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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 environmental background conditions, here called ETC precursors, 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 ERAS reanalysis 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 intensity. 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 centre. Precipitation is controlled by temperature and
moisture throughout the tropospheric column, with higher values associated 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
precursors 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 ;-as-quantified-by-the
five-intensity-measuress-it is necessary to investigate multiple ETC precursor fields and their time-evelution-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 transportation 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 development 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 intensity is essential for both weather forecasting purposes and the representation of ETCs and their potential impacts

in future climate projections.
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Early research by e.g. Charney (1947) and Eady (1949) established that the main driver of ETCs is waves forming due to
baroclinic instability which rises from meridional temperature gradients on the polar front — still an active area of research (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 cyclogenesis. Later, in addition to this so-called dry-dynamic forcing, the contribution of
diabatic effects on ETC development 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 “potential
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, 2013). Petterssen and Smebye (1971) and Deveson et al. (2002) used quasi-
geostrophic diagnostics to identify different types of ETC life cycles based on the contribution of forcing 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 vorticity of an ETC depends on the ratio of upper-to-lower-level forcing, but that this relationship
depends on meteorological 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 atmosphere, 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 Northern Hemisphere
lower-level PV generated via condensational heating contributes the most to intensification as measured by the 850 hPa relative
vorticity. Dolores-Tesillos et al. (2022) showed that the latent heat release, which is projected to increase 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 typesan i feetd g

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 development dynamics to their intensity with a more climatological perspective came from
weather forecasting applications. These methods are able to utilize the-a more direct attribution of anomalies to changes in
intensity, akin to piecewise PV inversion, while allowing a large sample to be analysed without very expensive computations.
These kind of methods are categorized 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 sensitivity analysis or ensemble sensitivity analysis (ESA).

ESA is formulated in a way which allows it to be used for identifying climatological sensitivity relationships, i.e. quantifying
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changes associated with typical perturbations in the initial fields. Ancell and Hakim (2007) showed that ESA gives similar
sensitivity results as adjoint sensitivity analysis, which tracks the initial perturbation through time with a tangent-linear model,
for the mean sea level pressure (MSLP) of an ETC 24 h after the initialization of the forecast. Ensemble sensitivity had,
however, more emphasis on synoptic scale features in its sensitivity fields compared to adjoint sensitivity.

In addition to its lack of required assumptions, the benefit 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 members. For example, ESA can be used to study the influence of upper-level fields,
lower-level fields, or proxy fields for latent 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 reanalysis data instead of ensemble
forecasts. In their framework, the ensemble consisted of Mediterranean cyclones categorized as similar according to a k-
means cluster analysis. 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 Mediterranean cyclones is sensitive to atmospheric structures
over Western Europe, northern Africa, and parts of east North Atlantic 24 h before. Like Ancell and Hakim (2007), Garcies
and Homar (2009) compared ESA to adjoint sensitivities 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 Atlantic. 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 eentering
centring the ETCs around a common reference point, namely the centre of the ETC. They found that 850 hPa 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 Atlantic ETCs were, however, sensitive to diabatically
generated 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 10 m wind gust and also used eyelone-eentered-cyclone-centred composites to ensure homogeneity in the
ETC precursor fields. Firstly, they showed that mean-seatevel-pressure-MSLP and maximum 10 m 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 west-east North Atlantic ETCs, Laurila et al. (2021) also showed that the intensity of
windstorms in northern 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 attributed to the more restricted geographical
domain, the split 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 mean-sealevel-pressure-MSLP as the metric for intensity.

As exemplified above, the intensity of an ETC can be defined 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. Motivated by this, here we use multiple intensity measures to quantify ETC
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intengsity as defined by Cornér et al. (2025) who used objective methods to identify a set of intensity measures to represent the

variability of ETC intensity comprehensively.
The aim of this study is to identify which meteorological factors at genesis time control the maximum intensity of ETCs

the most 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. i i i

ETC-intensity-comprehensively by-Cornéret-al(2025)-2. In addition 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 intensity. This choice is made in an effort to quantify the influence of the
background environment through the minimization 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. Sensitivities are calculated separately for groups of ETCs which differ in their intensity, as

objectively identified here and by Cornér et al. (2025). The ultimate aim is to understand and explain the differences 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. Differences in temporal evolution between ETCs of varying intensities are

investigated in Section 4. Finally, Section 5 concludes the results.

2 Data and methods
2.1 ERAS reanalysis

ERAS reanalysis (Hersbach et al., 2020) is the most recent global reanalysis 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°/31 km 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 ERAS 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 850 hPa relative vorticity (VO) truncated to T42 resolution as input
to the TRACKfeature tracking software TRACK (Hodges, 1994, 1995, 1999). The resulting ETC tracks are then limited 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° N 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
130 a minimum traveHed-distanee-displacement of 1000 km. Additionally, 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 criteria in

the 43 extended winter seasons is 7361. Further details of the tracking can be found in Cornér et al. (2025).
2.2.2 ETC intensity measures

Cornér et al. (2025) analysed 11 ETC intensity measures associated with the ETC tracks. The EFC-intensity-measuareswere

(W85925), 10m (WS10), and wind gust at 10m (FG10) as well as what they called “impact-relevant” measures, namely

precipitation (PRECIP), a wind footprint (WEP), a storm severity index (SSD), accumulated PRECIP (PRECIPacc), and accumulated

SSI(SSIacc). All measures were analysed at the time of maximum VO along each ETC track except for the accumulated ones
140 WWM i.e. each EFC-track had one value per intensity measure asso-

ciated with it.

They performed statistical analyses such as correlation and principal component analyses with the aim of quantifying
relationships between the intensity measures to identify a set of measures which describes ETC intensity comprehensively

145 and non-redundantly;-and-found-that-. This means that the resulting set of intensity 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
possible. 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 principal 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
150  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. 1a-d), among other things, they found that a set of five intensity measures, namely 856-:Pa
refative-vorticity (VO); 850 hPa-wind-speed VO, WS850, WEP, SSI, and PRECIP, fulfils the criteria of comprehensiveness
and non-redundancy. This set captures the dynamical intensity (VO and WS850) s-a-wind-footprint (WEP),-a-storm-severity
MMMWWWM) and preerpf%aﬂeﬂ

155

strong winds (SSI). On their own these five intensity measures are used in this study as swel“target” variables, i.e. effects
and/or associations are analysed for the intensity measures individually.
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2.2.3 ETC precursors

ETC precursors are selected based on theories concerning the development and growth of baroclinic waves and ETCs. Inves-
tigated precursors include wind speed at 300 hPa (WS300), potential vorticity anomaly at 300 hPa (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 composites) at 300 and 850 hPa (Ta300, Ta850), 2 m temperature (2T), total column water
vapour (TCWYV), and lower tropospheric lapse rate (GAMMA) which here is defined as

T (850 hPa) — T(500 hPa)

r=-—
Z(850hPa) — Z(500 hPa)’

6]

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-VO-maximum). The creation of

the precursor 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 toreempositing)— or compositing
— a large sample of cyclones it is possible to study the main features or processes occurring in cyclones with a manageable
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 dynamical consistency in the sample of cyclones before compositing. 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
etal. (2007) and used in-by e.g. Catto et al. (2010), Dacre et al. (2012), Sinclair et al. (2020), and Dolores-Tesillos et al. (2022).
The method produces eyelone-centered-cyclone-centred composites in which the frame of reference is the ETC centre 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, before 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 eentered-centred
at the pole. In this study the radius is set at 18°. Second, for each ETC this radial grid is relocated to be eentered-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 radial grid resolution is 0.5° x 0.25° which corresponds to 720 and 72 grid
points in the azimuthal and radial directions, respectively. 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 finally, the interpolated

data on the radial grid are rotated to make the direction of propagation consistent between ETCs in the sample. The direction
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of propagation is calculated separately 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 adjacent points, i.e. point before and point after. Here, after the rotation, direction of propagation is eastward

which corresponds 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 otherwise mentioned, all further references to compass directions
in composited fields are relative to this rotated frame of reference in which east is the direction of propagation.

