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A gap approach for preventing
stress in complex systems:
managing natural hazard induced
fiscal risks under a changing
climate

Stefan Hochrainer-Stigler*, Reinhard Mechler,
Teresa Deubelli-Hwang, Elisa Calliari and Robert Saki¢ Trogrli¢

International Institute for Applied Systems Analysis (IIASA), Laxenburg, Austria

Disasters associated with natural hazards as well as climate change are
happening within complex socio-economic systems and desired system states,
including sustainable development and resource management, are formulated
on the global as well as regional and national levels. However, complex system
approaches are yet only rudimentarily incorporated in related applications, and
we discuss modeling as well as policy challenges focusing on fiscal risk. As an
intermediate step we suggest a gap approach which we relate to fiscal stress
levels a complex system may experience due to natural hazard events. We argue
that in case of no gaps one can assume a no stress situation and therefore
modeling of disruptions including cascading effects is less necessary. However,
at the same time we also acknowledge that there is an urgent need to address
corresponding challenges with complex system methods. Policy-wise our paper
responds to concerns for real-world applications and can provide insights to
support current discussions within the UNFCCC and Paris Agreement around
both adaptation finance and the new funding arrangements for loss and damage
from climate impacts established at COP27.
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Introduction

Our interconnected world is a complex system, i.e., consisting of situated, adaptive,
diverse individuals whose interactions produce higher-order structures (such as patterns
and forms) as well as functionalities (Thurner et al., 2018; Arthur, 2021). Quantitative
complex systems modeling has focused on physical, biological, and ecological complex
systems, but only recently started to explicitly consider human agency (Page, 2015; Kertész
et al., 2019; Otto et al., 2020). Concurrent events, such as the financial crisis, pandemics,
disasters associated with natural hazards, climate change and conflicts have boosted
interest in socio-economic complex systems analysis, including similarities and differences
with other non-human-related complex systems (Frank et al., 2014; Hochrainer-Stigler
et al., 2020). For example, it is questioned whether research on physical tipping points
also yields generalisable results that can be applied to socio-economic systems and their
tipping points (Juhola et al., 2022). Notably, social systems are understood as not adhering
to universal rules in the same way as natural systems, as choices are prone to behavioral
biases and social influences (Ermakoff, 2015).
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From a real-world application perspective there are therefore
calls for iterative approaches to reflect the special nature of human
agency and to enable a constant updating of the social system and
its current state (Hochrainer-Stigler et al., 2020). This should go
hand in hand with the development of new modeling approaches
to tackle current and emerging challenges including cascading and
compound events (Reichstein et al., 2021). Several methodologies
have been put forward to study complex systems in different
disciplines (see Castellani and Hafferty, 2009 for a detailed overview
through a map of complexity science) and they are usually related to
specific questions about the desired system state or system thread.
The latter is usually discussed within systemic risk research, which
originally focused on the collapse or at least serious disruption of
a system and was modeled primarily through network dynamics
methods (Kharrazi et al., 2013; Kreis et al,, 2019). The former can
be related to the question of the controllability of complex networks
which is usually determined to a great extent by the underlying
networks degree distribution (see Liu et al., 2011) and analyzed
through Graph-Theory, see for example Rahmani et al. (2009).
We refer for an overview of disciplines and methodologies applied
for complex systems analysis to Castellani and Hafferty (2009)
and more specifically on quantitative approaches to Thurner et al.
(2018).

Climate-related disasters happen within complex (socio-
economic) systems as well. Their desired system states (e.g., in the
form of goals that should be achieved in the future) are formulated
across various governance levels and codified in agreements
such as the Sendai Framework for Disaster Risk Reduction
(UNDRR, 2015), the Paris Climate Agreement (UNFCCC, 2015)
and the Sustainable Development Goals (UN, 2015) along with
regional, national and community-based climate adaptation and
risk reduction strategies and plans. Many quantitative modeling
frameworks have been developed over the years to study climate
change impacts and provide policy recommendations (Gambhir
et al., 2019; Markandya and Gonzélez-Eguino, 2019; Nikas et al.,
2019). Yet, integrating non-linear dynamics in such models
(as well as other approaches, for a review see Botzen et al,
2019) is challenging, especially when dealing with complex
socio-economic systems (Castellani and Hafferty, 2009). As a
subset of this challenge, we will focus on the assessment of
climate-related disaster risk and related fiscal consequences,
specifically delving into the quantitative modeling of non-
linear dynamics.

