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Abstract

The co-occurrence of wind and rainfall extremes can yield larger impacts than when either hazard
occurs in isolation. This study assesses compound extremes produced by Extra-tropical cyclones (ETCs)
during winter from two perspectives. Firstly, we assess ETCs with extreme footprints of wind and
rainfall; footprint severity is measured using the wind severity index (WSI) and rain severity index (RSI)
which account for the intensity, duration, and area of either hazard. Secondly, we assess local co-
occurrences of 6-hourly wind and rainfall extremes within ETCs. We quantify the likelihood of
compound extremes in these two perspectives and characterise a number of their drivers (jet stream,
cyclone tracks, and fronts) in control (1981-2000) and future (2060-2081, RCP8.5) climate simulations
from a 12-member ensemble of local convection-permitting 2.2 km climate projections over the UK
and Ireland. Simulations indicate an increased probability of ETCs producing extremely severe WSl and
RSl in the same storm in the future, occurring 3.6 times more frequently (every 5 years compared to
every 18 years in the control). This frequency increase is mainly driven by increased rainfall intensities,
pointing to a predominantly thermodynamic driver. However, future winds also increase alongside a
strengthened jet stream, while a southward displaced jet and cyclone track in these events leads to a
dynamically-enhanced increase in temperature. This intensifies rainfall in line with Clausius-
Clapeyron, and potentially wind speeds due to additional latent heat energy. Future simulations also
indicate an increase in the land area experiencing locally co-occurring wind and rainfall extremes;
largely explained by increased rainfall within warm and cold fronts, although the relative increase is
highest near cold fronts suggesting increased convective activity. These locally co-occurring extremes
are more likely in storms with severe WSI and RSI, but not exclusively so as local co-occurrence
requires the coincidence of separate drivers within ETCs. Overall, our results reveal many contributing
factors to compound wind and rainfall extremes and their future changes. Further work is needed to
understand the uncertainty in the future response by sampling additional climate models.

Keywords: Windstorms, Rainfall, Co-occurring Extremes, Compound Events, Climate Change.
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1. Introduction

The co-occurrence of wind and rainfall extremes may yield larger impacts than when either hazard
occurs in isolation. This interaction, termed a compound event (Zscheischler et al., 2018), can occur
across varying time and spatial scales (Tilloy et al., 2022; Bloomfield et al., 2023) such as temporal
clustering of windstorms in a single season bringing widespread impacts combined with regional
flooding (Kendon and McCarthy, 2015), leading to large aggregate losses as seen for the rail sector in
the UK (Hillier et al., 2015; 2020). In a single storm, coastal flooding can be enhanced through the
combination of heavy rainfall over a river basin and a wind-driven storm surge (Bevacqua et al., 2017,
Ward et al.,, 2018; Couasnon et al., 2020), emergency service resources may stretched by the
simultaneous occurrence of extremes in separate locations, while horizontally-blown rainfall in the
presence of strong winds elevates the risk of moisture related deterioration in buildings (Zhou et al.,
2016; Kubilay et al., 2021; Stover et al., 2022; Gholamalipour et al., 2022). Tilloy et al. (2022) nicely
illustrate the spatiotemporal compounding nature of wind and rainfall hazards over the UK in terms
of their footprints, the area affected by individual extremes, and the degree to which their footprints
may overlap.

A large body of literature has already demonstrated a robust statistical link between wind and rainfall
over different spatiotemporal scales (Raveh-Rubin and Wernli, 2015; Hillier and Dixon, 2020; Henin et
al., 2020; De Luca et al., 2020; Tilloy et al., 2022). For instance, studies have assessed the probability
of wind and rain jointly exceeding high thresholds, such as their 98" percentiles, at the same time and
location, or within a certain distance and/or time frame of one another (Martius et al., 2016; Bevacqua
et al.,, 2019; Ridder et al.,, 2020; Owen et al., 2021a, Owen et al., 2021b, Vignotto et al., 2021;
Zscheischler et al., 2021). Spatial and temporal criteria are imposed with the knowledge that wind and
rainfall extremes occur due to different processes at different locations and times within the same
storm system.

Underpinning these extremes is the day-to-day variability of weather systems. In particular, extra-
tropical cyclones (ETCs) provide an environment comprised of multiple coherent air streams and
fronts that produce wind and rainfall extremes both together and in isolation (Pfhal and Wernli, 2012;
Pfhal, 2014; Hénin et al., 2020; Catto and Dowdy, 2021; Owen et al., 2021b; Messmer et al., 2021). A
warmer climate is likely to bring more intense ETCs (Catto et al., 2019) with higher rainfall (Berthou et
al., 2022), stronger winds (Zappa et al., 2013; Priestly and Catto, 2022a; Manning et al., 2023; Little et
al., 2023) and an increased frequency of co-located wind and rainfall extremes (Bevacqua et al., 2019;
2020a; Ridder et al., 2022; Frangois and Vrac, 2023). However, we do not have an in depth
understanding around the drivers of co-occurring extremes, for example what factors cause co-
occurring extremes and their future increases.

Within ETCs, rainfall extremes often precede wind extremes (Bengtsson et al., 2009). Rainfall extremes
occur largely in the warm sector due to the uplift of air over warm and cold fronts (Catto and Pfahl,
2013; Utsumi et al., 2017), the ascent of the warm conveyor belt (WCB) over these fronts (Pfahl et al.,
2014; Catto et al., 2015), and convection embedded within the WCB close to the cold front (Oertel et
al., 2021). Further factors influence rainfall intensity; these include the strength of frontal gradients
(Catto and Pfahl, 2013), which are stronger in the presence of dry intrusions (Raveh-Rubin and Catto,
2019), as well as the temperature and moisture availability within an ETC (Berthou et al., 2022). The
strongest winds occur in the cold sector of ETCs, following the passage of the cold front, driven by
tight pressure gradients and coherent air streams on the equatorward side of a cyclone’s centre,
namely the sting jet and the cold conveyor belt (CCB) (Hewson and Neu, 2015; Hart et al., 2017,
Manning et al., 2022). Strong winds can also arise due to the WCB in the warm sector, the rearward
moving component of the CCB on the poleward side of ETCs (Gentile & Gray, 2023), as well as from
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convectively-driven gusts near to the cold front (Earl et al., 2017; Earl et al., 2019; Eisenstein et al.,
2022). Wind and rainfall extremes can co-occur at the same time and location because of shared
drivers within ETCs, such as the WCB and convective processes near to the cold front (Ludwig et al.,
2015; Raveh-Rubin and Wernli 2016). Furthermore, co-occurrences may also arise from coincident
separate drivers such as frontal rainfall over areas of tight pressure gradients.

Not all the above contributors will be present in each ETC, nor will they always produce extremes: the
likelihood of extremes is also dependent on the large-scale dynamical environment surrounding ETCs.
For instance, ETCs producing extreme rainfall alone are often slower moving (Owen et al., 2021b) and
have different jet stream characteristics (Raveh-Rubin and Wernli, 2015) than those that produce
extreme winds alone. ETC speed may influence the duration of rainfall, while a strong jet stream may
intensify windstorms leading to stronger wind speeds. Jet stream orientation will also determine the
path of an ETC, its impact location and whether an ETC comes from more southerly latitudes, bringing
warm, moist air that contributes to rainfall extremes.

