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Abstract Using the novel kilometer-scale global storm-resolving model Geophysical Fluid Dynamics
Laboratory eXperimental System for High-resolution prediction on Earth-to-Local Domains (X-SHiELD), we
investigate the impact of a 4 K increase in sea surface temperatures on Northern Hemisphere midlatitude
cyclones, during the January 2020-January 2022 period. X-SHiELD simulations reveal a poleward shift in
cyclone tracks under warming, consistent with CMIP projections. However, X-SHiELD's high resolution and
explicit deep convection allowed for a detailed analysis of the warm and cold sectors, which are instead typically
underrepresented in traditional CMIP models. Instead, compositing the 100 most intense midlatitude cyclones
in the North Atlantic, we find that the warm sector exhibits statistically significant increases in wind speed and
precipitation of up to 15% locally per degree of warming, while changes in the cold sector are less pronounced.
This study demonstrates X-SHiELD's potential to provide a realistic-looking perspective into the evolving risks
posed by midlatitude cyclones in a warming climate.

Plain Language Summary In this study, we use a cutting-edge global storm-resolving model called
Geophysical Fluid Dynamics Laboratory eXperimental System for High-resolution prediction on Earth-to-
Local Domains (X-SHiELD) to understand how intense storms, known as midlatitude cyclones, might change
as the climate warms. Specifically, we examine how a 4°C increase in sea surface temperatures affects these
storms in the Northern Hemisphere over a 2-year period. Our simulations show that the tracks of midlatitude
cyclones tend to shift toward the poles as temperatures rise, which is consistent with previous climate model
projections. What makes this study unique is the use of X-SHIiELD, a high-resolution storm-resolving model
that can simulate both the warm and cold parts of these cyclones in far greater detail than traditional models.
This allows us to observe changes that other models miss. For example, we find that the warm parts of the
cyclones experience much stronger winds and heavier rainfall, with increases by up to 15% locally in wind
speeds and in rainfall for every degree of warming. These findings suggest that as the climate warms,
midlatitude cyclones will pose greater risks, especially from their warm sectors, and highlighting the importance
of storm-resolving models like X-SHiELD.

1. Introduction

Midlatitude cyclones, commonly known as windstorms, are a major driver of extreme winds and precipitation
across the midlatitudes, leading to significant socio-economic impacts, with billions of dollars in damages (Letson
et al., 2021; Little et al., 2023; Munich Re, 2002; Roberts et al., 2014; Son et al., 2024). Despite their importance,
the latest Intergovernmental Panel on Climate Change (IPCC) report highlights substantial uncertainty (medium
to low confidence) regarding projected changes in the frequency, preferred locations, and structural features of
these cyclones under future climate scenarios (IPCC, 2023). Reducing this uncertainty is crucial, and advances in
increasingly sophisticated climate models potentially provide a path forward.

Although scientific agreement on future changes in midlatitude cyclones remains uncertain, two decades of
research suggest a poleward shift in cyclone track density and intensity, with the most severe socio-economic
impacts likely concentrated in the Northern Hemisphere midlatitude regions such as North America, the
British Isles, and Europe (Catto et al., 2019; Chang, 2017; Feser et al., 2015; Pinto et al., 2012; Priestley &
Catto, 2022; Ulbrich et al., 2013; Wang et al., 2017; Zappa et al., 2013). While the overall number of midlatitude
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cyclones is projected to decrease, the strongest ones might intensify, with both winds and precipitation becoming
more extreme (Bevacqua et al., 2020; Biieler & Pfahl, 2019; Gentile et al., 2023; Priestley & Catto, 2022).

Several studies have investigated future changes in the structure of midlatitude cyclones (Catto et al., 2019;
Schultz et al., 2019), identifying three key aspects under a warmer climate: (a) increased surface latent heat flux,
amplifying positive lower-tropospheric potential vorticity (Pfahl et al., 2015); (b) strengthening of the warm
sector (the region between the cold and warm fronts), with increases in low-level winds and total precipitation
(Berthou et al., 2022; Manning et al., 2023; Sinclair et al., 2020); and (c) minimal changes in cold sector peak
winds (the region behind the cold front (Bengtsson et al., 2009; Gentile & Gray, 2023). However, most of these
studies relied on coarse-resolution CMIP General Circulation Models (GCMs), which struggle to capture
mesoscale cyclone features. For example, the mesoscale cold sector of a midlatitude cyclone approximately
300 km across, is resolved by only about three grid points in a 100 km resolution CMIP GCM (Hewson &
Neu, 2015), limiting accuracy in representing the highly-spatially and temporally varying near-surface winds and
precipitation. The reliance of traditional GCMs on subgrid-scale parameterizations for processes like convection
further exacerbates these limitations.