As opposed to projections on a map, the use of a rotated radial grid can reduce distortion in the composites (Wang and
Rogers, 2001; Catto et al., 2010). Depending on the interpolation, it can also make comparisons between composites from
different datasets easier. This is because the direction of 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 eyelone-centered-cyclone-centred approach of Dacre and Gray (2013) and Laurila et al. (2021)
with using-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 ¢5 in a two-dimensional field
of an ETC precursor z, 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 size-ef-an-ETC-intensity
group-or-the-number of all ETCs fer-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
oJ
Bij N 8:52-]- '

The linear regression coefficient /3 is also called raw sensitivity.

2

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 sensitivities with the standard deviation makes the units of the sensitivity the same as the
response function, increasing interpretability and comparability between different precursor 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 detection
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 eyelone-centered-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

Dy, 1s 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 set to a = 0.1.
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The-signifieant-Significant sensitivity values indicate how large the change in the response function associated with a cli-
matologically typical perturbation is, i.e. a perturbation of one standard deviation in the precursor field. Specifically, the in-
terpretation of the sensitivity values is with respect to an increase of one standard deviation in the precursor field. However,
the interpretation 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 variability of the
composites and are thus Lagrangian in nature. It should also be noted that sensitivity implies only correlation, not causation,
and any physical mechanisms behind a sensitive relationship need to be deduced afterwards.

In this study the sensitivities are calculated between precursors at time of genesis and intensity measures at the time of
maximum VO (or for PRECIP, 12h before). Analysing the sensitivity of intensity—an intensity measure to environmental
conditions at genesis ensures that the effect of the ETC’s own circulation is minimized. Furthermore, it offers the best potential
for understanding controls on ETC-ntensity-the ETC intensity measures from a forecasting perspective. Unlike in previous
studies in which sensitivities were calculated for example between the time an intensity measure reaches its maximum value
time and 48 h after genesis(e.g. Dacre and Gray, 2013), the time difference between genesis and maximum-intensity-the time
of maximum VO is naturally variable between ETCs. Itis—-hewever;-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 criteria (Sect. 2.2.1), and 6 days before for 96 %
of the tracks, with the median at 2 days and 3 hours. Despite the variability, this is a statistically consistent time period. This
means that — assuming that there is a meaningful relationship between the genesis environment and the eventual maximum

2.5 ETC intensity grouping

In this study ETCs are split into groups based on multiple intensity measures. Speeificatty,"The purpose of the grouping is

on-the-sBarse-PRReinal-componRan ool DO A which 1w ad-in-Corpdre 0 oidentifuthe fve inten

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 sPCA from Comnér et al. (2025) shown in Fig. 1. To obtain the intensity groups, we
first split the sSPCA feature space into four quadrants which contain non-average values of the first two principal components

shown-in-(Fig. 1e). Specifically, we remove ETCs whose two-dimensional coordinate values (PC1;PC2, with a precision of



260

265

0.001) fall inside an area in the SPCA space defined by

1

y= ii,
afz|

“)

where z is the PCI value, y is the PC2 value, and « is a scaling parameter. The four groups then consist of the remaining
ETCs which occur in quadrants defined by different 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 distance between points
in adjacent groups after the application of Eq. 4. The chosen value is o = 50, which retains 3059 (42 %) of all tracks. Weights

The weight of PC1 is composed mainly of the wind speed measures ¢(wind-speed-at-856-hPa;—925-hPa;10-m;and-wind
gust-at+0mWS850, WS925, WS10, and FG10 (Fig. 1a), and thus the axis is labelled qualitatively from “Calm” (PC1 < 0)
to “Windy” (PC1 > 0). Similarly, the weight of PC2 is composed mainly of preeipitation-measures{(an-instantaneous-and-an

accumtlated-preeipitation—valuethe precipitation measures PRECIP and PRECIPacc (Fig. 1b), and thus the axis is labelled
qualitatively from “Dry” (PC2 < 0) to “Rainy” (PC2 > 0). This produces four ETC intensity groups named ‘“Rainy+Calm”,

“Rainy+Windy”, “Dry+Calm”, and “Dry+Windy”.

(a) PC1 (b) PC2 (c) PC3 (d) PC4 (e)
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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

rojected 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 30.2m s " and a PRECIP value of 2.3 mm (3h) ™!
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The grouping process, as well as its result, is shown graphically in Fig. 1e. Due to the unsymmetrical shape of the sSPCA
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 windiness-and-preeipitation-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.

vahue-of 2-3mm{(3h)=1 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) while their categorical nature allows
us to treat them as consistent and inter-comparable entities from a statistics perspective, therefore 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 measure.

When calculating sensitivity values for the four intensity groups, the standard deviation used in Eq. 3 is the standard 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 intensity 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
average-intensity- ETCs-ETCs with average values 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 similar 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 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 northeast 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 the-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
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necessarily travel along the main storm track. Track density in group Dry+Calm has feur-local maxima in western and eastern
Mediterranean, northeastern Europe, and the Hudson Bay area (Fig. 2¢). These results show that in the Mediterranean most

Rainy ETCs occur in the western parts and that in northern Europe there are few RainyETCs-ETCs categorized as Rainy.

(a) Rainy+Calm (267) (b) Rainy+Windy (1097)

50 50

S
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(c) Dry+Calm (1299) (d) Dry+Windy (396)
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Number of ETCs per season per 5° spherical cap Number of ETCs per season per 5° spherical cap

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.

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 an-the ensemble
of all 7361 ETCs are shown in Fig. 3. In qualitative terms the sensitivity signals for all four wind-based intensity measures
(VO, WS850, WFP, and SSI) are very similar. The most striking 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 temperature at both upper and lower levels, with smaller values of GAMMA
overall (upper troposphere warming and lower troposphere 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 associated with stronger winds. Given the composite structure of WS300 at genesis time (grey
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contours in Fig. 3) with the highest wind speeds vertically aligned with the ETC centre, the larger WS300 sensitivity values
downstream of the ETC centre indicate that the wind-intensity—wil-be-stronger-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.

The sensitivity signal-for PRECIP-differs-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. TCWV follows the same

positive pattern, which is to be expected based on the Clausius—Clapeyron relation. Mereover,preeipitation-in-ETCs-oceurring

s—Noteworthy is that the
sensitivity signal is the strongest southeast of the ETC centre, implying 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 sensitivity values are positive, which indicates more precipitation is associated with an
initially more unstable atmosphere.

To aid comparison of the magnitudes of the sensitivity values between different precursors, we also introduce a method to
compress the two-dimensional sensitivity field into a single number. This is done by calculating the mean value-of the absolute
values of statistically significant sensitivity values. Statistical 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 significant sensitivity values
of all points 75 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 values shown in Fig. 4, we see the relative contribution of each pre-

cursor 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 hPa and 300 hPa have different dominant effects for all four wind-based measures, e—wind

Hato1oe

the-genesis—peosition—relative-te-thejetThe positive sensitivity signals from T300 could partly be explained by climatological
distributions of WS300 and T300, which is upstream—of-thejet-maximumfor-intense ETCs;as—diseussed-abovediscussed
in Sect. S3 of the supplement. The larger sensitivity to the strength of the frontal gradient at lower levels quantified-by-the
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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 (107* Km? kg~ s™!) for PVa300, ms™" for WS300, °C for T300, Ta300, T850, Ta850, and 2T, °Ckm™~" for GAMMA, and
kgm ™2 for TCWV.

temperature-anomaly-(Ta850) suggests that ETCs with stronger baroclinicity at these levels or ETCs possibly developing 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. WFP is especially sensitive to a decrease in GAMMA and thus an increase in sta-
bility. The reason for this may be related 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 associated with larger Rossby radii of deformation and allow for larger ETCs with larger areas with
strong winds. The negative 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 proportional to stability (Lindzen and Farrell, 1980;

Hoskins and Valdes, 1990). Therefore, stronger growth would be expected in conditions in which the atmospheric stability is
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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). According
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 correlations
between the precursors. The opposing perturbations in temperature at different levels, i.e. a warm perturbation at upper 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 WFP (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 sensitivity 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 most sensitive to
T300, T850, TCWYV, and 2T, respectively, with only positive values present in these fields. A precursor which does not have
large sensitivity values for either PRECIP or the-any of the four wind-based intensity measures is PVa300.

