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Abstract. Extratropical cyclones (ETCs) are an important
part of the atmospheric circulation, cause most of the day-
to-day weather variability, and have societal impacts through
strong winds and heavy precipitation in the mid-latitudes.
Therefore, from both weather forecasting and climate change
perspectives it is crucial to understand how they develop
and intensify. In this study we aim to identify which envi-
ronmental background conditions, here called ETC precur-
sors, have the most control on the intensity of ETCs in the
North Atlantic and Europe in the cold season. We apply
an ensemble-based statistical method with ERAS5 reanaly-
sis data to associate climatologically typical perturbations in
multiple ETC precursor fields at genesis time to distributions
of five ETC intensity measures at time of maximum ETC in-
tensity. We find that higher ETC wind intensity is associated
with a stronger jet stream, especially downstream of the ETC
centre, and increased meridional temperature gradients, with
an emphasis on warmer upper levels south of the ETC cen-
tre. Precipitation is controlled by temperature and moisture
throughout the tropospheric column, with higher values asso-
ciated with more precipitation. We perform the same analysis
for four groups of ETCs with different average intensities and
show that while differences exist in the controlling precur-
sors among the groups, no clear patterns are observed. Due to
the non-linear growth of ETC intensity, the precursor fields
at genesis time offer limited explanations about differences
in maximum ETC intensity. Through analysing the temporal
evolution of the four ETC intensity groups, we conclude that
to understand differences in ETC intensity it is necessary to
investigate multiple ETC precursor fields and their evolution
through time.

1 Introduction

Extratropical cyclones (ETCs) are responsible for most of
the variability in weather in the mid-latitudes and can have
damaging impacts on infrastructure and society through
strong winds and heavy precipitation (Gliksman et al., 2023;
Hawcroft et al., 2012). They are also an important part of the
atmospheric circulation of the climate system via transporta-
tion of heat, moisture, and momentum polewards from low
latitudes (Hartmann, 2015). Due to their importance to the
climate system and impacts to society, ETCs and their de-
velopment have been an active part of dynamic meteorology
research for more than a century now (Bjerknes and Solberg,
1922). Understanding and being able to quantify the links
between conditions in which ETCs develop and their inten-
sity is essential for both weather forecasting purposes and the
representation of ETCs and their potential impacts in future
climate projections.

Early research by e.g. Charney (1947) and Eady (1949) es-
tablished that the main driver of ETCs is waves forming due
to baroclinic instability which rises from meridional temper-
ature gradients on the polar front — still an active area of re-
search (e.g. Schemm and Riviere, 2019; Besson et al., 2021).
Petterssen et al. (1955) also considered the importance of
upper tropospheric vorticity advection on extratropical cy-
clogenesis. Later, in addition to this so-called dry-dynamic
forcing, the contribution of diabatic effects on ETC devel-
opment was understood, especially for rapidly intensifying
cases (Wernli and Gray, 2024, and references therein).

The move from theory to diagnostic and prognostic tools
arose with the invention of quasi-geostrophic theory and *“po-
tential vorticity (PV) thinking”, which require assumptions
that are valid in typical mid-latitude synoptic scale conditions
(Charney, 1948; Hoskins et al., 1985; Holton and Hakim,
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2013). Petterssen and Smebye (1971) and Deveson et al.
(2002) used quasi-geostrophic diagnostics to identify differ-
ent types of ETC life cycles based on the contribution of forc-
ing from upper vs. lower levels. Their formulated ETC types
have been shown to have differences in their intensification
and preferred genesis and occurrence areas (Gray and Dacre,
2006; Dacre and Gray, 2009). Using a large sample of ETCs,
Plant et al. (2003) showed that on average the relative vor-
ticity of an ETC depends on the ratio of upper-to-lower-level
forcing, but that this relationship depends on meteorologi-
cal conditions in which the ETC develop. Specifically, ETCs
originating from frontal waves are more intense with larger
lower-level forcing while low pressure systems not clearly
associated with frontal waves are more intense when upper-
level forcing dominates.

Following the prevalence of PV thinking a technique
called piecewise PV inversion, which attributes contributions
of PV anomalies to the wind field in different levels of the at-
mosphere, was developed (Hoskins et al., 1985; Davis and
Emanuel, 1991). For example, Seiler (2019) used piecewise
PV inversion to show that in a majority of ETCs in the North-
ern Hemisphere lower-level PV generated via condensational
heating contributes the most to intensification as measured by
the 850hPa relative vorticity. Dolores-Tesillos et al. (2022)
showed that the latent heat release, which is projected to in-
crease in the future (Catto et al., 2019), is likely to increase
the size of an ETC’s wind footprint. Piecewise PV inversion
was also used by Plant et al. (2003) along with Ahmadi-Givi
et al. (2004) to show that the effects of diabatic heating need
to be considered in the ETC life cycle types.

While these kind of analyses offer detailed insight into
the dynamics of ETCs, they require certain assumptions or
balance conditions, are limited to specific variables, and
can be computationally relatively expensive to perform for
large samples of ETCs. A next step to relate ETC develop-
ment dynamics to their intensity with a more climatologi-
cal perspective came from weather forecasting applications.
These methods are able to utilize a more direct attribution of
anomalies to changes in intensity, akin to piecewise PV in-
version, while allowing a large sample to be analysed without
very expensive computations. These kind of methods are cat-
egorized as sensitivity analyses and they work by estimating
how an initial perturbation affects a forecast field throughout
a weather forecast (e.g. Martin and Xue, 2006). Hakim and
Torn (2008) and Torn and Hakim (2008) applied sensitivity
analysis to an ensemble forecast and used sample statistics
to calculate the sensitivity of forecast fields to initial state
perturbations. They called this method ensemble-based sen-
sitivity analysis or ensemble sensitivity analysis (ESA). ESA
is formulated in a way which allows it to be used for identi-
fying climatological sensitivity relationships, i.e. quantifying
changes associated with typical perturbations in the initial
fields. Ancell and Hakim (2007) showed that ESA gives sim-
ilar sensitivity results as adjoint sensitivity analysis, which
tracks the initial perturbation through time with a tangent-
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linear model, for the mean sea level pressure (MSLP) of an
ETC 24h after the initialization of the forecast. Ensemble
sensitivity had, however, more emphasis on synoptic scale
features in its sensitivity fields compared to adjoint sensitiv-
ity.

In addition to its lack of required assumptions, the ben-
efit of ESA arises from the use of sample statistics which
allows one to investigate the sensitivity of any forecast field
to any given initial state variable, as long as there is enough
homogeneity in the initial state among the ensemble mem-
bers. For example, ESA can be used to study the influence
of upper-level fields, lower-level fields, or proxy fields for la-
tent heat release such as moisture on ETC intensity. Garcies
and Homar (2009) utilized the customizability of ESA and
furthered its application by using atmospheric fields from re-
analysis data instead of ensemble forecasts. In their frame-
work, the ensemble consisted of Mediterranean cyclones cat-
egorized as similar according to a k-means cluster analy-
sis. The perturbations in the ensemble were thus represented
as deviations from a climatological mean of each cluster.
They found that minimum sea level pressure in Mediter-
ranean cyclones is sensitive to atmospheric structures over
Western Europe, northern Africa, and parts of east North
Atlantic 24h before. Like Ancell and Hakim (2007), Gar-
cies and Homar (2009) compared ESA to adjoint sensitivi-
ties and found similarities between the two, with the former
emphasising synoptic-scale features. Dacre and Gray (2013)
used ESA with reanalysis data to investigate how precursors
conditions of ETCs affect their intensity in the North At-
lantic. They had fewer categories than Garcies and Homar
(2009) — location-based west and east North Atlantic ETCs
— but they introduced homogeneity in the ensembles through
a Lagrangian approach by centring the ETCs around a com-
mon reference point, namely the centre of the ETC. They
found that 850hPa relative vorticity is sensitive to upper-
level troughs upstream of the ETC centre in both west and
east North Atlantic ETCs but only west North Atlantic ETCs
were sensitive to low-level thermal gradients. East North At-
lantic ETCs were, however, sensitive to diabatically gen-
erated PV anomalies in the middle troposphere. A similar,
more recent approach studying ETCs which affect northern
Europe was used by Laurila et al. (2021) who split their set
of ETCs into windstorms and non-windstorms based on a
threshold 90th percentile of 10m wind gust and also used
cyclone-centred composites to ensure homogeneity in the
ETC precursor fields. Firstly, they showed that MSLP and
maximum 10m wind gust of windstorms in northern Europe
are more sensitive to precursors during the cold season than
the warm season. Partly contradictory to the results of Dacre
and Gray (2013) for east North Atlantic ETCs, Laurila et al.
(2021) also showed that the intensity of windstorms in north-
ern Europe is associated the strongest with the magnitude of
the lower-level frontal gradient and less so with moisture and
upper-level features. This discrepancy could, however, be at-
tributed to the more restricted geographical domain, the split
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into cold and warm season ETCs, and the investigation of
only windstorms in Laurila et al. (2021). Dacre et al. (2019)
used ESA to investigate precipitation and integrated vapour
transport associated with intense ETCs and found that they
are the most sensitive to total column water vapour on the
south side and downstream of the ETC centre 24 h before — a
result shared by Laurila et al. (2021) for MSLP as the metric
for intensity.

