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Abstract

The economic risks from climate change can be separated into two categories: physical risks from
increased frequency and magnitude of extreme weather and climate events, and transition risks
due to rapid decarbonisation leading to stranded assets and shifts in production and the labour
market. On the global level, the two risks are widely recognized as trade-offs by the academic and
policy literature: rapid decarbonisation increases transition risks while reducing physical risks, and
vice versa for a delayed reduction of greenhouse gas emissions. In contrast, little is known about
the interaction between the two risks on smaller geographical scales. This paper investigates the
interactions between physical and transition risks on the sub-national level for petroleum-based
economies. Their strong dependency on the export of fossil fuels requires a more far-reaching
economic restructuring to meet both local and global emission targets than most other economies,
exposing them to high transition risks. At the same time, the profound economic changes resulting
from a low-carbon transition lead to a spatial redistribution of assets and labour, when brown
assets and jobs get stranded and new green assets and jobs are created elsewhere. Building on the
literature on spatial economic restructuring and climate disaster risk, we show that, unlike the
common conceptualisation as a trade-off, physical and transition risk can increase simultaneously
on the sub-national level. We call this dynamic the climate change risk trap. The paper provides an
empirical illustration of this trap using the example of flash flood risk in Kuwait, a wealthy
petroleum-based economy in the Gulf region. It shows how decisions on urban planning and
low-carbon economic restructuring have increased flash flood risk. The analysis highlights the
importance of considering climate disaster risk and environmental impact assessments in
low-carbon transition planning to avoid falling into the climate change risk trap.

1. Introduction sea level rise as a result of the climate change already

underway (Stott 2016, Griggs and Reguero 2021).

The fight against climate change will lead to far-
reaching changes across the world (Foxon 2011,
Niamir et al 2018). In countries with high greenhouse
gas (GHG) emissions, a large part of these changes
originate in the need to decarbonise their economies
to prevent a destabilization of the earth’s climate (Hitz
and Smith 2004, Rockstrom et al 2009) while bra-
cing for more frequent extreme weather events and
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The risks associated with decarbonisation on one
side and losses and damages from extreme weather
and climate events on the other are referred to as
transition and physical risks in the economic and fin-
ancial climate change risk literature (Batten et al 2016,
Carattini et al 2023).

Transition risks describe the uncertainty around
the economic and financial impacts of shifting to a
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low-carbon or ‘green’ economy including changes to
the labour market, technology and assets. Transition
risks are considered higher the more rapid and extens-
ive economies need to be restructured to meet inter-
nationally agreed GHG emission reduction targets
(McGlade and Ekins 2015, Batten 2018). Physical
risks, on the other hand, describe the increased prob-
ability of direct impacts of climate change in the shape
of losses and damages to humans as well as the natural
and built environment from acute (extreme weather)
and chronic (sea level rise, droughts) climate events
(Dietz et al 2016).

On the global level, Lenton and Ciscar (2013) and
TCFD (2017) have conceptualized the relationship
between transition risk and physical risk as a trade-
off: fast and ambitious decarbonisation of the world
economy bears high transition risks, due to a higher
probability of social and economic disruptions. At
the same time physical risks are reduced as faster
reductions in GHG emissions lower the likelihood of
escalating direct impacts from extreme weather and
climate events. Contrary, a slow transition requires
less drastic steps to restructure economies and soci-
eties but will lead to higher GHG emissions and con-
sequently to higher physical risks due to higher costs
for adaptation and from losses and damages.

