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Abstract There is an increasing interest amongst policymakers in understanding the implications of high-
impact low-likelihood (HILL) risks for climate mitigation, adaptation and resilience. Whilst extreme sea level
rise scenarios have been used and there is awareness of some HILL risks, in practice there are currently few
scenarios which can be applied in risk assessments. Here we present two sets of HILL climate scenarios for the
UK, complementing existing UK climate projections. Both are based around storylines describing physically-
plausible changes, were developed using observations, models and theory, and describe HILL drivers of change
as inputs to impact models or stress tests. The storylines provide a narrative framework for understanding risk,
and indicative quantifications provide the basis for quantitative risk assessments. One set describes six
storylines for transient climate change to 2100 and beyond, reflecting plausible forcings and system responses
outside the range conventionally assumed. These describe enhanced global warming, rapid reductions in aerosol
emissions, volcanic eruptions, enhanced Arctic Amplification, changes to ocean circulation, and accelerated sea
level rise. The other set describes extreme monthly and seasonal anomalies, representing hot, cold, wet, dry and
windy extreme years. This set includes storylines describing persistently anomalous weather.

Plain Language Summary Policymakers are increasingly interested in “high-impact low-likelihood
(HILL)” or “worst-case” climate scenarios to help in planning for the risks of climate change. Whilst such
scenarios have been developed and used previously for extreme sea level rise, so far no scenarios for other worst
cases have been produced which can be used in practice. Here we present two sets of HILL climate scenarios for
application in the UK. One set describes six plausible drivers which may lead to greater change in climate than is
conventionally assumed: enhanced warming, rapid reductions in aerosol emissions, volcanic eruptions,
enhanced Arctic Amplification, changes to ocean circulation, and accelerated sea level rise. The other describes
plausible extreme months and seasons. Both sets of scenarios consist of a narrative storyline and illustrative
quantifications, and are designed to complement the climate projections currently used for risk assessment in
the UK.

1. Introduction

There is increasing scientific and policy interest in the risk that climate change may lead to very high impacts,
outside the range conventionally estimated using current scenarios and climate models. This is often linked to
concern over “tipping points” (Armstrong McKay et al., 2022; Kemp et al., 2022) and their implications for future
reductions in emissions (Mercure et al., 2021; Moller et al., 2024), but there is an increasing interest in the
implications of HILL outcomes for adaptation and resilience and a concern that they are not taken sufficiently
seriously (Sharp, 2019; Sutton, 2019; Wood et al., 2023). The impacts of climate change could plausibly be much
worse than conventionally assessed (see Ritchie et al., 2020, for example). Within the UK the House of Lords
Select Committee on Risk Assessment and Planning (House of Lords, 2021) concluded that there was a bias
against low-likelihood high-impact risks. Laybourn et al. (2024) claimed that ignoring the impacts of climate
tipping points represented a “security blind spot” and threatened national security. The UK—Iike other countries
—is therefore unprepared for climate risks outside the range implied by conventional climate scenarios.

There is a recognition in principle in the UK of the threat posed by extreme climate change. Guidance from
several government agencies in the UK recommends considering “credible maximum scenarios” for some types
of investment and development (Arnell, 2024; Defra, 2024; DESNZ, 2023; HM Government, 2022a;
MHCLG, 2021; ONR, Environment Agency, 2017). The third UK Climate Change Risk Assessment (CCRA4)
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(HM Government, 2022b) highlights an increasing emphasis by government in the future on HILL scenarios.
However—with the notable exception of extreme sea level rise (Palmer et al., 2024; van de Wal et al., 2022)—
there are few practical examples of the development and application of HILL climate scenarios appropriate for
adaptation and resilience planning. This presents a barrier to adaptation.

Wood et al. (2023) proposed a “climate-science toolkit” for the development of HILL scenarios, defining cat-
egories of scenarios and proposing a research framework. We present here a summary of the development of
HILL climate scenarios for the UK based on existing research, evidence and tools, which may serve as a template
for the development of similar scenarios elsewhere. The scenarios describe drivers of impact, and can be used for
stress testing and as input to impact models.

2. Principles

The HILL climate scenarios are designed to supplement existing UK climate (Lowe et al., 2018) and sea level
(Palmer et al., 2018) projections, and to be easy to apply in practice. They focus on changes in the UK, and do not
consider changes in other parts of the world which could have indirect impacts on the UK. The scenarios are based
around the concept of storylines (Shepherd, 2019; Shepherd et al., 2018), which are defined here as narrative
descriptions of physically-plausible future worlds. Storylines must be evidence-based, describe causal relation-
ships and characterize complex and compound linkages between components of the climate system. The
storylines presented here are based on a combination of observed and historical experience, model simulations
and theory. They were informed by an analysis of how “extreme” climate change scenarios have been interpreted
so far in the UK (Arnell, 2024), and by discussions with user stakeholders.

We distinguish between two types of HILL climate scenario. One set describes transient changes to 2100 that are
outside or at the edge of the range of “conventional” climate scenarios. The other describes shorter-term extreme
monthly and seasonal climate anomalies, which can occur at any time. Both sets describe HILL climate drivers of
impact, rather than HILL outcomes or impacts. Each scenario is presented both as a narrative description and an
illustrative quantification. The narrative descriptions provide the basis for qualitative assessments of future risks.
The quantifications support quantitative risk assessment and can be revised as more evidence becomes available.
More storylines can also be added to define new scenarios of plausible HILL climate changes. The scenarios
themselves are described in more detail in Arnell et al. (2025a, 2025b).

The scenarios are explicitly not assigned likelihoods due to deep uncertainty in their drivers and likelihood: they
are simply described as being physically plausible.

One key set of climate scenarios for the UK are currently defined by the UKCP18 projections (Lowe et al., 2018;
Palmer et al., 2018). The land projections consist of three strands based on ensembles of climate models (the
global, regional and local strands) with very high RCP8.5 emissions, and one set of probabilistic projections with
RCP2.6, RCP4.5, RCP6.0 and RCP8.5 emissions. Different UKCP18 strands are used by different users, so the
HILL scenarios are presented in ways that can be applied to each strand. There are inconsistencies in guidance and
practice in the UK in the definition of a “conventional” climate scenario for risk assessment and adaptation
planning (Arnell, 2024). There is an emerging trend toward assuming that a world reaching 4°C by 2100 rep-
resents climate change with no further initiatives to reduce emissions, but this is a smaller increase than with the
RCP8.5 emissions scenario in the widely-used global, regional and local UKCP18 strands. The fourth UK
CCRAA4, to be completed in 2026, defines two core climate scenarios representing increases in global average
temperature by 2100 of around 2.8 and 3.5°C (CCC, 2024). Impacts in these core scenarios are estimated by
extracting time slices from UKCP18 projections consistent with defined warming at specific time periods.