As exemplified above, the intensity of an ETC can be de-
fined by a number of variables such as MSLP, vorticity, wind
speed, or precipitation. Previous research has often used only
one or two variables as metrics of ETC intensity, which can
make comparison between different studies difficult. Moti-
vated by this, here we use multiple intensity measures to
quantify ETC intensity as defined by Cornér et al. (2025a,
hereafter C25) who used objective methods to identify a set
of intensity measures to represent the variability of ETC in-
tensity comprehensively.

The aim of this study is to identify which meteorologi-
cal factors at genesis time control the maximum intensity of
ETCs in the North Atlantic and Europe during the extended
cold season. To achieve this, the ESA method is used in a way
adapted from previous research. The novelty comes from the
following approaches: (1) ESA is applied between multiple
ETC precursors and multiple intensity measures. (2) In ad-
dition to measures which describe the dynamical intensity of
an ETC, the analysis includes intensity measures which have
been shown to quantify storm-caused damages reasonably
well (Karremann et al., 2014; Roberts et al., 2014; Moemken
et al., 2024). (3) ESA is applied between ETC precursors at
genesis time and intensity measures at time of maximum in-
tensity. This choice is made in an effort to quantify the influ-
ence of the background environment through the minimiza-
tion of the effect of the ETC’s own circulation on its intensity.
To understand the link between ETC precursors and intensity
by using a maximal temporal offset between the two is also
beneficial from a weather forecasting perspective. (4) Sensi-
tivities are calculated separately for groups of ETCs which
differ in their intensity, as objectively identified here and by
C25. The ultimate aim is to understand and explain the dif-
ferences in the controls between ETCs of varying intensities
based on their average structure and environment.

This paper is structured in the following way. Section 2
presents the data and methods used in the study. Section 3
includes the results of the ensemble sensitivity analysis. Dif-
ferences in temporal evolution between ETCs of varying in-
tensities are investigated in Sect. 4. Finally, Sect. 5 concludes
the results.
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2 Data and methods
2.1 ERAS reanalysis

ERAS reanalysis (Hersbach et al., 2020) is a global reanal-
ysis product produced by the European Centre for Medium-
Range Weather Forecasts (ECMWF). This study uses ERAS
fields on its native reduced Gaussian grid with resolution
N320 (or spectral truncation TL639) interpolated to regular
intervals along parallels, which corresponds to a grid size of
0.281°/31km at the equator. For data availability reasons a
couple of variables are on a regular 0.25° x 0.25° latitude—
longitude grid. All fields in this study are sampled at a 3-
hourly temporal resolution. The ERA5 data considered in
this study cover the extended boreal winter season (October—
March) between the years 1979-2022. ERAS is used for ETC
tracks, intensity measures, and precursors.

2.2 ETC tracking, intensity measures, and precursors
2.2.1 ETC tracking

ETCs are first tracked in the Northern Hemisphere with
850hPa relative vorticity (VO) truncated to T42 resolution
as input to the feature tracking software TRACK (Hodges,
1994, 1995, 1999). The resulting ETC tracks are then lim-
ited to an area covering the North Atlantic ocean and parts of
Europe; specifically, the ETCs need to have maximum VO
along their track inside a box bounded by 80°W to 40°E
in longitude and 30 to 75°N in latitude. To exclude weak,
short-lived, and stationary systems, further criteria include a
minimum T42 VO value of 1 x 107> s~!, a minimum 2-day
lifetime, and a minimum displacement of 1000 km. Addition-
ally, to include only intensifying ETCs, the maximum VO
value cannot occur earlier than 24 h after ETC genesis. The
total number of ETC tracks identified and meeting the crite-
ria in the 43 extended winter seasons is 7361. Further details
of the tracking can be found in C25.

2.2.2 ETC intensity measures

C25 analysed 11 ETC intensity measures associated with the
ETC tracks. The measures, whose detailed calculation is de-
scribed in C25, included dynamical measures, namely rel-
ative vorticity at 850hPa (VO), MSLP anomaly (MSLPa),
wind speed at 850hPa (WS850), 925hPa (WS925), 10m
(WS10), and wind gust at 10m (FG10) as well as what
they called “impact-relevant” measures, namely precipitation
(PRECIP), a wind footprint (WFP), a storm severity index
(SSI), accumulated PRECIP (PRECIPacc), and accumulated
SSI (SSIacc). All measures were analysed at the time of max-
imum VO along each ETC track except for the accumulated
ones (integrated through track duration) and PRECIP (12h
before), i.e. each track had one value per intensity measure
associated with it.
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They performed statistical analyses such as correlation and
principal component analyses with the aim of quantifying re-
lationships between the intensity measures to identify a set
of measures which describes ETC intensity comprehensively
and non-redundantly. This means that the resulting set of in-
tensity measures comprises the largest possible amount of
information on the full variability of ETC intensity while
keeping the number of intensity measures as small as possi-
ble. Their main method to achieve this was a sparse principal
component analysis (SPCA) with 4 components and the 11
intensity measures as input. The sPCA is a form of princi-
pal component analysis in which the principal components
(PCs) do not represent the explained variance in the dataset
as a linear combination of all the input features. Instead, it
forces the weights of features with less explanative power
to zero to improve interpretability of the PCs. Based on the
weights of the intensity measures in the PCs (Fig. la—d),
among other things, they found that a set of five intensity
measures, namely VO, WS850, WFP, SSI, and PRECIP, ful-
fils the criteria of comprehensiveness and non-redundancy.
This set captures the dynamical intensity (VO and WS850)
of ETCs as well as their relevance for impacts from precip-
itation (PRECIP), ETC size (WFP), and strong winds (SSI).
On their own these five intensity measures are used in this
study as “target” variables, i.e. effects and/or associations are
analysed for the intensity measures individually.

2.2.3 ETC precursors

ETC precursors are selected based on theories concern-
ing the development and growth of baroclinic waves and
ETCs. Investigated precursors include wind speed at 300 hPa
(WS300), potential vorticity anomaly at 300hPa (PVa300,
anomaly from 30d running mean values as in Dolores-
Tesillos et al. (2022)), temperature at 300 and 850 hPa (T300,
T850), temperature anomalies (from cyclone-centred com-
posites) at 300 and 850 hPa (Ta300, Ta850), 2 m temperature
(2T), total column water vapour (TCWYV), and lower tropo-
spheric lapse rate (GAMMA) which here is defined as

o T (850hPa) — 7' (500 hPa) 0
"~ Z(850hPa) — Z(500hPa)’

where T is temperature and Z is geopotential height. Unlike
the ETC intensity measures which have one value per track,
the precursors are analysed on a spatially two-dimensional
grid around the ETC centre point. The creation of the precur-
sor grid is described in Sect. 2.3.

2.3 Cyclone composites

Cyclone compositing is a method to investigate the mean
structure and temporal evolution of a sample of cyclones by
averaging meteorological fields in the area surrounding the
cyclones (Catto et al., 2010). By averaging — or compositing
— a large sample of cyclones it is possible to study the main
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features or processes occurring in cyclones with a manage-
able amount of information, as averaging eliminates noisy
and non-robust features. As long as the cyclones composited
together are similar enough, the resulting composite retains
relevant information about the sample of cyclones. However,
the composite does not necessarily represent a single instance
of cyclones included in the composited sample. There are
various steps which can be taken to ensure physical and dy-
namical consistency in the sample of cyclones before com-
positing. The ones used in this study are detailed below.