While the concept of climate risk as a trade-off
between physical and transition risk is compelling
on the global scale, how these two risks interact on
the national and sub-national level is not well under-
stood. This presents a challenge for climate change
adaptation (CCA) and mitigation planning, which is
primarily decided on those lower levels. The main
reason for this knowledge gap is that transition and
physical risks are usually analysed separately, espe-
cially on the local level. Recent studies looking at
transition risks from climate change on the sub-
national level, have emphasized the spatial dimen-
sion of the risks from economic restructuring as part
of a countries ‘green transition’ (While et al 2010,
Garvey et al 2022, While and Eadson 2022). These
studies utilise the literature on economic restructur-
ing from the 1980s and 1990s to look at the ‘spa-
tial divisions’ that are created through the redistribu-
tion of economic opportunities and adversities within
a country or region by having to ‘strand’ assets and
jobs, directly or indirectly linked to fossil fuels in
one place, while new ‘green’ assets and employment,
required for the low-carbon economy, are created
elsewhere (Kennedy and Corfee-Morlot 2013, Pan
2014, Toannidou et al 2020, Van der Ploeg and Rezai
2020, Semieniuk et al 2022). We refer to this frame-
work as ‘low-carbon (or green) spatial economic
restructuring. While many decisions on low-carbon
spatial economic restructuring are made top—down
through national or transnational industrial policies,
the impacts on transition and physical risk primar-
ily play out locally (Zachmann 2022). However, local
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interactions of transition risks from ‘spatial economic
restructuring’ with the physical risks from climate
change are usually ignored in these studies, as it is cur-
rently difficult to attribute changes in the local fre-
quency and severity of extreme weather and climate
events to individual efforts to lower GHG emissions
(Doblas-Reyes et al 2021). On the other side, physical
risk is primarily understood as climate-related dis-
aster risk on the local level, where only the hazard
(i.e. extreme weather and climate events) is linked to
the transition risks by considering (global) increases
in GHG emissions (see for example Bates et al 2023).
Other drivers of physical risks such as exposure and
vulnerability to extreme weather and climate events
are usually seen as independent from or only indir-
ectly influenced by the transition to a ‘green’ or low-
carbon economy through generalized trends such as
population growth or land-use changes (Field et al
2012).

This paper addresses this research gap on the
interaction between physical and transition risks on
the local level in two ways. First, by combining the
literatures on low-carbon spatial economic restruc-
turing (While and Eadson 2022) and climate-related
disaster risk (Field et al 2012) in a new frame-
work describing the interactions between physical
and transition risk on the national to local scale.
Second, by applying this new framework to empiric-
ally analyse those interactions for local case study of a
petroleum-based economy.

We focus our research on petroleum-based eco-
nomies, using the example of Kuwait, due to their
unique role as the world’s largest indirect contrib-
utors to physical risks from climate change through
upstream GHG emissions, while at the same time
facing one of the highest economic and financial
risks from the low-carbon transition (Bang and Lahn
2020).

By disentangling climate-related disaster risk into
its three components—hazard, vulnerability, and
exposure—we analyse how low-carbon spatial eco-
nomic restructuring influences both physical and
transition risks locally and how it shapes the over-
all risk from climate change of petrol-based econom-
ies (i.e. the sum of physical and transition risks over
time) (Simpson et al 2021). We discuss that other
than the trade-off on the global level, the interaction
between physical and transition risk on the national
and sub-national level depends on the ability to spa-
tially organise low-carbon economic restructuring in
a way that does not significantly increase the expos-
ure and vulnerability of people and assets to physical
hazards such as floods, heat or drought.

For cases where the overall climate change risk
increases due to growing exposure and vulnerabil-
ity from low-carbon economic restructuring, we coin
the term climate change risk trap. We illustrate this
climate change risk trap for the example of Kuwait,
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a wealthy petroleum-based economy and one of the
largest global exporters of petroleum products.

Based on empirical data of Kuwait’s urban devel-
opment since the discovery of oil in the 1950s as
well as Kuwait’s urban development plan up to the
2040s in combination with existing evidence on cli-
mate change impacts, we demonstrate how the trans-
ition to a low carbon economy drives the creation of
new assets and people vulnerable and exposed to the
physical effects of climate change.

2. Background and setting

Actions to reduce the negative impacts of climate
change can be distinguished between climate change
mitigation, which describes actions to limit global
warming by GHG emissions, and adaptation, which
aims to reduce the negative consequences of cli-
mate change to humans and the environment by
reducing their exposure and vulnerability to impacts
such as extreme weather events (Klein et al 2007).
Especially in developed and emerging economies with
high GHG emissions, CCA and mitigation need to
be integrated to meet internationally agreed targets
on both emissions under the Paris Agreement and
disaster risk reduction under the Sendai Framework
(Lesnikowski et al 2017, Hurlimann et al 2021,
Howarth and Robinson 2024). However, mitiga-
tion and adaptation targets are often in conflict
with each other or come with significant trade-offs
(Sharifi 2020). These conflicts and trade-offs depend
on several factors including changing infrastructure
(Kennedy and Corfee-Morlot 2013, Fisch-Romito
and Guivarch 2019) and labour demand (Garcia-
Garcia et al 2020) in a low-carbon economy. They
also depend on the availability of geographical loca-
tions for new developments that are both suitable and
safe from climate-related hazards (Marin and Modica
2017).