3. Transient Scenarios

The six transient scenarios (Table 1; Figures 1 and 2; Figure S1 in Supporting Information S1) describe the
evolution of changes in climate to 2100, under six plausible HILL storylines. These storylines describe changes in
climate outside the extreme range that is conventionally assumed (specifically here in the UKCP18 projections),
either because the forcings of change are outside the conventional range or because the large-scale climate system
response is outside the range projected by most current climate models. These transient scenarios provide a high-
level picture of how future UK climate could be different to that implied by the conventional UKCP18
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Table 1

High-Impact Low-Likelihood Transient Scenarios for the UK

Scenario

Storyline

HILL-1

HILL-2
HILL-3
HILL-4

HILL-5

HILL-6

Enhanced global warming

Rapidly reduced aerosol forcing

Volcanic eruption

Stronger Arctic Amplification

Ocean circulation change

Enhanced sea level rise

Global temperature increases well above 4°C due to very high emissions, stronger carbon cycle
feedbacks or high climate sensitivity

Lower aerosol emissions increase warming across the UK by up to 0.75°C
Cooling follows a major volcanic eruption, by up to 2.5°C

A strong increase in Arctic warming leads to circulation changes which increase the frequency
of winter cold and dry periods. The jet stream in winter is weakened and shifrts to the south.

Changes in circulation in the North Atlantic Ocean lead to cooling across the UK. Two variants
(HILL-5a collapse of the Atlantic Meridional Overturning Circulation, and HILL-5b
collapse of the sub-Polar Gyre) describe different levels of cooling—of up to 6 and 2.5°C
respectively.

Rapid deglaciation in Greenland and Antarctica leads to an increase in sea level around the UK
of up to 2.2 m above current levels by 2100

Figure 1. The effect of transient scenarios HILL-1 to HILL-5 on temperature,

%€
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South East England

projections. In principle, any of the scenarios can be combined with any other as they are physically independent,
although the likelihood of some of the scenarios materializing may depend on other scenarios.

Specific details of the scenarios and how they can be applied are presented in Arnell et al. (2025a). As an

illustration, Figure 1 compares the HILL scenarios with the changes in temperature, rainfall and windspeed in a
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rainfall and windspeed projections for January and July for an example location in southern

England, along with changes (in gray) in a world which reaches 4°C above pre-industrial levels by 2100. The changes are relative to the 1981-2010 average. Not all
scenarios describe changes in all variables. HILL-2 to HILL-5 are applied here as perturbations to the UKCP18 HadGEM PPE-15 RCP8.5 ensemble (Met Office Hadley
Centre, 2018b), rescaled to represent a world with an increase of 4°C by 2100. HILL-1 is defined as the most extreme UKCP18 HadGEM PPE-15 RCP8.5 member. The
volcanic eruption in HILL-3 is assumed to occur in March 2030.
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Figure 2. The effect of the transient scenarios HILL-1, HILL-5a and HILL-6 on mean sea level rise, for an example location
in south east England. The plot also shows rise in sea level (5th to 95th percentile range) with the three UKCP18 sea level rise
scenarios (Met Office Hadley Centre, 2018a). The HILL-5a scenario is applied to the median UKCP18 RCP8.5 projection,
shown by the dotted line.

world reaching 4°C above pre-industrial levels by 2100. This illustrative 4°C world scenario was constructed
from the UKCP18 global strand RCP8.5 projections by rescaling the UKCP18 changes for an ensemble member
by the ratio of the difference in global average temperature in a given year in a 4°C world (actually SSP3-7.0) and
in that ensemble member. Figure 1 is illustrative. The conventional change in climate is different across the UK:
most significantly, summer rainfall is projected to show less of a reduction in the north and far west than in the
south and east. A corresponding figure for northern UK is shown in Figure S1 of Supporting Information S1.

HILL-1 describes an enhanced global warming greater than 4°C above pre-industrial levels by 2100 (causal loop
diagram in Figure S2 of Supporting Information S1). This can arise either because emissions are greater than
conventionally assumed (stronger forcing), or because climate sensitivity might be at the top end of the estimated
range (Forster et al. (2021); stronger response), or because accelerated feedbacks in the carbon cycle (Canadell
et al., 2021) such as permafrost degradation or loss of the Amazon rainforest mean that greenhouse gases are
released from storage (stronger response). The three potential mechanisms are separate although potentially
mutually reinforcing, but in practice would have the same effect on climate in the UK. This storyline is char-
acterized as the most extreme value (largest change) from the UKCP18 RCP8.5 global, regional and local strand
projections, and the 95th percentile (or 5th percentile) from the UKCP18 RCP8.5 probabilistic and sea level rise
projections. The HILL-1 scenario is based on RCP8.5 simulations primarily because this has future emissions
well above current policy scenarios and was described by Riahi et al. (2022) as a useful “high-end, high-risk”
scenario. The scenario was not constructed from the subset of UKCP18 climate models with the highest equi-
librium climate sensitivity because these do not necessarily produce the most extreme change in climate across the
UK (Figure S3 in Supporting Information S1).

HILL-2 describes a storyline where aerosol emissions are reduced much more rapidly than is assumed in the
emissions scenarios used to construct current climate projections (Persad et al., 2022): it represents a difference in
forcing (causal loop diagram in Figure S4 of Supporting Information S1). This leads to less aerosol cooling, and
therefore more warming for the next few decades as underlying greenhouse gas-driven warming is unmasked.
There is emerging evidence (Samset et al., 2025) that aerosol emissions are already being reduced more rapidly
than assumed in emissions scenarios. The scenario assumes that temperature increases above a conventional
climate scenario from 2030, peaking at an additional increase of 0.75°C in 2040 and declining to no additional
increase by 2100. The same changes apply across the UK and throughout the year. There are potential mecha-
nisms by which rainfall and windspeed would also be affected across the UK, but the directions of change are
uncertain and the changes are likely to be small relative to the uncertainty across climate models. The scenario is
based on model simulations using three models and two contrasting aerosol scenarios (Luo et al., 2020: Figure S5
in Supporting Information S1). The scenario is presented as an increment to be applied to UKCP18 temperature
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projections from any strand, either to a time series or to a time slice representing a given level of warming at a
given time.

HILL-3 assumes that a tropical volcanic eruption similar in scale (VEI-7) to Tambora in 1815 leads to a reduction
in temperature and rainfall across the UK for up to 5 years (causal loop diagram in Figure S6 of Supporting
Information S1). It is based on simulations from Bethke et al. (2017), drawing on the simulation with the largest
synthetic explosion (Figure S7 in Supporting Information S1). Temperature is assumed to reduce consistently
across the UK by up to 2.5°C below the mean within 9 months of an eruption, and rainfall is assumed to reduce by
up to 20%: the effect reduces until it disappears 60 months after the eruption. The scenario can be applied to a time
series or time slice of temperature and rainfall from any UKCP18 strand assuming an eruption at any time, with
the possibility for multiple eruptions. Like HILL-2, it represents a difference in forcing.