100
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Figure 4. Proportions of average magnitudes of significant sensitivity signals of the maximum value (per intensity measure). Maximum
average magnitudes are VO: 0.45 x 107°s™*, WS850: 1.68 m s, WFP: 0.19 x 10° km?, SSI: 1.38, and PRECIP: 0.36 mm (3h)~*. The

plus (minus) sign in front of a number indicates that at least 90 % of the significant sensitivity values are positive (negative).
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410 3.2 Sensitivities for ETC intensity groups

In the previous section (Sect. 3.1) we showed what the sensitivity patterns and the relative magnitudes of average sensitivities

are in the full sample of tracked ETCs. In this section the results are shown for the ESA done separately for the four intensity
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groups derived in Sect. 2.5. The purpose is to investigate 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 measure are shown in the “collapsed” form in Fig. 5 and as the full fields
in Fig—S58-S12Figs. $2-56. As in Fig. 4, in Fig. 5 the “collapsed” sensitivity signals are referred to as “positive” (“negative”)
in the text if at least 90 % of the significant values in the sensitivity field are positive (negative). In Fig. 5a we see that Fa856

and-2T-have-thestrongestinfluence-the strongest control on VO in the Rainy groups and-by-is from Ta850 and 2T, and in the

Dry groups from all non-anomaly temperature fields and TCW Vin-the Bry-groups—tn-group Dry+CatmFCWV-has-the-mest
eontrol-orn-VO—, 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 statistically significant sensitivity values from these two precursors but
is instead controlled mostly by WS300and-T300. The prevalent signs and differences between intensity groups change little
compared to VO sensitivities.

For WFP (Fig. 5c) the sensitivity values are quite similar to VO and WS850 with some minor differences. Group Dry+Windy
is controlled again the most by positive perturbations 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). Contrary-to-the-other-wind-based-intensity-measures;group-Dry+Calmhas-pesiti

Preeipitation- PRECIP (Fig. 5¢) has the most consistent sensitivity signals between-among the groups. All groups exhibit

the same positive 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 TCWYV. However, unlike for VO and WS850 (and WFP), the signals are
overwhelmingly 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 indicates that from a statistieal-climatological perspective, compound
effects in ETCs in group Rainy+Windy are not the most common case, and that wind speed and precipitation are anti-correlated.
Based on a visual inspection of the SPCA feature space in Fig. le, this seems to be true and in fact is, however, weakly
(Pearson correlation coefficient of —0.21 between PCI and PC2). In group Dry+Calm the anti-correlation is almost non-
existent (Pearson correlation coefficient of —0.06). This relationship between wind and precipitation sensitivities 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 definition all values of wind-speed-and-precipitation-are-targe-orsmak-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
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Rainy+Calm has clearly the largest PRECIP sensitivity signals from T300 whereas for group Dry+Windy the contribution 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 through
the preferred occurrence and genesis areas of ETCs in the groups in combination with the climatological distributions of the
precursors. This is discussed in more length in Sect. 83 of the supplement. Here we suffice to say that while climatological
conditions likely affect the genesis and development of ETCs to some extent, and ETCs contribute to the climatological 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 precursor composite means

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 Fig—S8Figs. S2-S6. For example, Rainy groups have warmer and more humid genesis environments
while Windy groups have stronger upper-level jets and baroclinicity. Thus, there is a clear physical relationship between the
genesis environment of an ETC and the resulting intensity in the full dataset.

In Sect. 3.2 we showed how the sensitivity effects appear in the intensity groups. While there are differences between the
sensitivity signals for the intensity groups, none of the groups exhibits unique behaviour in its sensitivity patterns. For example,
the PRECIP sensitivities are very similar among the groups, and the wind-based measures have qualitatively 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
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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.

of what controls the intensity 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 patterns include 1. the sensitivity does not meaningfully differ for ETCs
of different intensities, here defined as the four intensity groups, 2. the sensitivity fields represent climatological 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 question of “how much” perturbations
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in the genesis environment affect the intensity, the answer is “relatively little”. Neither in the full dataset nor in the intensity
groups are the magnitudes of the sensitivity values large given the variability in intensity-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 perturbation 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
variability in ETC intensity. Graf et al. (2017) analysed 30 ETC precursors in the northern hemisphere and performed principal
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 Petterssen and Smebye

(1971).

The overall small sensitivity values might also explain why the sensitivity patterns for the four wind-based intensity 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 (Cornér et al., 2025). These
observations do not, however, mean that the ESA method is unsuitable to identify controls of ETC intensity at genesis time.
This is showcased by the physically meaningful sensitivity patterns seen in the full dataset. Instead, it simply means that we
need to investigate processes after genesis to better understand differences in ETC intensity bettervalues. 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 intensity measures in the different groups, we first describe the general

features of their distributions at time of maximum intensity from the sPCA split. The-These distributions are shown in Fig. S1

or can be inferred from the spread at time 0 in Fig. 6. By design, the SPCA grouping efficiently reduces overlap in the intensity
measures present in the first two PCs, i.e. wind-speeds-and-preeipitation—the wind speed and precipitation measures (Fig. la

b and Fig. S1b, e). It does less so for e:g—WFP—-VO;-and-MSEPa-WFP and VO which are present mostly-or-only-only or
mostly in PC3 and PC4 —(Fig. 1c, d and Fig. Sla, ¢). 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 wind-speed-WS850 but a lot in
preeipitationPRECIP, whereas groups Rainy+Windy and Dry+Windy have very little overlap in preeipitation-PRECIP but a lot

in wind-speed—This-is-visible-in-the-distributions-at-the-time-of maximum-VO-inFig-6-WS850.
4.1 Intensity measure evolution

The life cycles between —96 h and 96 h from the time of maximum VO of six selected intensity measures in the four intensity
groups are shown in Fig. 6. The selected intensity measures include four already discussed ones (VO, WS850, PRECIP, and

WEFP) as well as two additional ones — mean sea level pressure anomaly (MSLPa) and maximum 10 m wind gust (FG10) -

Details-of-their-caleulation-ean-befound-in-Cornéret-al(2025)They-which were introduced in Sect. 2.2.2. MSLPa and FG10

were included in the analysis due to their different behaviour from the four other measures, offering additional insight into
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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 72-h-48 h before the time of maximum VO almost
until the end of the investigated time period(96-h-after), 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 intensification. In fact, ETCs in the more intense groups see at least a doubling of the wind-based intensity measure

values during the investigated period. W
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Figure 6. Average-evotution-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.

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 latter reaching the highest values (Fig. 6a). However, the overlap

between Windy and Calm groups is greatly reduced only between around —12 h and +24-h-when-the 25th-pereentile-of group
Dey+Windy-istarger-than-the h-pereentile-of Rainy+Calm—In-addition;VO-vatues-in—=-12 h. In group Rainy+Windy are
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group-Rainy+Windy-VO-VO increases very rapidly, especially in the 24 h before maximum VO —The-deerease-in-VO-and the
decrease after the maximum value is almost as fast as the increase before. The two Calm groups exhibit similar symmetric but

much milder growth and decay as the Windy onesbut-much-milder—

R a1y Minda—e cade Py Mindv—in-M Do o

and the Windy groups closely follow the same values throughout their evolution (Fig. 6d). Hnlikefor VO Windy ETCs Windy
ETCs also weaken in MSLPa slower than they intensify.