The cyclone compositing used in this study is adapted
from the method described in detail in the appendix of
Bengtsson et al. (2007) and used by e.g. Catto et al. (2010),
Dacre et al. (2012), Sinclair et al. (2020), and Dolores-
Tesillos et al. (2022). The method produces cyclone-centred
composites in which the frame of reference is the ETC cen-
tre point (here defined as the tracked T42 VO maximum) at
a specific point in time relative to the ETC life cycle (e.g.
time of genesis or time of maximum VO). Furthermore, be-
fore the averaging, the selected fields are rotated to make the
direction of travel the same for all ETCs. This normalises the
location of cyclone-relative features such as fronts and air
streams.

Specifically, the compositing is performed as follows.
First, a radial coordinate system with a given radius is cen-
tred at the pole. In this study the radius is set at 18°. Second,
for each ETC this radial grid is relocated to be centred at
the point of interest — the ETC vorticity centre at a selected
time during the ETC track. Third, the data on the original
grid are interpolated onto the radial grid. In this study the ra-
dial grid resolution is 0.5° x0.25 ° which corresponds to 720
and 72 grid points in the azimuthal and radial directions, re-
spectively. In the zonal and meridional directions the radial
resolution is close to the resolution of ERAS (0.281°), which
should minimize the effects of interpolation. Fourth and fi-
nally, the interpolated data on the radial grid are rotated to
make the direction of propagation consistent between ETCs
in the sample. The direction of propagation is calculated sep-
arately for each point of interest. For a genesis (last) point
this is just the angle between the first and second (second-
to-last and last) point in the track. For other points it is the
average of the angles between the point of interest and adja-
cent points, i.e. point before and point after. Here, after the
rotation, direction of propagation is eastward which corre-
sponds to the azimuthal direction of 0° on the radial grid, as
in the unit circle. The resulting interpolated and rotated fields
are averaged together to create the composites. Unless other-
wise mentioned, all further references to compass directions
in composited fields are relative to this rotated frame of ref-
erence in which east is the direction of propagation.

As opposed to projections on a map, the use of a rotated ra-
dial grid can reduce distortion in the composites (Wang and
Rogers, 2001; Catto et al., 2010). Depending on the inter-
polation, it can also make comparisons between composites
from different datasets easier. This is because the direction of
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Figure 1. (a)—(d) Weights of the intensity measures in the SPCA components (see Sect. 2.2.2 for explanation of abbreviations). (e¢) ETCs
projected in the sPCA feature space. The dashed lines show curves defined by Eq. (4). Points in the blurred area are “close-to-average” ETCs
and thus omitted from the intensity groups. The names and sizes of the intensity groups are written in the quadrants. The colour of the points
indicates the PC3 value (WFP, not used in the grouping). For reference, the ETC with the smallest Euclidean distance from origin of the
sPCA space and thus the most “average” ETC has a WS850 value of 30.2ms~! and a PRECIP value of 2.3mm (3h) L.

propagation, which can vary for tracks of the same cyclone
from different datasets, is normalised in the process.

2.4 Ensemble sensitivity analysis

In this study, we combine the cyclone-centred approach of
Dacre and Gray (2013) and Laurila et al. (2021) with the use
of statistically derived groups of cyclones as in Garcies and
Homar (2009). As in Dacre and Gray (2013), Dacre et al.
(2019), and Laurila et al. (2021), the ESA utilizes the fields
used to create the cyclone composites. In fact, the ensemble
consists of the sample of ETCs which is used to create the
composites. For each point ij in a two-dimensional field of
an ETC precursor x, the sensitivity is calculated against a
spatially independent response function J which in this study
is any of the intensity measures. Each ETC is a member in
an ensemble of size M which equals the number of all ETCs
in the whole track dataset or the size of an ETC intensity
group (explained in Sect. 2.5). The first ingredient and the
basis of the sensitivity is the linear regression coefficient or
slope which is defined as

B =5 @)
The linear regression coefficient 8 is also called raw sensi-
tivity.

The raw sensitivity values are multiplied by the standard
deviation o;; of the precursor field. This counteracts the
effect of geographical variability of the variance of x;; in
Eq. (2) to yield a climatological sensitivity value (Garcies
and Homar, 2009). Additionally, standardizing the raw sen-
sitivities with the standard deviation makes the units of the
sensitivity the same as the response function, increasing in-
terpretability and comparability between different precursor
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fields. The sensitivity is thus given by
Sij = Bijoij- 3)

Finally, as in Dacre et al. (2019), statistically insignificant
signals are filtered out by using the false discovery or de-
tection rate (FDR) method by Wilks (2016) which corrects
the significance level of multiple statistical hypothesis tests
performed simultaneously — in this case in multiple locations
on the cyclone-centred grid. According to this method the
corrected p value considered to be statistically significant is
the largest p value which satisfies the condition p, < na/N,
where p, is the nth smallest p value of N hypothesis tests
and « is the control significance level (i.e. the significance
level for a single hypothesis test (N = 1)). Like in Dacre et al.
(2019), here the uncorrected statistical significance level is
setto o =0.1.

Significant sensitivity values indicate how large the change
in the response function associated with a climatologically
typical perturbation is, i.e. a perturbation of one standard de-
viation in the precursor field. Specifically, the interpretation
of the sensitivity values is with respect to an increase of one
standard deviation in the precursor field. However, the in-
terpretation of negative sensitivity values can be inverted. A
decrease of one standard deviation in the precursor field is
associated with an increase in the response function whose
magnitude is given by the absolute value of the sensitivity.
Since the precursors are analysed on a cyclone-relative grid,
their “climatologies” are determined by the mean and vari-
ability of the composites and are thus Lagrangian in nature.
It should also be noted that sensitivity implies only correla-
tion, not causation, and any physical mechanisms behind a
sensitive relationship need to be deduced afterwards.

In this study the sensitivities are calculated between pre-
cursors at time of genesis and intensity measures at the time
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of maximum VO (or for PRECIP, 12h before). Analysing
the sensitivity of an intensity measure to environmental con-
ditions at genesis ensures that the effect of the ETC’s own
circulation is minimized. Furthermore, it offers the best po-
tential for understanding controls on the ETC intensity mea-
sures from a forecasting perspective. Unlike in previous stud-
ies in which sensitivities were calculated for example be-
tween the time an intensity measure reaches its maximum
value and 48h before (e.g. Laurila et al., 2021) or between
genesis time and 48 h after (e.g. Dacre and Gray, 2013), the
time difference between genesis and the time of maximum
VO is naturally variable between ETCs. In the full dataset
the genesis time relative to the time of maximum VO varies
between 1 day before, which is mandated by the tracking cri-
teria (Sect. 2.2.1), and 6 d before for 96 % of the tracks, with
the median at 2 d and 3 h. Despite the variability, this is a sta-
tistically consistent time period. This means that — assuming
that there is a meaningful relationship between the genesis
environment and the eventual maximum value of an inten-
sity measure — we are comparing the same features against
each other for each ETC in the sample.

2.5 ETC intensity grouping

In this study ETCs are split into groups based on multiple
intensity measures. The purpose of the grouping is to contain
the continuous variability of ETCs into a manageable number
of classes, as often is the case with ETC classification (Catto,
2016). The grouping enables us to investigate whether certain
relationships differ for ETCs with varying combinations of
average intensity measure values.

Specifically, the grouping is based on the sSPCA from C25
shown in Fig. 1. To obtain the intensity groups, we first
split the SPCA feature space into four quadrants which con-
tain non-average values of the first two principal compo-
nents (Fig. le). Specifically, we remove ETCs whose two-
dimensional coordinate values (PC1 ; PC2, with a precision
of 0.001) fall inside an area in the SPCA space defined by

1

y= :l:_v
olx|

“
where x is the PCI1 value, y is the PC2 value, and « is a
scaling parameter. The four groups then consist of the re-
maining ETCs which occur in quadrants defined by differ-
ent combinations of positive and negative values of PC1 and
PC2. The value of o was determined based on the proportion
of tracks retained and the average minimum Euclidean dis-
tance between points in adjacent groups after the application
of Eq. (4). The chosen value is o = 50, which retains 3059
(42 %) of all tracks.

The weight of PC1 is composed mainly of the wind speed
measures WS850, WS925, WS10, and FG10 (Fig. 1a), and
thus the axis is labelled qualitatively from “Calm” (PCl1
< 0) to “Windy” (PC1 > 0). Similarly, the weight of PC2
is composed mainly of the precipitation measures PRECIP
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and PRECIPacc (Fig. 1b), and thus the axis is labelled qual-
itatively from “Dry” (PC2 < 0) to “Rainy” (PC2 > 0). This
produces four ETC intensity groups named “Rainy+Calm”,
“Rainy+Windy”, “Dry+Calm”, and “Dry+Windy”.