HILL-4 describes a storyline where large increases in temperature in high latitudes—Arctic Amplification—
and loss of Arctic Ocean sea ice lead to greater changes in atmospheric circulation than represented in the
current generation of climate models. It represents a difference in system response (Figure S8 in Supporting
Information S1). There is considerable scientific controversy and uncertainty over the potential effects of
enhanced Arctic Amplification (e.g., Francis & Vavrus, 2012; Rantenen et al., 2022; Smith et al., 2022). The
storyline here assumes that enhanced Arctic Amplification reduces the strength of the winter jet stream and
shifts it southwards (Smith et al., 2022) relative to that projected in most climate models, increasing the fr-
equency of cold weather outbreaks and lowering winter temperature and rainfall. It is based on comparing
years in the UKCP18 global strand 15-member ensemble with weak southerly jets with all years (Figure S9 in
Supporting Information S1). The scenario here describes a reduction of winter temperature across the UK of
1.5°C and a reduction of winter rainfall of 20% points by 2100, relative to the increase that would otherwise
have occurred, and can be applied to any UKCP18 strand (again, a time series or a time slice corresponding to
a specific level of warming).

HILL-5 describes an abrupt change in ocean circulation in the North Atlantic Ocean, leading to cooling across
western Europe and the UK: it represents a change in system response. One variant (HILL-5a) assumes a collapse
in the Atlantic Meridional Overturning Circulation (AMOC), and the other (HILL-5b) assumes a collapse of the
sub-Polar Gyre (SPG: causal loop diagram in Figure S10 of Supporting Information S1). Both variants are
presented as changes to be applied to any UKCP18 climate projection. HILL-5a is based on hosing experiments
described by Jackson et al. (2015) and Mecking et al. (2016), as used by Ritchie et al. (2020): it is very similar to
the change in temperature and rainfall projected by van Westen et al. (2024) for London following AMOC
collapse. HILL-5b is based on one of the climate models that Swingedouw et al. (2021) found simulated rapid
cooling in the SPG (Figure S11 in Supporting Information S1). AMOC and (to a lesser extent) SPG collapse are
the most widely cited potential HILL climate scenarios affecting the UK (e.g., Laybourn et al., 2024; Ritchie
et al., 2020). Our illustrative quantification assumes collapse begins in 2030, with the maximum effect persisting
after 2050. HILL-5a has a maximum reduction in temperature of between 5 and 6°C by 2050 (relative to the
temperature that would have occurred under conventional scenarios), a reduction in summer rainfall of between
25% and 35%, and an increase in winter rainfall in northern UK (20% points) and a reduction in winter rainfall in
the south (—10% points). The rate of sea level rise is also increased (following Leverman et al., 2005). HILL-5b
has a maximum reduction in temperature of 2.5°C, an increase in winter rainfall (10% points) and a decrease in
summer rainfall (—10% points), with changes assumed consistent across the UK. Both scenarios can be applied to
time series or time slice scenarios.

HILL-6 describes enhanced sea level rise around the UK coast due to accelerated loss of ice from Greenland and,
more significantly, Antarctica (causal loop diagrams in Figures S12 and S13 of Supporting Information S1). This
HILL scenario is the only one that has been widely used in adaptation and resilience planning, for example, in the
US (at national and state level), the Netherlands, France, Belgium and Denmark. In the UK, the H++ sea level
rise scenario (Lowe et al., 2009; Ranger et al., 2013) is the designated credible maximum scenario for coastal
infrastructure, and has been used for example, in the Thames Estuary 2100 Plan, which provides strategic di-
rection for the continued management of flood risk in the Thames Estuary through to the end of the 21st century
and beyond (Environment Agency, 2012). The HILL-6 scenario here is based directly on the high-end sea level
storyline in the IPCC ARG sea level rise projections (Fox-Kemper et al., 2021), and is specifically taken from the
95th percentile from the projections in the NASA IPCC ARG sea level projection tool (https://sealevel.nasa.gov/i
pcc-ar6-sea-level-projection-tool; Garner et al., 2021; Kopp et al., 2023). The rise in sea level varies between 2.0
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Figure 3. Extreme anomaly scenarios illustrated for a location in southern England. The arrows illustrate the anomaly from the long-term mean. Anomalies in each
month can be assumed to be independent. The blue shaded boxes show the core hot, cold, wet, dry and windy anomaly scenarios. The orange shaded box illustrates the
compound hot extreme anomaly scenarios.

and 2.2 m by 2100, relative to 1981-2000, around the coast of the UK. Palmer et al. (2024) also defined HILL sea
level rise scenarios for the UK: these are slightly lower than the values in HILL-6 because they used a different
percentile from the IPCC ARG distribution.

Other potential storylines for HILL scenarios were considered, but rejected because their direct effects on UK
weather, climate or sea level were assessed to be small or within the range of the storylines already defined. These
included abrupt changes to the South Asian Monsoon or the El Nino-Southern Oscillation. We also did not
explicitly include a storyline describing changes in the North Atlantic jet stream (in contrast to previous char-
acterizations of HILL scenarios for the UK: Slingo (2021), Hanlon et al. (2021), and Harvey et al. (2023)). This
largely reflects differences in the starting point for the storylines. In our study, persistent changes to the jet stream
are a consequence of the initial storylines—especially HILL-4—rather than a driver. The extreme anomaly
scenarios outlined below, however, explicitly describe jet stream characteristics.

4. Extreme Anomaly Scenarios

The extreme anomaly scenarios (Figures 3 and 4 and Tables 2 and 3) describe plausible extreme months and
seasons, focusing on temperature, rainfall and windspeed individually and in combination. The scenarios are
presented as anomalies from a long-term (ideally 30-year) mean and can be applied to conventional climate
projections or the transient scenarios outlined above. The scenarios were informed by an assessment of the drivers
generating extreme anomalous months and seasons across the UK (Arnell et al., 2025b). Weather in the UK varies
with the direction of the airflow and the characteristics of air masses, which are determined by factors such as
large-scale atmospheric circulation patterns strongly influenced by the jet stream, the state of the Atlantic Ocean
and the extent of snow and ice cover (Dong et al., 2025). Air masses from the west—usually from cyclonic
weather patterns—are typically wet and mild in winter, but wet and cool in summer. Air masses from the east—
usually from anticyclonic weather patterns—are usually dry, and typically cold in winter and hot in summer. The
drivers of these weather patterns are complex and interconnected. Rather than starting with a narrative storyline as
was done with the transient scenarios, the extreme anomaly scenarios were therefore constructed by defining
plausible extreme anomalies from observations (HadUK-Grid: Hollis et al., 2019; Met Office et al., 2018),
exploring empirical relationships between drivers and extreme anomalies, using model simulations (UKCP18
climate projections) and process understanding, and then adding a post hoc “backstory” storyline describing the
drivers and conditions that could generate such anomalies. The quantitative scenarios define extreme monthly and
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Figure 4. Persistent extreme anomaly scenarios for a location in southern England. The black, blue and purple lines show the long-term mean and the red line shows the
maximum persistent anomaly.

seasonal temperature, rainfall and windspeed anomalies, and the narrative storyline allows users to define
plausible consistent extremes in other weather variables.