Our primary area of concern centers on governments and the
fiscal risks intertwined with these challenges. We propose a so-
called “gap approach” to tackle fiscal risks caused by disasters
stemming from natural hazards and climate change. This approach
relates to fiscal stress levels to be avoided, considering international
finance flows that would assist in such situations (Hochrainer-
Stigler et al, 2023). We argue that until a specific gap level,
indicative of a critical stress point within the complex system, is not
reached, modeling of non-linear disruptions is not always essential
and complex systems do not need to be assessed in such detail. We
suggest this approach as an intermediate step for tackling complex
systems that may be necessary in the short term for such kind
of risks as complex system methodologies are yet seldom used.
We also explore how such an approach can be operationalized
to quantify the capitalization levels for sustainable international

Frontiers in Sustainable Resource Management

10.3389/fsrma.2024.1393667

resource (focusing on finance) management in case of gaps using a
so-called risk-layer approach. However, we also acknowledge that
there is a pressing need to address corresponding challenges in
relation to non-linear dynamics using complex system methods.

Managing stress: understanding
multiple gaps and funding
requirements

Complex systems exhibit sensitivity to initial conditions and
path dependence (ie., final outcomes are contingent on the
outcomes that occur along the way). For climate change impacts
path dependency arises from decisions on future mitigation
pathways and on the evolving state of resilience of our societies
(IPCC, 2022; Thaler et al., 2023). In our discussion we draw on an
understanding of resilience as the ability of agents to bounce back
or absorb a shock without major long-term consequences. What
may seem an oversimplification, can be connected when analyzing
stress levels and sustainability concerns as outlined below. The
desired system can be related to the objective of being sustainable in
the sense that disasters are not existentially disrupting the system,
enabling it to keep progressing over time. Sustainability in this
context can be related subsequently to the concept of resilience
which can support the handling of disaster impacts so that the
system exposed to these events is sustainable (to this threat) in the
long run. Resilience, and in our case fiscal resilience, then has to
be seen in the context of financial resources to address losses from
disasters. Consequently, for being sustainable (defined here to be
a state where no serious disruptions of the complex system will be
experienced over time) the society should be resilient to disasters
associated with natural hazards and climate change impacts. As
indicated earlier, methods from complexity science are seldom used
for this task due to the modeling challenges involved (Botzen et al.,
2019). However, as we argue here, a first step involves determining
the resilience levels that are needed in a complex system to ensure
no serious consequences arise from disasters and therefore remains
sustainable over time even under climate change. Afterward, these
resilience levels could be related through the application of a
gap approach.

Multiple gap approach

In complex real-world systems, a system (or element of
the system) may experience stress up to a certain threshold
before serious disruptions occur (Hochrainer-Stigler et al., 2018).
Examples include ecosystems losing significant biomass over time
before they collapse or banks defaulting if many important
stressors are experienced at once. Such stress situations increase
the susceptibility of a complex system to serious cascading risks
(for a discussion we refer to Hochrainer-Stigler et al., 2020).
Consequently, maintaining stress at manageable levels becomes key
to mitigating the expected impact of disruptions. We first argue
that stress levels can be related to gaps, indicating that the absence
of resources to address a negative event leads to a gap, inducing
stress. We leverage Mechler et al. (2023)’s typology of gaps related
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FIGURE 1

Catastrophic impacts of climate change borne by vulnerable communities, societies and ecosystems

Four identified gaps of the climate policy framework on Loss and Damage. Source: Building on Mechler et al. (2023).

to climate change risks and corresponding actions (see Figure 1) to
further explore this relationship.