The recent development of km-scale Global Storm-Resolving Models (Fuhrer et al., 2018; Satoh et al., 2014,
2019; Schir et al., 2020; Stevens et al., 2019; Tomassini et al., 2023) presents an opportunity to address this issue.
These models, with their exceptionally high-resolution and reduced reliance on physics parametrizations, provide
a more reliable foundation for assessing future cyclone changes under a warmer climate. Despite some remaining
biases (Feng et al., 2023), they have already shown promising results in simulating more realistic precipitation
patterns (Jones et al., 2023; O’Gorman et al., 2021) and capturing the precipitation response to increased Sea
Surface Temperatures (SSTs) and CO2 under warmer climate scenario (Bolot et al., 2023; Guendelman
et al., 2024). These capabilities offer an exciting opportunity to investigate how the structure of intense mid-
latitude cyclones, their rapidly-varying near-surface winds, and total precipitation respond to warmer climate
scenarios at kilometer-scale, which we explore here.

In this study, we use the latest version of the cutting-edge global storm-resolving kilometer-scale model,
eXperimental System for High-resolution prediction on Earth-to-Local Domains (X-SHiELD), developed by the
Geophysical Fluid Dynamics Laboratory (GFDL), running at a 3.25 km grid-spacing, to investigate future
mesoscale changes in midlatitude cyclones. We compare the synoptic characteristics (track and intensity) and
composite means of wind and precipitation for the 100 most intense midlatitude cyclones in the North Atlantic
region between a control scenario and a warmer climate scenario, where SSTs are increased by 4K, over the
January 2020-January 2022 period. Given the exceptionally large data set generated by X-SHIiELD global
simulations, we confine our study to the extended North Atlantic region, spanning from North America to Europe,
bounded by 25-90°N latitude and 60°W to 30°E longitude.

2. Methods
2.1. The Kilometer-Scale Global Storm-Resolving Model X-SHiELD

The kilometer-scale global storm-resolving model X-SHIiELD, derived from the SHiELD model family (Harris
et al., 2020), is a cutting-edge global model which operates at a horizontal resolution of approximately 3.25 km
with 79 vertical layers. X-SHIiELD employs a simplified parameterization for shallow convection (Cheng
et al., 2022), while the planetary boundary layer turbulence is modeled using the Turbulent Kinetic Energy—Eddy
Diffusivity Mass Flux (TKE-EDMF) scheme (Han & Bretherton, 2019).

To investigate the response of intense midlatitude cyclones to a warmer climate, specifically capturing projected
future changes in their mesoscale structure, we conducted two simulations using X-SHiELD. These span the 2-
year period January 2020-January 2022 (with a 3-month spin up before January 2020) and include a control run
and a warmer climate scenario.

In the control simulation, the lower boundary consists of a mixed layer ocean (MLO) nudged toward ECMWF sea
surface temperature (SST) analyses with a timescale of 15 days. While the MLO does not strictly follow the
prescribed SSTs, its interactivity captures features of an interactive ocean without increasing computational cost,
and drifts are effectively controlled (Harris et al., 2020). A recent detailed evaluation of X-SHiELD against
observational data revealed no model drift (Guendelman et al., 2024), with local biases comparable to those in
CMIP6 models, despite the limited integration period. In the warmer climate simulation, SSTs are nudged toward
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WARM - CTRL Cyclone track density [L0~®°km~2month~!] WARM - CTRL Cyclone track intensity [1073s71]

Figure 1. (a) Difference in midlatitude cyclone track density (10‘6km_2 month™") between the +4 K SST warmer (WARM) and control (CTRL) X-ShiELD simulations
for the NH (shown as color shading), with control cyclone track density overlaid as fine black contours. Green points and light green points denote the centers of the 100
most intense cyclones in the control at their peak 850 hPa vorticity (.’,‘850) and warmer climate simulations, respectively. The thick black line outlines the North Atlantic

sector considered. (b) Difference in midlatitude cyclone track mean intensity [10™>s~!] between the WARM and CTRL simulations for the NH (shown as color shading),
with cyclone track intensity in the control simulation overlaid as fine black contour.