One set of extreme anomaly scenarios characterizes individual extreme months or seasons. The five basic sce-
narios here are hot, cold, wet, dry and windy. Each of the five basic scenarios also describes plausible

Table 2

High-Impact Low Likelihood (HILL) Extreme Anomaly Scenarios for the UK

Scenario Description Compound Summary storyline

Hot Average monthly temperatures Wet and windy in winter, Winter: strong jet stream and cyclonic conditions,
between 4 and 6°C above the mean dry and calm in summer positive North Atlantic Oscillation

(NAO) Summer: weak, meandering jet stream,
blocking and anticyclonic conditions

Cold Average monthly temperatures Dry and calm in winter, Winter: persistent anticyclonic conditions over
between 4 and 7°C below the mean wet and windy in summer Scandinavia with a weak jet stream. Frequent
sudden stratospheric warmings and cold air
outbreaks. Negative NAO Summer: strong jet
stream to the south with frequent windstorms.
Strongly cyclonic

Wet Average monthly rainfall Mild and windy in winter, Strongly cyclonic conditions with a strong jet
between 2.5 and 3 times the mean cool and windy in summer stream to the south of its average position.
Positive NAO

Dry Average rainfall 10% of Cold and calm in winter, Strongly anticyclonic conditions, with the
the mean (at the regional scale) hot and calm in summer jet stream to the north and weak
with persistent meanders. Negative NAO in winter
and positive NAO in summer.

Windy Average windspeeds 60%—80% Mild and wet in winter, Strong jet stream with strongly cyclonic
higher than the average cool and wet in summer conditions. Positive NAO

Note. The numbers in the Description column represent anomalies in the regional average.
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Table 3

High-Impact Low Likelihood (HILL) Persistent Extreme Anomaly Scenarios for the UK

Scenario

Characteristics Storyline

Persistently cyclonic

Persistently anticyclonic

Cyclonic in winter and
anticyclonic in summer

Anticyclonic in winter and
cyclonic in summer

Wet and windy: rainfall 3 times the mean, windspeed 1.6 times Persistent cyclonic conditions bring mild wet air from the west,
the mean, and temperatures 3°C above the mean November to with high windspeeds and frequent and clustered storms.
March and 3°C below the mean May to September Strong jet stream. At some point in spring and autumn

temperatures will be close to the average

Dry and calm: Rainfall 10% of the mean, windspeed 50% of the Persistently anticyclonic conditions bring dry air from the east
mean, temperatures 3°C below the mean November to March and south. Weak meandering jet stream, and persistent
and 3°C above the mean May to September blocking. Cold in winter with frequent cold spells; hot in

summer with chance of intense convective storms

Temperatures consistently 3°C above the mean, wet and windy in Cyclonic conditions bring mild air and wet and windy weather
winter and dry and calm in summer from the west during winter. In spring this flips rapidly to
persistent anticyclonic conditions, bringing hot, dry and calm
conditions from the east. In autumn conditions flip back to
cyclonic

Temperatures consistently 3°C below the mean, dry and calm in Anticyclonic conditions bring cold and dry air from the east
winter and warm and windy in summer during winter. In spring this flips rapidly to persistent
cyclonic conditions bringing cool, wet and windy weather in
summer. In autumn conditions flip back to anticyclonic

Note. The numbers in the Characteristics column represent anomalies in the regional average.

combinations of weather that could occur (e.g., cool summer months can be also wet and windy). A sequence of
extreme months or seasons could plausibly be constructed by assuming that each month or season is independent
of each other, producing for example, sequences that flip from one extreme to another, or sequences that persist.

A second set of extreme anomaly scenarios (Table 3) is explicitly based on storylines describing persistent
anomalous weather continuing for successive months. Four storylines describe two extreme drivers in two
seasons: persistently anticyclonic throughout the year (dry), persistently cyclonic throughout the year (wet),
anticyclonic in winter and cyclonic in summer (cold in winter and cool in summer), and cyclonic in winter and
anticyclonic in summer (mild in winter and hot in summer).

A key assumption behind the extreme anomaly scenarios is that extreme anomalies relative to a long-term mean
do not change substantially as the long-term mean changes into the future. Analysis of UKCP18 projections
(Figures S14-S16 in Supporting Information S1) shows that this assumption is reasonable for monthly tem-
perature and windspeed anomalies, and for rainfall in winter, spring and autumn. Summer rainfall anomalies,
however, increase over time when expressed as a percentage of the mean. This is because “wet” summers
continue to occur but become less frequent, so the mean reduces. Anomalies expressed as multiples of the
standard deviation are more consistent over time, but are not so useful in practice. Whilst standard deviations of
observed or simulated temperature, rainfall and windspeed can of course be calculated from annual time series,
standard deviations are not presented in the data portals used by many users (they include multi-year means, but
not standard deviations).

The magnitude of an extreme monthly or seasonal anomaly varies with spatial scale, and the finer the spatial scale
the more extreme the anomaly. The extreme anomaly scenarios therefore also include adjustments for spatial
scale, based on HadUK-grid observations (Hollis et al., 2019) gridded at different scales. For example, extreme
temperature anomalies are approximately 1°C more extreme at the local (5 X 5 km) scale than at the regional scale
(13,000-25,000 km?), and extreme wet rainfall anomalies are approximately 50% larger.

The extreme anomaly scenarios are designed to inform an assessment of risks from extreme months and seasons.
They do not define individual short-duration events such as heatwaves, cold spells, rainstorms and windstorms,
primarily because the user requirements for such “worst case scenarios” vary considerably between users. The
UK's National Security Risk Assessment (HM Government, 2025) presents the reasonable worst case scenarios
used for contingency planning in the UK, for example, but other sectors may have more specific needs. Short-
duration extremes consistent with the storylines can in principle be constructed from theoretical reasoning,
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analysis of observed or modeled experience, or through the use of simulation experiments conditioned on
boundary conditions consistent with the storylines (see Leach et al. (2022), Brogli et al. (2023), Gessner
et al. (2023), and Hawkins et al. (2023) for examples of methods). Extreme months or seasons do not necessarily
include extreme short-duration events, and extreme short-duration events do not necessarily lead to an extreme
month or season.

5. Concluding Comments

We have summarized here two types of HILL climate scenarios for the UK. They are designed to complement
existing UK climate projections, to inform decisions around adaptation and resilience and meet an identified need
for “worst-case” climate scenarios that can be applied simply. The narrative storylines for each scenario can be
used to develop qualitative risk assessments, and the indicative quantifications can be used for more quantitative
risk assessments as inputs to impact and risk models. The approach presents a template for application in other
areas. We note that the definition and application of HILL climate scenarios implies a definition of “conventional”
scenarios, and specifically emissions scenarios used to project future changes.

The scenarios map closely, but not exactly, onto the four categories of HILL scenarios proposed by Wood
et al. (2023): compound or unprecedented weather extremes, levels or rates of change above the likely range
assessed by the IPCC, crossing tipping points, and the consequences of unexpected human actions. The extreme
anomaly scenarios fit within Wood et al.’s (2023) first category. HILL-2 (rapidly reduced aerosols) fits into the
fourth category. HILL-4 (enhanced Arctic Amplification), HILL-5 (ocean circulation change) and HILL-6
(enhanced sea level rise) all fit into the third category. HILL-1 (enhanced warming) explicitly fits into the sec-
ond category, although one of the drivers—very high emissions—falls into the fourth category: it was assumed
that for practical purposes drivers in both these categories would have similar effects. HILL-3 (volcanic cooling)
does not fit directly into the categorization because although it affects climate risks it is not itself associated with
human-induced climate change.

