022), Asian monsoon regions (Coupe et al., 2019), Israel, Iran, and Pakistan (Early and
Asal, 2014), and Mediterranean climate zones (Grime, 1986).

3.2.2 Volcanic eruptions
In terms of direct impacts (non-climatic impacts) from volcanic eruptions, for instance ash fallout,
hazardous flows (pyroclastic, lahar, lava, mass movement and accompanying tsunamis), the volume of
explosively erupted magma is a major determinant on the extent of global catastrophic impacts. These
direct impacts are most relevant for volcanoes that have the potential for eruptive volumes of Volcano
Explosivity Index (VEI) 7 or 8, with VEI 8 (with volumes >1000 km3) representing ‘super-eruptions’. Ash
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from such eruptions could blanket entire continents. For example, even the VEI 7 eruption of Tambora led
to ash fall in a large part of South-East Asia (Kandlbauer and Sparks, 2014). This affects food, water,
energy and financial security. Ash deposition on land, if large enough, could have a climatic impact due to
increases in surface albedo (Jones et al., 2007). The geographic location of these large eruptions is equally
important (Figure 4).

Take the example of the Hunga Tonga eruption in 2022, the highest intensity eruption recorded with
modern instruments. A submarine eruption, much of the ash (and gas) distribution occurred in the ocean,
triggered a shockwave with an accompanying tsunami, an eruptive plume reaching 55 km high and
underwater flows that severed the international and domestic communication cables to the Kingdom of
Tonga (Clare et al., 2023; Lynett et al., 2022; Proud et al., 2022; Seabrook et al., 2023). Despite its scale,
the eruption’s global impact was far less than it could have been due to its location in the middle of the
pacific, >60 km from the nearest populated islands and away from globally critical infrastructure (Cassidy
and Mani, 2022). Mani et al. (2021) highlight the regions where clusters of critical infrastructure (or trade
routes) lie in proximity of volcanic regions, these so called ‘Pinch Points’ are especially vulnerable to
volcanic activity, due to the effects on global cascading risks.

The regions most in danger are South East Asia, the Mediterranean and Pacific Northwest. In terms of
population exposure to volcanic risks, regions like South East Asia, Central and South America, Southern
Europe, and parts of Africa (along the East African rift valley) have the most amount of people living
within close proximity of active systems (Freire et al., 2019; Meredith et al., 2025a, b). The vulnerability
and resilience for these regions posed by large eruptions is largely unstudied, however Latin American
volcanoes have been ranked against these metrics to understand regional risk (e.g., Reyes-Hardy et al.
(2024)). As the majority of global volcanoes go unmonitored (Widiwijayanti et al., 2024) (especially more
acute in poorly resourced countries), and that more than 90% of eruptions larger than VEI 6 have periods of
more than a century between eruptions, it seems likely that few countries will have the sufficient warning,
preparedness and learned resilience to cope well with large eruptions in their own borders or neighboring
regions. Regions that are better resourced in the area include, US, Japan, Iceland and New Zealand.
Regions which have greater learned volcano resilience include Indonesia, Iceland, and the Philippines.

When assessing the indirect impacts from volcanic eruptions such as climatic impacts, the VEI (i.e.,
volume of the volcanic eruption) is less significant (Büntgen et al., 2025). Instead, the amount of sulfur gas
emitted, the eruption latitude, the season and whether there have been clusters of eruptions mainly control
the magnitude of climate cooling and longevity or response. Cooling shock following sulphur aerosol
forcing is one factor that influences global catastrophic risk, and climate models and proxy records (such as
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tree rings) point to greater impacts in the Northern Hemisphere, with islands and southern hemisphere
buffered by the temperature capacity of the larger southern oceans. Just as consequential are the
simultaneous extreme weather events that also accompany a volcano climate shock (including, droughts,
floods, storms and frosts), and the disruptions it can inflict on major climate teleconnections such as the
monsoon (particularly African, South and South East Asian monsoons) and the El Niño Southern
Oscillation (ENSO). There is little data on the regional effects of supervolcanic eruptions and implications
for GCR resilience. Following the Toba eruption (around 74000 years ago) India and Sub-Saharan Africa
fared reasonably well as climate refuges (Black et al., 2021).

Figure 4: Global distribution of known volcanic eruptions in the Holocene (last 11,700 years) for VEI 0-7.
Note due to incomplete volcanic records, especially further back in time, this map does not capture all
volcanic eruptions in the Holocene. Colored by Volcanic Explosivity Index (VEI). Based on Global
Volcanism Program and Venzke (2025) and Crosweller et al. (2012). VEI 7 Holocene eruptions are
labelled.

3.2.3 Near-Earth objects
Generally near Earth object impacts lead to similar effects as other ASRS, but there seems to be no clear
best place in general, because the impact location is randomized, depending only on which side of the Earth
is in the path of the asteroid during impact. However, as much of Earth is covered by water, there is a high
chance that an ocean could be hit, which could cause massive tsunamis. Though the size and thus impact of
such tsunamis is a topic of ongoing debate (Robertson and Gisler, 2019). Still, this means places further
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away from large water bodies could at least not have to face this additional hazard (Toon et al., 1997).
Countries with higher elevated ground will also be less exposed.