Gaps, in this context, signify potential escalating negative
consequences for society if left unaddressed. For quantification
purposes, one needs to conceptualize them in measurable terms. In
Figure 1, the mitigation gap pertains to greenhouse gas emissions,
where lower emissions correlate with reduced climate risk.
Representative Concentration Pathways (RCPs) outline various
emission scenarios related to the possible consequences of a
changing climate (Van Vuuren et al, 2011). Reducing the
mitigation gap, i.e., reducing emissions, primarily focuses on energy
transitions at global or regional scale and mostly relies on natural
science methods (IPCC, 2021). As the RCPs are usually discrete
scenarios, we argue that the mitigation gap can be determined by
comparing different RCP scenarios in regards to changing risks of
disasters. For current or future risks, the gaps can be categorized
according to risk-layers (Mechler et al., 2014) as managable through
risk reduction (adaptation gap), managable through risk transfer,
such as insurance (protection gap), as well as residual risk requiring
assistance (response gap). It should be noted that risk transfer
instruments, like insurance, are typically employed by risk averse
individuals due to higher expected costs than expected losses
(Malevergne and Sornette, 2006). Consequently, they are often
employed for less frequent risks that cannot be addressed through
other means or by the risk bearer themselves (similar to deductibles
in insurance contracts). This leads to a distinction between the
adaptation and protection gap based on the frequency of risks,
with less frequent risks causing a protection gap and more frequent
risks that could be reduced but are not, causing an adaptation gap
(drawing on the concept of risk-layering as introduced by Mechler
etal, 2014). The different gaps can be related to current and future
system states according to changes in risk. Hence, based on the
mitigation gap which is path dependent, the other gaps will change
over time as well. Consequently, one can now compare the current
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state with a desired future state and deviations from it using the gap
concepts as explained above.

Filling the gaps

We indicated that given a specific resilience level gaps may
or may not occur. We also indicated that the adaptation and
protection gap are related to the frequency of risk which may
change in the future. As already specified, we are restricting our
attention to fiscal resilience to indicate how to quantify the gaps
and the international finance flows needed to cover these gaps.
In other words, gaps which cannot be financed are assumed to
cause stress and therefore could lead to possible serious disruptions
within the complex societal system. In case the gap would be
funded, for example through support via an international fund
or finance initiatives, one could assume that serious repercussions
on public (and private) finances in the affected country would be
kept to a minimum. Dependent on what kind of gap occurs there
is the corresponding question how much international finance
would be needed on average. Such an estimate is required as we
argue that in case of no gaps there would also be no stress to
the system and no need for a detailed complex system analysis of
follow-on effects that could lead to instability and unsustainability
in the long run. Methodological wise, if one is able to calculate
the different gaps a specific government cannot cope with, one
also will know what financial assistance would be needed to cover
remaining losses. Relating estimates of disaster risks through a loss
distribution with the financing resources available enables such an
assessment. Hochrainer-Stigler et al. (2021) did a similar analysis
but in the context of flood adaptation costs for countries across the
globe. The authors essentially calculated current fiscal resources for
all countries in the world, related the resources to country losses
due to flood events and calculated the average fiscal gap for all
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possible events that could happen for each country. A fiscal gap is
defined as the probability level where for the first-time resources
are not enough to cover all losses the government is responsible
for. Afterwards, they included climate change impacts for the near
and far future and calculated corresponding gaps assuming no
adaptation. Important for our discussion here is the fact that they
also calculated the total global gap for today and in the future which
one can use as an indication about the international finance flows
that would be required (on average) so that no gaps would occur.