In this article, we assess compound wind and rainfall extremes within ETCs in control (1980-2000) and
future climate (2060-2080, RCP8.5) simulations produced by a 12-member ensemble of very high-
resolution (2.2 km) convection-permitting climate simulations over the UK and Ireland (the “UKCP
Local” projections, Kendon et al., 2021a). We approach compound extremes from two perspectives.
1) we assess ETCs with co-occurring extreme footprints of wind and rainfall which accounts for large
areas of wind and rainfall extremes occurring in the same ETC, but not necessarily in the same location;
2) we assess local co-occurrences of 6-hourly wind and rainfall extremes (99" percentile) within ETCs.
In both perspectives, we aim to assess projected future changes in compound wind-rainfall extremes
and understand contributions of drivers such as the jet stream, cyclone track, and fronts.

2. Data

We use a 12-member ensemble of very high-resolution (2.2 km) convection-permitting climate model
(CPM) over the UK and Ireland (Kendon et al., 2021a) for a control (December 1980 — November 2000)
and a future (December 2060 — November 2080, RCP8.5 scenario) simulation. The boundaries of the
CPM domain are provided in Figure 3Error! Reference source not found.a, though the outer 95 grid
cells (209 km) are excluded to avoid boundary effects. These simulations were produced as part of the
UK Climate Projections (UKCP) by the UK Met Office (Lowe et al., 2018; Murphy et al., 2018) and
include global climate model (GCM) projections (~60 km), regional climate model (RCM) projections
over Europe (~ 12 km) and the set of local CPM projections over the UK and Ireland. The projections
are produced by perturbing uncertain parameters in the GCM (Murphy et al., 2018), providing
boundary conditions for the RCM. Uncertain parameters in the RCM are also perturbed in the same
way as the GCM and this provides boundary conditions for the CPM. No perturbations are applied to
the CPM as there is no way to perturb the CPM that is consistent with the coarse models due to
differences in physics, and so the CPM ensemble samples uncertainty in the large-scale driving
conditions and natural variability. The small CPM domain means that it is reasonably constrained by
the large-scale conditions provided by the RCM at its boundary, which in turn is conditioned by the
large-scale information provided by the GCM such as cyclones, fronts as well as upper-level winds and
temperature gradients.

We assess wind gusts and rainfall from the CPM only over the UK and Ireland land areas. The CPM is
chosen over its coarser resolution counterparts for wind gusts and rainfall due to its explicit
representation of convection that leads to better representation of extreme rainfall (Chan et al., 2014;
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Kendon et al., 2021b; Kendon et al., 2023) and wind speeds (Manning et al., 2022; Manning et al.,
2023). We combine the information from the CPM with large-scale information from the GCM for the
analysis of drivers such as cyclones and the jet stream, as well as data from the RCMs for the
identification of frontal features as described below. Although the CPM is largely constrained by these
models, we do make some allowances for potential difference between the simulations as detailed in
the methods.

3. Methods
3.1. Cyclone and front identification

We use an event-based analysis based on the occurrence of an extra-tropical cyclone (ETC) over the
UK and Ireland within the CPM domain. Only ETCs occurring in the winter season (DJF) are considered.
ETC positions are identified at 6-hourly intervals (00, 06, 12, 18 h) for all years analysed in the GCM
(Control: 1981-2000; Future: 2061-2080) using the Hoskins and Hodges (2002) tracking algorithm,
which identifies and tracks ETCs based on 850 hPa relative vorticity regridded to a T42 grid (~300 km)
resolution. These positions are also used to indicate the location of ETCs for the CPM domain as we
do not find large differences in positions of ETCs between the CPM and its parent GCM, in a visual
assessment of the 200 most severe windstorms (Manning et al., 2023). To link wind and rainfall
extremes to ETCs, we only consider grid cells within 1000 km of the centre of the ETC which allows for
any slight discrepancies in the position of ETCs in the CPM and GCM. This is a commonly used threshold
and we do not expect results to be sensitive to this choice, as demonstrated in Bevacqua et al. (2020b).

We assess the contribution of three frontal areas within this analysis. These include a cold frontal area,
a warm frontal area, and an overlap area where identified cold and warm fronts occur in proximity.
Fronts are identified using an algorithm described in Sansom and Catto (2023) which is based on the
previous algorithms of Hewson (1998) and Berry et al. (2011). The algorithm firstly identifies frontal
line features using wet bulb potential temperature (Jy,) at 850 hPa at the same 6-hourly intervals as
the ETCs, and then classifies frontal points into warm and cold fronts using u and v wind components
at 850 hPa. See Sansom and Catto (2023) for more detail and examples. To link wind and rainfall
extremes with fronts, the frontal line features are expanded by 250 km around each grid cell through
which a frontal line passes to produce a frontal area. Often the identified cold and warm fronts occur
in proximity causing their expanded frontal areas to overlap. We therefore define a third category
called a frontal overlap area as it is difficult to determine which front (cold or warm) a hazard is
associated with. All grid cells that fall within the warm, cold and frontal overlap areas, exclusively, are
included in the calculation of metrics for those frontal areas. Only fronts occurring within 1000km of
the centre of an ETC are considered here. Fronts are identified in the RCM simulation, that provides
the boundary conditions for the CPM, and are used to provide the location of fronts within the CPM
simulation. As the large-scale variability of the CPM is constrained by the RCM, we do not expect large
deviations in the position of fronts between the two models, though this has not been explicitly tested.

3.1.2. Cyclone composites

Cyclone composites are produced using a technique employed by many previous studies (e.g.
Bengtsson et al., 2007; Catto et al., 2010; Dacre et al., 2012; Sinclair et al., 2020; Priestly and Catto,
2022a). The composites are used to demonstrate where wind, rainfall and co-located extremes occur
within an ETC relative to its centre. ETCs are centred with respect to the position of the minimum sea
level pressure (MSLP) in the RCM within a 500 km radius of the ETC centre provided by the tracking
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algorithm. The use of the ETC centre from the RCM fine tunes the centre of the ETC to be as close as
possible to that of the CPM when producing composites, it also avoids issues that occur when the
cyclone is positioned close to the CPM boundary, if one used MSLP from the CPM. To account for
differences in the direction of ETCs, all fields are rotated and aligned so that ETCs are travelling
eastwards.

3.2. Wind and rainfall footprint severity metrics

For each cyclone and frontal area, we quantify the severity of its wind and rainfall footprints using a
wind severity index (WSI) based on 6-hourly maximum wind gusts and a rainfall severity index (RSI)
based on 6-hourly accumulated rainfall. The 6-hourly periods are centred around the 6-hourly
intervals used by the cyclone and front algorithms (i.e., 03h — 09h is used for 06h). These indices follow
a similar approach to the Storm Severity Index (SSI) (Leckebusch et al., 2008) that links the cube of
surface winds exceeding an extreme threshold to insured losses (e.g. Osinski et al., 2016). Note, we
do not cube the wind or rainfall exceedance here as there is no known premise to do so for rainfall.
The WSl is calculated using 6-hourly wind gusts as:

WSIpx = X1, YK, [(max(l, """) - 1], (1)

V9o k

where vy, represents the wind gust at time ¢ and grid cell k, and vgg x is the 99" percentile of 6-hourly
winds at grid cell k estimated from the winter months in the control simulation. Similarly, the RSl is
calculated using 6-hourly accumulated rainfall as:

RSIp g = YT YK, [(max(l, r’“) - 1], (2)

T99,k

where 1, represents the accumulated rainfall at time ¢ and grid cell k, and rgg ;. is the 99 percentile
of 6-hourly accumulated rainfall at grid cell k estimated from the winter months in the control
simulation. In other words, the WSI and RSI are the sum of all scaled exceedances of the local 99%
percentiles in an ETC, thereby accounting for the overall intensity, duration, and area of extremes in
an ETC.