Several studies have looked at these factors indi-
vidually, such as the vulnerability to climate-related
hazards of low-carbon built assets such as low-energy
houses (Balasbaneh et al 2019) or wind farms (Zhang
et al 2019). Hanson and Nicholls (2020) analyse
future risks of ports in response to the combined
changes in sea-level rise and trade patterns in a low-
carbon economy. For the labour market, review stud-
ies often find an increase in net employment through
a shift to a low-carbon economy, which can result in
a higher number of people exposed to the impacts
of climate change (Marin and Modica 2017, Garcfa-
Garcia et al 2020). A study on coal miners in Poland
finds that 50% of coal miners could not find a job in
another sector and left the labour market, while new
workers came in for the green jobs that were created,
resulting in a net increase in population in the region
(Baran et al 2020).
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Petroleum-based economies are particularly
affected by the low-carbon transition. To be in line
with the Paris Agreement’s 2 °C objective more than
80% of the proven global fossil fuel reserves need to
remain in the ground (Bos and Gupta 2019). With
38% of their known oil and 61% of their gas reserves,
petroleum economies of the Gulf region have the
highest share of fossil fuel resources that would need
to be stranded under the Paris Agreement (McGlade
and Ekins 2015).

All of the proposed visions for the future of
petroleum-based economies of the Gulf region,
including climate tech, tourism and green energy,
require a far-reaching economic restructuring,
including changes to the built environment, immig-
ration of skilled labour and increasing energy demand
(Thiollet 2016, Ansari and Holz 2020).

The combination of more frequent and intense
extreme weather events and growing demand for
housing and other built assets due to spatial low-
carbon economic restructuring is likely to increase
climate-related disaster risk in the region. Future sea
level rise is threatening residential areas along the urb-
anised coastline (Alsahli and AlHasem 2016, Hassan
and Hassaan 2020), several extreme rainfall events
in recent years have caused significant damage (Al-
Nakib 2016, Hassan et al 2024) and heat-related mor-
tality in the Gulf region is projected to increase sig-
nificantly by 2100 (Alahmad et al 2022). Building
on the theoretical work by Lazarus (2022) on the
disaster trap and the research & development trap
(Arman et al 2022), we conceptually and empirically
explore local interactions between physical and trans-
ition risks from climate change in petroleum-based
economies in the Gulf region. For our empirical ana-
lysis, we analyse the past and future development of
the two main climate-related risks in Kuwait: flash
floods and extreme heat. To the best of our know-
ledge, this marks the first comprehensive longitudinal
study of the local interactions between physical and
transition risks in a petroleum-based economy of the
Gulf region from the discovery of oil in the 1950s to
the future plans for low-carbon economic restructur-
ing up to 2040, taking into account the dynamic and
rapidly changing demand for labour and housing.

3. The climate change risk trap

Disaster risk from climate change is shaped by hazard
(i.e. weather and climate events), exposure and vul-
nerability (Field et al 2012). The future disaster risk
from climate change depends on the intensity and fre-
quency of extreme weather and climate events and is a
function of natural variability and anthropogenic cli-
mate change. Failing to decarbonise and reduce GHG
emissions leads to increasing impacts and costs from
extreme weather and climate events both in terms of
losses and damages and increased spending on CCA
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(Fankhauser 2010, Stott 2016, Seneviratne et al 2021).
While areas with the highest current and cumulat-
ive GHG emissions do not necessarily geographic-
ally overlap with the areas that will see the highest
increases in climate-related impacts (Tol et al 2004),
countries of the Gulf region have both rapidly increas-
ing per capita GHG emissions (surpassing those of
for example the European Union) and are also warm-
ing significantly faster than other inhabited regions.
This leads to an intensification of the water cycle and
an increase in extreme events such as extreme heat,
droughts and flash floods (Pal and Eltahir 2016, Zittis
et al 2022). Gulf region countries are also among the
largest single contributors to upstream GHG emis-
sions with oil and gas exported from the region being
responsible for 8% of total cumulative GHG emis-
sions between 1854 and 2010 (Heede 2014). We refer
to this increase in climate change disaster risk by fail-
ing to reduce GHG emissions and the subsequent
increase in extreme weather and climate events as the
delayed decarbonisation trap (see figure 1—left side).