The grouping process, as well as its result, is shown graph-
ically in Fig. le. Due to the unsymmetrical shape of the
sPCA projection, the number of ETCs in each group varies.
The most tracks are in the two groups in which the signs
of PC1 and PC2 values are the same, i.e. Dry+Calm and
Rainy+Windy. It should be noted that while the application
of Eq. (4) removes a majority of the “most average” ETCs
from the sample, the qualitative labels given to the groups do
not indicate that all ETCs in the groups have extreme values
of both the wind speed measures and precipitation measures.
However, the shape of the filtering function ensures that an
ETC has “extreme” values in either PC1 or PC2, or more
moderate, closer-to-average values in both PC1 and PC2 at
the least.

By grouping the ETCs in this objective manner based on
multiple intensity measures, we are able to obtain intensity
groups which are at the same time distinct between each
other and reasonably homogenous within themselves. Thus,
the groups represent the variability in the set of multiple
intensity measures (Fig. S1 in the Supplement) while their
categorical nature allows us to treat them as consistent and
inter-comparable entities from a statistics perspective, there-
fore simplifying both analysis and interpretation. It should be
emphasised that while the intensity groups are labelled with
the terms “Windy”, “Calm”, “Rainy”, and “Dry”, the groups
are derived from the two first SPCA components which have
weight in multiple intensity measures (Fig. 1a, b). Therefore,
none of the components matches any single intensity mea-
sure.

When calculating sensitivity values for the four intensity
groups, the standard deviation used in Eq. (3) is the stan-
dard deviation of the sample of the groups together which
amounts to 42% of all ETCs. Since the standard deviation
values used are the same for each subsample, i.e. an inten-
sity group, the sign and relative strength of sensitivity in a
subsample is determined by the regression coefficient. This
choice enables fair comparison of sensitivity values between
the groups. Moreover, the removal of ETCs with average val-
ues in the intensity measures from the full dataset does not
greatly affect the composite standard deviation patterns of
the precursors in the reduced sample. They remain very simi-
lar to the full dataset and only the magnitude changes slightly
(not shown).

Figure 2 shows the ETC track density distributions of the
four intensity groups. A clear divide is seen between the
Windy and Calm groups in track density. The Windy ETCs
occur mostly over the ocean along the main North Atlantic
storm track whereas the Calm ETCs occur mostly either
over land, the Mediterranean sea, or the edges of the storm
track. Between the Windy groups, Rainy+Windy ETCs occur
mostly at the start of the storm track close to the eastern coast
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of North America, more in the southern parts of the domain
(Fig. 2b). Dry+Windy ETCs occur more towards the end of
the storm track close to Iceland (Fig. 2d) which is north-
east of the Rainy+Windy maximum due to the southwest—
northeast tilt of the storm track. A similar north—south divide
is seen between groups Rainy+Calm and Dry+Calm. Group
Rainy+Calm has maxima in track density in southern parts of
the North Atlantic and western Mediterranean (Fig. 2a). The
area of large track density over the ocean is oriented zonally
as opposed to the northeastern tilt seen in the Windy groups.
This indicates that these ETCs do not necessarily travel along
the main storm track. Track density in group Dry+Calm has
local maxima in western and eastern Mediterranean, north-
eastern Europe, and the Hudson Bay area (Fig. 2c). These
results show that in the Mediterranean most Rainy ETCs oc-
cur in the western parts and that in northern Europe there are
few ETCs categorized as Rainy.

3 Sensitivity to ETC precursors
3.1 Sensitivities for all ETCs

The sensitivity signals between the five relevant intensity
measures and all investigated ETC precursors for the en-
semble of all 7361 ETCs are shown in Fig. 3. In qualitative
terms the sensitivity signals for all four wind-based inten-
sity measures (VO, WS850, WFP, and SSI) are very simi-
lar; a result which is discussed in Sect. 4. The most strik-
ing features associated with more intense winds in ETCs are
stronger WS300 downstream, higher T300 on the south side,
and lower T850 and 2T on the north side of the ETC centre.
The signals from GAMMA reflect the changes in temper-
ature at both upper and lower levels, with smaller values of
GAMMA overall (upper troposphere warming and lower tro-
posphere cooling, decreasing the lapse rate — a more stable
mid-troposphere) associated with more intense winds. The
sensitivity pattern of TCWV mimics that of the lower-level
and surface temperature fields with an increased gradient as-
sociated with stronger winds. Given the composite structure
of WS300 at genesis time (grey contours in Fig. 3) with the
highest wind speeds vertically aligned with the ETC cen-
tre, the larger WS300 sensitivity values downstream of the
ETC centre indicate that the wind-based intensity measures
reach larger values if the upper-level jet is stronger but also
if the ETC is initially located at the right entrance of a jet
streak. Both of these factors align with previous knowledge
of ETC intensification based on cyclogenesis due to vorticity
advection according to quasi-geostrophic theory (Holton and
Hakim, 2013). Through thermal wind balance, the positive
sensitivity signal from WS300 is also indicative of increased
baroclinicity being associated with stronger ETCs. This is in
line with the signals from all three temperature precursors
showing an increased meridional temperature gradient being
associated with more intense ETCs.
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The sensitivity signals for PRECIP differ from the wind-
based intensity measures. Sensitivity of PRECIP is clearly
dominated by the three temperature fields and TCWV. Larger
PRECIP values are associated with overall warming of the
troposphere with only positive sensitivity values appearing
in the temperature fields. TCWYV follows the same positive
pattern, which is to be expected based on the Clausius—
Clapeyron relation. Noteworthy is that the sensitivity sig-
nal is the strongest southeast of the ETC centre, imply-
ing a stronger thermal ridge, which could indicate links to
more moisture being transported in the feeder airstream to
the warm conveyor belt (Dacre et al., 2019; Eckhardt et al.,
2004), leading to more precipitation (Field and Wood, 2007).
This sensitivity pattern is consistent with the one found by
Dacre et al. (2019) and indirectly by Laurila et al. (2021) for
TCWV. PRECIP is also weakly sensitive to GAMMA close
to and on the south side of the ETC centre. These sensitiv-
ity values are positive, which indicates more precipitation is
associated with an initially more unstable atmosphere.

To aid comparison of the magnitudes of the sensitivity val-
ues between different precursors, we also introduce a method
to compress the two-dimensional sensitivity field into a sin-
gle number. This is done by calculating the mean of the abso-
lute values of statistically significant sensitivity values. Sta-
tistical significance of the sensitivity values is determined
with the FDR method as described in Sect. 2.4. The mean
sensitivity value is then weighted by the proportion of sig-
nificant sensitivity values of all points ij in the field. If all
values in the sensitivity fields are nonsignificant, the weight
equals zero. Before taking the absolute values, information
about the ratio of positive to negative significant sensitivity
values is saved.

By investigating these “collapsed” average sensitivity val-
ues shown in Fig. 4, we see the relative contribution of each
precursor to each intensity measure in a concise manner.
Based on this metric, WS850 and SSI are the most sensitive
to WS300, with WFP and VO having only slightly smaller
sensitivity values. VO is the most sensitive to T300 and WFP
to GAMMA. The temperature precursors at 850 and 300 hPa
have different dominant effects for all four wind-based mea-
sures, e.g. WS850 is more sensitive to T300 than Ta300 but
more sensitive to Ta850 than T850. The positive sensitivity
signals from T300 could partly be explained by climatologi-
cal distributions of WS300 and T300, which is discussed in
Sect. S3. The larger sensitivity to the strength of the frontal
gradient at lower levels (Ta850) suggests that ETCs with
stronger baroclinicity at these levels or ETCs possibly devel-
oping from a frontal wave have stronger winds. Plant et al.
(2003) found the latter to be true for the synoptic—dynamic
ETC classification types A and B of Petterssen and Smebye
(1971) but not for more diabatically driven type C ETCs of
Deveson et al. (2002).

VO, WS850, and WFP alike are sensitive to all-around
negative perturbations in GAMMA, i.e. a more stable mid-
troposphere at genesis is associated with stronger winds.
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(a) Rainy+Calm (267) (b) Rainy+Windy (1097) - .
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Figure 2. Track densities of the four intensity groups. The value indicates the number of ETCs occurring within a spherical cap with a radius
of 5° geodesic per season (six months). The contours show the track density distribution of the full dataset (7361 ETCs) in the same unit.
Total number of ETC tracks in each group is shown in the parentheses. Note the different values in the colourbars.