3.2.2. Estimation of univariate and bivariate return periods

Return periods (RPs) are estimated for events from the pooled 12-member ensemble that provides
240 years of simulated data (12 members x 20 years) for both the control and future periods. Only
winter months (December, January and February) are considered. Univariate RPs are estimated for
WSI and RSI return levels separately in a stationary framework, in which all events are treated as
independent. We use a peak over threshold (PoT) approach and fit a Generalised Pareto Distribution
(GPD) to the top 5% of WSI and RSI events (WSI*™ and RSI*™) for control and future periods
separately.

We also quantify bivariate RPs, which represent the expected waiting time between events in which
specified values of WSI and RSl are jointly exceeded. Following an approach applied in previous studies
(Bevacqua et al., 2018; Manning et al., 2019), bivariate RPs are estimated through a PoT approach in
which a parametric copula-based probability distribution is applied to events in which both WSI and
RSl exceed their respective 95" percentiles. The 95" percentiles are defined from the control
simulation and are demonstrated by the solid horizontal and vertical black lines in Figure 1a, b. The
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bivariate RP for jointly exceeding the 7-year univariate return levels WSI; and RSI; is then estimated
as:

T(WSI,,RSI,) = e (3)

7
1-uwsi;—Ursi; +C(Uwsiy, URSIL)

where ug = Ny /N is the average inter-arrival time of events where WSI and RSI jointly exceed their
95" percentiles, sy, and ugg; are the univariate cumulative probabilities of a given 7-year
univariate return level, while C represents the copula which models the bivariate distribution of WSI
and RSI. For details on copula and the procedure followed in fitting the statistical model, see Appendix
B. We estimate bivariate RPs in control and future climates to quantify the change in RPs. We also
estimate the contribution of changes in WSI, RSI and the (WSI, RSI) dependence to the projected
change in bivariate RPs. This methodology is also outlined in Appendix B.

Uncertainties in the univariate and bivariate RPs are estimated by applying non-parametric
bootstrapping in which we sample 1000 times, with replacement, individual winters to preserve the
serial dependence within seasons and to account for interannual variability between seasons. For each
sample bootstrap, we calculate the RPs, giving 1000 estimated RPs. The expected RP is then calculated
as the median of this sample, while the 95% uncertainty interval is the range between the 2.5 and
97.5%" percentiles.

3.3.2 Categorising events according to RSI and WSI

Within the analysis, we identify why an ETC might produce an extreme wind footprint or rainfall

footprint only, and why one may produce both extremes in the same event. To do so, we combine

events into three categories based on their 1-year return levels from the control (cntl: RL1§,

RL1§,’}§}) and future (fut: RngzIt, RLI%I) simulations. In a given simulation (sim: cntl or fut), an

:sim :sim

S with rsiit™ and wsiit™ is assigned to one of three categories: ERs;* (events where only

event e;
RSI exceeds its 1-yr return level); Eﬁ}g} (events where only WSI exceeds its 1-year return level); and
Eéomp
summarised in Table 1 along with the number of events within each category.

(events where both RSl and WSI exceed their respective 1-year return levels). These criteria are

Table 1: Description of criteria used for the three event categories E5imt, ESI™, and ngj,ggp as well as
the number of events per category (N) in control and future simulations
Event

Type

Criteria Description N (Control, Future)

:sim sim
wsi;"" > RL1yg,

sim . 4 Only WSI exceeds 1-year RL 199, 205
WSI | rsif™ < RLIFE § i
sim rsii'™ > RL133E,

. . Only RSI exceeds 1-year RL 199, 192
RSE | wsif™ < RLIGT, y y
sim wsii'"™ > RL1yS,

Both WSI and RSI exceed 1-year RLs | 41, 40

c i :
omP | g > RIS

The use of the 1-year return level defined from each simulation respectively ensures a similar number
of events are used in producing the composites, which allows us to assess the average characteristics
and possible reasons for differences between extreme events of similar frequencies in the control and

future simulations. It should be noted that the frequency of events in ng,’,’,‘lp can change if the
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correlation changes between RSI and WSI such that they become more/less dependent. However,
we do not observe a change in correlation, and event numbers in each category are similar in control
and future simulations.

3.3. Local co-occurrences of extreme wind gusts and rainfall

We identify cases where the 6-hourly maximum wind gust and 6-hourly rainfall accumulation exceed
their respective 99" percentiles at the same time and grid cell in control and future simulations. The
99" percentiles are defined from the control simulations. For each ETC, we then quantify the metric
Acomp, the percentage of land area that experiences a co-occurrence at least once during an event.
Hence, if a grid cell experiences more than one co-occurrence in an event, it will only be counted once.

We also assess the contribution from wind and rainfall intensity changes to the changes in Ac¢omp
within the future simulations. The wind intensity-driven change to A¢my is identified by removing
the rainfall intensity-driven change. To do so, we recalculate A¢,p,y for co-occurrences in future
simulations when wind gusts exceed their 99" percentiles, defined from the control simulations, at
the same time as rainfall exceeds its 99" percentile defined from the future simulations. The latter
removes changes in A¢,mp that occur due to a simple shift in the rainfall distribution while conserving
the change in A¢ymyp due to a shift in the wind gust distribution. This provides a first approximation of
wind intensity-driven changes in A¢,pmp- The procedure is then reversed to assess the rainfall intensity-
driven changes in Acomyp-

4. Results

The results section is structured in two main parts. Firstly, we present results related to the wind and
rainfall severity indices, WSI and RSI. And secondly, we present results on the area of locally co-
occurring 6-hourly wind-rainfall extremes within ETCs (A¢omyp)- In both parts, we assess future changes
in these metrics and characterise drivers of these compound hazards in control and future simulations.
The assessed drivers of WSI and RSl include the jet stream and cyclone tracks, while the assessed
drivers of A¢ymp include features within ETCs such as warm and cold fronts.

4.1. Assessment of Wind and Rainfall Footprint Severity (WSI and RSI)

The severity of wind and rainfall footprints over land grid cells are quantified using the WSI (Eq. 1) and
RSI (Eq. 2) respectively. We first explore the relationship between WSI and RSI and quantify the
likelihood joint extremes in ETCs within control and future simulations. Figure 1a,b demonstrates the
(WSI, RSI) dependence within individual ETCs (grey dots). In both control and future simulations, the
most extreme WSI and RSI tend to occur in isolation, while joint extremes are less frequent. For
example, considering WSI alone, an event with WSI exceeding 250 (vertical blue line in Figure 1a) has
a univariate RP of 2 years in the control simulation. The equivalent RSI value with a RP of 2 years is
300 (horizontal blue line). For both WSI and RSl to jointly exceed these 2-year return levels (blue dot),
the bivariate RP (black contours) is approximately 18 years. However, this frequency increases in the
future simulations.
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The estimated univariate and bivariate return periods (RPs) are presented in Figure 1c-e. A statistically
significant future increase in WSl and RSl return levels (RLs) is seen at all RPs from 1-20 years; expected
RLs in the future period are outside the respective 95% uncertainty intervals estimated from the
control period. Future increases are much larger for the RSI (~¥90% higher) than the WSI RLs (~25%
higher). We also find a statistically significant increase in the joint probability (i.e. decrease in bivariate
RP) of WSI and RSI exceeding the 1-10 year univariate RL thresholds defined from the control
simulation (Figure 1e). For example, the bivariate RP for a joint exceedance of their respective 2-year
RLs from the control simulation (blue dot in Figure 1a, b) decreases from 18 years to 5 years, meaning
that such events are ~3.6 times more frequent in future simulations. Furthermore, the contours in
Figure 1a, b that present the bivariate RPs for jointly exceeding WSI and RSI values on the
corresponding x- and y-axes are lower across the 2D matrix in the future (Figure 1b), meaning that the
probability of jointly exceeding any WSI and RSI thresholds is increased in the future. This
demonstrates that ETCs are generally windier and wetter in the future simulations.