A fast and ambitious decarbonisation to meet
globally agreed GHG emission reduction targets and
to curtail a further increase in extreme weather and
climate events requires stranding existing ‘brown’
assets and infrastructure linked to the oil and gas pro-
duction and consumption while creating new ‘green’
assets and infrastructure for a decarbonised economy
(McGlade and Ekins 2015, While and Eadson 2022).

Low carbon economic restructuring is driving
change in three areas: population change through
changing labour demands, land-use change by chan-
ging demand in built assets and infrastructure as
well as fiscal changes by changing revenue streams
to become independent from oil rents (Sim 2020,
Mohammed et al 2022). These fundamental changes
to a country’s demographic, spatial and fiscal struc-
ture opens several channels for an increase in climate
disaster risk through exposure and vulnerability.

The transition to a low-carbon economy can
increase exposure through land use changes, with
new assets and infrastructure being built in areas at
risk (Bridge et al 2013, Tran and Egermann 2022).
Exposure to extreme weather and climate events can
also be driven by population growth due to labour
immigration. Re-training the existing workforce is
expected not to be sufficient to meet the labour
demand of a low-carbon economy and is often com-
pensated by immigration. The resulting increase in
demand for housing can lead to a further increase
in exposure to extreme climate and weather events
(Miiller et al 2013).

At the same time, fiscal stability decreases dur-
ing the low-carbon transition, with public and
private investors having to write off investments in
sunset industries and facing an increased risk of
bubbles in sunrise industries (Semieniuk et al 2021).
With shrinking revenues from oil and gas, welfare
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spending cuts become more likely in order to main-
tain fiscal stability, increasing social vulnerability
from increased inequality and poverty risks (Otto et al
2017). Due to the region’s low domestic food pro-
duction and water scarcity, revenues from oil and gas
as well as cheap energy are deciding factors on how
much fresh water and food can be produced locally
and how much food can be imported (Siderius et al
2020). Reduced water and food security can directly
or indirectly affect people’s vulnerability and resili-
ence to the impacts of extreme weather events (Tariq
etal 2021).

Increasing climate disaster risk due to increas-
ing exposure and vulnerability from low-carbon eco-
nomic restructuring can make petroleum-based eco-
nomies fall into the low-carbon restructuring trap (see
figure 1—right side).

Chances of falling in either the delayed decar-
bonisation trap or the low-carbon restructuring trap
depend on both global and local actions. Increases
in extreme weather events and the subsequent risk
of falling into the delayed decarbonisation trap due to
the failed reduction of GHG gases is mainly driven
by actions on the international level such as coun-
tries meeting agreed targets to limit global warm-
ing to 2 °C. However, as the world’s largest export-
ers of oil and gas products, petroleum-based econom-
ies of the Gulf Cooperation Council (GCC) and else-
where have additional leverage by leaving more of
their known oil and gas reserves in the ground (Van
de Graaf and Verbruggen 2015). In this context, Van
de Graaf and Verbruggen (2015), Ansari and Holz
(2020), and others discuss economic diversification as
the most promising long-term strategy. However, this
can affect the risk of a country falling into the low-
carbon restructuring trap.

CCA can help reduce increases in disaster risk
caused by both an increase in extreme weather and
climate events and increasing exposure and/or vul-
nerability. However, CCA is subject to both physical
(magnitude of extreme weather and climate events
becoming too high) and economic (adaptation too
costly under shrinking budgets) limits (Dow et al
2013).

We empirically illustrate this challenge for the
example of Kuwait in the following section.

4. An empirical illustration of the climate
change risk trap: flood risk in Kuwait

Based on the conceptual framework of the climate
change risk trap outlined in figure 1 and described
in section 3, we use a multi-method approach com-
bining first and secondary data analyses to empir-
ically illustrate the climate change risk trap for the
example of Kuwait, a wealthy petroleum-based eco-
nomy in the Gulf region. Figure 2 shows an illustra-
tion of the dynamics that put Kuwait’s economy at
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risk of falling into either the delayed decarbonisation
trap or the low carbon restructuring trap. Details of our
analysis, including a description of the methods used
to develop the first flash flood hazard map for Kuwait
and a longitudinal census micro data set can be found
in the appendix.