The scenarios describe HILL drivers of potential impact, rather than HILL outcomes. HILL-1 (enhanced
warming) and HILL-2 (rapidly reduced aerosols) would both lead to more extreme changes in UK climate than
conventional projections. HILL-4 (Arctic Amplification) and HILL-5 (ocean circulation change) both lead to
significant and persistent cooling across the UK. HILL-3 (volcanic cooling) assumes a short-lived cooling. HILL-
6 assumes a much larger increase in sea level than conventional scenarios. In practice the additional estimated
impacts with some of the transient scenarios (especially HILL-2 and HILL-4) may be small relative to the range
under conventional UKCP18 scenarios.

Climate change adaptation and resilience planning is informed by climate scenarios, used in different ways in
different communities. The UK Climate Change Committee (2021) introduced 10 principles for good adaptation.
One of these recommended “adapt to 2°C and assess the risks for 4°C,” and another recommended preparing for
“unpredictable extremes.” As noted in the introduction, several UK agencies require consideration of “credible
maximum scenarios” for investments and development where the consequences of loss or failure would be
extreme and so-called “tail risks” are high. The HILL scenarios provided here are directly relevant when
adaptation and resilience planning considers tail risks and “preparing for the worst” (Wood et al., 2023). They can
also be used within an adaptive pathways approach to adaptation (Haasnoot et al., 2024) where decisions are
staged as information and evidence changes over time.

The scenarios are based on current understanding of the potential for HILL climate changes across the UK. This
understanding is evolving and may lead to revisions to the plausible changes described here and may identify
further storylines and scenarios. The approach developed here provides a framework for updating and expanding
the list of plausible HILL scenarios which could be considered for adaptation and resilience planning.

Conflict of Interest

The authors declare no conflicts of interest relevant to this study.

ARNELL ET AL.

9of 12

85U8017 SUOWIWIOD BAIe.D 3(cedtdde ayy Aq peusenob aJe ssole O ‘88N 40 Se|nJ 10} AReiq18UlUO AB]1M UO (SUONIPUOD-PUR-SLLBI W00 A8 | 1 AR BulUO//St) SUORIPUOD pue SULB | 8Y} 88S *[9202/T0/TZ] U0 Akeiqi auljuo A8|IA ‘80U poX3 8120 PUe UifeaH 10} aniisu| uoleN ‘301N Aq 976900435202/620T 0T/10p/wioo" Aa|im Areiqputjuo'sandnfie//sdny wioiy pepeojumod ‘2T ‘S20¢ ‘2/2v8262



ADVANCING EARTH
AND SPACE SCIENCES

Earth's Future 10.1029/2025EF006946

Acknowledgments

The scenarios were developed for the UK
Climate Resilience Programme, with
funding from the UK Met Office under
project CR20-4. The authors thank the
contributions from the Stakeholder and
Technical Advisory Groups. Authors EH
and NWA were also supported by a Co-
Centre award number 22/CC/11103, with
funding from Research Ireland, Northern
Ireland's Department of Agriculture,
Environment and Rural Affairs (DAERA)

and UK Research and Innovation (UKRI).

NWA, EH, TGS and IDH led the
conceptualization. NWA, EH, TGS, IDH
and LCS developed the methodology.
NWA, IDH, BJH and LJW conducted
formal analysis. NWA led the writing of
the original draft and all authors
contributed to review and editing.

Data Availability Statement

The analysis used UKCP18 climate and sea level projections (Met Office Hadley Centre, 2018a, 2018b, 2018c¢)
and the HadUK-Grid observed climate data set (Met Office et al., 2018). HILL-2 is informed by model simu-
lations conducted by Luo et al. (2020), and HILL-3 is based on model simulations presented by Bethke
et al. (2017). HILL-5b is informed by CMIP6 model simulations following Swingedouw et al. (2021). The HILL-
6 sea level scenarios are taken from the NASA IPCC ARG sea level projection tool (Garner et al., 2021; https://sea
level.nasa.gov/ipcc-ar6-sea-level-projection-tool), rescaled to a 1981-2010 reference period. Full quantifications
of the HILL scenarios are presented in Arnell et al. (2025a).

References

Armstrong McKay, D. I, Staal, A., Abrams, J. F., Winkelmann, R., Sakschewski, B., Loriani, S., et al. (2022). Exceeding 1.5°C global warming
could trigger multiple climate tipping points. Science, 377(6611), eabn7950. https://doi.org/10.1126/science.abn7950

Arnell, N. W. (2024). The use and interpretation of ‘extreme’ and ‘worst-case’ climate scenarios in the UK. Department of Meteorology,
University of Reading. Prepared for the UK Climate Resilience Programme. Project CR20-4. Retrieved from https://www.metoffice.gov.uk/re
search/approach/collaboration/spf/high-impact-low-likelihood-hill-uk-scenarios

Arnell, N. W, Hawkins, E., Shepherd, T. G., Haigh, I. D., Harvey, B., Wilcox, L., et al. (2025a). High-impact low-likelihood climate scenarios for
the UK: Scenario report. Department of Meteorology, University of Reading. Prepared for the UK Climate Resilience Programme. Project
CR20-4. Retrieved from https://www.metoffice.gov.uk/research/approach/collaboration/spf/high-impact-low-likelihood-hill-uk-scenarios

Arnell, N. W., Hawkins, E., Shepherd, T. G., Haigh, I. D., Harvey, B., Wilcox, L., et al. (2025b). High-impact low-likelihood climate scenarios for
the UK: Background report. Department of Meteorology, University of Reading. Prepared for the UK Climate Resilience Programme. Project
CR20-4. Retrieved from https://www.metoffice.gov.uk/research/approach/collaboration/spf/high-impact-low-likelihood-hill-uk-scenarios

Bethke, 1., Outten, S., Otterd, O. H., Hawkins, E., Wagner, S., Sigl, M., & Thorne, P. (2017). Potential volcanic impacts on future climate
variability. Nature Climate Change, 7(11), 799-805. https://doi.org/10.1038/nclimate3394

Brogli, R., Heim, C., Mensch, J., Sgrland, S. L., & Schir, C. (2023). The pseudo-global-warming (PGW) approach: Methodology, software
package PGW4ERAS v1.1, validation, and sensitivity analysis. Geoscientific Model Development, 16(3), 907-926. https://doi.org/10.5194/
gmd-16-907-2023

Canadell, J. G., Monteiro, P. M. S., Costa, M. H., Cotrim da Cunha, L., Cox, P. M., Eliseev, A. V., et al. (2021). Global carbon and other

biogeochemical cycles and feedbacks. In V. Masson-Delmotte, et al. (Eds.), Climate change 2021: The physical science basis. Contribution of

Working Group 1 to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (pp. 673-816). Cambridge University
Press.

Climate Change Committee. (2021). Independent assessment of UK climate risk. Advice to government for the UK's third Climate Change Risk
Assessment (CCRA3). Climate Change Committee.