ERAS5 SSTs uniformly increased by +4K, leading to an approximate +4 K increase relative to the control
simulation SSTs. This setup may enhance baroclinicity near the sea-ice edge, where temperatures reach 0°C,
potentially favoring cyclogenesis. With identical sea-ice concentrations in both simulations, the cyclone activity
near the poles might be artificially enhanced. However, analysis of the 100 most intense cyclone centers, iden-
tified by their peak vorticity at maximum intensity (Figure 1a), revealed no significant shift in their distribution
near the sea-ice edge, suggesting minimal influence of the fixed sea-ice edge on our results (see Section 2.2 for
details on cyclone tracking).

2.2. Midlatitude Cyclone Tracking and Compositing

We tracked midlatitude cyclones using the Hodges algorithm (Hodges, 1995) applied to 3-hourly 850 hPa relative
vorticity (5850). This method better detects lower tropospheric cyclones compared to those based on mean sea
level pressure, by allowing earlier system identification and minimizing large-scale background influence. To
reduce noise in the high-resolution vorticity field (~3.25 km), we coarsened it to 25 km and truncated it to T42
resolution, masking wavenumbers <5 to remove planetary-scale wave effects. Cyclones were identified as
positive 850 hPa vorticity anomalies, and only those that persisted for over 48 hr, traveled at least 1,000 km, and

-1

reached a maximum vorticity of 1 X 107 s~! were retained.

The 100 most intense cyclones, ranked by maximum &gs, were composited for both the control and +4K warmer
climate scenarios (Catto et al., 2010; Dacre et al., 2012; Sinclair et al., 2020). An analysis of the seasonal dis-
tribution of cyclones revealed that 88% of cyclones in both simulations occur between October and March,
highlighting their predominantly wintertime nature. However, the +4K simulation exhibits a slight increase in
summer cyclone frequency (3% vs. 1% in the control), with a corresponding decrease in spring. The range of
maximum vorticity values was analyzed for both simulations.

To analyze cyclone structure, we examined total column water vapor, 850 hPa temperature, 10-m wind speed, and
precipitation at four lead times relative to peak intensity: —48, —24, 0, and 424 hr. Cyclones were mapped onto a
12° radius spherical grid centered on their 850 hPa vorticity center, using 40 radial and 360 angular points.
Cyclones were rotated to align their propagation due east, ensuring consistent compositing. Meteorological fields
were then averaged across the 100 cyclones for each lead time relative to maximum vorticity. While the 2-year
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simulation duration limits the value of significance testing for total cyclone tracks, consistent with recent GSRM
studies (Bolot et al., 2023; Cheng et al., 2022; Dong et al., 2024; Gao et al., 2024; Guendelman et al., 2024; Jones
et al., 2023; Merlis et al., 2024; O’Gorman et al., 2021), we evaluate the statistical significance of differences in
the composite means of the considered meteorological fields associated with the 100 most intense cyclones
between control and warmer climate simulations using Welch's #-test with a two-tailed threshold of p < 0.05. The
resulting p-values identified statistically significant grid cells, visualized with stippling on composite maps,
unless >99% of grid cells were significant, in which case this was noted in the text and stippling omitted for
clarity.

3. Results Obtained Using the Kilometer-Scale Global Storm-Resolving X-SHiELD
Model

3.1. Response of Midlatitude Cyclone Tracks Density and Intensity to a Warmer Climate Scenario

The response of midlatitude cyclone tracks density and intensity in the NH to a +4K SST increase, as simulated
by the kilometer-scale global storm-resolving X-SHiELD model, is shown as divergent color shading in
Figures 1a and 1b, respectively. Figure 1a illustrates that X-SHiELD accurately captures the maximum cyclone
track density within the two primary oceanic storm tracks, the North Atlantic and North Pacific, with magnitudes
consistent with previous studies (Bengtsson et al., 2009; Dacre & Gray, 2009). The warmer climate scenario
reveals a noticeable poleward shift in the storm tracks in both the North Atlantic and North Pacific, with a marked
increase in cyclone track density on the poleward flank and a corresponding decrease equatorward. Overall, in the
warmer climate scenario the total number of midlatitude cyclones in the NH decreases by approximately 3.5%,
aligning with previous findings (Catto et al., 2019; Priestley & Catto, 2022).