Kuwait is a high-income city-state in the north-
east of the Arabian Peninsula with a total popula-
tion of 4.2 million (CIA 2024). With the discovery
of oil and its international export from the 1950s,
Kuwait underwent a large-scale transformation from
a small Arab maritime town with only 150 000 inhab-
itants to a modern-day metropolis in just 70 years
exceeding the growth rate of cities such as Shanghai or
Mumbeai (Al-Nakib 2016). The export of oil allowed
Kuwait to transform and grow its economy with the
desire to establish a modern welfare state sharing its
newly acquired wealth with its population (Al-Nakib
2013, Hertog 2020). A focus area of the newly estab-
lished welfare system was the provision of subsid-
ized housing for citizens (Alshalfan 2013). From 1951
overseas consultancies and urban planners were com-
missioned to develop an urban planning vision for
Kuwait in the shape of a master plan (Nilsson 2017).
The first master plan aimed to transform the small
town into a state-of-the-art and socially progressive
city (Shiber 1964). The master plan largely followed
Western urban planning principles and included the
demolition of the historic old town of Kuwait to
replace it with self-sufficient, low-density neighbour-
hoods separated by a radial road network with cars
as the main mode of transportation (Alshalfan 2013).
This planning approach not only showed early signs
of being inadequate for the climatic conditions of the
region due to its lack of protection from Sun, heat and
sandstorms (Hewins 1963), it has also put Kuwait on
a trajectory of urban sprawl with a resource intensive
and car-centric society (Alkhuzamy Aziz and Alghais
2021). The rapid population growth of Kuwait since
the 1950s, mainly driven by immigration to meet the
growing demand for labour, accelerated the urban
sprawl, while at the same time leading to segrega-
tion between migrant workers living in densely pop-
ulated mixed-use areas and the Kuwaiti population
mostly living in single-family units provided by the
government (Alshalfan 2013). Modern-day Kuwait
has reached a crossroads in its development. Its urban
planning legacy is forcing Kuwait’s residents into
a carbon-intensive lifestyle through its car-centric
transportation, high energy demand for cooling and
drinking water production as well as an energy sys-
tem solely relying on fossil fuels for energy genera-
tion (Alsayegh et al 2018). With 21 tonnes of CO2
per year, Kuwait currently has one of the highest per
capita emissions globally and its total GHG emis-
sions are still rising closely following its economic
development (ClimateWatch 2023). This results in
GHG emissions per GDP being almost twice above
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the OECD average (Al-Abdullah et al 2019). Despite
plans to diversify its economy around 90% of Kuwait’s
revenues and half of its GDP are currently coming
from oil rents, which is the highest share of all coun-
tries of the GCC (Alshalfan et al 2022). A recent
drop in oil prices on the world market in 2018 led
to an immediate contraction of Kuwait’s economy
by 5.6% underlining the continued high dependence
on the oil sector (Gelan et al 2021). High volatil-
ity of oil revenues, in combination with high gov-
ernment spending for Kuwait’s welfare system, which
includes publicly financed housing, and subsidies for
energy, water and food have pushed Kuwait into an
unsustainable fiscal position (Hertog 2020, Gelan et al
2021). Kuwait’s leaders have developed a plan for
structural reforms to diversify its economy adress-
ing both the high dependency on oil rents and high
government expenditures on the public sector. Titled
‘Kuwait 2035’, the joint vision is to turn Kuwait into
a regional and financial hub for the northern Gulf.
Kuwait’s economic diversification under this vision
should mainly be achieved through the construc-
tion sector, with several infrastructure mega projects,
including a new business hub, railway and metro sys-
tems, several new cities to house its growing popula-
tion and additional basic infrastructure projects. To
reduce the high government spending half of these
investments are planned to come from the private sec-
tor (Olver-Ellis 2020).