3.2.4 Summary of factors relevant for ASRS
In addition to the general features identified in section 3.1.6, ASRS resilience could be increased by the
following factors:

● Southern Hemisphere location, as there are fewer volcanoes, no nuclear weapon states, less
endangered drinking water systems, and the larger ocean area acting as a temperature buffer.

● Being a food self-sufficient island.
● Societies with diverse climate zones and thus a more diversified agriculture.
● Societies with a longer growing season.
● Societies closer to the equator.
● Low reliance on fisheries.
● Low reliance on renewable energy.
● Large forested areas.
● Industrial base able to produce advanced resilient foods.
● Societies with coast lines in the Pacific for seaweed farming.

For nuclear winter, additional factors are:
● Not being a nuclear weapon state, not being in a military alliance with a nuclear weapon state and

not being in conflict with a nuclear weapon state.

For volcanoes, additional factors are:
● Distance from active volcanoes or volcanoes that had major eruptions in the past.
● Strong volcanic monitoring capacity and institutional preparedness.
● Low dependence on regions considered a "pinch point" where critical infrastructure or trade routes

intersect with volcanic regions (highest risk: South-East Asia, the Mediterranean, and western North
America).

● Low dependence on monsoon-driven agriculture, as large eruptions can disrupt major monsoon
systems and ENSO.

For near-Earth objects, additional factors are:
● Low proportion of population near the low-lying coastal areas, to avoid large tsunamis after impact.
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When we combine these factors with the general factors from section 3.1.6, it becomes even more difficult
to find any society that could fit this description, as the factors have inherent tensions:

● Islands maximize isolation but often lack industrial capacity and rely on trade.
● Many islands have volcanoes.
● Islands have long coastlines and are often low-lying making them more exposed to tsunamis and

less asteroid resilient.
● The Southern Hemisphere is less vulnerable, but the most industrialized nations are Northern.

Still, there are some societies that fit these factors better than others. Across all three ASRS categories,
Australia seems to be the best. It is located in the Southern Hemisphere, far away from nuclear conflicts
(though it is allied with the US, which might increase risks), it did not experience volcanic eruptions in the
Holocene, but a large interior, which people could relocate to if an asteroid strikes (although a large
fraction of this is desert). Additionally, it is a major food producer, has diverse climate zones, a long
growing season, significant coal and gas infrastructure, large forested areas and a Pacific coastline.
Tasmania might even be considered a refuge in a refuge, as it is part of Australia, but also an island, with
large agricultural production and a temperate climate.

The next best fits could be Argentina, Brazil and New Zealand, especially if they collaborate with Northern
Hemisphere countries for crop relocation (Blouin et al., 2025). They are all (mostly) in the Southern
Hemisphere, fairly remote, and produce a large amount of food. However, New Zealand has active
volcanoes, a small industrial base and is entirely surrounded by water and thus vulnerable to tsunamis.
Brazil and Argentina score better on all of these metrics, but have high levels of inequality and historical
political instability. Other countries with a favourable set of resilience characteristics include Uruguay
(very democratic, Southern Hemisphere, produces food, but low population and thus small (but well
developed) industrial base) and Chile (long Pacific coastline for seaweed farming, Southern Hemisphere,
some climate diversity, but active volcanoes, high reliance on fisheries and high trade dependence).
3.3 Global catastrophic infrastructure loss (GCIL)
In the papers we identified, the most straightforward way to increase resilience to GCIL is low reliance on
more elaborately manufactured technology and complex supply chains. The more a society uses digital
technologies, especially in their infrastructure, the more vulnerable it becomes to any catastrophe that
disrupts these technologies (Herwix et al., 2023). This could be especially true for agriculture. Regions
which currently use few agricultural inputs like fertilizers or pesticides are expected to maintain their
current food production levels, even after infrastructure collapse (Moersdorf et al., 2024). This is fulfilled
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by many smallholder farmers globally, but also by alternative kinds of agriculture in more industrialized
societies (e.g., organic farming or permaculture) (Figure 5).
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Figure 5: Global yield decline for corn, rice, soybean and wheat after GCIL. Based on Moersdorf et al.
(2024), as adapted by García Martínez et al. (2025).

