
The origins of storm Ciarán: from diabatic 
Rossby wave to a warm-seclusion cyclone
with a sting jet 
Article 

Published Version 

Creative Commons: Attribution 4.0 (CC-BY) 

Open Access 

Volonte, A. ORCID: https://orcid.org/0000-0003-0278-952X 
and Riboldi, J. (2024) The origins of storm Ciarán: from 
diabatic Rossby wave to a warm-seclusion cyclone with a sting
jet. Weather. ISSN 1477-8696 doi: 10.1002/wea.7632 
Available at https://centaur.reading.ac.uk/118525/ 

It is advisable to refer to the publisher’s version if you intend to cite from the 
work.  See Guidance on citing  .

To link to this article DOI: http://dx.doi.org/10.1002/wea.7632 

Publisher: Wiley 

All outputs in CentAUR are protected by Intellectual Property Rights law, 
including copyright law. Copyright and IPR is retained by the creators or other 
copyright holders. Terms and conditions for use of this material are defined in 
the End User Agreement  . 

www.reading.ac.uk/centaur   

CentAUR 

http://centaur.reading.ac.uk/71187/10/CentAUR%20citing%20guide.pdf
http://www.reading.ac.uk/centaur
http://centaur.reading.ac.uk/licence


Central Archive at the University of Reading 
Reading’s research outputs online



1

W
eather – 9999, Vol. 99, No. 9

The origins of Storm Ciarán: From 
diabatic Rossby wave to warm- 

seclusion cyclone with a sting jet
Ambrogio Volonté1,2  
and Jacopo Riboldi3

1 Department of Meteorology, University 
of Reading, Reading, UK

2 National Centre for Atmospheric 
Science, University of Reading, 
Reading, UK

3 Institute for Atmospheric and 
Climate Science, ETH Zurich, Zurich, 
Switzerland

Introduction
The impacts caused by Storm Ciarán 
over several European regions motivate a 
detailed investigation of its synoptic evolu-
tion. Such analysis is presented here and 
illustrates the notable nature of Ciarán, not 
only for its impacts but also for its dynam-
ics and lifecycle as an extratropical cyclone, 
including the physical processes that drove 
its rapid propagation and intensification.

Storm Ciarán originated as a diabatic Rossby 
wave (DRW; Parker and Thorpe, 1995; Moore 
and Montgomery, 2005). This peculiar family 
of cyclones exhibits several special dynami-
cal features differentiating them from usual 
extratropical and tropical cyclones. These 
features have been discussed by Boettcher 
and Wernli (2013), who characterise DRWs as

• low- level systems, with a cyclonic 
circulation mostly confined below 
700hPa, existing close to a strong 
baroclinic zone with intense low- level 
wind shear;

• driven by latent heat release, which is 
particularly strong just downstream of 
the cyclone centre (where moist air 
encounters the baroclinic zone and 
ascends);

• propagating rapidly along the baroclinic 
zone, following a propagation 
mechanism independent from the jet 
stream and that involves a continuous 
re- generation of the storm in the region 
of latent heat release.

As DRWs approach regions of ascent 
embedded in the jet stream (e.g. the jet 

left- exit), they can encounter favourable 
conditions for intensification as ‘normal’ 
extratropical cyclones (Rivière et al.,  2010; 
Boettcher and Wernli,  2011). The presence 
of a pre- existing low- level vorticity maxi-
mum associated with the DRW, in a context 
of high baroclinicity and intense latent heat 
release, can make such an intensification 
very rapid or ‘explosive’, as it was the case for 
the extreme Storm Lothar (which also origi-
nated from a DRW, as shown by Wernli et 
al., 2002) and for the Autumn 1991 ‘Perfect 
Storms’ (Cordeira and Bosart,  2011).