PVa300 WS300 T300 Ta300 T850 Ta850 2T GAMMA

Figure 3. Sensitivity signal of each combination of precursor at genesis time and intensity measure at time of maximum intensity for all
ETCs (shading) and the composite field of precursors at genesis (contours). Intensity measures stay constant along rows and precursors stay
constant along columns. There is one colourbar per intensity measure, i.e. per row. The hatched areas indicate statistically nonsignificant
values and the dashed black circle denotes a radius of 6° geodesic. The radius of the whole circle is 18° geodesic. Units of precursors are
PVU (10_6 Km?2 kg_1 s_l) for PVa300, ms~! for WS300, °C for T300, Ta300, T850, Ta850, and 2T, °C km~! for GAMMA, and kg m—2
for TCWV.
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Figure 4. Proportions of average magnitudes of significant
sensitivity signals of the maximum value (per intensity mea-
sure). Maximum average magnitudes are VO: 0.45 x 107351,
WS850: 1.68ms™!, WFP: 0.19 x 109km?, SSI: 1.38, and PRE-
CIP: 0.36mm (3h)~!. The plus (minus) sign in front of a number
indicates that at least 90 % of the significant sensitivity values are
positive (negative).

WFEFP is especially sensitive to a decrease in GAMMA and
thus an increase in stability. The reason for this may be re-
lated to the Rossby radius of deformation. The Rossby radius
of deformation is directly proportional to the stability of the
atmosphere (Gill, 1982). Thus, smaller values of GAMMA,
which indicate a more stable atmosphere, would be associ-
ated with larger Rossby radii of deformation and allow for
larger ETCs with larger areas with strong winds. The nega-
tive sensitivity of VO and WS850 to GAMMA are, in turn,
not consistent with a physical explanation from theory. The
Eady growth rate, a measure of baroclinicity, is inversely pro-
portional to stability (Lindzen and Farrell, 1980; Hoskins and
Valdes, 1990). Therefore, stronger growth would be expected
in conditions in which the atmospheric stability is smaller
(i.e. larger GAMMA), the opposite of what we see. Also,
one would expect larger VO values in a less stable atmo-
sphere given a similar forcing for ascent based on the quasi-
geostrophic omega equation (Holton and Hakim, 2013). Ac-
cording to Besson et al. (2021), the effect from a small Eady
growth rate is, however, larger than from omega forcing since
large ETC deepening rates are observed with small omega
forcing and large Eady growth rate, but not vice versa.

It is also possible that the negative sensitivities are affected
by not only directly ETC-related processes but by correla-
tions between the precursors. The opposing perturbations in
temperature at different levels, i.e. a warm perturbation at up-
per levels and a cold perturbation at lower levels would result
in smaller values of GAMMA. This explanation is supported
by the fact that control from GAMMA is the strongest for
WEFP (Fig. 4) for which the negative sensitivity from T850 is
the most prominent out of VO, WS850, and WFP (Fig. 3).

For PRECIP there are not as many nuances in the sensitiv-
ity signals as for the wind-based intensity measures, which
can be seen in both the full sensitivity fields (Fig. 3) and
the “collapsed” sensitivity values (Fig. 4). PRECIP is the
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most sensitive to T300, T850, TCWYV, and 2T, respectively,
with only positive values present in these fields. A precur-
sor which does not have large sensitivity values for either
PRECIP or any of the four wind-based intensity measures is
PVa300.

3.2 Sensitivities for ETC intensity groups

In the previous section (Sect. 3.1) we showed what the sensi-
tivity patterns and the relative magnitudes of average sensi-
tivities are in the full sample of tracked ETCs. In this section
the results are shown for the ESA done separately for the four
intensity groups derived in Sect. 2.5. The purpose is to inves-
tigate if there are differences in the sensitivities for ETCs of
varying intensities and thus if the genesis conditions can be
used to determine what type of ETC may develop.

Results of the ESA for the groups for each intensity mea-
sure are shown in the “collapsed” form in Fig. 5 and as the
full fields in Figs. S2-S6. As in Fig. 4, in Fig. 5 the “col-
lapsed” sensitivity signals are referred to as “positive” (“neg-
ative”) in the text if at least 90 % of the significant values in
the sensitivity field are positive (negative). In Fig. 5a we see
that the strongest control on VO in the Rainy groups is from
Ta850 and 2T, and in the Dry groups from all non-anomaly
temperature fields and TCW'V. Sensitivities to temperature at
all levels and moisture are mostly negative in all groups but
Dry+Windy, in which they are positive.

For WS850 (Fig. 5b) the average sensitivities are generally
similar as for VO but T850 has more control than Ta850 in
group Rainy+Windy. Group Rainy+Calm does not have sta-
tistically significant sensitivity values from these two precur-
sors but is instead controlled mostly by WS300. The preva-
lent signs and differences between intensity groups change
little compared to VO sensitivities.

For WFP (Fig. 5c) the sensitivity values are quite simi-
lar to VO and WS850 with some minor differences. Group
Dry+Windy is controlled again the most by positive pertur-
bations in T300 but now followed by WS300, with other
contributions being much smaller. Groups Rainy+Windy and
Dry+Calm have the largest sensitivities from temperature
fields, with emphasis on the lower levels and the values being
negative. Dry+Calm also has large negative sensitivity from
TCWV. Group Rainy+Calm has the strongest control from
GAMMA, followed by T850 (both negative).

As seen in Fig. 5d, sensitivity signals for SSI are mostly
nonsignificant, which is likely due to the highly non-
Gaussian distribution of SSI (Fig. S1d). The only large values
are in group Dry+Windy for which WS300 and T300 have
the largest sensitivity values (both positive).

PRECIP (Fig. 5e) has the most consistent sensitivity sig-
nals among the groups. All groups exhibit the same posi-
tive and strongest signals from temperature at all levels and
TCWV. Like for VO and WS850, the strongest control in
group Dry+Calm for PRECIP is from TCWV. However, un-
like for VO and WS850 (and WFP), the signals are over-
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Figure 5. Collapsed sensitivity values for the five intensity measures in the four groups. Missing values (white squares) indicate that all
signals in the 2D sensitivity field are nonsignificant. The plus (minus) sign in front of a number indicates that at least 90 % of the significant
sensitivity values are positive (negative). The labels on the y-axis refer to the groups by using the initials R: Rainy, C: Calm, W: Windy, and

D: Dry.

whelmingly positive. The change in sign in the sensitivity
signal from negative for VO, WS850, and WFP to positive
for PRECIP is true for group Rainy+Windy as well. This in-
dicates that from a climatological perspective, compound ef-
fects in ETCs in group Rainy+Windy are not the most com-
mon case, and that wind speed and precipitation are anti-
correlated. Based on a visual inspection of the sSPCA feature
space in Fig. le, this seems to be true and in fact is, however,
weakly (Pearson correlation coefficient of —0.21 between
PC1 and PC2). In group Dry+Calm the anti-correlation is al-
most non-existent (Pearson correlation coefficient of —0.06).
This relationship between wind and precipitation sensitivi-
ties is also evident in the opposing signs of sensitivities to
WS300 for PRECIP and the wind-based measures in group
Rainy+Windy. However, it should be noted that by defini-
tion all values of the wind speed measures and PRECIP
are at the larger or smaller ends of the full distributions
in groups Rainy+Windy and Dry+Calm, respectively. Group
Rainy+Calm has clearly the largest PRECIP sensitivity sig-
nals from T300 whereas for group Dry+Windy the contribu-
tion is more evenly distributed between the four precipitation
precursors.

The sensitivity patterns both in the full dataset and in the
intensity groups can be partly understood and interpreted
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through the preferred occurrence and genesis areas of ETCs
in the groups in combination with the climatological distri-
butions of the precursors. This is discussed in more length
in Sect. S3. Here we suffice to say that while climatologi-
cal conditions likely affect the genesis and development of
ETCs to some extent, and ETCs contribute to the climato-
logical mean state, for transient phenomena like ETCs, the
genesis states deviate from the climatology from case to case
by definition. This is evident in our results since the variation
in a precursor field is as large as differences between the pre-
cursor composite means of the intensity groups (not shown).

4 Differences between ETC intensity groups and their
temporal evolution

Answering the question of how the genesis environment of
an ETC affects its intensity later in the life cycle in general
can be done based on the results shown in Sect. 3.1. This is
supported by the genesis composites of the precursor fields in
the four intensity groups shown in Figs. S2—-S6. For example,
Rainy groups have warmer and more humid genesis environ-
ments while Windy groups have stronger upper-level jets and
baroclinicity. Thus, there is a clear physical relationship be-
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tween the genesis environment of an ETC and the resulting
intensity in the full dataset.