For WS850 and FG10 differences between the Windy groups are small and largely within the spread. However, there is
some contrasting behaviour between the two measures. Rainy+Windy ETCs reach on average largervalues-than-Dry+Windy
the largest values in WS850 but only after around —24 h —After-this;-however,-the-values-are-on-average-constanthytarger

when it exceeds group Dry+Windy (Fig. 6b). An-interestingeontrast-to-thisis-FG10 in-whieh-the-values are on average larger
in Dry+Windy ETCs before and at time of maximum VO, all the way up to +24 h after which Rainy+Windy becomes larger

(Fig. 6e). This is likely due to the atmosphere being drier, which allows more dry-adiabatic vertical profiles and thus more mo-
mentum carried into the boundary layer. In WFP, which is strongly correlated with both WS850 and FG10 (Cornér et al., 2025)
, this is seen as a phase shift between the Windy groups (Fig. 6f). The-Dry+Windy ETCs lead the-Rainy+Windy ones by around
24 h, with the latter reaching a slightly higher peak around +12 h. The phase shift can also partly be attributed to differences in
the track density distributions of the two groups (Fig. 2b, d). Dry+Windy reach on average larger WFP values earlier because

of their more marine locations in which friction is not inhibiting strong wind gusts as much as over land.

For PRECIP, especiall
for the Rainy ETCs, the range of values is large initially but reduces drastically around the time of maximum VO (Fig. 6¢).

period—Of-the Rainygroups; RainyRainy+Windy has larger average values than Rainy+Calm en-average-only between —60 h
and +12h, indicating that it experiences both more rapid growth and decline-Beth-of-them-, however relatively smaller than

in the wind-based intensity measures. Both Rainy groups reach their peak around —12 h, which is consistent with previous re-

search fe-e—Pfahl-and-Sprenser; 2046 Cornéret-al5 2025 Espeetally-for-the Rainy EFCsthe ranee-of valuesistaregeinitia

of-the-domain—The-(Pfahl and Sprenger, 2016; Cornér et al., 2025). The Dry groups undergo 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
both wind-and-preeipitationall four wind-based measures and PRECIP, it also undergoes the most rapid intensification in
both-of-these aspects. This is consistent with e.g. Cornér et al. (2025) who showed that the most intense ETCs also have

the largest deepening rates. Moreover, group Rainy+Calm is more intense and intensifies faster than Dry+Calm in the wind-
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based measures. The reason for the Rainy groups experiencing stronger wind intensification than their Dry counterparts may
at least parthy-be-be partly due to the diabatic heating from precipitation further intensifying the ETC in terms of wind-based
measures and delaying the time of-maximumVO-and-wind-speed—The-wind-they reach maximum values. The wind-based
intensity, especially in terms of VO, can in turn affect the preeipitation-intensityPRECIP values. ETCs with similar moisture
availability have more precipitation if they have stronger vorticity values and therefore more convergence. Via continuity this
induces stronger vertical motion and more precipitation (Field and Wood, 2007). This effect 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 it-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 betweenETCs-of-different-maxtmum-intensttiesamong the ETC intensity groups.
In the following we investigate the evolution of the precursors leading up to the time of maximum 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 agreement 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. 7b;-dg, s), a favourable location
for cyclogenesis. These groups also increase 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 values also northeast of ETC
centre downstream of the main jet streak maximum (Fig. 7+l, x). ETCs in group Rainy+Windy have-alse-travelled-also travel
across the jet streak to the left exit on average later than in group Dry+Windy (—12h compared to —24 h). This is consistent

with results shown in Sect. 4.1 which indicate that ETCs in group Rainy+Windy undergo longer and/or later intensification.

‘roteworthy also-tha ha 1a 9 onee 1 astead-o me-of-ma S5 555 Av/A h a S

maximum- VO ETCs-beginto-weaken—An interesting feature is also the fact-thatin-the Rainy-groups-the-central MSLP value
drops—notably-dropping notably in the Rainy groups between —12h and time of maximum VO (by about 4 hPa). This does
not occur in the Dry groups which reach their minimum MSLP at —12 h. This-is-consistent-with-results-presented-in-Seet—4-1-

The Rainy groups have stronger lower-level PV anomalies than their Dry counterparts at —12 h and at time of maximum VO
(not shown). This indicates-that-the-reasen—for-the-is consistent with the differences in late intensification are-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. 8a—d). This is also what the
ESA indicates-as-well-shows, with small PVa300 sensitivities ++-e—indicating that the genesis PVa300 field at-genesis-time-has
ittle-effeet-on-the-has little association with the maximum intensity of the ETC (FigFigs. 3 and 4). However, differences in the
PVa300 fields-composites arise during ETC development. In the Windy groups at —48 h a positive PV anomaly wraps-begins
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Rainy+Windy
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Dry+Calm
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Figure 7. Composite evolution of WS300 (eetotrsshading) in the four intensity groups (rows). MSLP composite is shown in the contours
in hPa with the leading number-digit (1 or 9) omitted. The dashed black circle denotes a radius of 6° geodesic and the radius of the whole
circle is 18° geodesic. The numbers on top of panels in the tastrow-first column indicate the total size of the-each group. Pereentages-The
percentages on top of other rows-panels indicate the proportion available to sample of-from these sizes —Genesis-at a given time inetudesfutt
samplesrelative to the same-as-the-time of maximum VO (columns).

to wrap cyclonically from the northeast to the west and a negative PV anomaly from the southwest to the east around the centre
of the ETC (Fig. 8§14, 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 developing ETC centre. For-both
In both of the Windy groups the positive PV anomaly grows and approaches the ETC centre as the ETC intensifies, but the
negative anomaly grows strong only in Rainy+Windy{te-abeuthalfthe-magnitade-of the-pesitive-anemaly). Moreover, in group
Rainy+Windy the eventual negative PV anomaly extends well into the eastern and northeastern sector of the ETC, whereas in

group Dry+Windy it recedes, resulting in the strongest gradient being in the meridional direction. The strong zonal gradient
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at time of maximum VO in group Rainy+Windy (Fig. 8vl), which may be amplified by a strong warm conveyor belt outflow
615 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. 7¥1). Groups with Calm winds develop positive PVa300 values close to the ETC centre which are weak in magnitude,
consistent with the weak WS300 values. The positive PV anomalies are located close to the centre throughout the evolution,
which implies that these ETCs are more vertically stacked, indicating weaker cyclogenesis from baroclinic instability (Hoskins

620 etal., 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. ;
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Figure 8. As in Fig. 7, with the shading showing PVa300.

If PVa300 showed little differences between the groups and WS300 only on the Calm—Windy axis, the T850 distribution
is-distinet-for-each-group-distributions are more distinct among the groups already at genesis time (Fig. 9a—d). Rainy groups

625 have on average higher temperatures while Windy groups have larger temperature gradients. The differences in T850 gradients

24



630

635

arise from colder air on the northern side of the ETC centre when comparing groups with similar preeipitation- PRECIP values.

Qualitatively the distributions match the expectations from the ESA: a warmer background environment is associated with

more-preeipitation-larger PRECIP values, and stronger baroclinicity with strenger-winds-larger values in wind-based intensit

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 different times during the life cycle —Fhis-may-berelated-to-differences-in-genesis

Only-the-composite-of-group-and only in the Rainy+Windy develops-a-composite does a strong warm front which is nearly
perpendicular to the cold front and-comparable-in-strength-(Fig—9v)—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 maximum VO whi

T300.
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Figure 9. As in Fig. 7, with the shading showing T850.
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The composite evolution of TCWYV is shown in Fig. 10. The distributions at genesis time resemble qualitatively those of

T850. The Rainy groups have larger values while the Windy groups have larger meridional gradients(Fig—+0a—d)—. However,

640 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 values in the warm sector of the ETC. The maximum TCWYV values coincide

with the maximum in PRECIP at —12 h during 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-towards the centre of the

ETC perpendicular to the warm front (Fig. 10g;+e, k).
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Figure 10. As in Fig. 7, with the shading showing TCWV.