Climate Change Committee. (2024). Proposed methodology for the fourth Climate Change Risk Assessment: Independent assessment (CCRA4-
IA). Retrieved from https://www.theccc.org.uk/publication/proposed-methodology-for-the-ccra4-advice/?chapter=3-proposed-methodologi
cal-approach-for-ccra4-ia#3-3-future-climate-change

Defra. (2024). Accounting for the effects of climate change. Supplementary Green Book Guidance.

Department for Energy Security and Net Zero. (2023). Overarching national policy statement for energy (EN-1).

Dong, B., Aksenov, Y., Colfescu, 1., Harvey, B., Hirschi, J., Josey, S., et al. (2025). Key drivers of large scale changes in north Atlantic at-
mospheric and oceanic circulations and their predictability. Climate Dynamics, 63(2), 113. https://doi.org/10.1007/s00382-025-07591-1

Environment Agency. (2012). Thames Estuary 2100 plan: Managing flood risk through London and the Thames Estuary. Retrieved from https://a
ssets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/322061/LIT7540_43858f.pdf

Forster, P. M., Storelvmo, T., Armour, K., Collins, W., Dufresne, J.-L., Frame, D., et al. (2021). The Earth’s energy budget, climate feedbacks, and
climate sensitivity. In V. Masson-Delmotte, et al. (Eds.), Climate change 2021: The physical science basis. Contribution of Working Group I to
the Sixth Assessment report of the Intergovernmental Panel on Climate Change (pp. 923-1054). Cambridge University Press.

Fox-Kemper, B., Hewitt, H. T., Xiao, C., Adelgeirsdottir, G., Drijthout, S. S., Edwards, T. L., et al. (2021). Ocean, cryosphere and sea level
change. In V. Masson-Delmotte, et al. (Eds.), Climate change 2021: The physical science basis. Contribution of Working Group I to the Sixth
Assessment report of the Intergovernmental Panel on Climate Change (pp. 1211-1362). Cambridge University Press.

Francis, J. A., & Vavrus, S. J. (2012). Evidence linking Arctic amplification to extreme weather in mid-latitudes. Geophysical Research Letters,
39, L06801. https://doi.org/10.1029/2012GL051000

Garner, G. G., Hermans, T., Kopp, R. E., Stangen, A. B. A., Edwards, T. L., Levermann, A., et al. (2021). IPCC ARG sea-level rise projections
[Dataset]. Version 20210809. Physical Oceanography Distributed Active Archive Center, Jet Propulsion Laboratory. https://doi.org/10.
5281/zenodo.5914709

Gessner, C., Fischer, E. M., Beyerle, U., & Knutti, R. (2023). Developing low-likelihood climate storylines for extreme precipitation over central
Europe. Earth's Future, 11(9), €2023EF003628. https://doi.org/10.1029/2023ef003628

Haasnoot, M., Di Fant, V., Kwakkel, J., & Lawrence, J. (2024). Lessons from a decade of adaptive pathways studies for climate adaptation. Global
Environmental Change, 88, 102907. https://doi.org/10.1016/j.gloenvcha.2024.102907

Hanlon, H., Palmer, M., & Betts, R. (2021). Effect of potential climate tipping points on UK impacts. UK Met Office.

Harvey, B., Hawkins, E., & Sutton, R. (2023). Storylines for future changes of the North Atlantic jet and associated impacts on the UK. Inter-
national Journal of Climatolology, 43(10), 4424-4441. https://doi.org/10.1002/joc.8095

Hawkins, E., Compo, G. P., & Sardeshmukh, P. D. (2023). ESD ideas: Translating historical extreme weather events into a warmer world. Earth
System Dynamics, 14(5), 1081-1084. https://doi.org/10.5194/esd-14-1081-2023

HM Government. (2022a). Flood risk assessments: Climate change allowances. Retrieved from https://www.gov.uk/guidance/flood-risk-asse
ssments-climate-change-allowances

HM Government. (2022b). UK climate change risk assessment 2022.

HM Government. (2025). National risk register (2025 Edition).

Hollis, D., McCarthy, M., Kendon, M., Legg, T., & Simpson, I. (2019). HadUK-Grid — A new UK dataset of gridded climate observations.
Geoscience Data Journal, 6(2), 151-159. https://doi.org/10.1002/gdj3.78

ARNELL ET AL.

10 of 12

85U8017 SUOWIWIOD BAIe.D 3(cedtdde ayy Aq peusenob aJe ssole O ‘88N 40 Se|nJ 10} AReiq18UlUO AB]1M UO (SUONIPUOD-PUR-SLLBI W00 A8 | 1 AR BulUO//St) SUORIPUOD pue SULB | 8Y} 88S *[9202/T0/TZ] U0 Akeiqi auljuo A8|IA ‘80U poX3 8120 PUe UifeaH 10} aniisu| uoleN ‘301N Aq 976900435202/620T 0T/10p/wioo" Aa|im Areiqputjuo'sandnfie//sdny wioiy pepeojumod ‘2T ‘S20¢ ‘2/2v8262


https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool
https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool
https://doi.org/10.1126/science.abn7950
https://www.metoffice.gov.uk/research/approach/collaboration/spf/high-impact-low-likelihood-hill-uk-scenarios
https://www.metoffice.gov.uk/research/approach/collaboration/spf/high-impact-low-likelihood-hill-uk-scenarios
https://www.metoffice.gov.uk/research/approach/collaboration/spf/high-impact-low-likelihood-hill-uk-scenarios
https://www.metoffice.gov.uk/research/approach/collaboration/spf/high-impact-low-likelihood-hill-uk-scenarios
https://doi.org/10.1038/nclimate3394
https://doi.org/10.5194/gmd-16-907-2023
https://doi.org/10.5194/gmd-16-907-2023
https://www.theccc.org.uk/publication/proposed-methodology-for-the-ccra4-advice/?chapter=3-proposed-methodological-approach-for-ccra4-ia#3-3-future-climate-change
https://www.theccc.org.uk/publication/proposed-methodology-for-the-ccra4-advice/?chapter=3-proposed-methodological-approach-for-ccra4-ia#3-3-future-climate-change
https://doi.org/10.1007/s00382-025-07591-1
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/322061/LIT7540_43858f.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/322061/LIT7540_43858f.pdf
https://doi.org/10.1029/2012GL051000
https://doi.org/10.5281/zenodo.5914709
https://doi.org/10.5281/zenodo.5914709
https://doi.org/10.1029/2023ef003628
https://doi.org/10.1016/j.gloenvcha.2024.102907
https://doi.org/10.1002/joc.8095
https://doi.org/10.5194/esd-14-1081-2023
https://www.gov.uk/guidance/flood-risk-assessments-climate-change-allowances
https://www.gov.uk/guidance/flood-risk-assessments-climate-change-allowances
https://doi.org/10.1002/gdj3.78

ADVANCING EARTH
AND SPACE SCIENCES

Earth's Future 10.1029/2025EF006946

House of Lords. (2021). Preparing for extreme risks: Building a resilient society. Select Committee on Risk Assessment and Risk Planning.
Report of Session 2021-2022. 3 December 2021 HL Paper 110.