Local resource availability also builds resilience. This is especially true of large amounts of wood, which
can be used as energy directly or after gasification (Nelson et al., 2024). These local resources could be
stretched further if a stockpile of critical industrial goods exists which can be used as a buffer until local
substitutes are found (Blouin et al., 2024b) and by gaining access to unusual local resources like nutrient
extraction from leaves (Fist et al., 2021; García Martínez et al., 2026).
A significant risk in GCIL is disruption to the electrical grid. A more robust grid can be accomplished in
several ways. If enough warning time exists before the damaging event, the grid can be turned off for the
duration and restarted afterwards, as a deactivated grid is much less likely to be damaged (Oughton et al.,
2019). Physical protection like a more resilient grid topology can be introduced (Johnson et al., 2016); an
example of this is the highly interconnected European grid with many cross border links, so countries can
help each other out in case a disruption happens (European Commission, 2015). However, it can also be a
vulnerability, as shown with the 2025 blackout in Spain and Portugal. The grid can be stabilized by having
more physical inertia in the form of moving infrastructure (like moving turbines), which is less present in
grids more focused on renewables (Bikdeli et al., 2022) and a more developed black start capability (Pan et
al., 2025).
In parallel to a disruption of the electrical grid, a large risk is also the disruption of longer distance
communication. This is essential to ensure coordinated response and even the restart of the electrical grid is
reliant on communication (Petermann et al., 2011). Therefore, it would be prudent to have backup
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communications. This could include EMP-hardened satellites or large networks of shortwave radios
(Denkenberger et al., 2021b). This likely exists at least for some militaries, but less so for the civilian
sector.
Also, disruptions of production do not scale linearly with industrial output decline. For example, during
World War II Japan’s industrial capacity was destroyed to around 30%, which led to a drop in production
of around 80% (Blouin et al., 2024b).
Finally, decentralization provides resilience, as local hubs are more capable and there is not a single point
of failure. This can be decentralization of storage of foods and fuel (Petermann et al., 2011),
decentralization of the electrical grid, especially when it is more focused on renewable energy and the
ability to form microgrids (Blouin et al., 2024a; Petermann et al., 2011).
In addition to this “traditional” infrastructure which can be disrupted, in the modern world, there is also
globally critical infrastructure. These are parts of the infrastructure, which a country relies on, but which
are located in other countries or in other regions like space or the oceans. Examples of this are GPS, the
Panama Canal or the Svalbard Global Seed Vault. If this kind of infrastructure is disrupted it can have
massive consequences as well, but are even harder to recover from, as they are not easily accessible if they
are beyond one’s borders (Kallenborn and Willis, 2025).
3.3.1 Geomagnetic storms
Geomagnetic storms can be predicted and grid protection measures introduced ahead of time. Only a few
countries possess this capability, including the US, EU, UK, Japan, Australia, France, and China. Partly this
information is shared, but it is best to be self-sufficient in this information, as it gives quicker and easier
access (Oughton et al., 2019). Fry (2012) argues that the United States and European Union have been
spending a relatively high amount to become more resilient against geomagnetic storms by investing in
better forecasting. Additionally, the grid can be hardened against geomagnetic storms, which has for
example been implemented by Canada, the US and Sweden (Johnson et al., 2016). Though public
information on how much of the grid this affects and to what extent is scarce.

Geomagnetic storms do not hit all places the same, there are preferential zones. This means damage outside
these zones is less likely (Maffei et al., 2023). The most exposed are Canada, Ireland, United States, United
Kingdom, Northern Germany, Baltics, New Zealand, Tasmania, Russia and Scandinavia (Figure 6).
However, larger storms might reach further, potentially hitting most places on Earth, albeit not all at the
same time, as due to Earth’s rotation different places are more or less exposed over time. Further,
independently from these satellites will be disrupted by large storms as well, meaning that countries with a
high reliance on satellites will incur more damages.
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How dangerous these storms are is still actively debated, with estimates ranging from a big, but
manageable disruption (Oughton et al., 2019), to estimates that this could destroy around 10-15 % of the
global economy (Schulte in den Bäumen et al., 2014).

Figure 6: Zones for 2020 and 2070 with the highest likelihood of damages from space weather. Originally
from Maffei et al. (2023).

3.3.2 High Altitude Electromagnetic Pulse (HEMP)
HEMP can be caused by detonating a nuclear warhead at a high elevation. Thus states not in conflict with
hostile, nuclear-armed states are unlikely to be targeted. In general, HEMP effects cover a wide area,
typically as far as the horizon, with effects diminishing based on distance (Savage et al., 2010). So, states
proximate to potential HEMP targets might be affected, especially when the potential target state is small,
because the effects are more likely to extend beyond national borders. Critical infrastructure and military
systems are vulnerable to HEMP effects and could be massively disrupted (EMP Commission, 2008).
Because the effects of HEMP can be so broad and varied, increasing resilience can come at high costs, and
many systems may remain unprotected (EMP Commission, 2008; EPRI, 2019).
Several states have undertaken efforts to protect military and civilian systems from the EMPs, including the
US, UK, Russia, China, South Korea, and Taiwan (Pry, 2017). These are typically states that face plausible
nuclear threats. However, states without dedicated HEMP resilience programs can develop some resilience
through alternative means. Activities to increase resilience against lightning strikes and geomagnetic
disturbances increase resilience to HEMPs, due to some common waveforms. The waveforms generated
from an HEMP have three time-based components: E1, E2 and E3 (EPRI, 2023). The E2 waveform bears
strong similarities to lightning strikes, while the E3 waveform bears strong similarities to geomagnetic