645 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 values (a more stable
atmosphere) at genesis than the Calm groups(Fig—Ha—d)—, The GAMMA values do not, however, change much through time in

the Calm groups. They only slightly increase close to the ETC centre. Puring-the E¥C-evolutionln turn, during their evolution,
ETCs in the Windy groups experience changes in their-GAMMA-distribution-GAMMA which align with the stronger growth
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650 in intensity-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 ef-which
the-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. Although GAMMA 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

655 et al., 2018). Strong wind gusts have been shown to be associated with evaporative cooling for which a dry atmosphere is a
prerequisite (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 average

larger WS850 values but smaller FG10 values than group Dry+Windy.
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Figure 11. As in Fig. 7, with the shading showing GAMMA, defined as —[7"(850 hPa) — T'(500 hPa)] /[Z (850 hPa) — Z (500 hPa)], where
T is temperature and Z geopotential height.
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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 precursor fields and their evolution. These results highlight the importance
of investigating multiple different precursor fields when trying to understand the details of differences in ETC intensity and
intensification. That being said, the largest differences in the precursor composites begin to be evident between around 48 h 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). H s—Based on this

it is, therefore, possible to at least qualitatively attribute the changes in intensity to changes in the precursor fields.

5 Conclusions

In this study we investigated the links between extratropical cyclone (ETC) intensity measures and precursors in the North
Atlantic and Europe in the extended cold season. Speeifically,we-We used a dataset derived from ERAS reanalysis spanning
43 extended winters of ETC tracks to quantify how much the state of multiple ETC precursors at time of genesis influences
the eventual maximum intensity later on in the ETC life cycle. The relationships between 9 ETC precursors and 5 intensity
measures were quantified using a method called ensemble sensitivity analysis (ESA). ESA is a statistical method that quantifies
the relationship between two variables based on linear regression from a sample (or an ensemble) of features. The results of
the ESA indicated that the maximum wind intensity of an ETC is-eentrolled-as measured by relative vorticity and wind speed
at 850 hPa, 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 wind-when-at-genesis-time-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 reduced lapse rate were
also associated with stronger winds in ETCs. More precipitation was associated with warmer temperatures 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 wind-intensity-or preeipitationthe four wind-based intensity measures or the precipitation measure.

The ESA was repeated for ETC groups of different average intensities to determine if the relationship between genesis con-
ditions and the eventual cyclone intensity varies with the type of ETC. The intensity groups were extracted from a sparse prin-
cipal component analysis (SPCA) performed on the set of ETC tracks and 11 associated intensity measures from Cornér et al.
(2025). The sPCA feature space had wind-speed-and-preeipitation-four wind speed measures and two precipitation measures
as dominant 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 intensity 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 environment does not explain differences in EFC-intensitythe average magnitudes of
the ETC intensity measures.
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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 signals was small compared to the variability in intensitythe intensity measures.
Given this ;-and the relatively small differences between the sensitivity values in the intensity groups, we conclude that in quan-
titative 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 qualitatively 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 asso-
ciating a warmer and more humid atmosphere with more precipitation. The effect on wind-intensity-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 {Ce s 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 pre-
cursors. Increasing stability would act to increase the two intensity measures while decreasing lower-level baroclinicity would
decrease 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 EXC-intenstty-intensity between ETCs, we investigated the temporal evolution from
genesis time to time of maximum intensity of both the intensity measures as well as the precursors in the greups—Thepreeursors

s—four intensity groups. Like the magnitudes of the
intensity measures themselves;-their-at time of maximum intensity, their temporal evolution was clearly split through the Rainy

to Dry and Windy to Calm divide. In almost all intensity measures the ETCs in group Rainy+Windy undergo the most rapid

intensification and reach on average the largest values.

the-surface—Thetarger-wind-intensity-The larger values of the wind-based intensity 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 observed 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 intensity. 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. Another 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 cyclogenesis regions generally agree with previous studies
using 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).
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Consistent with the results of the ESA, the precursors determined to be the most important for ETC intensity showed

differences in-compesites-between the intensity groups already at genesis time. For example, Windy groups had stronger jets
and larger temperature gradients, while Rainy groups were more humid and warmer. Unique-combinations-of-thesefeatures

were-thus—seen—in—thetemperaturecompeosites—at-genesis—he large differences in intensity-between-the intensity measure
values among the groups become more evident when investigating the evolution of the preeursers-precursor composite fields.

The differences seen in the genesis composites grow larger and more unique as the ETC intensifies. Moreover, precursors
which do not have differences at genesis and to which the intensity measures are not sensitive, namely the potential vorticity
anomaly at 300 hPa, exhibit clear variability in their evolution. In most cases the differences in the precursors arise most clearly
between 48 h 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 calculated sensitivities for these kind
of time offsets (Dacre and Gray, 2013; Laurila et al., 2021) the sensitivity values are generally larger than here. Differences-in

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 example:

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 anomalies 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 sector along narrow filaments indicative of moisture transport 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 geography. 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 occur 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 Europe. —Despite the on average

different genesis and occurrence locations of the-ETCs in the four intensity groups, there is considerable overlap between
these regions. Moreover, the variability 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 climatological distribution explains about-no more
than a half of the typical variability in a precursor at genesis time. The remaining variability comes from local climatological
temporal variability. While the variability in the precursors at genesis time explains some of the variability in EFC-intensitythe
ETC intensity measures, to fully understand observed differences in ETC intensification and maximum intensity, we-need-it is

necessary to investigate a combination of precursor fields and their temporal evolution.

30



760 Code and data availability. ERAS reanalysis data were downloaded from the Copernicus Climate Change Service (Hersbach et al., 2017).
The extratropical cyclone track dataset and associated intensity measures are available at Cornér et al. (2024). The Python code and data used

in the analysis are available at Cornér et al. (2026) and Cornér et al. (2025), respectively.

Author contributions. All authors contributed to the design of the study. JC performed the data analysis and visualization. All authors

contributed to the interpretation of the results. JC wrote the first draft of the manuscript and all authors reviewed and edited the manuscript.

765 Competing interests. The authors declare that they have no competing interests.

Acknowledgements. We wish to thank two anonymous reviewers for their constructive comments which helped improve the paper. We also
wish to thank Kevin Hodges for providing the cyclone tracking software TRACK. We acknowledge CSC — IT Centre for Science, Finland,

for computational resources and ECMWF for producing ERAS reanalysis. This research was supported by the Research Council of Finland
(grants no. 338615 and no. 368683). JC was funded by the University of Helsinki Doctoral School. This study uses scientific colour maps

770  (Crameri, 2023) to prevent visual distortion of the-data and exclusion of readers with colour vision deficiencies.

31



775

780

785

790

795

800

805

References

Ahmadi-Givi, E., Grai
Soc., 130, 295-323, https://doi.org/https://doi.org/10.1256/qj.02.226, 2004.

RARRRAARARRIAIAAIRC

Ancell, B. and Hakim, G. J.: Comparing Adjoint- and Ensemble-Sensitivity Analysis with Applications to Observation Targeting, Mon. Wea.

Rev., 135, 41174134, https://doi.org/10.1175/2007MWR1904.1, 2007,

, G. C., and Plant, R. S.: The dynamics of a midlatitude cyclone with very strong latent-heat release, Q.J.R. Meteorol.

Bengtsson, L., Hodges, K. L., Esch, M., Keenlyside, N., Kornblueh, L., Luo, J.-J., and Yamagata, T.: How may tropical cyclones change in a

warmer climate?, Tellus A, 59, 539-561, https://doi.org/10.1111/j.1600-0870.2007.00251.x, 2007.

ANAANARARAANARARIRAARAANAAAR AR ARANS

Besson, P., Fischer, L. J., Schemm, S., and Sprenger, M.: A global analysis of the dry-dynamic forcing during cyclone growth and propagation
Wea, Climate Dyn., 2, 991-1009, https://doi.org/10.5194/wcd-2-991-2021, 2021.

Bjerknes, J. and Solberg, H.: Life cycle of cyclones and the polar front theory of atmospheric circulation, Geophys. Publik., 3, 1-18, 1922.
Brownin

the surface, Q.J.R. Meteorol. Soc., 141, 2956-2971, https://doi.org/https://doi.org/10.1002/qj.2581, 2015.