Rapid intensification did indeed occur in 
the case of Storm Ciarán and resulted in 
the development of a warm seclusion, that 
is a warm cyclone core at low levels. The 
development of warm seclusions in extrat-
ropical cyclones is described in the Shapiro–
Keyser conceptual model of cyclone 
evolution (Shapiro and Keyser,  1990). The 
classic Norwegian cyclone model, pre-
sented more than a century ago (see 
Bjerknes, 1919; Bjerknes and Solberg, 1922), 
is still regarded as a remarkable scientific 
achievement, serving as foundation for syn-
optic meteorology and for the analysis of 
the structure and evolution of extratropical 
cyclones. However, over the years it gradu-
ally became clear that there were inconsist-
encies between the Norwegian model and 
observed frontal structures, particularly in 
some cyclones. This led to refinements to 
the conceptual model and the develop-
ments of alternative models, such as the 
Shapiro–Keyser model (Dacre,  2020). The 
Shapiro–Keyser model is characterised by 
a weakening of the higher- latitude part of 
the cold front and the opening of a frontal 
fracture region, with the remaining part of 
the cold front nearly perpendicular to the 
warm front. As the cyclone evolves towards 
maturity, the warm front gradually encircles 
the cyclone centre, becoming a bent- back 
front and eventually wrapping around the 
centre. As it does so, it leads to the forma-
tion of a warm seclusion at the low- level 
cyclone core (Schultz and Vaughan,  2011).

Warm- seclusion cyclones are also associ-
ated with extreme windstorms and with the 
development of sting jets. A sting jet is an 
air stream that descends from mid- levels off 
the tip of the cloud head into the frontal 
fracture region of an extratropical cyclone. 
It is a short- lived and small- scale feature, but 

it can lead to extreme surface winds (Clark 
and Gray,  2018) and sting jets have been 
identified in several of the most damaging 
windstorms affecting northwest Europe in 
recent years. As explained in the previous 
paragraph, the opening of a frontal fracture 
region is a feature of the cyclones follow-
ing the Shapiro–Keyser model, that is, those 
developing a warm seclusion.

In this work, we show that Storm Ciarán 
fulfilled the DRW criteria established in 
the climatological study by Boettcher and 
Wernli (2013) and we describe its evolution 
from DRW to a warm- seclusion cyclone that 
included extreme winds caused by sting 
jets. To our knowledge, this pathway has 
not yet been discussed explicitly in the lit-
erature and we argue its relevance to the 
understanding of extreme windstorms.

Ciarán as a diabatic Rossby 
wave
Storm Ciarán was first identified as a cyclone 
on the evening of 30 October 2023 off the 
east coast of the United States. In its first life 
stages, it appeared as a small, 990hPa- deep 
low- pressure system propagating along a 
zonally oriented baroclinic zone over the 
western North Atlantic (Figure  1a). The 
depression was located close to the right 
exit of a rather strong, zonally oriented jet 
stream and did not exhibit clear surface 
fronts; however, it featured heavy precipita-
tion just to the east of the circulation centre. 
That area of precipitation corresponded to 
a region of strong low- level moisture flux 
convergence (MFC), particularly evident 
when convergence is computed in a frame 
of reference moving with the storm as in 
Figure  1b. At this stage, Ciarán was propa-
gating eastward at a speed between 25 and 
30ms−1 (Figure  1d); this very rapid motion 
resulted in very strong winds for a 990hPa- 
deep cyclone, with a 850hPa wind maxi-
mum just shy of 40ms−1 to the south of the 
storm centre, as shown later in Figure  3a.

These characteristics already point to the 
DRW nature of Storm Ciarán, that in these 
early stages indeed fulfilled the criteria used 
by Boettcher and Wernli  (2013) to objec-
tively define DRWs: 

1. presence of a closed sea- level pressure 
minimum;Ambrogio Volonté and Jacopo Riboldi 
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2. very weak forcing for ascent induced 
by the upper levels, with an upper cap 
of 0.5cms−1 to 700hPa vertical velocity 
averaged over the region of the cyclone 
(Ciarán featured values broadly below 
0.25cms−1, evaluated in the light grey 
box in Figure 2a; more details about the 

assessment of forcing for ascent are pro-
vided in “Vertical velocity decomposition” 
section).