In Sect. 3.2 we showed how the sensitivity effects ap-
pear in the intensity groups. While there are differences be-
tween the sensitivity signals for the intensity groups, none
of the groups exhibits unique behaviour in its sensitivity pat-
terns. For example, the PRECIP sensitivities are very similar
among the groups, and the wind-based measures have quali-
tatively similar behaviour for the two most different groups,
Rainy+Windy and Dry+Calm. Based on these results, none
of the groups is distinct in terms of what controls the inten-
sity at genesis time and how. They are, however, different
enough among each other and compared to the full dataset
that we cannot say that ETC intensity is controlled by the
same precursors in the same manner for all ETCs regardless
of their intensity, apart from PRECIP perhaps.

Possible explanations for the observed non-distinct pat-
terns include 1. the sensitivity does not meaningfully differ
for ETCs of different intensities, here defined as the four in-
tensity groups, 2. the sensitivity fields represent climatologi-
cal shifts in the genesis environment instead of dynamically
perturbed background states, and 3. the ESA method does
not capture non-linear effects occurring later in the ETC life
cycle which cause differences in intensity. Of these the most
likely and most insightful explanation is the latter, which is
supported by the fact that when we try to answer the ques-
tion of “how much” perturbations in the genesis environment
affect the intensity, the answer is “relatively little”. Neither
in the full dataset nor in the intensity groups are the magni-
tudes of the sensitivity values large given the variability in
an intensity measure (not shown). For all intensity measures
the largest sensitivity values are much smaller than both the
standard deviation in the full dataset and the differences in
the average values of the intensity groups. Even with a per-
turbation of multiple standard deviations in magnitude in a
precursor field, the resulting change does not satisfactorily
explain differences in intensity. These results together with
those obtained by Graf et al. (2017) indicate that variability
in ETC genesis states does not clearly correspond to vari-
ability in ETC intensity. Graf et al. (2017) analysed 30 ETC
precursors in the northern hemisphere and performed princi-
pal component analysis on them to obtain an objective ETC
cyclogenesis classification. Their four cyclogenesis classes
clearly differed in their genesis composites and they were
able to link them to the ETC life cycle composites of Pet-
terssen and Smebye (1971).

The overall small sensitivity values might also explain
why the sensitivity patterns for the four wind-based inten-
sity measures are very similar (Fig. 3). The ESA is able to
capture only the linear part of the wind variability, whereas
the differences among the wind-based intensity measures
arise from non-linear processes, especially in the case of SSI
(C25). These observations do not, however, mean that the
ESA method is unsuitable to identify controls of ETC in-
tensity at genesis time. This is showcased by the physically
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meaningful sensitivity patterns seen in the full dataset. In-
stead, it simply means that we need to investigate processes
after genesis to better understand differences in ETC inten-
sity values. To study these non-linear processes present in the
ETC intensification which could explain the differences, we
investigate the evolution of both the intensity measures and
the precursors in the following.

Before investigating the time evolution of the ETC inten-
sity measures in the different groups, we first describe the
general features of their distributions at time of maximum in-
tensity from the sSPCA split. These distributions are shown in
Fig. S1 or can be inferred from the spread at time O in Fig. 6.
By design, the sPCA grouping efficiently reduces overlap
in the intensity measures present in the first two PCs, i.e.
the wind speed and precipitation measures (Figs. 1a, b and
S1b, e). It does less so for WFP and VO which are present
only or mostly in PC3 and PC4 (Figs. lc, d and Sla, c).
Moreover, the sPCA grouping splits the intensity measure
distributions in a binary fashion, i.e. groups Rainy+Windy
and Rainy+Calm have very little overlap in WS850 but a lot
in PRECIP, whereas groups Rainy+Windy and Dry+Windy
have very little overlap in PRECIP but a lot in WS850.

4.1 Intensity measure evolution

The life cycles between —96 and 96 h from the time of maxi-
mum VO of six selected intensity measures in the four inten-
sity groups are shown in Fig. 6. The selected intensity mea-
sures include the four already discussed (VO, WS850, PRE-
CIP, and WFP) as well as two additional ones — mean sea
level pressure anomaly (MSLPa) and maximum 10 m wind
gust (FG10) which were introduced in Sect. 2.2.2. MSLPa
and FG10 were included in the analysis due to their differ-
ent behaviour from the four other measures, offering addi-
tional insight into the differences in intensification among the
groups. As described above, for each intensity measure the
groups fall into two rough regimes either based on the Dry—
Rainy axis or the Calm—Windy axis, i.e. either the Windy
groups are in one regime and the Calm ones in the other, or
the Rainy groups are in one regime and the Dry ones in the
other, depending on the intensity measure. For most intensity
measures the regimes are evident from around 48h before
the time of maximum VO almost until the end of the inves-
tigated time period, and the difference between the regimes
peaks simultaneously with the intensity. This indicates that
on average ETCs in either of the two more intense groups
(i.e. Windy or Rainy) undergo strong non-linear intensifica-
tion. In fact, ETCs in the more intense groups see at least a
doubling of the wind-based intensity measure values during
the investigated period.

As described above, overlap between the VO distributions
is not reduced only by the Windy—Calm split but also visibly
between groups Dry+Windy and Rainy+Windy, with the lat-
ter reaching the highest values (Fig. 6a). However, the over-
lap between Windy and Calm groups is greatly reduced only
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Figure 6. Evolution of six selected intensity measures in the four intensity groups relative to the time of maximum VO. The solid line shows
the median value and the shading contains values in the two middle quartiles. Percentages on the x-axis show the mean and standard deviation
of proportion of tracks sampled in the groups for a given time step. The complete group sizes are shown in parentheses in the legend in panel
(a). Median times of maximum VO in the groups are shown in Fig. S13.

between around —12 and +12h. In group Rainy+Windy VO
increases very rapidly, especially in the 24h before maxi-
mum VO and the decrease after the maximum value is al-
most as fast as the increase before. The two Calm groups ex-
hibit similar symmetric but much milder growth and decay
as the Windy ones. Compared to VO, MSLPa has a larger
difference between Windy and Calm ETCs at time of maxi-
mum VO and the Windy groups closely follow the same val-
ues throughout their evolution (Fig. 6d). Windy ETCs also
weaken in MSLPa slower than they intensify.

For WS850 and FGI10 differences between the Windy
groups are small and largely within the spread. However,
there is some contrasting behaviour between the two mea-
sures. Rainy+Windy ETCs reach on average the largest val-
ues in WS850 but only after around —24h when it exceeds
group Dry+Windy (Fig. 6b). FG10 values are on average
larger in Dry+Windy ETCs before and at time of maximum
VO, all the way up to +24h after which Rainy+Windy be-
comes larger (Fig. 6e). This is likely due to the atmosphere
being drier, which allows more dry-adiabatic vertical profiles
and thus more momentum carried into the boundary layer.
In WFP, which is strongly correlated with both WS850 and
FG10 (C25), this is seen as a phase shift between the Windy
groups (Fig. 6f). Dry+Windy ETCs lead Rainy+Windy ones
by around 24h, with the latter reaching a slightly higher
peak around +12h. The phase shift can also partly be at-
tributed to differences in the track density distributions of the
two groups (Fig. 2b, d). Dry+Windy reach on average larger
WFEFP values earlier because of their more marine locations in
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which friction is not inhibiting strong wind gusts as much as
over land.

For PRECIP, especially for the Rainy ETCs, the range of
values is large initially but reduces drastically around the
time of maximum VO (Fig. 6¢). Rainy+Windy has larger av-
erage values than Rainy+Calm only between —60 and +12h,
indicating that it experiences both more rapid growth and de-
cline, however relatively smaller than in the wind-based in-
tensity measures. Both Rainy groups reach their peak around
—12h, which is consistent with previous research (Pfahl and
Sprenger, 2016; Cornér et al., 2025a). The Dry groups un-
dergo modest or almost no increase in PRECIP values during
their evolution.