At the same time, urban expansion and the con-
struction of new housing have increased the expos-
ure and vulnerability of its residents to climate-related
extreme weather events and other environmental haz-
ards such as air pollution (Al-Hemoud et al 2019).
Over the last 5 years, Kuwait has suffered from two
severe flash flood events with damages of several
hundred million US$ (Hassan et al 2024). Analysing
the flash flood exposure in the metro Kuwait area
we find that between 1970 and 2020, the number
of people living in areas with a flash flood risk
(top 10% percentile) has quadrupled with currently
around 140 000 people living in high-risk areas (see
appendix). A considerably higher increase in flash
flood risk was found for non-Kuwaitis, whose income
is significantly and consistently lower compared to
Kuwaitis through all education and income levels
(Hertog 2020). This raises environmental justice
questions and concerns about a growing social vul-
nerability to flooding, heat and other climate-related
risks (Alahmad et al 2022, Alsahli and Al-Harbi
2022). Climate change will further increase the risk
of flooding due to projected increases in extreme
rainfall in Kuwait (Al-Qallaf et al 2020), leading to
higher costs from losses and damages and investments
in adaptation. Without significant global emission
reductions including Kuwait’s emissions, Neelamani
et al (2022) estimated that sea level rise will lead to
Kuwait losing land by 2100 currently worth USD193.8
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billion. Heat-related mortality in Kuwait is projected
to increase further under all climate scenarios by the
2050s (Alahmad et al 2022). Especially in the case of
an extreme climate scenario (RCP 8.5), the risk of
reaching wet-bulb temperatures in Kuwait that are
above the threshold for survivability of a fit human
(35°C) is increasing considerably (Pal and Eltahir
2016). This increase in extreme weather and climate
events as a result of failed climate change mitigation
poses a real risk of Kuwait falling into a delayed decar-
bonisation trap with a continued increase in costs
for adaptation and losses and damages from extreme
weather and climate events as well as permanent loss
of habitable land due to extreme heat, drought and
sea level rise.

While the threat of escalating climate-related haz-
ards on one side and concerns about fiscal stability
due to a high dependency on volatile oil revenues on
the other make economic diversification unavoidable,
our analysis indicates a potential risk of falling into a
low-carbon economic restructuring trap. Based on ana-
lysis of Kuwait’s flash flood risk and population pro-
jections outlined in the fourth Kuwait master plan
(Perkins and Will 2020), we find that even without the
projected increase in extreme rainfall events an addi-
tional 30 000 people will be exposed to a high risk of
flash flooding by 2040 with 89% being non-Kuwaitis
with low wages and no access to the state welfare sys-
tem. Analysing historic urban expansion patterns and
their influence on flash flood risk, we find that Kuwait
has so far failed to decouple its economic growth
by increasing its exposure to extreme weather events
such as floods. We find a similar trend for Kuwait’s
road infrastructure, which has been severely affected
during the past two flash flood events (see appendix).

These metrics indicate the risk of a potential trap
in which Kuwait’s decarbonisation efforts increase
the exposure and vulnerability to extreme weather
and climate events. This leads to increased climate-
related disaster risk in Kuwait even in cases where
both local and global efforts to limit global warming
are successful.