Figure 1b demonstrates that cyclone intensity strengthens near the NH pole, in the warmer climate simulation,
while weakening equatorward, except for a region in the North Pacific. In the NH, regions of the Atlantic Ocean
north of the British Isles and Northern Europe, and the northern Pacific Ocean, experience increases in cyclone
intensity, with relative vorticity at 850 hPa (£gs) reaching up to approximately 1.0 x 107>s™!. Conversely, the
southern parts of the North Atlantic and North Pacific exhibit decreases in cyclone intensity, with values as low as

—1.0 x 107%s7!, consistent with CMIP5 and CMIP6 findings (Priestley & Catto, 2022; Zappa et al., 2013).

In contrast, in the Mediterranean region, the warmer climate scenario reduces track density but shows minimal
change in track intensity. This limited sensitivity to the +4 K SST increase may reflect methodological con-
straints, such as limitations in the Hodges tracking algorithm (Hodges, 1995), which may underrepresent intense
Mediterranean cyclones like medicanes (Pantillon et al., 2024; Zappa et al., 2015). Future enhancements in
tracking methods could offer a more comprehensive understanding of their response to warming.

3.2. Response of Composite Structure of the One-Hundred Most Intense Midlatitude Cyclones to a
Warmer Climate

Here, we investigate the mesoscale structure evolution of the 100 most intense North Atlantic midlatitude cy-
clones under both the control and +4 K SST warmer climate scenarios. The composite mean of their total column
water vapor (TCWV) and 850-hPa temperature anomalies are shown at various stages relative to the time of
maximum vorticity. The black contours in Figure 2a show the control climate TCWV composites at —48 hr,
characterized by a broad and well-defined warm sector, with values exceeding 24 kg m~2. By —24 hr (Figure 2b),
the cold sector begins to wrap around the warm sector. At maximum vorticity (Figure 2c), TCWV in the warm
sector decreases to 16 kg m~2, further reducing to 12 kg m~2 in the later stages (Figure 2d), primarily due to
condensation of water vapor and subsequent precipitation, contributing to cyclone intensification through the
latent heat release.

Comparing warmer climate to the control simulation (blue shading in Figures 2a-2d), a TCWV increase is
observed at all stages of cyclone development. (To note, the differences between the warmer climate and the
control simulations are normalized by 4K, corresponding to the SST increase in warmer climate.) The most
pronounced increase occurs in the warm sector during the early development stages, —48 to —24 hr (Figures 2a
and 2b), reaching up to approximately 3.5 kg m~2 per degree of SST warming (=15% increase). In contrast, the
cold sector experiences a smaller TCWV increases (4%—6% rise or 0.5 kg m~2) per degree of SST warming during
the early development stages (Figures 2a and 2b), primarily ahead of the warm front and poleward of the cyclone
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a t=-48 hr b t=-24hr

0.0 0.5 1.0 15 2.0 25 3.0 35
TCWV CHANGE PER DEG WARMING [kg m~2 K™1]

Figure 2. Composite mean TCWYV of the 100 most intense cyclones in control X-SHiELD under the control climate (black
contours, [kg m™2]) at (a) —48 hr, (b) —24 hr, (c) 0 hr, and (d) +24 hr relative to the time of maximum vorticity, overlaid on
TCWYV differences between the warmer +4 K SST and control climate (blue shading). Red dashed contours indicate the
difference in 850 hPa temperature anomalies between the +4 K SST and control climate. All fields are coarsened to a 25 km
resolution from their native 3.25 km resolution, and normalized by 4K SST warming. Composite cyclone centers are aligned
relative to their 850 hPa vorticity and rotated with propagation direction to the right.

center. An exception is a relatively small patch in the cold sector behind the cold front, west of the cyclone center,
with relatively larger increases of ~10% K™!, possibly due to the cyclone being still close to the open wave stage.
At maximum vorticity and the later stages (Figures 2c and 2d), TCWYV increases in the warm sector remains
significant (1.0-1.5 kg m~2), corresponding to a 7%-9% increase, while changes in the cold sector become
negligible in value, below 5 kg m~2. Finally, we note that nearly all composite TCWV differences (>99% grid
cells) in Figures 2a-2d are statistically significant (p < 0.05), so stippling is omitted for clarity.