3. presence of a low- level potential vorticity 
maximum exceeding 0.8 PVU at 850hPa 
(potential vorticity values at this level 
exceeded 2 PVU in Ciarán, see Figure 3a);

4. presence of substantial low- level 
baroclinicity at 950hPa in to the east 
of the low, with a Δθw between the 
warmest and the coldest tempera-
ture of at least 5K (Δθ exceeded 8K 
in Ciarán, see the dark grey box in  
Figure 1b);

Figure 1. Evolution of Storm Ciarán from diabatic Rossby wave to warm- seclusion cyclone, diagnosed from ERA5 Reanalysis data (Hersbach 
et al.,  2020). (a) Precipitation (in mmh- 1, shaded), sea- level pressure (black contours, in steps of 5hPa between 1000hPa and 980hPa, then in steps of 
10hPa) and 250hPa wind (magenta contours, in steps of 15ms−1 between 60ms−1 and 90ms−1) at three relevant time steps. Cyclone track and positions 
at such time steps are depicted by the red line and dots. (b) Zoom on the DRW stage (31 October 2023, 1500 utc): 10m mean wind (shaded), sea- level 
pressure (black contours, in steps of 2hPa between 1000hPa and 990hPa), 950hPa potential temperature (red contours, only 283K, 288K and 293K) 
and, both storm- relative, 850hPa moisture flux convergence (purple contours, only 0.5 × 10−3 s−1 and 1 × 10−3 s−1) and 850hPa moisture flux (black 
arrows, only in grid points with MFC > 0.25 × 10−3 s−1). Purple stippling marks grid points where 850hPa relative humidity exceeds 95%. (c) Zoom on 
the warm seclusion stage (1 November 2023, 1800 utc): 10m wind and equivalent potential temperature as in (b), wind direction indicated by black 
arrows. (d) Minimum sea- level pressure (black) and propagation speed (blue) of Storm Ciarán during its evolution.

Figure 2. Vertical velocity patterns forced by upper layers (diagnosed from ERA5 Reanalysis data). Quasi- geostrophic vertical velocity at 700hPa due to 
vorticity and temperature advection in the upper layer (550–200hPa; in cms−1, shaded) and full vertical velocity at 700hPa (purple contours, only 10, 
20cms−1) at the same relevant time steps plotted in Figure 1. Overlaid are sea- level pressure and 250hPa wind (black and magenta contours, respec-
tively, contour values as in Figure 1). Dashed grey segments in (a) indicate the averaging domain used to evaluate whether the upper- level forcing for 
ascent fulfils the DRW criterion.
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5. fast propagation of the cyclone, exceed-
ing at least 11.6ms−1 over a 6- h period 
(Ciarán featured a propagation speed 
more than twice as high as the thresh-
old, see Figure 1d);

6. sufficiently high 850hPa relative humid-
ity (RH) in the cyclone environment, with 
the 10% highest relative humidity values 
that have to exceed RH > 90% (Ciarán fea-
tured RH values well above 95% around 
the cyclone, see stippling in Figure 1b);

All the above listed criteria were ful-
filled for a total of 21h (between 1800 utc 
30 November and 1500 utc 31 November 
2023), thus overcoming the 18- h threshold 
employed in the climatology of Boettcher 
and Wernli (2013): the analysis confirms that 
Ciarán was indeed a DRW in its initial stages. 
Afterwards, the storm crossed the jet stream 
in the morning of 1 November (Figure  1a, 
central panel) and started to explosively 
deepen (with a pressure drop of around 
32hPa between 0000 utc 1 November and 
0000 utc 2 November, well above the thresh-
old for explosive cyclogenesis, see Sanders 
and Gyakum  (1980)) and evolve into a 
warm- seclusion cyclone.