Addressing modeling and policy
challenges

Modeling challenges

We discussed that unfinanced losses from disasters cause stress
in a system, emphasizing the role of international finance in
preventing such stress. Failure to finance such losses may trigger
ripple effects, so called indirect risks, across the system. Drawing
on complex systems modeling, especially insights from systemic
risk research, we propose linking direct losses to indirect losses
through the concept of dependencies. In contrast to direct risk,
which focuses solely on the elements exposed to natural hazards
need to be looked at, the hazards’ effects experienced beyond these
areas and elements must be considered when assessing indirect
risk (Naqvi et al., 2020). Indeed, indirect risk only realizes through
dependencies, as direct risk (individual damages or failures due
to the hazard event itself) can only cascade if it is connected
to other elements in the system. It is important to note that
dependencies can also increase the resilience to a system (Walker,
2020); however, for the case of disasters, one can assume only
downside indirect risk as this is what should be managed for. How
and why individual risk can cascade through a system are questions
at the heart of systemic risk research. Several measures have been
suggested for assessing elements in the system that are, from a
system perspective, either too big to fail, too interconnected to fail
or too important to fail etc. (see Hochrainer-Stigler, 2020 for an
overview). Irrespective of how different these measures are, the
dependencies between the individual elements in the system are at
the center of most of them. Also, within complex systems research
dependencies and structuredness are key dimensions to understand
underlying mechanisms and eventually lead the system to a desired
system state.

Agent-Based models provide a promising way forward to
tackle these mechanisms from a complex systems perspective
(Abar et al, 2017). Within such a framework, the interaction of
agents determines meso- and macro-outcomes, which can further
feedback into the micro-decision-making of individual agents
resulting in non-linear, path-dependent outcomes. Consequently,
ABMs are better equipped to handle large parameter spaces, non-
linear thresholds, boundary conditions and out-of-equilibrium
states (Bachner et al., 2024). Thus, they outperform state-of-the-art
modeling tools typically used in disaster analysis especially when
non-linear dynamics are the focal point. One way forward with our
suggested gap approach would be then to not assume international
finance flows covering the gap but instead use the gaps as an input
to the ABM model (Poledna et al., 2018). In that way, the indirect
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consequences due to such events that spread through the socio-
economic system can be better understood and be related to other
sustainability dimensions (Bachner et al., 2024). As indicated, such
models need to be calibrated in quite some detail (see Reichstein
etal., 2021) and will take time to be build. Nevertheless, they would
provide a more holistic picture also in regard to dimensions usually
outside the disaster domain and could enable joint efforts with
other sustainability dimensions to increase resilience and ultimately
to achieve sustainability on various scales.

Once the ABM model is sufficiently calibrated the approach
suggested above can be readily applied as quantitative techniques
and tools are already established in the disaster, systemic risk
and climate change community. As one concrete way forward,
the suggested gap analysis for financing losses can be used as
an input to an ABM model as per Figure 2 (left hand side) and
the ABM models the indirect effects and possible non-linearities
(e.g., across sectors) due to these gaps over time, ultimately
calculating the performance of the system under stress (right hand
side of Figure 2). Due to the detailed information of the agents
within the system, different mechanisms can be analyzed and
corresponding instruments across sectors investigated to derive at
a pre-defined system state, e.g., to achieve sustainable development
across multiple sectors under various disaster situations. However,
given the very nature of complex systems, especially their tendency
to be non-predictive and contingent, iterative approaches in this
context have to be assumed to work best as they would allow for a
constant monitoring, updating of models and policies as well.

Policy dimensions

Given our suggestion on how to estimate fiscal gaps and
corresponding (average) international finance flow needs to
prevent stress to the system of national fiscal resources, it is crucial
to examine the viability of such an approach and its integration
into ongoing discussions about global funding schemes addressing
the adaptation funding gap. For example, an impending strain on
available government resources due to large-scale flooding in future
climate scenarios is expected (Hochrainer-Stigler et al., 2021). This
strain is expected to extend to other climate-related hazards like
storms and droughts, given current climate predictions and already
tight fiscal resources today. This looming challenge underscores the
urgency of scaling up climate finance for adaptation and for loss
and damage under the UNFCCC, the Paris Agreement and related
initiatives. Adaptation has historically been underfunded compared
to mitigation efforts and represents only a fraction of total climate
finance flows (OECD, 2022). The 2023 Adaptation Gap Report
found that adaptation finance needs in developing countries are 10
to 18 times higher than the public international adaptation finance
flows currently provided (UNEP, 2023). Against this background,
the USD100 billion pledge for both mitigation and adaptation put
forward by developed countries at COP 15 and reiterated at COP
21 is a drop in the ocean (Timperley, 2021). While the latter was
a political target, the New Collective Quantified Goal on Climate
Finance, which is currently being negotiated and will supersede the
USD 100 billion target from 2025, will be based on the needs and
priorities of developing countries (UNFCCC, 2023).
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FIGURE 2

Agent-based model

Example of ABM modeling approach going from direct to indirect disaster risks. Source: Poledna et al. (2018).