Figure le also presents the contributions to the increase in bivariate RPs due to changes in WSI, RSI
and the (WSI, RSI) dependence. Changes in RSI are the primary driver of changes to bivariate RPs for
joint exceedances of their respective 1-10 year RLs, as shown from comparison of the black lines in
Figure 1c. In contrast, changes in WSI provide a relatively small contribution above these thresholds.
Lastly, there is no change in the dependence between WSI and RSI.

a) Control Events b) Future Events
2000

2000
1750 1750
1500 1500
1250 1250

1000 1000

750 750

500 \I.\ 500 \
250 %_gn“ "2 __________________ 250 e

. PN /7

Rain Severity Index

20
0 T T T T T T T o T T T T T T T
0 200 400 600 8OO 1000 1200 O 200 400 600 8O0 1000 1200
Wind Severity Index Wind Severity Index
c) Wind d) Rainfall e) Joint Exceedances
00 1800 -
Control (1981-2000) S 10| —— Rsl Contribution
1600 ] == WSl Contribution
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=
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= 200 5 .
400 "‘6
o =
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Univariate Return Period (Years) Univariate Return Period (Years) Bivariate Return Period (Years)

Figure 1: Univariate and bivariate return periods (RPs) of WSI and RSI. Scatter plots illustrate WSI and
RSI from events (grey dots) in the control (a) and future simulations (b). Black contours represent the
guantified bivariate RPs obtained from the copula-based model fitted to RSI and WSI that jointly
exceed their respective 95" percentiles from the control period (black horizonal and vertical lines).
For demonstration purposes, a blue dot and lines are plotted at the univariate 2-year return levels of
the WSI and RSI. Bottom row presents WSI (c) and RSI (d) return levels for RPs between 1-20 years in
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the control (blue line) and future (red line) simulations, as well as bivariate RPs (e) for joint
exceedances of WSI and RSI above 1-10-year univariate return levels. Also shown are the future
change in bivariate RPs (black lines) when accounting for changes in RSI only (solid line), WSI only
(dashed line) and the dependence between WSI and RSI only (dotted line).

4.1.1. Influence of Jet Stream and Cyclone Tracks

The occurrence of extreme WSI and RSl in ETCs is largely constrained by drivers such as the jet stream
and the track an ETC follows. For this reason, we assess characteristics of these drivers within three
ETC categories Ej'%, ESiMand ng,’;;lp in order to explain why some ETCs produce extremes of only

WSI (ESET) or RS (ESE™), and why others produce both extremes (ng,",;lp).

Figure 2a,b presents the typical jet stream winds at 300 hPa for varying values of WSI and RSl in control
and future simulations. E$!%* ETCs tend to occur with a strong jet stream, while ESZ" are characterised
by a weaker jet stream, as illustrated by the gradient of low to high jet stream winds from left to right.
This result is expected given a strong jet intensifies cyclones leading to higher winds, while a weaker
jet causes cyclones to move more slowly allowing rainfall to persist for longer. This result is further
demonstrated in Figure 2d-f which presents the zonal mean wind speeds throughout the troposphere
(black contours) during ETC events over the North Atlantic. These winds are stronger during Eﬁ}}'}
(Error! Reference source not found.d, e) than Eﬁis’}l ETCs (Error! Reference source not found.g, h),
though ng,Tnp cyclones show similar jet stream characteristics to the Ej/% cyclones, indicating that a
strong jet stream is a necessary condition for extreme WSI but not an inhibiting factor for extreme RSI.
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Figure 2: Influence of the jet stream. Top row panels illustrate the maximum wind speed at 300 hPa
from the GCM within 1000 km the ETC centre in the control (a) and future (b) simulations. The shading
represents the average of the maximum 300 hPa winds calculated from events that jointly exceed WSI
and RSl thresholds (minimum of five events required). Middle and bottom rows present zonal mean
wind speeds between 60°E and 30°W from control simulations (contours) and their future change
(shading) for the different cyclone categories: (c) all cyclones; (d) E,f,,ig’} (Extreme WSI only); (e) E,§§T
(Extreme RSI only); (f) and Egg}}w (compound extremes). Filled (unfilled) stippling for future changes
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indicates where at least 7 of 12 ensemble members agree on a positive (negative) change of 20%.
Forward (backward) hatching indicate agreement in at least 9 of 12 members.

There are also noteworthy differences in the ETC tracks of Eﬁ,‘;’} and Eﬁfq’,“. Figure 3 provides tracks for

all ETCs as well as for cyclones in each event category. Eﬁ}g’} tracks are more zonally elongated (Figure

3d, e) than tracks for E,g_ig’}’ events (Figure 3g, h) while the latter tend to reach lower latitudes close to
sim

the CPM domain, likely bringing warmer and moister air than Ej;¢; ETCs. Furthermore, we see
differences in the placement of tracks over the UK. Eﬁ}g’} cyclones are more likely to track over

northern parts of the UK (Figure 3d, e), while EéiS’,” cyclones are more likely to track over the southern
part of the UK (Figure 3g, h). A direct comparison between the two cyclone types is given by the yellow

and blue contours in the respective panels.

This spatial difference in ETC track frequencies near to the UK can be explained using the composites
presented in Figure 4: these show where the highest winds and rainfall tend to occur in an ETC relative
to its centre. The strongest winds generally occur on the southern side of the ETC (Figure 4a, b) while
the highest rainfall occurs northeast of the ETC centre (Figure 4d, e). Therefore, Eﬁ,‘g} cyclones that
track over the north of the domain produce high WSI and low RSI as the track maximises the area of
land overlapping with the strongest winds in an ETC, while minimising the area of land that overlaps

with the highest ETC rainfall. The opposite is the case for ngg’," cyclones tracking over the south of the

domain which produce low WSI and high RSI. Due to these characteristics, ng,’,',‘lp cyclones that
produce both high WSI and high RSl over the UK and Ireland then tend to track through the centre of
the domain (Figure 3j, k) increasing the likelihood for large areas of land to experience both wind and

rainfall extremes.

From the results, we infer that the placement of an ETC track has a large influence on extreme
footprints over land in the domain, but they do not suggest fundamental differences in tracks
associated with ETCs that produce extreme winds or rainfall at some point in their life cycle. We also
note that these characteristics are different to those shown for all cyclones in Figure 3a,b, highlighting
that the track characteristics of regional extremes cannot be inferred from a general assessment of
ETC track frequency.

4.1.2. Projected Changes in Jet Stream and Cyclone Tracks

The projected change in zonal winds and cyclone tracks are presented in Figure 2 and Figure 3,
respectively, for all ETCs and for the three event categories Ej/R, ES{™ and Eéé’,’}m. A general
strengthening of zonal winds during all ETCs is seen throughout the troposphere (Figure 2c), as well
as across the Atlantic and over Europe at 300hPa (see Figure Al in Appendix A). This is accompanied
by an eastward extension of the ETC tracks over northern parts of Europe in future simulations (Figure
3c). Such changes in mean circulation will potentially influence the likelihood of extremes, although
our results demonstrate that changes in jet stream and ETC track characteristics conditioned on
extremes can differ and contrast to changes in mean circulation, as outlined below.