The rightmost panel of Figure  1a illus-
trates the outcome of this evolution, 
together with Figure  1c. After having 
crossed the jet stream, Ciarán evolved into 
a deep cyclone with precipitation organised 
in a comma- shaped pattern, following the 
main fronts (not shown). Strong low- level 
winds were present south of the cyclone 
centre, which was at that time characterised 
by a local maximum in low- level potential 
temperature, namely, a warm seclusion. The 
evolution of Storm Ciarán into an intense 
warm- seclusion cyclone is described in 
more detail in the “Ciarán evolves from 
diabatic Rossby wave to warm- seclusion 
cyclone containing a sting jet” section.

Vertical velocity 
decomposition
The assessment of the last DRW criterion 
involves a quantification the portion of 
vertical velocity forced by upper levels and 

deserves a more in- depth explanation. The 
contribution of the upper troposphere to 
vertical velocity can be diagnosed by invert-
ing the omega equation (Box 1).

The decomposition described in Box  1 
reveals some interesting dynamical fea-
tures of Storm Ciarán (Figure  2). First, as 
already mentioned, Ciarán was located in 
its initial DRW stage at the right exit of a 
jet streak (Figure  1a), an area with little 
forcing for ascent provided by upper lev-
els: this is depicted in Figure 2a by the very 
low values, close to zero, of vertical veloc-
ity forced by upper levels. The southward 
advection of warm air towards the sloped 
baroclinic zone to the right of the storm 
forces a minor degree of ascent (not shown). 
However, the actual vertical velocity is up 
to two orders of magnitude higher than 
that derived from the omega equation and 
is localised close to region of maximum 
precipitation (Figure  2a). Such high values 
are associated with the strong latent heat 
release in the region of heavy precipitation, 
a process which is not captured in the dry, 
quasi- geostrophic framework of the omega 
equation.

The contribution from upper levels 
started to increase as the storm crossed 
the jet stream from south to north and 
entered the left- exit region (Figure  2b) 
and continued to grow as Ciarán intensi-
fied explosively (Figure  2c). The overlap 
between the low pressure centre and the 
area of strong ascent driven by latent heat 
release likely contributed to the observed 
rapid intensification and to the associated 
strong surface winds, as expected from cli-
matological studies (e.g. Binder et al., 2016; 
Stanković et al.,  2024). However, as the 
storm reached a more mature stage, the 
strong precipitation- driven ascent moved 
away from the centre of the storm towards 
the frontal region, limiting its capability to 
influence central pressure (Figure  2c); this 
observation emphasises the role of the per-
sistent, broad large- scale ascent driven by 
upper levels (and lower levels, not shown) 
in driving storm intensification, a substan-
tial change with respect to the earlier DRW 
regime.

Ciarán evolves from diabatic 
Rossby wave to warm- seclusion 
cyclone containing a sting jet
Storm Ciarán evolved from a diabatic 
Rossby wave to a warm- seclusion cyclone. 
This is illustrated by the maps and vertical 
cross- sections contained in Figure  3, which 
refer to the same times chosen in Figure 1a 
to represent the three stages of its evolu-
tion, namely, the development as DRW fol-
lowed by the northward crossing of the jet 
stream and the subsequent formation of a 
warm seclusion at the centre of the cyclone.

Figure 3a,b refer to 1500 utc on 31 October, 
the same time as the leftmost panel in 
Figure  1a. These figures illustrate the DRW 
status of Storm Ciarán early in its evolution, 
highlighting the high values of potential 
vorticity at low levels at the frontal bound-
ary between tropical and mid- latitude air 
masses. At this time the surface cyclone is 
still several hundreds of kilometres south of 
the core of the jet stream and of no regions 
of high upper- level potential vorticity are 
visible in the vertical section. Hence, as 
already highlighted in the “Vertical veloc-
ity decomposition” section, it lies in an area 
which would be unfavourable to the devel-
opment of a low- level cyclone if it were to 
be primarily driven by interaction with the 
upper- level flow. As noted in “Ciarán as a 
diabatic Rossby wave” section, strong low- 
level winds are present to the south of the 
cyclone centre and of the region of low- 
level potential vorticity exceeding 2 PVU, 
with peak values almost reaching 40ms−1. 
These wind speeds are normally associated 
with intense and fully developed wind-
storms, rather than shallow cyclones in the 
early stages of their lifecycle. However, in 
this case strong winds are favoured by the 
storm motion exceeding 25ms−1, consistent 
with its DRW status; see the “Ciarán as a 
diabatic Rossby wave” section and Figure 1.