The gap approach proposed here could provide valuable
insights regarding the scale of finance needed to enhance the
fiscal resilience of vulnerable countries in the context of broader
adaptation support (Pill, 2022; Vanhalla et al., 2023). For example,
our approach can inform the implementation of initiatives for
addressing the protection gap, such as the G7-G20 Global
Shield Against Climate Risks (InsuResilience, 2022), which was
officially launched at COP27. The Global Shield aims to improve
coordination within the global climate and disaster risk finance
and insurance architecture and develop a financing structure to
mobilize and pool donor and other funds for a more systematic
global approach to closing protection gaps (InsuResilience, 2022).
Other initiatives, such as the Caribbean Catastrophe Risk Insurance
Facility (CCRIF), exemplify successful risk transfer instruments
that could serve as a model for closing protection gaps. Similar
risk transfer instruments could be instrumental in addressing the
protection gap, with global funding arrangements facilitating their
implementation (see in this context also Ciullo et al., 2023).

It should be noted that the uncertainties around future impacts
are large necessitating a multi-model analysis and using multiple
lines of evidence. Including such additional uncertainties within
formal decision-making models is challenging especially as the
underlying models cannot be determined to be fully true or false.
One way forward to include such ambiguity for decision making
purposes is through ambiguity sets that compare the models
and their differences in terms of specific distance metrics (Pflug
and Pohl, 2018). One other way is through the use of dynamic
adaptive policy pathways where different threshold levels over
time are assumed and can be navigated through (Schlumberger
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et al,, 2022). In our context, an iterative process that can update
international finance flow needs over time related to the mitigation
gap and related pathways may be the best way forward under such
large uncertainties.

Last but not least, while knowing the possible financial flows
needed to cover gaps, an important additional question is in regards
to funding of these flows and different financing schemes could
be thought of including a polluter pays or a wealth-based criteria
(see also Hochrainer-Stigler et al., 2021 for an analysis). However,
recent analysis is suggesting that current models are not fit yet to
tackle the attribution challenge in regard to extreme events and
climate change (King et al., 2023). Nevertheless, for the specific
subset of the sustainability challenge, namely fiscal risks due to
disasters associated with natural hazards and climate change, such
a global financing arrangement could be operationalized with the
methods available and can provide an intermediate step to tackle
the complex system challenges we are living in.

Conclusion

In the face of escalating climate-related risks, countries
and communities around the world are facing unprecedented
challenges. Acknowledging current modeling limitations in
employing complex system approaches directly within this global
context, we have proposed an intermediate step: focusing on ways
how to prevent stress in such systems, defined as not reaching
a gap. This approach does not negate the eventual need for
explicit modeling of complex socio-economic systems under
these emerging challenges. Instead, we have outlined pathways
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for expanding our gap approach in the future. Specifically, we
have emphasized the importance of integrating new methods
from the disaster and climate change community to account for
the complex, intricate dynamics within systems. We advocate for
ABMs as a cornerstone for addressing the complex challenges
ahead, especially in handling non-linearities and tipping points.
Given the multifaceted challenges involved - not only in
modeling but also generating actionable insights and policy
recommendations — we propose a toolbox-based approach in
a next step. Furthermore, an adaptive strategy that is based on
forward-looking analyses of the fiscal adaptation and protection
gaps will enable a more comprehensive and nuanced response
to the complex challenges posed by climate change, setting the
stage for designing more sustainable resilience-building measures
and management approaches (Fath, 2022). Various tools and
approaches are needed for achieving this goal ranging from full
probabilistic assessments (Hochrainer-Stigler, 2020) to dynamic
adaptive policy pathways approaches (Schlumberger et al., 2022) as
well as climate storyline methodologies (van den Hurk et al., 2023).
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