Changes in zonal mean wind speeds are stronger for Eﬁ}g’} cyclones (Figure 2Error! Reference source
not found.d) than for all cyclones (Figure 2Error! Reference source not found.c), and the largest

increases for ESim cyclones are shifted further south of the core of the highest winds in the control,

whereas no shift is seen for the all cyclones. Furthermore, a different response is found for Ej/%

11
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cyclone tracks compared to all cyclones. For instance, there is a 10-15% increase in ETC track frequency

for Eﬁ,‘g’,‘ cyclones further west in the future than in the control (Figure 3f), while 10-15% of

Eﬁ}g} cyclones in the future simulations are shifted northward over the UK with a corresponding
decrease in cyclones that propagate into northern parts of Europe such as Denmark and Germany.
This is in direct contrast to the increase in overall cyclone frequency in this region (Figure 3c) and
would potentially lead to a reduced spatial dependence in wind damages from individual storms
between those areas and the UK (e.g. Dawkins and Stephenson, 2018).

Changes in jet stream winds and ETC tracks for Egg’," cyclones are closer to that for all cyclones

although differences exist. Similar increases in zonal winds are found for Eﬁg’,” cyclones though they
are slightly weaker and the highest increases are found poleward of the highest zonal winds in the
control (Error! Reference source not found.Figure 2e). Changes to E,%f{,” cyclone tracks also have a
similar spatial signature to changes to all cyclones Error! Reference source not found. in that more
tracks extend over northern parts of Europe (Figure 3i), although subtle differences are seen for
changes in ES™ cyclone tracks where, in future simulations, 5-10% more ETCs come from a more
southerly location; this is accompanied by a 5-10% reduction in ETCs further north. This change
contrasts with the poleward increase in zonal winds suggesting that the jet stream and surface ETC

are not as strongly coupled for ESE™ as they are for Ejiot.

The projected changes in jet stream winds and cyclone tracks for ngf,”np cyclones are comparable to

those of Eﬁ,}}'} However, the magnitude of change for jet stream winds is higher for ng,’,”np (Figure 2f).
Furthermore, while a higher proportion of Eéé’?np cyclone tracks in the future simulation also originate
further west in the Atlantic, more propagate eastwards at more southerly latitudes and then track

north-eastward over the UK (Figure 3l). The notably higher proportion of Egg,"np tracks to the south in

the future, compared to E5im and ESL™, leads to higher increases in Egé%p temperatures due to the
combined effect of warming and a southward displacement of tracks to warmer latitudes. This is
shown in Figure A2 in Appendix A using cyclone composites of 850 hPa wet bulb potential
temperatures for each cyclone category. Such a southward shift in cyclone track density means a
higher proportion of ng;{;lp cyclones pass through, or form within, warmer environments that hold
more moisture and latent energy, potentially leading to more rainfall and intense ETCs.

It should be noted that the projected changes are not present in each of the 12 ensemble members.
As indicated by stippling in Figure 2 and Figure 3, the discussed changes are widespread in over half
of the ensemble (7 of 12 members), in that at least 7 members agree on a positive or negative change
of 20% for the zonal winds and an absolute change of 5% in the proportion of cyclone tracks. However,
the level of agreement when considering at least nine members is much reduced in comparison, as
indicated by the smaller area of hatching. Thus, the dynamical response is not robust across all
members but occurs in more members than not.

12
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Figure 3: Cyclone track densities from the Control (left column), Future (middle column) and future
change (Future — Control). Track densities and their future change are given for all cyclones (top row
—a-c) as well as cyclones in the three event types Eﬁ}g’} (Extreme WSI only — d-f), Eﬁg’," (Extreme RSI
only — g-i), and Eg(",’,’;tp (compound extremes — j-1). Densities in (a, b) are scaled with respect to the
maximum density in (a) while densities in the three event categories are given as the proportion of
the number of cyclones per category and simulation. Yellow contour lines represent the 50%

frequency contour for Egg’}‘ cyclones in (d) and (e), while blue contour lines represent 50% frequency
contour for Eﬁ,‘_’g’} cyclones in (g) and (h). Filled (unfilled) stippling for future changes (c, f, i, I)
indicates where at least 7 of 12 ensemble members agree on a positive (negative) change of 0.05.

Forward (backward) hatching indicate agreement in 9 of 12 members.
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Figure 4: ETC composites from the control (left column), future (middle column) and the future change

(Future-Control; left column) produced using all ESZ%, E5i, and ng,’,"np cyclones (440 events).
Composites are provided for mean wind gusts (m s) (top row, a-c), mean rainfall (mm) (middle row,
d-f) and for the probability of locally co-occurring wind-rain extremes. Black contour lines represent
the average MSLP composite. Forward (backward) hatching for future changes indicate where at least

9 members agree on a positive (negative) absolute change of 1 m s (c), 1 mm (f), and 0.01 probability.

4.2. Areas of Co-occurring Wind-Rain Extremes

The previous section assessed ETCs that produce extreme wind footprints (Eﬁ,i_’g'}) and extreme rainfall

footprints (Ef{fg, ) independently as well as ETCs that produce extreme footprints of both (EE™ ). In

Comp
this section, we evaluate extremes that locally co-occur within the same 6-hourly period and grid cell.

We assess the land area (A¢omp) that experiences locally co-occurring wind and rainfall extremes at

least once during an ETC. A¢opm, is grouped into the three event types Ejfm, EST, and Egé’ﬁlp and
presented as boxplots in Figure 5. The number of events in each category is provided above each
boxplot. The purpose of grouping events in this way is to illustrate the differences and similarities in

Acomp across the different event types.
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The area of co-located extremes varies substantially across ETCs within each category; it is never larger
than 50% of the ETC land area in either the control (blue boxplots) or future (red boxplots) simulations.
The largest areas are found for Eéf}glp events meaning that these events produce extreme WSI, RSI
and A¢omp; this might be expected given the presence of extreme WSl and RSl increases the likelihood
of wind and rainfall extremes overlapping in time and space. However, comparatively large areas of
co-located extremes are found in both ESiT and ESI™ events, as illustrated by the number of outliers
associated with the respective boxplots. This indicates that other contributing processes within ETCs,
such as those related to cold and warm fronts, can lead to large areas of co-occurring extremes at the

grid cell level.

By comparing boxplots from control (blue) and future (red) simulations in Figure 5a-c, we find that
Acomp increases in the future simulations. This increase is found mainly for ESI™ and ng,’,’,‘lp events,
with only a small increase for ES{™ events. We also show boxplots of Acomyp in future simulations for
rainfall-only (dark grey) and wind-only (light grey) intensity driven changes. These demonstrate that
the increase in Acomyp is predominantly driven by increases in rainfall intensities. For example, the
dark grey boxplot, representing the rainfall driven change, is very similar to the red boxplots from
future simulations in Figure 5a, c. In contrast, the light grey boxplot, representing the wind driven
change, is almost identical to the blue boxplot from the control simulations. Thus, the increase in

locally co-occurring wind-rainfall extremes is mostly driven by increased rainfall intensities.

a) Extreme WSI Only b) Extreme RSI Only c) Extreme WSI and RSI
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Figure 5: The % area of land grid cells (A¢omp) that experience at least one 6-hourly co-occurrence of

wind and rainfall above their respective 99" percentiles during a) Ej'% events, b) Esi™events, and c)
EZomyp events. Blue and red boxplots show Aoy, in control and future simulations respectively, while
dark and light grey boxplots show the rainfall-only and wind-only intensity-driven changes of A¢omy

in future simulations.