Figure 3c,d refer to 0600 utc on 1 November, 
the same time as the central panel in 
Figure  1a. This is when the surface cyclone 
crosses the axis of the upper- level jet and is 
about to enter the most rapid phase of its 
deepening (see Figure 1d). The contours of 

Box 1. 
The omega equation is used to diagnose vertical motion in a quasi- geostrophic framework; see Hoskins et al. (1978) and Davies (2015). 
It can be applied to determine the patterns of lower- tropospheric ascent and descent providing as input only the wind and tempera-
ture values in the upper troposphere, defined in this study as the 550-  to 200hPa layer. The resulting vertical velocity field extends 
outside that layer and reaches lower levels too; this is consistent with the known paradigm of interaction between the upper and the 
lower levels of the troposphere during cyclogenesis (e.g. Hoskins et  al., 1985). The vertical velocity ω (in Pa s−1) forced by the upper 
troposphere is diagnosed at the level of 700hPa to assess the DRW criterion, following Boettcher and Wernli  (2013). The resulting 
vertical velocity values w are converted from Pa s−1 to cms−1 using the approximate relationship.

where p700 = 700hPa, ρ700 and T700 correspond to the density and the temperature at the same level, g = 9.806ms−2 is the acceleration 
due to gravity and Rd = 287

J

kg ⋅ K
 is the ideal gas constant for dry air.

(1)w = −

�

g�700
= − �

RdT700

gp700
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wet- bulb potential temperature in the map 
illustrate the southeastward motion of the 
cold front, on the western side of the sur-
face cyclone, while the warm front moves 
north. Strong low- level winds span the 
whole southern side of the cyclone, where 
the storm motion (still faster than 25ms−1) 
adds up to the cyclonic circulation around 
the cyclone. Wind speed is especially high, 
exceeding 44ms−1, in a small region of the 
warm sector to the southwest of the surface 
cyclone, where it indicates the presence of 
a developing warm conveyor belt. The verti-
cal cross- section shows the upper- level jet 

now over the low- level potential vorticity 
maximum, with high values of potential 
vorticity on its polar side. A full PV tower 
(Čampa and Wernli,  2012) is thus forming, 
with a region of high potential vorticity also 
present at mid levels. This region, centred at 
around 700hPa, is associated with values of 
wet- bulb potential temperature lower than 
the surroundings. It indicates the arrival of 
the dry intrusion, an air stream identifiable 
by the wedge- shaped dry slot in satellite 
imagery and that descends from near the 
tropopause towards the lower troposphere 
as the cyclone deepens and its tropopause 

folds (Raveh- Rubin,  2017). In this case the 
dry intrusion is still clearly visible several 
hours later, as in Figure  4.

Figure  3e,f refer to 1800 utc on 1 
November, the same time as the rightmost 
panel in Figure 1a. At this time Storm Ciarán 
has completed its rapid deepening, occur-
ring under the favourable left- exit region 
of the jet stream, and has developed into 
an intense warm- seclusion cyclone. A warm 
core is now visible at low levels, encircled 
by cooler air (see 286K wet- bulb potential 
temperature contour in both map and verti-
cal section). Strong winds are present in the 