5. Discussion and conclusion

The paper illustrates the dual challenge many
petroleum-based economies face with climate
change. With their current and past economic devel-
opment almost entirely based on the export of oil
and gas, these countries are starting to prepare for a
global decline in the demand for fossil fuels (Callen
et al 2014). While the proposed plans for diversify-
ing petroleum-based economies are as diverse as the
individual challenges each country is facing (Mishrif
2018, Ansari and Holz 2020), there is a common
pattern that includes spatial economic restructuring
(While and Eadson 2022). We argue that the resulting
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demographic, fiscal and land-use changes can para-
doxically increase a country’s climate change disaster
risk through an increase in exposure and vulnerabil-
ity. This occurs despite successfully averting the most
extreme climate and weather events through local
and global GHG emission reductions over the com-
ing decades. Using the first flash flood hazard map
produced for the country, we empirically show for
Kuwait, a major petroleum-based economy in the
Gulf region, that its urban expansion over the past
70 years with new residential homes built in areas
at risk of flooding has significantly contributed to
the increase in flash flood risk. Current plans for
spatial economic restructuring over the next two dec-
ades are expected to lead to a further increase in the
flash flood risk in Kuwait. The increases in disaster
risk driven by increases in exposure and vulnerabil-
ity are already a common phenomenon (Winsemius
et al 2016, Simpson et al 2021), and sector-specific
or individual conflicts between climate change mit-
igation and adaption have previously been analysed
(Sharifi 2020). However, the analytical concept of
the climate change risk trap describes the systemic
dilemma petroleum-based economies face due to
the need to restructure their economies entirely. To
avoid falling into either the delayed decarbonisation
or the low-carbon restructuring trap, petroleum-based
economies will have to manage their low-carbon eco-
nomic restructuring carefully. They must reduce local
and global GHG emissions without creating new risks
by exposing vulnerable green assets and growing pop-
ulations to climate-related hazards. The integration
of environmental impact assessments as part of the
planning process for the economic transition has been
put forward by researchers to better understand the
risks of new low-carbon spatial economic restructur-
ing projects but has so far stayed behind its ambition
(Al-Damkhi et al 2008). Given the projected demand
for additional infrastructure and labour as part of
the envisioned economic diversification as well as
the long lifetime of many built assets, rapid action is
required to avoid high additional investments in CCA
measures over the coming decades. While our study
provides the conceptual basis to understand the chal-
lenges and opportunities of low-carbon spatial eco-
nomic restructuring of petroleum-based economies,
future studies should focus on a full implementation
of the concept, including the interaction between
projected restructuring projects in combination with
expected changes in extreme weather and climate
events as a result of climate change. Our empirical
analysis demonstrates the mechanism how plans to
spatially re-structure petroleum-based economies, in
an attempt to the break economic dependence from
fossil fuels, can increase exposure and vulnerability to
climate-related hazards, but other important factors
such as demographic or political changes can have
an equally large effect. To identify all channels that
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drive climate-related risks and empirically quantify
the precises contribution of low-carbon economic re-
structuring more detailed causal inference studies are
needed. Using the Gulf region as one of the world’s
largest producers of oil and gas as a case study, the
results might not be transferable to petroleum-based
economies where political instability, corruption
and/or poverty is preventing any ambitious economic
restructuring (Calverley and Anderson 2022).
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Appendix. Data and methods

A.1. Flash flood risk maps

A.1.1. Data

We integrated various geospatial data to map the flash
flood risks on Kuwait’s land surface. This includes
ground control points (GCPs), Advanced Land
Observing Satellite-1 (ALOS), Sentinel-2A multis-
pectral imagery and geographic information system
(GIS) vector layers of Kuwait. The GCPs of the global
navigation satellite system (GNSS) were recorded
using a Catalyst Tremble unit. The GCPs had an aver-
age vertical accuracy of 11 cm (median = 55 cm)
and were even distributed over Kuwait’s land surface.
The ALOS synthetic aperture radar sensor records
using the L-band (1.27 GHz) with various polariza-
tions and spatial resolutions. The ALOS data is stored
as GeoTIFF images, containing a digital elevation
model (DEM) data with a spatial resolution of 10 m
and vertical accuracy of £15 m; the data have already
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been radiometrically and geometrically corrected.
The ALOS data were downloaded from the Alaska
Satellite Facility website (https://asf.alaska.edu).

The Sentinel-2A level-1C images were down-
loaded from the Copernicus website (https://scihub.
copernicus.eu); the level-1C products are radiomet-
ric and geometrically corrected by the European
Space Agency. Sentinel-2A images over Kuwait were
obtained on 28th October 2018 and 27th November
2018, before and after a massive flash flood event.
The images were used to classify land-cover features
and determine flooded areas. Moreover, GIS vec-
tor layers containing national and districts borders
were obtained from Kuwait Environmental Public
Authority (https://epa.gov.kw).

A.1.2. DEM calibration

The DEM layer was used to derive terrain-based ana-
lysis layers, including slope, aspect and drainage net-
work layers. Thus, the DEM accuracy significantly
influences the flood risk map reliability. To improve
the accuracy of the DEM layer used to map the flash
flood risks, we modelled the relationship between
2991 GCPs and the ALOS DEM layer using regres-
sion analysis (figure 3(a)). The DEM model accuracy
was assessed using a 5-fold cross-validation analysis
(CVA). The model significantly estimated the eleva-
tion values (> = 0.985, RMSE =+ 3.6 m, and P-value
< 00.1) (figure 3(b)); the CVA result revealed that
the model was very robust and consistent (r> = 0.984,
RMSE = 3.6 m). The statistical analysis was conduc-
ted using the R programming language.