4.3. Drivers of Wind, Rainfall and Co-occurring Extremes within ETCs

We now characterise the drivers of wind, rainfall and their co-located extremes using temporal (Figure
6) and spatial composites (Figure 4 and Figure 7Error! Reference source not found.). The temporal
composites demonstrate the evolution of the WSI, RSl and area of local co-occurring extremes during
the lifetime of an ETC. Also shown are the contributions of the frontal and non-frontal sectors during
this lifecycle. The spatial composites demonstrate where the highest wind and rainfall intensities
occur, as well as where the highest frequencies of co-located extremes occur, relative to the centre of
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the ETC. Combining these, we build a picture of the components within ETCs that cause wind, rainfall,
and co-located extremes.

The RSI metric peaks before an ETC reaches its maximum vorticity and rainfall extremes largely occur
close to a warm front or within an area where cold and warm fronts overlap (Figure 6a). Spatially, the
highest rainfall totals occur to the east of the ETC centre, particularly the northeast (Error! Reference
source not found.Figure 4d, e); likely associated with warm and cold fronts as well as with the ascent
of the WCB. In contrast, the WSI metric peaks after the peak in maximum vorticity and is
predominantly driven by non-frontal processes in the ETC cold sector, following the passage of the
cold front (Figure 6b). The highest winds occur south of the ETC centre where wind directions align
with the direction of the ETC and where the strongest surface winds of cold conveyor belts and sting
jets are generally found.

The area of co-located wind and rainfall extremes within ETCs generally peaks at the same time as the
peak in maximum vorticity, after the peak in RSl and before the peak in WSI. We find that locally co-
occurring wind-rainfall extremes largely occur close to the warm front or where cold and warm frontal
areas overlap (Figure 6c). Spatially, there are two areas with high frequencies of co-occurring
extremes. One is to the east of the ETC centre between the wind maxima to the west and rainfall
maxima to the east (Figure 4 Error! Reference source not found.g, h), and the second is to the north
of the ETC centre in both control and future simulations.
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Figure 6: Temporal composites of a) RSI, b) WSI, and c) combined footprint areas in all E,ﬁf{,”, Elfvig’},
and ng,’,”np cyclones (440 events). Solid lines represent the control simulations while dashed lines
represent the future simulations. The contributions of the frontal and non-frontal areas are also

provided. To produce composites, ETCs are centred at the time of maximum vorticity (timestep = 0).

We further explore the drivers of high frequencies of co-occurring wind-rainfall extremes in Figure 7.
Here, we present the frequency of co-occurring extremes within each frontal and non-frontal feature,
alongside red and blue contours which represent where a high frequency of cold and warm fronts are
detected at the time a cyclone reaches its maximum vorticity (i.e. t =0 in Figure 6). We choose to show
the contours at t = 0 as the position of fronts relative to the ETC centre changes throughout the life
cycle, and the highest frequencies in co-occurring extremes are found at this time.

The position of fronts is largely what we expect, with some exception. Warm fronts extend from the
ETC centre to the east and southeast (Figure 7a,b). Cold fronts are mainly situated in two separate
locations (Figure 7g,h) and, interestingly, their structure suggests the presence of ETCs that follow the
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Shapiro-Keyser conceptual model. The first cold front location close to the ETC centre on the western
side indicates the presence of a bent back front arising from the cold conveyor belt wrapping around
the ETC centre. However, from the Shapiro-Keyser conceptual model, we would expect to see a bent-
back warm front. This discrepancy is likely an issue with how the algorithm differentiates between
warm and cold fronts, but the result still indicates the presence of a bent back front that separates
warm air in the cyclone core from the colder surrounding air. The second cold front location to the
southeast, detached from the centre, indicates the presence of a frontal fracture that is typical of a
Shapiro-Keyser cyclone.

The highest frequencies of locally co-occurring wind and rainfall extremes associated with each frontal
feature naturally overlap with contours indicating a high frequency of fronts. Warm fronts largely drive
co-occurring extremes to the east of the ETC centre over a wide area (Figure 7a,b) whilst the cold front
drives co-located extremes close to the ETC centre on the western side and further away to the
southeast (Figure 7g,h). Frequencies are generally smaller for cold fronts and cover a narrower area
than those associated with warm fronts. For warm and cold front overlaps, a wide area of high
frequencies is found southeast of the ETC centre, similar to warm fronts. Equally, similar to cold fronts,
a confined area of relatively higher frequencies is seen just north of the ETC centre. This frequency is
notably higher than that seen for cold fronts alone just west of the ETC centre, indicating that the
combination of processes related to cold fronts and warm fronts may yield a higher frequency of
combined extremes than either alone.

4.4. Drivers of Future Changes in Co-occurring Extremes within ETCs

The temporal evolutions of RSl and WSI in the future simulations are similar to the control, though
intensified by comparison (Figure 6). Rainfall extremes are amplified within each of the frontal and
non-frontal features throughout the lifecycle of future ETCs (Figure 6a). This result suggests that
extreme rainfall thresholds are exceeded earlier and later in ETCs, potentially causing longer duration
extremes over land. In the ETC composites, we find that rainfall is increased over areas where high
rainfall occurs in the control although the highest increases in mean rainfall (Figure 4Error! Reference
source not found.f) are not co-located with the highest values in the control (Figure 4Error! Reference
source not found.d), indicating an increase in the area of high rainfall.

Winds are also higher in both the temporal and spatial future composites. In the temporal composites,
wind increases are seen only from the point at which ETCs reach their maximum vorticity onwards
(Figure 6b), with the largest change for winds within the cold front (compare blue dashed and solid
lines). Changes after this point are dominated by non-frontal areas within the cold sector. Similarly to
rainfall, the highest changes to mean wind gusts (Figure 4Error! Reference source not found.c) are
not co-located with the highest values in the control (Figure 4Error! Reference source not found.a),
indicating that future wind footprints are larger.
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Table 2: Frontal and non-frontal relative contributions to the total frequency of locally co-occurring
extremes in control and future climate simulations along with future change in these contributions
(first three rows). Contributions are calculated as the percentage of co-occurring extremes that occur
within a feature. Also provided in the last row is the future change in total frequency of co-occurring
extremes within each feature separately.

Warm Front | Frontal Overlaps | Cold Front | Non-Frontal

% Change in Total Frequency 53.26 31.56 80.02 36.44
Control Relative Contribution 27.44 36.50 18.11 17.94
28.58 32.63 22.16 16.63

Future Relative Contribution
% Change in Relative Contribution 4.14 -10.60 22.32 -7.29

Locally co-occurring extremes also increase in frequency in the future simulations. The temporal
composites show an increase that largely follows that of rainfall-only; co-occurring extremes are more
frequent throughout the temporal evolution of an ETC, leading to more co-occurrences earlier and
later in its lifecycle (Figure 6c). This further highlights the influence of increasing rainfall intensities on
increases in co-occurring extremes. However, the spatial composites for co-occurring extremes (Figure
4Error! Reference source not found.i) show a different spatial sighature to those for rainfall (Figure
4Error! Reference source not found.f); increases in co-occurring extremes are widespread, with the
highest increases occurring west and southeast of the ETC centre. The future changes in wind, rainfall
and co-occurring extremes are seen across the ensemble with at least 9 of 12 members in agreement
on a positive increase greater than 1 m s, 1 mm, and a probability of 0.01 respectively (Figure 4c,f,i).