AANAAAAANRRAAS L NARIASAAARRAANRRAAAARSAAAATAAN

Campa, J. and Wernli, H.: A PV Perspective on the Vertical Structure of Mature Midlatitude Cyclones in the Northern Hemisphere, J. Atmos.
Sci., 69, 725-740, https://doi.org/10.1175/JAS-D-11-050.1, 2012,

Catto, J. L.

https://doi.org/10.1002/2016RG000519, 2016.

Catto, J. L., Shaffre
1621-1635, https://doi.org/10.1175/2009JCLI3318.1, 2010.

, D., Booth, J. F., Champion, A. J., Colle, B. A., Pfahl, S., Pinto, J. G.

Catto, J. L., Ackerle
Midlatitude Cyclones, Curr. Clim. Change Rep., 5, 407420, 2019.

Charney, J. G.: The dynamics of long waves in a baroclinic westerly current, J. Atmos. Sci., 4, 136-162, https://doi.org/10.1175/1520-
0469(1947)004<0136:TDOLWI>2.0.CO;2, 1947,

Charney, J. G.: On the Scale of Atmospheric Motions, vol. 17 of Geofysiske publikasjoner, Grgndahl & sgns boktr., I kommission hos

Cammermeyer, Oslo, 1948,
using multiple measures of intensity, Nat. Hazards Earth Syst. Sci., 25, 207-229, https://doi.org/10.5194/nhess-25-207-2025, 2025.
using multiple measures of intensity: Data and Python code [dataset and code], https://doi.org/10.5281/zenodo.11384417, 2024.
in the North Atlantic and Europe: Dataset |dataset], https://doi.org/10.23729/fd-75f4f757-3eae-37c7-85df-1923c986796e, University of
in the North Atlantic and Europe: Python code [codel], https://doi.org/10.5281/zenodo.17953425, 2026.

Crameri, F.: Scientific colour maps [code], https://doi.org/10.5281/zenodo.8409685, 2023.

Dacre, H. F. and Gray, S. L.: The Spatial Distribution and Evolution Characteristics of North Atlantic Cyclones, Mon. Wea. Rev., 137, 99 —
115, https://doi.org/10.1175/200SMWR2491.1, 2009.

K. A., Smart, D. J., Clark, M. R., and Illingworth, A. J.: The role of evaporating showers in the transfer of sting-jet momentum to

Extratropical cyclone classification and its use in climate studies, Rev. Geophys., 54, 486-520,

, L. C., and Hodges, K. I.: Can Climate Models Capture the Structure of Extratropical Cyclones?, J. Climate, 23,

uinting, J. F., and Seiler, C.: The Future of

32


https://doi.org/https://doi.org/10.1256/qj.02.226
https://doi.org/10.1175/2007MWR1904.1
https://doi.org/10.1111/j.1600-0870.2007.00251.x
https://doi.org/10.5194/wcd-2-991-2021
https://doi.org/https://doi.org/10.1002/qj.2581
https://doi.org/10.1175/JAS-D-11-050.1
https://doi.org/10.1002/2016RG000519
https://doi.org/10.1175/2009JCLI3318.1
https://doi.org/10.1175/1520-0469(1947)004%3C0136:TDOLWI%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1947)004%3C0136:TDOLWI%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1947)004%3C0136:TDOLWI%3E2.0.CO;2
https://doi.org/10.5194/nhess-25-207-2025
https://doi.org/10.5281/zenodo.11384417
https://doi.org/10.23729/fd-75f4f757-3eae-37c7-85df-1923c986796e
https://doi.org/10.5281/zenodo.17953425
https://doi.org/10.5281/zenodo.8409685
https://doi.org/10.1175/2008MWR2491.1

810

815

820

825

830

835

840

Dacre, H. F. and Gray, S. L.: Quantifying the climatological relationship between extratropical cyclone intensity and atmospheric precursors,
Geophys. Res. Lett., 40, 2322-2327, https://doi.org/10.1002/gr1.50105, 2013.

Dacre, H. F., Hawcroft, M. K., Stringer, M. A., and Hodges, K. I.: An Extratropical Cyclone Atlas: A Tool for Illustrating Cyclone Structure
and Evolution Characteristics, Bull. Amer, Meteor. Soc., 93, 1497-1502, https://doi.org/10.1175/BAMS-D-11-00164.1, 2012,

Dacre, H. F., Martinez-Alvarado, O., and Mbengue, C. O.: Linkin

Atmospheric Rivers and Warm Conveyor Belt Airflows, J.

Hydrometeorol., 20, 1183-1196, https://doi.org/10.1175/JHM-D-18-0175.1, 2019.
Davis, C. A.
https://doi.org/10.1175/1520-0493(1991)119<1929:PVDOC>2.0.CO;2, 1991.
Deveson, A. C. L., Browning, K. A., and Hewson, T. D.: A classification of FASTEX cyclones using a height-attributable quasi-geostrophic

vertical-motion diagnostic, Q.J.R. Meteorol. Soc., 128, 93—117, https://doi.org/10.1256/00359000260498806, 2002.

Dolores-Tesillos, E., Teubler, F., and Pfahl, S.: Future changes in North Atlantic winter cyclones in CESM-LE — Part 1: Cyclone intensity,

otential vorticity anomalies, and horizontal wind speed, Wea. Climate Dyn., 3, 429-448, https://doi.org/10.5194/wcd-3-429-2022, 2022,

and Emanuel, K. A.: Potential Vorticity Diagnostics of Cyclogenesis, Mon. Wea. Rev., 119, 1929-1953,

Eady, E. T.: Long Waves and Cyclone Waves, Tellus, 1, 33-52, https://doi.org/10.3402/tellusa.v1i3.8507, 1949.
Eckhardt, S., Stohl, A., Wernli P., Forster, C., and Spichtinger, N.: A 15-Year Climatolo

17, 218-237, https://doi.org/10.1175/1520-0442(2004)017<0218:AYCOWC>2.0.CO:2, 2004,

AR AARATIAA

Field, P. R. and Wood, R.. Precipitation and Cloud Structure in Midlatitude Cyclones, J. Climate, 20, 233-254,
https://doi.org/10.1175/JCLI3998.1, 2007.

Garcies, L. and Homar, V.: Ensemble sensitivities of the real atmosphere: application to Mediterranean intense cyclones, Tellus A, 61,
394-406, https://doi.org/10.1111/j.1600-0870.2009.00392.x, 2009.
Press, London, https://doi.org/https://doi.org/10.1016/S0074-6142(08)60032-7, 1982.

Gliksman, D., Averbeck, P., Becker, N., Gardiner, B., Goldberg, V., Grieger, J., Handorf, D., Haustein, K., Karwat, A., Knutzen, F., Lentink,

H. S., Lorenz, R., Niermann, D., Pinto, J. G.
Sci., 23, 21712201, https://doi.org/10.5194/nhess-23-2171-2023, 2023.

Graf, M. A., Wernli, H., and Sprenger, M.: Objective classification of extratropical cyclogenesis,
https://doi.org/https://doi.org/10.1002/qj.2989, 2017.

Gray, S. L. and Dacre, H. E.: Classifying dynamical forcing mechanisms using a climatolo
Soc., 132, 1119-1137, https://doi.org/https://doi.org/10.1256/qj.05.69, 2006.

RRRRAARLLAAARIKAARARAD
Hakim, G. J. and Torn, R. D.: Ensemble Synoptic Anal

Tribute to Fred Sanders, edited by Bosart, L. F. and Bluestein, H. B., pp. 147-161, American Meteorological Society, Boston, MA, ISBN
978-0-933876-68-2, https://doi.org/10.1007/978-0-933876-68-2_7, 2008.