The composite mean 850-hPa temperature anomaly (T850) per degree of SST warming (the red-dashed contours
in Figures 2a-2d), reveals an increase of up to 2 and 1 K per degree of global mean SST warming at —48 hr and
—24 hr, respectively (Figures 2a and 2b), while the cold sector shows slight decreases, ahead of the warm front,
with maximum reduction of 0.5 K. This pattern implies a strengthening of the meridional temperature gradient in
the +4K experiment. We computed the 850 hPa temperature anomaly difference by: (a) subtracting the 850 hPa
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spatio-temporal temperature mean over the North Atlantic region (outlined by black boundaries in Figure 1) from
the control composite mean 850 hPa temperature, (b) repeating this procedure for the warmer climate simulation,
and (c) subtracting the control climate anomaly from the warmer climate anomaly. This analysis helps to clarify
that the observed super Clausius-Clapeyron increase in TCWV (15%K™") during early cyclone intensification
stages may result from normalizing against global SST increase rather than local atmospheric temperature.
Indeed, as shown in Figure 2b, the local temperature increase Tgso over the warm sector exceeds the North
Atlantic mean, and the TCWYV increase closely follows this temperature anomaly. At maximum vorticity and later
stages (Figures 2c and 2d), changes in the composite mean Tgso become much smaller, confined to within +£0.5 K
per degree of SST warming. The substantial increase in the background 850 hPa temperature anomaly gradient at
—48 hr, and to a lesser extent at —24 hr, shows a large increase in the warmer climate, and may be due to a shift in
cyclone location from the North American continent toward Europe. However, further exploration of additional
contributing factors lies beyond the scope of the paper.

3.3. Response of the One-Hundred Most Intense Midlatitude Cyclone Composite Mean 10-m Winds and
Total Precipitation

Figure 3 illustrates the evolution of the composite mean Earth-relative 10-m wind speed in the control climate
(black contours) and the corresponding changes in magnitude per degree of SST warming in the +4 K warmer
climate (shading). During the early stages of cyclone development, between —48 and —24 hr (Figures 3a and 3b),
the highest composite control mean 10-m wind speeds, approximately 10 m s~!, are located in the warm sector,
equatorward of the cyclone center. As the composite cyclone rapidly intensifies, the region of strongest 10-m
wind speeds shifts to the rear of the cyclone center, while remaining equatorward, in the cold sector. At the
time of maximum vorticity (Figure 3c), the composite mean 10-m wind speeds peak at around 25 ms~!. However,
these peaks in the later stages of development (Figure 3d) weaken, decreasing to 16-18 ms™!. It is important to
note that the relatively weak peak of 25 m s~! at maximum vorticity, despite the 3.25 km resolution of the model,
is primarily due to averaging over 100 cyclones, which smooths out localized extreme values, and it does not
represent an actual peak for individual cyclones. Additionally, the surface-layer parameterization may contribute
to this smoothing effect, as the Earth-relative 10-m wind speeds are highly sensitive to near-surface processes.

Under the +4K SST warming, the composite mean 10-m wind speeds increase at most stages of cyclone
development. In the early stages (—48 to —24 hr relative to the time of maximum vorticity, Figures 3a and 3b), the
area of highest 10-m wind speeds expands, with increases of up to 1-1.5 ms™! per SST degree of warming,
particularly ahead of and on the southern flank of the warm sector. Between —24 hr and the time of maximum
vorticity, the cyclone's pressure center shifts northeastward and then eastward (see green and purple crosses in
Figures 3b and 3c), resulting in a dipole structure in the composite wind field, also suggesting an overall less
upright and more tilted vertical structure of the cyclone composites. Additionally, in the cold sector, maximum
winds shift equatorward and eastward, increasing by 0.5 ms™' per SST degree of warming. Both the cold and
warm sector enlarge, with a plausible mechanism being an increase in size of the cyclone composites in the
warmer climate scenario. By +24 hr (Figure 3d), changes are constrained within ~+0.25 ms~!, except for a
continued eastward shift of the cyclone center. All composite 10-m wind differences in Figure 3 exceeding +0.25

1

m s~ are statistically significant (p <0.05), except at +24 hr, where significance is limited to shifts near the

pressure center.