Jackson, L., Kahana, R., Graham, T., Ringer, M. A., Woollings, T., Mecking, J. V., & Wood, R. A. (2015). Global and European climate impacts
of a slowdown of the AMOC in a high resolution GCM. Climate Dynamics, 45(11-12), 3299-3316. https://doi.org/10.1007/s00382-015-
2540-2

Kemp, L., Xu, C., Depledge, J., Ebi, K. L., Gibbins, G., Kohler, T. A., et al. (2022). Climate endgame: Exploring catastrophic climate change
scenarios. Proceedings of the National Academy of Sciences, 119(34), €2108146119. https://doi.org/10.1073/pnas.2108146119

Kopp, R. E., Garner, G. G., Hermans, T. H. J., Jha, S., Kumar, P., Reedy, A., et al. (2023). The framework for assessing changes to Sea-level
(FACTS) v1.0: A platform for characterizing parametric and structural uncertainty in future global, relative and extreme sea level change.
Geoscientific Model Development, 16(24), 7461-7489. https://doi.org/10.5194/gmd-16-7461-2023

Laybourn, L., Abrams, J. F., Benton, D., Brown, K., Evans, J., Swingedouw, D., et al. (2024). The security blind spot: Cascading climate impacts
and tipping points threaten national security. Institute for Public Policy Research. Retrieved from http://www.ippr.org/articles/security-blind-
spot

Leach, N. J., Watson, P. A., Sparrow, S. N., Wallom, D. C., & Sexton, D. M. (2022). Generating samples of extreme winters to support climate
adaptation. Weather and Climate Extremes, 36, 100419. https://doi.org/10.1016/j.wace.2022.100419

Leverman, A., Griesel, A., Hofmann, M., Montoya, M., & Rahmstorf, S. (2005). Dynamic sea level changes following changes in the thermo-
haline circulation. Climate Dynamics, 24(4), 347-354. https://doi.org/10.1007/s00382-004-0505-y

Lowe, J. A., Howard, T. P., Pardaens, A., Tinker, J. Holt, J., Wakelin, S., et al. (2009). UK climate projections science report: Marine and coastal
projections. Met Office Hadley Centre.

Lowe, J. A., Bernie, D., Bett, P., Bricheno, L., Brown, S., Calvert, D., et al. (2018). UKCP18 science overview report. Met Office Hadley Centre.

Luo, F., Wilcox, L., Dong, B., Su, Q., Chen, W., Dunstone, N., et al. (2020). Projected near-term changes of temperature extremes in Europe and
China under different aerosol emissions. Environmental Research Letters, 15(3), 34013. https://doi.org/10.1088/1748-9326/ab6b34

Mecking, J., Drijfhout, S. S., Jackson, L. C., & Graham, T. (2016). Stable AMOC off state in an eddy-permitting coupled climate model. Climate
Dynamics, 47(7-8), 2455-2470. https://doi.org/10.1007/s00382-016-2975-0

Mercure, J.-F., Sharpe, S., Vinuales, J. E., Ives, M., Grubb, M., Lam, A, et al. (2021). Risk-opportunity analysis for transformative policy design
and appraisal. Global Environmental Change, 70, 102359. https://doi.org/10.1016/j.gloenvcha.2021.102359

Met Office, Hollis, D., McCarthy, M., Kendon, M., Legg, T., & Simpson, I. (2018). HadUK-Grid gridded and regional average climate obser-
vations for the UK [Dataset]. Centre for Environmental Data Analysis. Retrieved from http://catalogue.ceda.ac.uk/uuid/4dc8450d889a491e
bb20e724debe2dfb

Met Office Hadley Centre. (2018a). UKCP18 21st century time-mean sea level projections around the UK for 2007-2100 [Dataset]. Centre for
Environmental Data Analysis. Retrieved from https://catalogue.ceda.ac.uk/uuid/0f8d27b1192f41088cd6983e98faad6e

Met Office Hadley Centre. (2018b). UKCP18 global projections by administrative regions over the UK for 1900-2100 [Dataset]. Centre for
Environmental Data Analysis. Retrieved from https:/catalogue.ceda.ac.uk/uuid/7ebab0df1a794d1fae245256af7de633

Met Office Hadley Centre. (2018c). UKCP18 global projections on a 60km grid over the UK for 1900-2100 [Dataset]. Centre for Environmental
Data Analysis. Retrieved from https://catalogue.ceda.ac.uk/uuid/854bb0de8aSe4bfaafe322bbfc57eas57

Ministry of Housing, Communities and Local Government. (2021). National planning policy framework.

Moller, T., Hogner, A. E., Schleussner, C. F., Bien, S., Kitzmann, N. H., Lamboll, R. D., et al. (2024). Achieving net zero greenhouse gas
emissions critical to limit climate tipping risks. Nature Communications, 15(1), 6192. https://doi.org/10.1038/s41467-024-49863-0

Office for Nuclear Regulation and Environment Agency. (2017). Principles for flood and coastal erosion risk management. ONR and Envi-
ronment Agency.

Palmer, M., Howard, T., Tinker, J., Lowe, J., Bricheno, L., Calvert, D., et al. (2018). UKCP18 marine report. Met Office Hadley Centre.

Palmer, M. D., Harrison, B. J., Gregory, J. M., Hewitt, H. T., Lowe, J. A., & Weeks, J. H. (2024). A framework for physically consistent storylines
of UK future mean sea level rise. Climatic Change, 177(7), 106. https://doi.org/10.1007/s10584-024-03734-1

Persad, G. G., Samset, B. H., & Wilcox, L. J. (2022). Aerosols must be part of climate risk assessments. Nature, 611(7937), 662—664. https://doi.
org/10.1038/d41586-022-03763-9

Ranger, N., Lowe, J. A., & Reeder, T. (2013). Addressing deep uncertainty over long-term climate in major infrastructure projects: Four in-
novations of the Thames Estuary 2100 Project. EURO Journal on Decision Processes, 1(3-4), 233-262. https://doi.org/10.1007/s40070-013-
0014-5

Rantenen, M., Karpechko, A. Y., Lipponen, A., Nordling, K., Hyvirinen, O., Ruosteenoja, K., et al. (2022). The Arctic has warmed nearly four
times faster than the globe since 1979. Communications Earth & Environment, 3(1), 168. https://doi.org/10.1038/s43247-022-00498-3

Riahi, K., Schaeffer, R., Arango, J., Calvin, K., Guivarch, C., Hasegawa, K., et al. (2022). Mitigation pathways compatible with long-term goals.
In P. R. Shukla, et al. (Eds.), Climate change 2022: Mitigation of climate change. Contribution of Working Group IlI to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change (pp. 295-408). Cambridge University Press.