Figure 3. Maps and vertical cross- sections displaying the evolution of Storm Ciarán across stages, using ERA5 Reanalysis data. Panels (a,c,e): maps of 
wind speed (yellow- to- blue shading), potential vorticity (values above 2 PVU, orange shading) and wet- bulb potential temperature (red contours every 
1K), all at 875hPa. The maps also display wind speed at 250hPa (magenta contours from 60ms−1 every 20ms−1) and mean sea- level pressure (thin blue 
dashed contours every 5hPa). Panels (b,d,f): vertical cross- sections on AB transects of potential vorticity (shading), wet- bulb potential temperature (red 
contours every 2K), wind speed (thick magenta contours from 50ms−1 every 10ms−1). Grey dashed lines indicate in panels (a,c,e) the locations of the 
vertical section transects and in panels (b,d,f) the pressure level of the maps.
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warm sector and to the south of the cyclone 
centre, respectively exceeding 46ms−1 and 
48ms−1. The former wind maximum indi-
cates the warm conveyor belt, while the lat-
ter lies in the frontal fracture region, an area 
of weak thermal gradients located behind 
the primary cold front (indicated in Figure 4 
by the western edge of the warm- sector 
cloud) and ahead of the cloud- head tip.

As explained in “Ciarán as a diabatic 
Rossby wave” section, the opening of a 
frontal fracture region is characteristic of 
Shapiro–Keyser cyclones and is where a 
sting jet would descend towards the top 
of the boundary layer. Sting jets cannot be 
fully resolved by ERA5 and therefore the 
frontal- fracture wind maximum in Figure 3e 
does not properly indicate one. It is rather 
the result of synoptic- scale cyclonic motion 
around the deep cyclone centre, the storm 
motion being still fast and in the same direc-
tion, and is possibly enhanced by the arrival 
of the cold conveyor belt and by low- level 
divergence at the end of the bent- back 
warm front (see Clark and Gray  (2018) and 
Schultz and Sienkiewicz (2013)). It can thus 
be inferred that a sting jet descending in 
the region would lead to even higher wind 
speeds. This is consistent with the results 
in Gray and Volonté  (2024) who, analysing 
operational forecasts of Storm Ciarán from 
the operational NWP model from the UK 
Met Office (with a grid spacing of roughly 
10km in the region), highlight the descent 
of two distinct sting jets with maximum 
wind speeds exceeding 52ms−1 at 850hPa. 
Figure  4 also provides a clear indication of 
sting jet descent with extensive banding 
at the tip of the cloud head. These bands 
are caused by slantwise circulations and 
by the release of mesoscale instabilities 
associated with the descent of sting jets 
(Browning,  2004). Further evidence is pro-
vided by the onset of shallow convection 

ahead of the banding and near the cyclone 
centre, caused by the impact of the fast- 
moving and descending sting jet against 
slower- moving air at the top of the bound-
ary layer (Browning and Field,  2004).

Discussion
The results presented throughout this arti-
cle  illustrate the evolution of Storm Ciarán 
from DRW to an intense warm- seclusion 
extratropical cyclone, capable of produc-
ing sting jets. DRWs are known precursors 
to explosively intensifying cyclones when 
the diabatically generated low- level poten-
tial vorticity favourably interacts with the 
upper-level circulation, but their specific 
evolution into warm- seclusion cyclones 
potentially bearing sting jets has not yet 
been explored.

As explained in the Introduction, cyclones 
developing a warm seclusion are character-
ised by a frontal fracture region in which 
sting jets can descend and accelerate, con-
sistent with the Shapiro–Keyser conceptual 
model of cyclone evolution. There has been 
considerable research on which upper- level 
flow configurations are the most favour-
able for the development of Shapiro–
Keyser cyclones. Schultz et al.  (1998) used 
case studies and idealised simulations to 
highlight how a confluent background 
flow is more conducive to that evolution, 
while Norwegian cyclones are favoured 
by a diffluent background flow. Thorncroft 
et al.  (1993) explored instead the effects 
of horizontal wind shear across the upper- 
level jet, through idealised simulations. They 
presented two different life cycle models, 
LC1 and LC2, that have proved extremely 
useful in many different real- world analy-
ses (Catto,  2016), both developing a sur-
face warm seclusion at different stages of 
their evolution. However, these works and 

the many others building on them are all 
considering surface anomalies that interact-
ing with the upper- level flow directly above 
them from the beginning of the lifecycle, 
leading to the development of the cyclone. 
In the early phases of Storm Ciarán’s evolu-
tion, that is, its DRW stage, the development 
is only driven by the interaction between 
the near- surface temperature gradients 
and the low- level diabatic processes. The 
upper- level jet core is still to the north of the 
surface cyclone and its influence on early 
cyclone development is negligible. Results 
in the “Vertical velocity decomposition” sec-
tion illustrate how the upper- level forcing 
only starts contributing to cyclone intensi-
fication when the surface cyclone crosses 
the upper- level jet axis.