H., James of Warm Conveyor Belts, J. Climate

ueck, R., Ziemann, A., and Franzke, C. L. E.: Review article: A European perspective on

J.R. Meteorol. Soc., 143, 1047-1061,

of extratropical cyclones, Q.J.R. Meteorol.

sis, in: Synoptic—-Dynamic Meteorology and Weather Analysis and Forecasting: A

RAAAAAAIAAANAAAANA
Hartmann, D. L.: Global Physical Climatology, vol. 103, Elsevier, ISBN 978-0-12-328531-7, https://doi.org/10.1016/C2009-0-00030-0,
2015.

Hawcroft, M. K., Shaffrey, L. C., Hodges, K. 1., and Dacre, H. F.: How much Northern Hemisphere precipitation is associated with

extratropical cyclones?, Geophys. Res. Lett., 39, https://doi.org/https://doi.org/10.1029/2012GL053866, 2012.

33


https://doi.org/10.1002/grl.50105
https://doi.org/10.1175/BAMS-D-11-00164.1
https://doi.org/10.1175/JHM-D-18-0175.1
https://doi.org/10.1175/1520-0493(1991)119%3C1929:PVDOC%3E2.0.CO;2
https://doi.org/10.1256/00359000260498806
https://doi.org/10.5194/wcd-3-429-2022
https://doi.org/10.3402/tellusa.v1i3.8507
https://doi.org/10.1175/1520-0442(2004)017%3C0218:AYCOWC%3E2.0.CO;2
https://doi.org/10.1175/JCLI3998.1
https://doi.org/10.1111/j.1600-0870.2009.00392.x
https://doi.org/https://doi.org/10.1016/S0074-6142(08)60032-7
https://doi.org/10.5194/nhess-23-2171-2023
https://doi.org/https://doi.org/10.1002/qj.2989
https://doi.org/https://doi.org/10.1256/qj.05.69
https://doi.org/10.1007/978-0-933876-68-2_7
https://doi.org/10.1016/C2009-0-00030-0
https://doi.org/https://doi.org/10.1029/2012GL053866

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Hordanyi, A., Munoz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers, D., Simmons
A., Soci, C., Abdalla, S., Abellan, X., Balsamo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara, G., Dahlgren, P., Dee
D., Diamantakis, M., Dragani, R., Flemming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L., Healy, S., Hogan, R. J., H0lm, E.,
Janiskovd, M., Keeley, S., Laloyaux, P.,, Lopez, P, Lupu, C., Radnoti, G., de Rosnay, , F., Villaume, S., and Thépaut,

845

P., Rozum, I., Vambor:

J.-N.: Complete ERAS from 1940: Fifth generation of ECMWF atmospheric reanalyses of the global climate, Copernicus Climate Change

Service (C3S) Data Store (CDS) [dataset], https://doi.org/10.24381/cds.143582cf, 2017.
Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Hordnyi, A., Mufoz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers

A., Soci, C., Abdalla, S., Abellan, X., Balsamo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara, G., Dahlgren, P., Dee,
R., Fuentes, M., Geer, A., Haimberger, L., Healy, S., Hogan, R. J., H6lm, E.,
Janiskovd, M., Keeley, S., Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., de Rosnay, P., Rozum, 1., Vamborg, F., Villaume, S., and Thépaut,
J.-N.: The ERAS global reanalysis, Q.J.R. Meteorol. Soc., 146, 1999-2049, https://doi.org/10.1002/qj.3803, 2020.

855 Hodges, K. I.: A General Method for Tracking Analysis and Its Application to Meteorological Data, Mon. Wea. Rev., 122, 2573-2586,
https://doi.org/10.1175/1520-0493(1994)122<2573: AGMFTA>2.0.CO;2, 1994,

Hodges, K. I Feature Tracking on the Unit Sphere, Mon. Wea. Rev., 123, 3458-3465, https://doi.org/10.1175/1520-
0493(1995)123<3458:FTOTUS>2.0.C0O;2, 1995.
Hodges, K. L: Adaptive Constraints for Feature Tracking, Mon. Wea. Rev.. 127, 1362-1373, https://doi.org/10.1175/1520-
860 0493(1999)127<1362:ACFFT>2.0.CO;2, 1999,
Hodges, K. I, Lee, R. W., and Bengtsson, L.: A Comparison of Extratropical Cyclones in Recent Reanalyses ERA-Interim, NASA MERRA,
NCEP CFSR, and JRA-25, J. Climate, 24, 4888-4906, https://doi.org/10.1175/2011JCLI4097.1, 2011.
Holton, J. R. and Hakim, G. J.: Chapter 6 — i sis, in: An Introduction to Dynamic Meteorolo
Academic Press, Boston, fifth edn., ISBN 978-0-12-384866-6, https://doi.org/10.1016/B978-0-12-384866-6.00006-4, 2013.
47, 1854-1864, https://doi.org/10.1175/1520-

B. J. and Valdes, P. J..: On the Existence of Storm-Tracks
0469(1990)047<1854:0TEOST>2.0.CO;2, 1990.

850 D., Simmons,

D., Diamantakis, M., Dragani, R., Flemming, J., Forbes

. 171-211,

865 Hoskins J. Atmos. Sci.,

Hoskins, .J.R. Meteorol.

Soc., 111, 877-946, https://doi.org/https://doi.org/10.1002/qj.49711147002, 1985.

Karremann, M. K., Pinto, J. G., von Bomhard, P. J., and Klawa, M.: On the clustering of winter storm loss events over Germany, Nat. Hazards
870 Earth Syst. Sci., 14, 2041-2052, https://doi.org/10.5194/nhess-14-2041-2014, 2014,
Laurila, T. K., Gregow, H., Cornér, J., and Sinclair, V. A.: Characteristics of extratropical cyclones and precursors to windstorms in northern

Europe, Wea. Climate Dyn., 2, 1111-1130, https://doi.org/10.5194/wcd-2-1111-2021, 2021,
Lee, J.-Y., Marotzke, J., Bala, G., Cao, L., Corti, S., Dunne, J., Engelbrecht, F., Fischer, E., Fyfe, J.

Mutemi, J., Ndiaye, O., Panickal, S., and Zhou, T.: Future Global Climate: Scenario-Based Projections and Near-Term Information,
Intergovernmental Panel on Climate Change, edited by Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S., Péan, C., Berger,
S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M., Huang, M., Leitzell, K., Lonnoy, E., Matthews, J., Maycock, T., Waterfield, T.,

Yelekei, O., Yu, R., and Zhou, B., pp. 553-672, Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA,
https://doi.org/10.1017/9781009157896.006, 2021.

880 Lindzen, R. S. and Farrell, B.: A Simple Approximate Result for the Maximum Growth Rate of Baroclinic Instabilities, J. Atmos. Sci., 37,
16481654, https://doi.org/10.1175/1520-0469(1980)037<1648:ASARFT>2.0.CO;2, 1980.

ARAAANAAA

B. J., McIntyre, M. E., and Robertson, A. W.: On the use and significance of isentropic potential vorticity maps,

Jones, C., Maycock, A.

3 2

2

34


https://doi.org/10.24381/cds.143582cf
https://doi.org/10.1002/qj.3803
https://doi.org/10.1175/1520-0493(1994)122%3C2573:AGMFTA%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1995)123%3C3458:FTOTUS%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1995)123%3C3458:FTOTUS%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1995)123%3C3458:FTOTUS%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1999)127%3C1362:ACFFT%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1999)127%3C1362:ACFFT%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1999)127%3C1362:ACFFT%3E2.0.CO;2
https://doi.org/10.1175/2011JCLI4097.1
https://doi.org/10.1016/B978-0-12-384866-6.00006-4
https://doi.org/10.1175/1520-0469(1990)047%3C1854:OTEOST%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1990)047%3C1854:OTEOST%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1990)047%3C1854:OTEOST%3E2.0.CO;2
https://doi.org/https://doi.org/10.1002/qj.49711147002
https://doi.org/10.5194/nhess-14-2041-2014
https://doi.org/10.5194/wcd-2-1111-2021
https://doi.org/10.1017/9781009157896.006
https://doi.org/10.1175/1520-0469(1980)037%3C1648:ASARFT%3E2.0.CO;2

885

890

895

900

905

910

915

Madonna, E., Limbach, S., Aebi, C., Joos, H., Wernli, H., and Martius, O.: On the Co-Occurrence of Warm Conveyor Belt Outflows and PV
Streamers, J. Atmos. Sci., 71, 3668-3673, https://doi.org/10.1175/JAS-D-14-0119.1, 2014.