Increases in co-occurring extremes are found within frontal and non-frontal areas (compare the solid
and dashed lines of the temporal composites in Figure 6c). These changes are quantified in Table
2which provides changes to the total frequency of co-occurring extremes within each frontal area, as
well as its relative percentage contribution. The largest increase in frequency of 80% is found near the
cold front, which increases its relative percentage contribution from 18% in the control to 22% in the
future. This indicates that processes within the cold front become relatively more important for co-
occurring extremes in the future simulations. Spatially, the largest absolute increases in the cyclone
composites are generally located close to where the highest frequencies are found in the control for
each frontal area. Within overlapping frontal areas, the largest increases are found closer to areas
with high frequencies of cold fronts than those for warm fronts (Figure 7f), that is, on the western side
of the ETC centre and further to the southeast (Figure 7d,e), suggesting that changes in overlapping
frontal areas are mainly driven by processes related to the cold fronts. The agreement between
ensemble members on the future increases is lower within frontal areas compared to the general
change in local co-occurrences (Figure 4i). Agreement between at least 9 members is limited to a
confined area northwest of the cyclone centre (Figure 7f - hatching), while agreement between at
least 7 members is widespread for each frontal area (Figure 7c,f,i - stippling).
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Figure 7: The probability of locally co-occurring extremes within warm fronts (top row, a-c), areas
where warm and cold fronts overlap (second row, d-f), cold fronts (third row, g-i) and non-frontal
areas (bottom row, j-l). Probabilities are estimated for events where either the WSI or RSI 1-year RL is
exceeded (i.e. ESi®, ESI™ and Eg(‘;’,”np) and presented for the control (left column) and future (middle
column) simulations as well as their future change (Future — Control). Red and blue contours indicate
the areas where warm and cold fronts are frequently detected (> 10 % of timesteps). Black crosses
indicate the centre of an ETC. Hatching (stippling) for future changes indicates where at least 9 (7)
members agree on a positive change of 0.004 (no agreement found on negative change).
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5. Discussion and Conclusions

This paper has assessed compound wind and rainfall extremes, produced by extra-tropical cyclones
(ETCs), and their future projections within a 12-member ensemble of 2.2 km convection-permitting
climate model simulations over the UK following the RCP8.5 high emissions scenario. Compound
extremes were assessed from two perspectives: 1) we quantified the likelihood of ETCs that produce
extremely severe wind and rainfall footprints in the same event and identified the jet stream and
cyclone track characteristics of these events; 2) we assessed areas of locally co-occurring 6-hourly
extremes of wind and rainfall within ETCs, and evaluated the contribution from their frontal and non-
frontal drivers. In doing so, we identified thermodynamical and dynamical sources of future changes
in these compound extremes.

5.1. Extreme wind and rainfall footprints (WSI and RSI)

The most extreme wind and rainfall footprints, WSI and RSI respectively, have contrasting jet stream
characteristics. WSI extremes are favoured by a strong jet stream that intensifies ETCs and associated
winds, while RSI extremes are favoured by a weak jet and slow moving ETCs that allow rainfall to
persist over localities for longer durations. However, a strong jet is not a limiting factor for extreme
RSI as our results indicate that ETCs with both WSI and RSI extremes require a strong jet stream.
Compound extremes are also more likely under a southerly jet stream that carries an ETC over warmer
regions than normal (e.g. 30-40° latitude) bringing more intense rainfall, in line with Clausius-
Clapeyron, and higher wind speeds due to the additional latent heat energy that can intensify ETCs.
The area of land affected by wind and rainfall extremes in the UK and Ireland is then maximised if the
centre of the ETC tracks over the centre of the land mass. This is because the highest winds occur
southward of the ETC centre while the highest 6-hourly rainfall intensities occur north-eastward of
the cyclone centre.

Climate simulations project an increased frequency of ETCs that produce extreme WSI and RSl in the
same storm. The bivariate return period for a joint exceedance of the 2-year return levels of WSI and
RSI, defined from the control, reduces from once every 18 years in the control to once every 5 years
in the future, a 3.6-fold increase in frequency. This change is largely explained by increased RSI,
pointing to a predominantly thermodynamic response, while an increase in WSI accounts for a small
fraction of the change. The results largely agree with previous studies. In the 12 km model that drives
the 2.2 km simulations assessed here, Bloomfield et al. (2023) find a similar 3-fold future increase in
the frequency of windstorms co-occurring with severe flooding. Furthermore, CMIP6 models project
an increase in daily co-occurrences of wind and rain above their 99'" percentiles, although models vary
in their magnitude of change (Ridder et al., 2022; Francois and Vrac, 2023), while increasing
precipitation is the main driver of projected increases in the co-occurrence of storm surge and heavy
precipitation in coastal areas (Bevacqua et al., 2019; 2020a).

The results also indicate important contributions from changes in ETC tracks and the jet stream to the
future increase in WSI and RSI. The increased WSI is likely a result of the strengthened jet stream in
future events, as well as increased diabatic contributions to ETC intensification indicated by the local
poleward deflection of ETC tracks close to the UK (Tamarin and Kaspi, 2017). Furthermore, a
southward displaced jet stream within future events with WSI and RSI extremes causes ETCs to
propagate through more southerly and warmer latitudes causing a dynamically enhanced increase in
temperature which may further intensify RSI and WSI. This southward displacement of cyclone tracks
and jet stream for extreme events (ng,’{}lp, ESI™) conflicts with the changes seen for all ETCs. On
average, the simulations project ETC tracks to have an eastward extension over Europe, in line with
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CMIP5 and CMIP6 models (Zappa et al., 2013; Priestly et al., 2022a), and a moderately strengthened
jet stream with no change in position. The southward displacement further conflicts with the average
response of the jet stream in CMIP6 models who mostly project a poleward shift in average jet position
with varying magnitude that can depend on a model’s ability to represent important feedbacks from
drivers such as tropical warming and Arctic amplification (Screen et al., 2022; Woolings et al., 2023).
While such changes may have implications for extremes, the link to extremes may not be
straightforward. Our results show that changes to jet stream and ETC track characteristics are different
between extremes and non-extremes. Hence, diagnosing the effect of large-scale dynamical changes
on extreme weather requires assessment of circulation changes specific to extreme events.

5.2. Local co-occurrence of 6-hourly wind-rainfall extremes

Large areas of locally co-occurring wind-rainfall extremes are most likely to occur in ETCs where both
WSI and RSI are extreme, however, similar areas occur in ETCs where only WSI or RSI are extreme,
highlighting the presence of contributing processes within ETCs besides those causing WSI or RSI
extremes. Local wind and rainfall extremes, defined as local 99*" percentile exceedances, are driven
by mostly separate processes within ETCs that occur at different times in their lifecycle and in different
locations relative to the ETC centre (Bengtsson et al., 2009). Rainfall extremes peak prior to an ETC's
maximum intensity caused by ascending air over fronts and convection. Wind extremes peak at the
time of maximum ETC intensity caused by tight pressure gradients and jet features. The highest
frequency of co-occurring extremes is found at the times and locations where these separate drivers
coincide; near the time of maximum ETC intensity to the north, east and southeast of the ETC centre.
The highest frequency occurs north of the ETC centre, likely due to rainfall from the ascending warm
conveyor belt (WCB) over areas of high winds due to a westward moving cold conveyor belt (CCB)
(Schultz, 2001). Latent heating during WCB ascent can also amplify winds in the CCB (Schemm and
Wernli, 2014). To the east, co-occurrences can arise due to frontal rainfall coinciding with high winds
from tight pressure gradients as well as due to shared drivers such as the WCB (Hewson and Neu,
2015) and convection along cold fronts (Ludwig et al., 2015; Eisenstein et al., 2022), though the latter
has a relatively small contribution.