The results from this analysis indicate that while group
Rainy+Windy has on average the most intense ETCs in terms
of all four wind-based measures and PRECIP, it also un-
dergoes the most rapid intensification in these aspects. This
is consistent with e.g. C25 who showed that the most in-
tense ETCs also have the largest deepening rates. Moreover,
group Rainy+Calm is more intense and intensifies faster than
Dry+Calm in the wind-based measures. The reason for the
Rainy groups experiencing stronger wind intensification than
their Dry counterparts may at least be partly due to the dia-
batic heating from precipitation further intensifying the ETC
in terms of wind-based measures and delaying the time they
reach maximum values. The wind-based intensity, especially
in terms of VO, can in turn affect the PRECIP values. ETCs
with similar moisture availability have more precipitation if
they have stronger vorticity values and therefore more con-
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vergence. Via continuity this induces stronger vertical mo-
tion and more precipitation (Field and Wood, 2007). This ef-
fect could partly explain why group Dry+Windy has larger
PRECIP values than group Dry+Calm (Fig. 6¢). The diabatic
heating effect is likely more important in the Rainy groups in
which PRECIP peaks before VO and VO peaks later than in
their Dry counterparts (Fig. S13), but in the Dry groups this
is less clear.

By examining the evolution of six intensity measures, we
showed that the growth of ETC intensity measures is in some
cases highly non-linear but also notably variable among the
ETC intensity groups. In the following we investigate the
evolution of the precursors leading up to the time of maxi-
mum VO to identify processes influencing the intensification
and explaining the differences which are not evident from the
ESA.

4.2 Precursor composite evolution

The evolution of WS300 in the intensity groups is shown in
Fig. 7 as composites. In WS300 we see clear differences in
the composites already at genesis time, which is in agree-
ment with the results from the ESA in Fig. 3. The Windy
groups have much stronger jets and the ETC centres are
located in the right entrance of a jet streak (Fig. 7g, s), a
favourable location for cyclogenesis. These groups also in-
crease noticeably in WS300 during ETC development, unlike
the Calm groups. The WS300 values at time of maximum VO
are slightly larger in Rainy+Windy than Dry+Windy, and the
flow is more tilted towards the northeast relative to the travel
direction as well as more amplified, with large WS300 val-
ues also northeast of ETC centre downstream of the main jet
streak maximum (Fig. 71, x). ETCs in group Rainy+Windy
also travel across the jet streak to the left exit on average
later than in group Dry+Windy (—12h compared to —24h).
This is consistent with results shown in Sect. 4.1 which indi-
cate that ETCs in group Rainy+Windy undergo longer and/or
later intensification. An interesting feature is also the cen-
tral MSLP value dropping notably in the Rainy groups be-
tween —12h and time of maximum VO (by about 4hPa).
This does not occur in the Dry groups which reach their mini-
mum MSLP at —12h. The Rainy groups have stronger lower-
level PV anomalies than their Dry counterparts at —12h and
at time of maximum VO (not shown). This is consistent with
the differences in late intensification being due to diabatically
produced PV, as hypothesised in Sect. 4.1.

Unlike WS300, PVa300 does not show large differences
between the groups at genesis time (Fig. 8). This is also what
the ESA shows, with small PVa300 sensitivities indicating
that the genesis PVa300 field has little association with the
maximum intensity of the ETC (Figs. 3 and 4). However, dif-
ferences in the PVa300 composites arise during ETC devel-
opment. In the Windy groups at —48 h a positive PV anomaly
begins to wrap cyclonically from the northeast to the west
and a negative PV anomaly from the southwest to the east
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around the centre of the ETC (Fig. 8i, u). Stankovi¢ et al.
(2024) showed that in cases with extreme surface winds the
positive upper-level PV anomaly stretching northeast of the
developing ETC centre is associated with a pre-existing ETC
downstream. A cyclonic flow around the pre-existing ETC
advects the positive PV anomalies southward towards the de-
veloping ETC centre. In both of the Windy groups the pos-
itive PV anomaly grows and approaches the ETC centre as
the ETC intensifies, but the negative anomaly grows strong
only in Rainy+Windy. Moreover, in group Rainy+Windy the
eventual negative PV anomaly extends well into the east-
ern and northeastern sector of the ETC, whereas in group
Dry+Windy it recedes, resulting in the strongest gradient be-
ing in the meridional direction. The strong zonal gradient
at time of maximum VO in group Rainy+Windy (Fig. 81),
which may be amplified by a strong warm conveyor belt out-
flow creating negative upper-level PV anomalies (Schemm
and Wernli, 2014; Madonna et al., 2014), is consistent with
the WS300 distribution with a slightly amplified flow and
strong winds also close to the upper-level ridge, downstream
of the main jet streak (Fig. 71). Groups with Calm winds de-
velop positive PVa300 values close to the ETC centre which
are weak in magnitude, consistent with the weak WS300 val-
ues. The positive PV anomalies are located close to the cen-
tre throughout the evolution, which implies that these ETCs
are more vertically stacked, indicating weaker cyclogenesis
from baroclinic instability (Hoskins et al., 1985). Campa and
Wernli (2012) also found that more intense ETCs in terms of
MSLP have clear intensification of PV anomalies during the
24 h before time of maximum intensity.

If PVa300 showed little differences between the groups
and WS300 only on the Calm—Windy axis, the T850 distribu-
tions are more distinct among the groups already at genesis
time (Fig. 9). Rainy groups have on average higher tempera-
tures while Windy groups have larger temperature gradients.
The differences in T850 gradients arise from colder air on
the northern side of the ETC centre when comparing groups
with similar PRECIP values. Qualitatively the distributions
match the expectations from the ESA: a warmer background
environment is associated with larger PRECIP values, and
stronger baroclinicity with larger values in wind-based in-
tensity measures (Fig. 3). All groups have a hint of a thermal
wave already at genesis but only in the Windy groups does
it grow notably in amplitude, revealing a clear warm sector
extending southwest of the ETC centre at time of maximum
VO. The groups have the strongest T850 gradients at differ-
ent times during the life cycle and only in the Rainy+Windy
composite does a strong warm front which is nearly perpen-
dicular to the cold front develop. At upper levels, T300 shows
similar features as T850 (not shown). Differences between
the two include smaller temperature gradients and the Windy
groups developing a seclusion of warm air at time of maxi-
mum VO in T300.

The composite evolution of TCWV is shown in Fig. 10.
The distributions at genesis time resemble qualitatively those
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Figure 9. As in Fig. 7, with the shading showing T850.

of T850. The Rainy groups have larger values while the
Windy groups have larger meridional gradients. However,
the evolution differs from that of T850. The Dry groups see
little change in the TCWV distribution whereas the Rainy
ones evolve to exhibit patterns indicating large moisture val-
ues in the warm sector of the ETC. The maximum TCWV
values coincide with the maximum in PRECIP at —12h dur-
ing which the Rainy groups show the warm conveyor belt air
stream, with especially group Rainy+Windy having a narrow
band of large TCWV values extending from the southwest to-
wards the centre of the ETC perpendicular to the warm front
(Fig. 10e, k).

The GAMMA composite evolution shown in Fig. 11 is
slightly noisy but shows nonetheless interesting and distinct
features. Qualitatively, the results agree with those of the
ESA. The Windy intensity groups have slightly smaller val-
ues (a more stable atmosphere) at genesis than the Calm
groups. The GAMMA values do not, however, change much
through time in the Calm groups. They only slightly increase
close to the ETC centre. In turn, during their evolution, ETCs
in the Windy groups experience changes in GAMMA which
align with the stronger growth in the intensity measures and
possibly explain why the genesis sensitivities from GAMMA
do not match theoretical expectations. Group Dry+Windy
has the largest increase in GAMMA values and ultimately
the steepest lapse rates whose maximum values are close to
the ETC centre at time of maximum VO (Fig. 11x). The
large values indicate close to dry-adiabatic lapse rates. Al-
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though GAMMLAA is calculated between 850 and 500 hPa, the
large GAMMA values imply steep lapse rates closer to the
surface as well, thus enabling high-momentum air to cause
strong winds near the surface (Pantillon et al., 2018). Strong
wind gusts have been shown to be associated with evap-
orative cooling for which a dry atmosphere is a prerequi-
site (Browning et al., 2015; Tam et al., 2025). This could
partly explain the difference of relative magnitudes in FG10
and WS850 between groups Rainy+Windy and Dry+Windy
shown in Fig. 6, i.e. why group Rainy+Windy has on aver-
age larger WS850 values but smaller FG10 values than group
Dry+Windy.