AAARANARARAANANAARAAAANRNARAAIRAAAAARRARIS

Martin, W. J. and Xue, M.: Sensitivity Analysis of Convection of the 24 May 2002 IHOP Case Using Very Large Ensembles, Mon. Wea.
Rev., 134, 192-207, https://doi.org/10.1175/MWR3061.1, 2006,

ARARARAAARATIAAS

Moemken, J., Alifdini, I., Ramos, A. M., Georgiadis, A., Brocklehurst, A., Braun, L., and Pinto, J. G.: Insurance loss model vs. meteorological
https://doi.org/10.5194/nhess-24-3445-2024, 2024,
Pantillon, F., Lerch, S., Kni
ensemble, Q.J.R. Meteorol. Soc., 144, 18641881, https://doi.org/https://doi.org/10.1002/qj.3380, 2018
J.R.  Meteorol.

Petterssen, S. S. J.: On the
https://doi.org/10.1002/qj.49709741407, 1971.

ertz, P., and Corsmeier, U.: Forecasting wind gusts in winter storms using a calibrated convection-permittin

and Smebye development of extratropical cyclones, Soc., 97, 457-482,

Petterssen, S., Dunn, G. E., and Means, L. L.: Report of an experiment in forecasting of cyclone development, J. Atmos. Sci., 12, 58-67,

https://doi.org/10.1175/1520-0469(1955)012<0058:ROAEIF>2.0.CO;2, 1955.
https://doi.org/10.1002/2016GL068018, 2016.
Pinto, J. G., Spangehl, T., Ulbrich, U., and Speth, P.: Sensitivities of a cyclone detection and tracking algorithm: individual tracks and
Plant, R. S., Crai
https://doi.org/10.1256/qj.02.174, 2003,
Priestley, M. D. K., Ackerley, D., Catto, J. L., Hodges, K. L., McDonald, R. E., and Lee, R. W.: An Overview of the Extratropical Storm
Tracks in CMIP6 Historical Simulations, J. Climate, 33, 6315-6343, https://doi.org/10.1175/JCLI-D-19-0928.1, 2020.

ALacks M LAREDAINcal SIniations, 2. SAmMae, 2222229232
Roberts, J. F., Champion, A. J., Dawkins, L. C., Hodges, K. 1., Shaffrey, L. C., Stephenson, D. B., Stringer, M. A., Thornton, H. E., and

Youngman, B. D.: The XWS open access catalogue of extreme European windstorms from 1979 to 2012, Nat. Hazards Earth Syst. Sci.,
14, 2487-2501, https://doi.org/10.5194/nhess-14-2487-2014, 2014,

Schemm, S. and Riviere, G.: On the Efficiency of Baroclinic Eddy Growth and How It Reduces the North Pacific Storm-Track Intensity in
Midwinter, J. Climate, 32, 83738398, https://doi.org/10.1175/JCLI-D-19-0115.1, 2019,

Schemm, S. and Wernli, H.: The Linkage between the Warm and the Cold Conveyor Belts in an Idealized Extratropical Cyclone, J. Atmos.
Sci., 71, 1443-1459, https://doi.org/10.1175/JAS-D-13-0177.1, 2014.

Seiler, C.: A Climatological Assessment of Intense Extratropical Cyclones from the Potential Vorticity Perspective, J. Climate, 32
2369-2380, https://doi.org/10.1175/JCLI-D-18-0461.1, 2019,

SRR

Sinclair, V. A. and Catto, J. L.: The relationship between extra-tropical cyclone intensity and precipitation in idealised current and future
climates, Wea. Climate Dyn., 4, 567-589, https://doi.org/10.5194/wcd-4-567-2023, 2023.

G. C., and Gray, S. L.: On a threefold classification of extratropical cyclogenesis, Q.J.R. Meteorol. Soc., 129, 2989-3012,

Sinclair, V. A., Rantanen, M., Haapanala, P., Réisénen, J., and Jarvinen, H.: The characteristics and structure of extra-tropical cyclones in a

warmer climate, Wea. Climate Dyn., 1, 1-235, https://doi.org/10.5194/wcd-1-1-2020, 2020.
Stankovi¢, A., Messori, G., Pinto, J. G., and Caballero, R.: Large-scale perspective on extreme near-surface winds in the central North

Atlantic, Wea, Climate Dyn., 5, 821837, https://doi.org/10.5194/wcd-5-821-2024, 2024,
Tam, F. I.-H., Augsburger, F., and Beucler, T.: From winter storm thermodynamics to wind gust extremes: discovering interpretable equations

from data, Environ. Data Sci., 4, €48, https://doi.org/10.1017/eds.2025.10008, 2025.

35


https://doi.org/10.1175/JAS-D-14-0119.1
https://doi.org/10.1175/MWR3061.1
https://doi.org/10.5194/nhess-24-3445-2024
https://doi.org/https://doi.org/10.1002/qj.3380
https://doi.org/10.1002/qj.49709741407
https://doi.org/10.1175/1520-0469(1955)012%3C0058:ROAEIF%3E2.0.CO;2
https://doi.org/10.1002/2016GL068018
https://doi.org/10.1256/qj.02.174
https://doi.org/10.1175/JCLI-D-19-0928.1
https://doi.org/10.5194/nhess-14-2487-2014
https://doi.org/10.1175/JCLI-D-19-0115.1
https://doi.org/10.1175/JAS-D-13-0177.1
https://doi.org/10.1175/JCLI-D-18-0461.1
https://doi.org/10.5194/wcd-4-567-2023
https://doi.org/10.5194/wcd-1-1-2020
https://doi.org/10.5194/wcd-5-821-2024
https://doi.org/10.1017/eds.2025.10008

920 Torn, R. D. and Hakim, G. J.: Ensemble-Based Sensitivit Analysis Mon. Wea. Rev, 136 663-677

https://doi.org/10.1175/2007MWR2132.1, 2008.

Wang, C.-C. and Rogers, J. C.: A Composite Study of Explosive Cyclogenesis in Different Sectors of the North Atlantic. Part I: Cyclone
Structure and Evolution, Mon. Wea. Rev,, 129, 1481-1499, https://doi.org/10.1175/1520-0493(2001)129<1481:ACSOEC>2.0.CO;2,

AAARANARAANANANRAAAARANAANAANAANAAANNAANAANANAANS IR AAAANAANAAAR AN

2001,

925 Wernli, H. and Gray, S. L.: The importance of diabatic processes for the dynamics of synoptic-scale extratropical weather systems — a review,
Wea, Climate Dyn,, 5, 1299-1408, https://doi.org/10.5194/wcd-5-1299-2024, 2024,

Wernli, H. and Schwierz, C.: Surface Cyclones in the ERA-40 Dataset (1958-2001).

Part 1. Novel Identification Method and Global

Climatology, J. Atmos. Sci., 63, 24862507, https://doi.org/10.1175/JAS3766.1, 2006.
Wilks, D. S..: “The Stippling Shows Statistically Significant Grid Points”: How Research Results are Routinely Overstated and
930 Overinterpreted, and What to Do about It, Bull. Amer. Meteor. Soc., 97, 2263-2273, https://doi.org/10.1175/BAMS-D-15-00267.1, 2016.

36


https://doi.org/10.1175/2007MWR2132.1
https://doi.org/10.1175/1520-0493(2001)129%3C1481:ACSOEC%3E2.0.CO;2
https://doi.org/10.5194/wcd-5-1299-2024
https://doi.org/10.1175/JAS3766.1
https://doi.org/10.1175/BAMS-D-15-00267.1