A.1.3. Flash flood risk mapping
The flood risk mapping went through five main steps:

1. creating an accurate DEM layer,

2. modelling the stream network for Kuwait’s land
surface,

3. analysing 13 conditioning factors of flood risks to
find the most significant ones,

4. buildinga spatial model using the most significant
factors to map flood risks in Kuwait, and

5. assessing the spatial model accuracy.

The flood risk spatial model was built based on
ten factors derived from surface analyses and remotely
sensed data (figure 4). The model accuracy was eval-
uated using area under curve (AUC) method and the
overall accuracy percentage; the AUC and the overall
accuracy were 81% and 80%, respectively. The most
significant factor was flood accumulation, whereas
the slope was the least important factor (figure 5).

A.2. Exposure and vulnerability
In addition to secondary source data on the dynam-
ics that drive disaster risk, we conducted our own
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Figure 3. (a) The relationship between GCPs (height [GNSS]) and ALOS DEM was statistically significant. (b) The model
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Figure 4. Illustration of the overall method.

analysis on flash flood risk in Kuwait. For the expos-
ure to flash floods combine the flash flood hazard
maps described in the previous section with all
165000 building polygons of residential buildings
in the Kuwait metro area from (Perkins and Will
2020). We classify the building polygons into eight
urban expansion periods since the 1950s (1950-
1967, 1967-1970, 1970-1977, 1977-1983, 1983—
1995, 1995-2004, 20042010, 2010-2020) as identi-
fied by (Alkhuzamy Aziz and Alghais 2021) to recon-
struct the temporal development of the exposure of
residential buildings to flash flood hazards. Given

that the spatial resolution of the flash flood haz-
ard map is higher than the size of most building
footprints we extract the minimum, maximum and
mean values for flash flood susceptibility for each
building polygon. We calculate the share of residen-
tial buildings with high exposure to flash floods for
each of the eight urban expansion periods by divid-
ing the total number of buildings built during each
urban expansion period by the number of build-
ings that are in the 10th percentile of flash flood
susceptibility (i.e. flash flood susceptibility index
>90).
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Figure 5. Weights of each factor used in the flood risk model.

For the vulnerability analysis, we construct a lon-
gitudinal micro data set of the population on the
neighbourhood block level (median population per
neighbourhood block 4267) in 5 year increments
from 1975 to 2020 including projection data for 2040.
For that we use dasymetric mapping to match the
population data from the Global Human Settlement
Layers from 1975 to 2020 with a 100 m spatial res-
olution to the neighbourhood block level (Schiavina
et al 2022). The resulting population for each neigh-
bourhood block is then proportionally adjusted to
match the total population number of Kuwait based
on census data for the respective year. Given the large
and growing proportion of non-Kuwaiti citizens (or
expats) and their higher social vulnerability to flood-
ing as a result of their significantly worse economic
and housing conditions, we focus our vulnerability
analysis on the different flash flood susceptibilities
between the Kuwaiti and non-Kuwaiti population. To
downscale the national level numbers on the Kuwaiti
and non-Kuwaiti population we use iterative pro-
portional fitting, a spatial microsimulation method
described in (Lovelace and Dumont 2017). Using the
mipfp package in R (Barthélemy and Suesse 2018),
we take the neighbourhood block level information
on the Kuwaiti and non-Kuwaiti population from
the 2011 official Kuwait census as the target mar-
ginal distribution to determine the Kuwaiti and non-
Kuwaiti population for each year of analysis (1975-
2020). The resulting dataset containing the number of
Kuwaitis and non-Kuwaitis living in each neighbour-
hood block for the 5 year increments from 1975 and
2020 is then combined with the flash flood suscept-
ibility map. The population in each neighbourhood
block is randomly distributed and point values of the
flash flood susceptibility are extracted. The process
is repeated in an ensemble of 1000 runs to quantify
the uncertainty of the flash flood susceptibility. For
the vulnerability analysis, we count the number of
Kuwaitis and non-Kuwaitis in each neighbourhood

10

block for each analysis year from 1975 to 2020 which
are in the 10th percentile of flash flood susceptibil-
ity (i.e. flash flood susceptibility index >90). We use
the same procedure for the population projections
for the Kuwaiti and non-Kuwaiti population by 2040,
which is provided on the neighbourhood block level
as part of the 4th Kuwait master plan (Perkins and
Will 2020).
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