We thus focus on research investigating 
the evolution of surface cyclones that, as in 
the case of Storm Ciarán, initially developed 
south of the jet core, with diabatic pro-
cesses playing a primary role in their evo-
lution. Coronel et al.  (2016) used idealised 
simulations to show that surface cyclones 
initialised on the warm side of the upper- 
level jet, rather than directly underneath 
it, are more likely to evolve according the 
Shapiro–Keyser model, develop a bent- back 
warm front and warm seclusion and, when 
horizontal and vertical resolutions are fine 
enough, display the formation and descent 
of a sting jet. Coronel et al.  (2015) also 
pointed out the role of moist processes in 
enhancing the northward motion of mid- 
latitude surface cyclones, helping them to 
cross the upper- level jet and further inten-
sify. Similar findings, although from a dif-
ferent perspective, are presented in Gray 
et al.  (2024). Using reanalysis data, they 
produced a global climatology of intense 
warm- seclusion cyclones with and without 
sting jet precursors, showing that cyclones 
with the potential for sting jet descent (irre-
spective of its actual occurrence, which the 
data could not properly resolve) display 
more vigorous diabatic processes and are 
more likely to have crossed the upper- level 
jet during their intensification. Hence, con-
sidering the literature presented here, a link 
emerges between surface cyclones mainly 
driven by diabatic processes in their early 
development, subsequent upper- level jet 
crossing, rapid intensification and later evo-
lution into warm- seclusion sting jet capable 
intense cyclones, consistent with our analy-
sis of the evolution of Storm Ciarán.

It is also worth noting that the infamous 
Storm Lothar, which caused vast damage 
and loss of life over Central Europe (Wernli 
et al.,  2002), is among the Shapiro–Keyser 
cyclones classified by Gray et al.  (2024) 
as having sting jet precursors. This builds 
an interesting parallel with Storm Ciarán. 
Lothar initially developed as a DRW and, 
similarly to Ciarán, the subsequent jet cross-
ing of the surface cyclone was associated 

Figure 4.  Infrared (10.8μm channel) High Rate SEVIRI image from the Meteosat second- generation 
0° satellite referring to 1730 utc on 1 November 2023 (©EUMETSAT [2023]), with added indications 
of the paths of sting jet and dry intrusion and the locations of cloud head and warm sector.
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with a rapid ‘bottom- up’ intensification, in 
which cloud diabatic heating still played a 
primary role (Rivière et al., 2010; Čampa and 
Wernli,  2012). Even though those studies 
connected the extreme impacts of Lothar 
with its rapid propagation and intense low- 
level vorticity core, the case of Storm Ciarán 
suggests that descending sting jets might 
be an additional cause of impacts specifi-
cally related to the development of intense 
windstorms from rapidly deepening DRWs.

As this specific pathway of cyclone evo-
lution from DRW to deep warm- seclusion, 
sting jet- bearing cyclone seems to be con-
nected with the genesis of some of the 
most extreme windstorms hitting Europe, 
we believe it is key to explicitly highlight 
it and study it in a systematic way. Such 
an analysis would be timely, as the diaba-
tic contribution to extratropical cyclones 
is expected to become more dominant in 
a warmer climate (Catto et al.,  2019) and 
global ocean heat content is reaching record 
values (Copernicus, 2024). Interestingly, the 
potential relevance of anomalously high 
sea- surface temperature for the genesis of 
Storm Lothar was already discussed two 
decades ago by Wernli et al.  (2002), as they 
highlighted in their final remarks the impor-
tance of low- level diabatic processes ‘when 
discussing the possible implications of climate 
variability and change on the development of 
North Atlantic winter storms’.
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