Overall, the peak composite 10-m wind speed, located in the cold sector, increases slightly, by about 0.5 ms™!,
representing a relative increase of less than 2%. In contrast, the warm sector experiences a more substantial in-
crease of up to 1.5 ms™! per SST degree of warming, corresponding to a percentage increase of up to 15%
compared to the control values.

Figure 4a shows the evolution of total hourly precipitation from —48 to 424 hr relative to the time of maximum
vorticity. In the control climate, precipitation peaks near the warm front (see Figures 4a and 4b) in the cyclone's
warm sector, reaching 6 mm per 6 hr, at —48 hr. This peak intensifies to 12 mm per 6 hr by —24 hr (Figure 4b), and
expands around both the cold and warm fronts. At peak intensity (Figure 4c), precipitation decreases to 9 mm per
6 hr and stretches into a spiral band wrapping anticlockwise around the cyclone center, reflecting the organized
structure of mature cyclones. Post-maximum vorticity (Figure 4d), precipitation weakens further, becoming
diffuse and dropping to 3 mm per 6 hr.
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a t=-48 hr b t=-24hr

d t=+24hr

=15 -1.0 -0.5 0?0 0.5 1.0 1.5
10-m WIND CHANGE PER DEG OF WARMING [ms~1k~1]

Figure 3. As in Figure 2 but for 10-m wind speeds. The 10-m wind speeds are shown at their native X-SHiELD 3.25 km
resolution. The green and the purple crosses in (b) and (c) represent the control and warmer climate cyclone composite
pressure center, respectively. Statistically significant areas (p < 0.05) are indicated by stippled gray dots.

Under the +4 K SST warming (Figure 4), total precipitation increases during the early stages of the cyclone
lifecycle (—48 and —24 hr). During this period, the area of maximum precipitation shifts eastward and slightly
poleward, as highlighted by the comparison of the control (solid black) and warmer climate (dashed red) pre-
cipitation contours. This shift is accompanied by the large positive differences per SST degree of warming (1.5—
2.5 mm 6 hr 'K™!) east of the control precipitation peak. The peak precipitation itself intensifies by 1-1.5 mm 6
hr~'K~! (Figures 4a and 4b) near the warm front, corresponding to a percentage increase of approximately 15%
and 10% per degree of SST warming at —48 and —24 hr, respectively. This eastward shift of peak precipitation
suggests changes in the spatial structure of cyclones under warmer conditions. At time of maximum vorticity
(Figure 4c¢), precipitation differences between the warmer control climates may be attributed to the frontal shifts in
precipitation. After peak vorticity, in the late stage of cyclone composite development (424 hr Figure 4d), the
precipitation field weakens, and no appreciable changes are found in the +4 K scenario. All composite precip-
itation differences in Figure 4 exceeding £0.5 mm 6 hr™'K~! are statistically significant (p < 0.05), except at
+24 hr, where nearly all differences (<1% grid cells) are not statistically significant.
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a t=-48 hr b t=-24 hr

C t=0hr d t=+24hr

0.0 0.5 1.0 3.5 2.0 25
TOTAL PRECIP. CHANGE PER DEG OF WARMING [mm 6 hr-1 K~1]

Figure 4. As in Figure 2 but for total 6-hourly precipitation [mm 6 hr~']. Control (solid-black contours) and warmer climate
(red-dashed contours) precipitation are composited at their native X-SHiELD 3.25 km resolution, but are subsampled every 5
grid cells for visualization purposes. The shading indicates increases on composite mean total hourly precipitation
normalized by 4 K SST warming. White areas correspond to regions of precipitation decreases caused by frontal shifts.
Statistically significant areas (p <0.05) are indicated by stippled gray dots.

4. Conclusion

In this study, we used the high-resolution (3.25 km) global storm-resolving model X-SHiELD from GFDL to
examine changes in track density, intensity, mesoscale structure, 10-m wind speeds, and total precipitation of
midlatitude cyclones under a +4 K SST warming scenario. X-SHIiELD's explicit deep convection enabled a
detailed representation of cyclone mesoscale features, often under-resolved in coarser CMIP models. The 2-year
simulation results reveal a poleward shift in Northern Hemisphere cyclone tracks and intensification along the
northern edges of the Atlantic and Pacific storm tracks, in line with projections from aquaplanet and CMIP models
(Catto et al., 2019; Gentile et al., 2023; Oudar et al., 2020; Priestley & Catto, 2022; Tamarin-Brodsky &
Kaspi, 2017; Zappa et al., 2013).