The climate simulations project an increase in the land area experiencing a joint exceedance of wind
and rainfall above their respective 99t percentiles, mostly due to increased rainfall intensities within
fronts. The relative contributions from fronts, and their importance, to co-occurring extremes are
generally consistent between control and future climates, although the absolute contribution from
cold fronts increases relative to warm fronts, possibly arising from an increase in convection along the
cold front (Berthou et al., 2022). It is important to note that the identified drivers of locally co-
occurring extremes, such as the CCB, WCB and convection, are poorly represented in coarse-
resolution models (Priestly et al., 2022b; Manning et al., 2023; Prein et al., 2015), while even state-of-
the-art reanalysis products such as ERA5 can be unreliable for co-occurring extremes (Zscheischler et
al., 2021). This raises questions over the reliability of coarse resolution models and the results highlight
the need for process-oriented evaluations of such models and comparisons with high-resolution
counterparts.

5.3. Summary

This study has quantified future changes in compound wind-rain extremes and revealed important
contributions from large-scale factors (jet stream, cyclone track) as well as frontal and non-frontal
drivers within ETCs. In a warmer climate, ETCs are more likely to produce severe footprints of extreme
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winds (WSI) and rainfall (RSI) in the same event, while the area of locally co-occurring wind-rainfall
extremes will also increase. Such increases will have implications for impacts: increased WSI-RSI
extremes may lead to more windstorms co-occurring with flood events (Bloomfield et al., 2023; 2024)
that could cause larger aggregations of separate impacts throughout the UK to industries such as rail
transport (e.g. Hillier et al., 2015; 2020), while both may combine in a single catchment over the
lifetime of a storm to enhance coastal compound flooding (Bevacqua et al., 2017; Ward et al., 2018).
Impacts due to local co-occurring extremes are less understood or remain largely anecdotal, though
their increased frequency may hasten the deterioration of buildings (Jeong et al., 2020).

Increased rainfall is the main cause of the projected change in compound wind-rain extremes, though
a strengthened jet stream and a southward displacement in its position likely contributes to this
projected increase. The thermodynamic-driven change in rainfall is a robust feature of the future
climate projected by climate models (O’Gorman and Schneider, 2009). However, the large-scale
changes are not seen across all ensemble members assessed here and there is generally less
confidence in the magnitude of climate-induced atmospheric circulation changes (Shepherd, 2014)
such as changes to cyclone tracks (Chang et al., 2012; Harvey et al., 2015) and the jet stream (Harvey
et al., 2023). The use of a single model is therefore a weakness in this study.

Despite the uncertainty of the dynamical response, our results demonstrate the influence that such
large-scale changes can have on compound extremes and can be considered a type of storyline
conditional on the warming scenario and jet stream response (Zappa, 2019). For example, a
stronger/weaker response of the jet stream and cyclone tracks in future climate simulations may bring
larger/smaller changes in the probability of joint extremes. Equally, a lower emissions scenario,
compared to the high emissions RCP8.5 scenario used here, may bring a smaller increase in rainfall
extremes as well as a weaker intensification to cyclones (Priestly and Catto, 2022). Going forward, the
results offer a starting point for process-oriented analyses of compound wind-rainfall extremes.
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Appendix A: Additional Figures
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Figure Al: Average 300hPa wind speeds for ETCs from the Control (left column), Future (middle
column) and future change (Future — Control). Wind speeds and their future change are provided for
all cyclones (top row — a-c) as well as cyclones for the three event types E‘j}g’} (Extreme WSl only — d-
f), ESS (Extreme RSl only — g-i), and EET. | (compound extremes — j-1). Blue contour lines in panels
d-e, g-h, and j-k represent the 50% frequency contour of the track density from Figure 3 associated

with the given ETC type. Grey box in panel (a) represents CPM domain boundaries.
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Appendix B: Methods Appendix
B.1 Fitting Bivariate Statistical Model

Bivariate return periods are estimated through a peak-over-threshold approach in which a parametric
copula-based probability distribution is applied to events WSI?¢ and RSI?:, which refer to events
where both WSI and RSI exceed their respective 95" percentiles. The 95" percentiles are defined from
the control simulation and are demonstrated by the solid horizontal and vertical black lines in Figure
2a, b. A copula is a multivariate distribution function that models the dependence between random
variables independently of the marginal (univariate) distributions. According to Sklar (1959), the joint
distribution function (F) of WSI?¢ and RSI?! may be written as:

F(WSIPE, RSIPY) = € (uyy g pi, Upgpi)s (3)

where C is the copula modelling the dependence between the WSIP! and RSI?! pairs that jointly
exceed their respective 95" percentiles, while wy, ¢;pi = Fj,qpi (WSIPY) and g pi = Fpgpi(RSIPY)
are uniformly distributed cumulative probabilities on [0,1]. F\, ¢ /bi and F g, bi are then the univariate
cumulative distribution functions of WSI?¢ and RSI?! respectively and are modelled using a GPD. The
copula instead is fit to uﬁ,"sli’bi and ufg}’;i which were obtained via empirical CDF to avoid errors
introduced by potential misspecification of the parameters of the marginal distributions (F, ;5 and
Fpgbi). A range of copula families, each with their own individual dependence properties, may be
chosen to represent the dependence between WSI?! and RSI?E. Using the R package Vine Copula, we
selected the highest ranked of the following families according to the Akaike information criterion
(AIC): Gaussian, t, Clayton, Gumbel, Frank, Joe, BB1 BB6, BB7, and BB8. In both the control and future
simulation, this resulted in the Clayton copula being selected.

B.2 Estimate contributions to changes in Bivariate Return Periods

We estimate how bivariate return periods would change in the future simulations when only taking
into account the change with respect to the control of (1) the wind severity index (WSI) distribution
(all values without conditioning on the rainfall severity index (RSI)), (2) the WSI distribution (all values
without conditioning on RSI), and (3) the dependence between WSI and RSI. The bivariate RP for each
case is estimated following equation 3 as follows.

Experiment (1): From WSI in the control simulation (WSI¢t™), we calculate the associated empirical
CDF to obtain U, ctri. From WSI in the future simulation (WSIFU¥t), we define the empirical CDF
Fyysirue that is used to obtain WSI; = F ¢ rue (Uyy g cert). We then compute the bivariate RP using
the bivariate model fit to (WSI;, RSIC*™) that jointly exceed the respective 95™ percentiles of WSI ¢t
and RSICt! where RSI¢'! is RSI from the control simulation. The variables (WSI;, RSIt™) have the
same Spearman correlations and tail dependence as during the control but the univariate distribution

of WSI, is that from the future.
Experiment (2): Similar to experiment (1) but swapping WSI and RSI.

Experiment (3): With variables (WSI¢t"!, RSICt"!), we obtain their respective empirical CDFs from

which we define WSI; = FVT,;CM(UWS,FM) and RSI; = FR_Sllcm(URSIFut). The variables (WSI3, RS13)

then have the same Spearman correlation and tail dependence as (WSIF¥, RSIFY), but the
univariate distributions are those from the control simulations. We then compute the bivariate RP
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using the bivariate model fit to the pairs (WSI5, RSI3) that jointly exceed the 95" percentiles of
(WSICtrl RSICtrl).
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