In summary, differences in the intensity evolution among
the intensity groups are due to both dynamical (e.g. WS300)
and thermodynamical (e.g. TCWV) differences in the precur-
sor fields and their evolution. These results highlight the im-
portance of investigating multiple different precursor fields
when trying to understand the details of differences in ETC
intensity and intensification. That being said, the largest dif-
ferences in the precursor composites begin to be evident be-
tween around 48 and 24 h before the time of maximum VO.
This coincides with the time when most intensity measures
start to experience non-linear growth (Fig. 6). Based on this
it is, therefore, possible to at least qualitatively attribute the
changes in intensity to changes in the precursor fields.
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5 Conclusions

In this study we investigated the links between extratropi-
cal cyclone (ETC) intensity measures and precursors in the
North Atlantic and Europe in the extended cold season. We
used a dataset derived from ERAS reanalysis spanning 43
extended winters of ETC tracks to quantify how strongly the
state of multiple ETC precursors at time of genesis corre-
lates with the eventual maximum intensity later on in the
ETC life cycle. The relationships between 9 ETC precur-
sors and 5 intensity measures were quantified using a method
called ensemble sensitivity analysis (ESA). ESA is a statisti-
cal method that quantifies the relationship between two vari-
ables based on linear regression from a sample (or an en-
semble) of features. The results of the ESA indicated that the
maximum wind intensity of an ETC as measured by relative
vorticity and wind speed at 850hPa, a wind footprint, and a
storm severity index is controlled at genesis time mostly by
wind speed and temperature at upper levels (300 hPa) as well
as the temperature gradient at lower levels (850 hPa), and the
mid-tropospheric lapse rate. Specifically, ETCs were found
to be more intense in terms of all four wind-related intensity
measures when the jet is stronger downstream of the ETC
centre and the temperature gradient at upper levels is stronger
with an emphasis on warming on the southern side at genesis
time. An increased lower-level temperature gradient and re-
duced lapse rate were also associated with stronger winds in
ETCs. More precipitation was associated with warmer tem-
peratures and more moisture throughout the troposphere at
genesis time. Potential vorticity anomalies at upper levels at
genesis time were found to have little control on both the four
wind-based intensity measures or the precipitation measure.

The ESA was repeated for ETC groups of different aver-
age intensities to determine if the relationship between gene-
sis conditions and the eventual cyclone intensity varies with
the type of ETC. The intensity groups were extracted from
a sparse principal component analysis (SPCA) performed on
the set of ETC tracks and 11 associated intensity measures
from Cornér et al. (2025a). The sPCA feature space had four
wind speed measures and two precipitation measures as dom-
inant features in its two first components, respectively. The
feature space was split in these two directions and average-
intensity ETCs were removed, resulting in four distinct inten-
sity groups called Rainy+Windy, Rainy+Calm, Dry+Calm,
and Dry+Windy. Some differences in the results of the ESA
were found between the groups but these were not entirely
unique, leading to the conclusion that the genesis environ-
ment does not explain differences in the average magnitudes
of the ETC intensity measures.

While most of the observed sensitivity patterns in the full
dataset can be explained by theories on cyclogenesis and
ETC intensification, the magnitude of the sensitivity sig-
nals was small compared to the variability in the intensity
measures. Given this and the relatively small differences be-
tween the sensitivity values in the intensity groups, we con-
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clude that in quantitative terms the genesis state has only a
small effect on the eventual maximum intensity of an ETC.
The results obtained in this study can, however, be qual-
itatively used to estimate how the intensity of ETCs will
change in the future climate. It has been shown that ETC-
associated precipitation is likely to increase in the future
(Catto et al., 2019). Our results support this by associating
a warmer and more humid atmosphere with more precipita-
tion. The effect on the wind-based intensity measures is less
clear since upper-level baroclinicity is projected to increase,
lower-level baroclinicity to decrease, and static stability to
increase (Catto et al., 2019; Lee et al., 2021). Based on our
results the ETC wind footprint, for which stability has the
most control, might grow in the future, which is supported
by the results of Dolores-Tesillos et al. (2022). For relative
vorticity and wind speed at 850 hPa the effect would depend
on the relative magnitude of the changes in the precursors. In-
creasing stability would act to increase the two intensity mea-
sures while decreasing lower-level baroclinicity would de-
crease them. Due to the large importance of the upper-levels
based on our results, the increasing upper-level baroclinicity
along with warming would likely tip the scales towards more
intense winds and stronger vorticity.

To better understand the differences in intensity between
ETCs, we investigated the temporal evolution from genesis
time to time of maximum intensity of both the intensity mea-
sures as well as the precursors in the four intensity groups.
Like the magnitudes of the intensity measures at time of
maximum intensity, their temporal evolution was clearly split
through the Rainy to Dry and Windy to Calm divide. In al-
most all intensity measures the ETCs in group Rainy+Windy
undergo the most rapid intensification and reach on average
the largest values. The larger values of the wind-based in-
tensity measures in the Rainy groups compared to their Dry
counterparts is due to either intensifying diabatic effects or
stronger vertical motion in the more intense ETCs causing
larger precipitation values. It is also possible that the ob-
served relative intensities are a combination of these two
effects due to a feedback mechanism (Sinclair and Catto,
2023). The groups with the larger values of wind speed and
precipitation, i.e. Windy and/or Rainy, at least double in their
average intensity during the 96 h before time of maximum in-
tensity. The observed differences in growth of intensity and
the fact that the intensity measure values differ between the
groups the most at time of maximum intensity indicate that
some ETCs experience non-linear intensification. The non-
linear growth explains why ESA, a linear method, is unable
to quantitatively represent the factors leading to the observed
variability in ETC intensity. This is the main limitation of the
method. It does not, however, reduce the importance of the
results when interpreted as climatological relationships. An-
other limitation related to our application of ESA is the point
of genesis which is dependent on the ETC tracking method
used. This is, however, not a major issue since our cyclo-
genesis regions generally agree with previous studies using

Weather Clim. Dynam., 7, 873-893, 2026



890 J. Cornér et al.: Controls of extratropical cyclone intensity at genesis and during intensification

the same tracking method with different data (e.g. Dacre and
Gray, 2009; Hodges et al., 2011; Priestley et al., 2020) and
different tracking methods (e.g. Pinto et al., 2005; Wernli and
Schwierz, 2006).

Consistent with the results of the ESA, the precursors de-
termined to be the most important for ETC intensity showed
differences between the intensity groups already at genesis
time. For example, Windy groups had stronger jets and larger
temperature gradients, while Rainy groups were more hu-
mid and warmer. The large differences in the intensity mea-
sure values among the groups become more evident when
investigating the evolution of the precursor composite fields.
The differences seen in the genesis composites grow larger
and more unique as the ETC intensifies. Moreover, precur-
sors which do not have differences at genesis and to which
the intensity measures are not sensitive, namely the poten-
tial vorticity anomaly at 300hPa, exhibit clear variability in
their evolution. In most cases the differences in the precur-
sors arise most clearly between 48 and 24 h before the time
of maximum vorticity, which is consistent with differences
seen in the evolution of the intensity measures and their non-
linear growth. This also explains why in studies which cal-
culated sensitivities for these kind of time offsets (Dacre and
Gray, 2013; Laurila et al., 2021) the sensitivity values are
generally larger than here. In conclusion, differences in ETC
intensification can be attributed to, but not necessarily easily
predicted from, the precursor fields.

Features seen in the precursor evolution include, for exam-
ple:

— a clear traversing of the jet streak in the Windy groups
and little development in upper-level wind speed in the
Calm groups

— development of upper-level potential vorticity anoma-
lies close to the ETC centre with larger values in the
Windy groups

— development of frontal structures and air mass sectors,
with the strongest temperature gradients and clearest
fronts in group Rainy+Windy

— large total column water vapour values in the warm sec-
tor along narrow filaments indicative of moisture trans-
port in a warm conveyor belt in the Rainy groups and
little change in moisture in the Dry groups

Some of the observed sensitivity patterns and differences
between the intensity groups in their precursor evolution can
be attributed to climatological conditions mandated by ge-
ography. Generally, ETCs in the Windy groups occur along
the main North Atlantic storm track, an area determined by
the climatological location of the jet stream. Calm ETCs oc-
cur mostly over land, in the Mediterranean, or at the edges
of the main storm track. ETCs in the Rainy groups occur
closer to the southern parts of the North Atlantic and Eu-
rope. Despite the on average different genesis and occurrence
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locations of ETCs in the four intensity groups, there is con-
siderable overlap between these regions. Moreover, the vari-
ability in the precursor fields in a given group is roughly as
large as differences between the precursor composites of the
groups. Therefore, it can be estimated that the climatologi-
cal distribution explains no more than a half of the typical
variability in a precursor at genesis time. The remaining vari-
ability comes from local climatological temporal variability.
While the variability in the precursors at genesis time ex-
plains some of the variability in the ETC intensity measures,
to fully understand observed differences in ETC intensifica-
tion and maximum intensity, it is necessary to investigate a
combination of precursor fields and their temporal evolution.
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