Ritchie, P. D. L., Smith, G. S., Davis, K. J., Fezzi, C., Halleck-Vega, S., Harper, A. B., et al. (2020). Shifts in national land use and food production
in Great Britain after a climate tipping point. Nature Food, 1, 76-83. https://doi.org/10.1038/s43016-019-0011-3

Samset, B. H., Wilcox, L. J., Allen, R. J., Stjern, C. W., Lund, M. T., Ahmadi, S., et al. (2025). East Asian aerosol cleanup has likely contributed to
the recent acceleration in global warming. Communications Earth & Environment, 6(1), 543. https://doi.org/10.1038/s43247-025-02527-3

Sharp, S. (2019). Telling the boiling frog what he needs to know: Why climate change risks should be plotted as probability over time. Geoscience
Communication, 2(1), 95-100. https://doi.org/10.5194/gc-2-95-2019

Shepherd, T. G. (2019). Storyline approach to the construction of regional climate change information. Proceedings of the Royal Society A:
Mathematical, Physical and Engineering Sciences, 475(2225), 20190013. https://doi.org/10.1098/rspa.2019.0013

Shepherd, T. G., Boyd, E., Calel, R. A., Chapman, S. C., Dessai, S., Dima-West, I. M., et al. (2018). Storylines: An alternative approach to
representing uncertainty in physical aspects of climate change. Climatic Change, 151(3—4), 555-571. https://doi.org/10.1007/s10584-018-
2317-9

Slingo, J. (2021). Latest scientific evidence for observed and projected climate change. In R. A. Betts, A. B. Haward, & K. V. Pearson (Eds.), The
third UK climate change risk assessment technical report. Prepared for the Climate Change Committee.

Smith, D. M., Eade, R., Andrews, M. B., Ayres, H., Clark, A., Chripko, S., et al. (2022). Robust but weak winter atmospheric circulation response
to future Arctic sea ice loss. Nature Communications, 13(1), 727. https://doi.org/10.1038/s41467-022-28283-y

Sutton, R. (2019). Climate science needs to take risk assessment much more seriously. Bulletin of the American Meteorological Society, 100(9),
1637-1642. https://doi.org/10.1175/bams-d-18-0280.1

Swingedouw, D, Bily, A., Esquerdo, C., Borchert, L. F., Sgubin, G., Mignot, J., & Menary, M. (2021). On the risk of abrupt changes in the North
Atlantic subpolar gyre in CMIP6 models. Annals of the New York Academy of Sciences, 1504(1), 187-201. https://doi.org/10.1111/nyas.14659

ARNELL ET AL.

11 of 12

B5UR01 SUOWILLIOD) BAIER1D) 3(qeatjdde au Aq pausenob ake sapiie VO ‘SN JOS3IN. 1o} AzeiqIT 8UIUO A8|IM UO (SUORIPUOD-PUR-SLLLBY W00 A8 1M AReId 1 BUIIUO//SHRY) SUORIPUOD PUe SWIS L 8U3 38 [9202/T0/TZ] U0 ARiqiaulluo A8|IM ‘80US|0X3 818D U UiesH 10 miisu| leuolieN ‘3DIN A 976900435202/620T 0T/I0p/LI00" A1 Areaqijeutjuo'sandnBe/sdiy woiy papeojumoq ‘2T ‘S0z ‘L2822


https://doi.org/10.1007/s00382-015-2540-2
https://doi.org/10.1007/s00382-015-2540-2
https://doi.org/10.1073/pnas.2108146119
https://doi.org/10.5194/gmd-16-7461-2023
http://www.ippr.org/articles/security-blind-spot
http://www.ippr.org/articles/security-blind-spot
https://doi.org/10.1016/j.wace.2022.100419
https://doi.org/10.1007/s00382-004-0505-y
https://doi.org/10.1088/1748-9326/ab6b34
https://doi.org/10.1007/s00382-016-2975-0
https://doi.org/10.1016/j.gloenvcha.2021.102359
http://catalogue.ceda.ac.uk/uuid/4dc8450d889a491ebb20e724debe2dfb
http://catalogue.ceda.ac.uk/uuid/4dc8450d889a491ebb20e724debe2dfb
https://catalogue.ceda.ac.uk/uuid/0f8d27b1192f41088cd6983e98faa46e
https://catalogue.ceda.ac.uk/uuid/7ebab0df1a794d1fae245256af7de633
https://catalogue.ceda.ac.uk/uuid/854bb0de8a5e4bfaafe322bbfc57ea57
https://doi.org/10.1038/s41467-024-49863-0
https://doi.org/10.1007/s10584-024-03734-1
https://doi.org/10.1038/d41586-022-03763-9
https://doi.org/10.1038/d41586-022-03763-9
https://doi.org/10.1007/s40070-013-0014-5
https://doi.org/10.1007/s40070-013-0014-5
https://doi.org/10.1038/s43247-022-00498-3
https://doi.org/10.1038/s43016-019-0011-3
https://doi.org/10.1038/s43247-025-02527-3
https://doi.org/10.5194/gc-2-95-2019
https://doi.org/10.1098/rspa.2019.0013
https://doi.org/10.1007/s10584-018-2317-9
https://doi.org/10.1007/s10584-018-2317-9
https://doi.org/10.1038/s41467-022-28283-y
https://doi.org/10.1175/bams-d-18-0280.1
https://doi.org/10.1111/nyas.14659

r\uv Earth's Future 10.1029/2025EF006946

van de Wal, R. S. W., Nicholls, R. J., Behar, D., McInnes, K., Stammer, D., Lowe, J. A, et al. (2022). A high-end estimate of sea level rise for
practitioners. Earth's Future, 10(11), €2022EF002751. https://doi.org/10.1029/2022ef002751

van Westen, R. M., Kliphuis, M., & Dijkstra, H. A. (2024). Physics-based early warning signal shows that AMOC is on tipping course. Science
Advances, 10(6), eadk1189. https://doi.org/10.1126/sciadv.adk1189

Wood, R. A., Crucifix, M., Lenton, T. M., Mach, K. J., Moore, C., New, M., et al. (2023). A climate science toolkit for high impact-low likelihood
climate risks. Earth's Future, 11(4), e2022EF003369. https://doi.org/10.1029/2022EF003369

ARNELL ET AL. 12 of 12

85U8017 SUOWIWIOD BAIe.D 3(cedtdde ayy Aq peusenob aJe ssole O ‘88N 40 Se|nJ 10} AReiq18UlUO AB]1M UO (SUONIPUOD-PUR-SLLBI W00 A8 | 1 AR BulUO//St) SUORIPUOD pue SULB | 8Y} 88S *[9202/T0/TZ] U0 Akeiqi auljuo A8|IA ‘80U poX3 8120 PUe UifeaH 10} aniisu| uoleN ‘301N Aq 976900435202/620T 0T/10p/wioo" Aa|im Areiqputjuo'sandnfie//sdny wioiy pepeojumod ‘2T ‘S20¢ ‘2/2v8262


https://doi.org/10.1029/2022ef002751
https://doi.org/10.1126/sciadv.adk1189
https://doi.org/10.1029/2022EF003369

	description
	High‐Impact Low‐Likelihood Climate Scenarios for Risk Assessment in the UK
	1. Introduction
	2. Principles
	3. Transient Scenarios
	4. Extreme Anomaly Scenarios
	5. Concluding Comments
	Conflict of Interest
	Data Availability Statement