X-SHIiELD's kilometer-scale resolution enabled detailed analysis of the composite mean structure of the 100 most
intense North Atlantic cyclones across various stages relative to their maximum vorticity. In the early
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development phase, the +4 K SST increase intensified precipitation and near-surface wind speeds in the cyclone's
warm sector, a response similar to that seen in coarser-resolution GCM simulations over the North Atlantic under
Representative Concentration Pathway RCPS8.5 future climate scenario (Dolores-Tesillos et al., 2022). TCWV
increased by approximately 15% per degree of SST warming (relative to control values), driving also more intense
warm sector total precipitation, with statistically significant increases up to 15%. These values exceed the
corresponding TCWV and total precipitation values obtained from aquaplanet simulations at a much coarser
resolution (=10% K~!) using OpenlFS (Sinclair et al., 2020), likely reflecting X-SHiELD's ability to explicitly
resolve moist convection at kilometer-scale resolution. For comparison (Jung et al., 2012), demonstrated a 6%
increase in precipitation when increasing the IFS resolution from T159 (~ 39 km) to T1279 (~ 16 km). Wind
speeds in the warm sector also increased by up to 15% per degree of SST warming, while changes in peak winds at
the cyclone's maximum intensity were negligible, the latter consistent with decades-long future climate pro-
jections from ECHAM model at 100 km resolution (Bengtsson et al., 2009) which showed only a slight reduction
at most of ~ Im s~!. The appearance of a statistically significant dipole structure in the near-surface wind speed at
the cyclone peak intensity, caused by an eastward shift of the cyclone center, mirrors findings from idealized
aquaplanet simulations (Sinclair et al., 2020) and baroclinic life cycle experiments (Tierney et al., 2018).
However, our study finds stronger wind magnitudes (by approximately 1ms~!), and, unlike Sinclair the inten-
sification of winds in our study is located slightly westward, rather than eastward.

The asymmetric response, with preferential moistening and wind intensification in the warm sector, indicates that
future cyclone-related hazards, especially precipitation and 10-m wind speeds, will likely concentrate in this
sector of intense cyclones. This shift has important implications for hazard distribution and forecasting. Although
mechanisms behind warm sector intensification are beyond this study's scope, stronger diabatic forcing or
enhanced meridional temperature gradients (despite approximately uniform SST warming) may contribute.
Previous studies (Kohl & O’Gorman, 2022; Pfahl et al., 2015; Stankovié et al., 2024) suggest that increased
diabatic forcing enhances latent heating, strengthening lower-tropospheric potential vorticity and intensifying the
warm conveyor belt. Future research should link specific climate feedbacks to dynamical changes in midlatitude
cyclones, enhancing interpretation of kilometer-scale X-SHiELD simulations.

Finally, two caveats should be noted. First, X-SHiELD simulations did not account for the expected decline in
sea-ice cover throughout the 21st century (Stroeve et al., 2012), as discussed in Sect. 2.1. Second, the +4 K SST
warmer climate simulation may overlook the effects of regional SST variations (Villarini & Vecchi, 2012), which
can influence cyclone tracks and intensities. However, given the challenge of projecting realistic future SST
patterns (Zhao & Knutson, 2024), prescribed SST warming remains the most robust approach to capturing the
primary signal of climate change.

Data Availability Statement

The X-SHIiELD code used in this study is available in Zenodo (Harris et al., 2022). The TRACK codebase for
cyclone tracking and compositing can be accessed at https://gitlab.act.reading.ac.uk/track/track and is discussed
in details in Bengtsson et al. (2006) and Hodges (1995). Custom codes, detailed in Materials and Methods,
implement standard techniques. Processed monthly X-SHIiELD data (2020-2021) is archived on Zenodo
(Gentile, 2024). Additional model verification plots are at https://extranet.gfdl.noaa.gov/~Alex.Kaltenbaugh/
verification/, with scripts and data in Guendelman et al. (2023).
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