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ABSTRACT: Post-tropical cyclones (PTCs) can bring high winds and extreme precipitation to Europe. Although the
structure and intensity of observed Europe-impacting PTCs has been investigated in previous studies, a quantitative under-
standing of the factors important for PTCs to reach Europe has not been established. By tracking and identifying the full
life cycle of tropical cyclones (TCs) in the ERAS reanalysis, we investigate why some PTCs impact Europe and why others
do not, using a composite analysis. We show that PTCs that impact Europe are typically ~4-6 m s~ ! stronger at their life-
time maximum intensity and throughout the extratropical transition process. They are also twice as likely to reintensify in
the midlatitudes. During ET, the Europe-impacting PTCs interact more strongly with an upstream upper-level trough in a
significantly more baroclinic environment. The Europe-impacting PTCs are steered on a more poleward trajectory across a
midlatitude jet streak. It is during the crossing of the jet that these cyclones often undergo their reintensification. Using
contingency table analysis, TC lifetime maximum intensity, and whether post-ET reintensification occurs are shown to be
significantly associated with the odds that a PTC reaches Europe. This supports our composite analysis and further indi-
cates that TC intensity and reintensification both modulate the likelihood that a PTC will impact Europe.

SIGNIFICANCE STATEMENT: Some post-tropical cyclones (PTCs) reach Europe, often associated with extreme
precipitation and high winds. It is currently unclear what factors allow this to occur. In this study, we track cyclones in
two reanalyses using a feature tracking scheme and identify the PTCs by matching (in space and time) reanalysis tracks
with observed tracks. Using a composite analysis, we show that 1) tropical cyclones (TCs) that are more intense, and
2) TCs that reintensify after extratropical transition, are more likely to reach Europe. TCs that reintensify interact
strongly with an upper-level upstream trough and cross a midlatitude jet streak. Reintensification occurs as the cyclones
cross this jet streak.

KEYWORDS: Europe; North Atlantic Ocean; Extratropical cyclones; Extratropical transition; Hurricanes/typhoons;
Tropical cyclones

1. Introduction damages due to extreme winds, and farther east across Europe,
ex-Hurricane Debby (1982) caused severe damage over north-
ern Finland (Laurila et al. 2020). PTCs are also climatologically
associated with higher intensities over Europe than midlatitude
cyclones. PTCs impacting Northern Europe are typically
3.5 m s~! stronger in terms of their maximum 10-m wind
speed, and 10 hPa deeper, than the midlatitude cyclones that
impact the region during the hurricane season (Sainsbury et al.
2020).

Climatological assessments of PTCs and their impacts over
Europe have been documented in previous studies. Baker
et al. (2021) show that approximately 10% of cyclones with
tropical Atlantic origin impact Europe, and those retaining or
redeveloping warm-core characteristics often have higher

Denotes content that is immediately available upon publica- wind speeds over Europe. These cyclones often attain their
tion as open access. lowest sea level pressure a day after impacting Europe, en-
hancing their destructive potential (Dekker et al. 2018). These
studies improve our understanding of the characteristics and

Tropical cyclones (TCs) which enter the midlatitudes often
transition from symmetric, warm-core systems into cold-core,
asymmetric extratropical cyclones during a process known as
extratropical transition (ET). After ET, these post-tropical
cyclones (PTCs) can bring extreme wind, precipitation and
waves to regions far removed from the tropics (Evans et al.
2017; Jones et al. 2003). Ex-Hurricanes Debbie (1961) (Graham
and Smart 2021) and Ophelia (2017) (Stewart 2018; Rantanen
et al. 2020) both set national wind speed records in Ireland.
Across Scotland in 2011, ex-Hurricane Katia (Grams and
Blumer 2015) was responsible for over GBP 100 million in
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impacts associated with PTCs across Europe and are a crucial
addition to the ET climatologies constructed for the North
Atlantic more broadly (e.g., Hart and Evans 2001; Bieli et al.
2019; Studholme et al. 2015). However, their focus is not on
why, or how, these PTCs reach Europe. A quantitative under-
standing of the factors important for these systems to reach
Europe has not been established and is addressed in this
study.

Many previous studies investigate the TC-midlatitude flow
interaction associated with the downstream impacts of ET,
and this interaction also has implications for the transitioning
cyclone itself (Jones et al. 2003; Keller et al. 2019). If the tran-
sitioning TC recurves relative to an upstream trough, the ad-
vection of anticyclonic potential vorticity by the divergent
outflow of the cyclone can lead to local jet streak develop-
ment, downstream ridge building, and the amplification of a
downstream Rossby wave packet (Riemer et al. 2008; Riemer
and Jones 2010; Archambault et al. 2013; Riboldi et al. 2019;
Keller 2017). Climatologically, ET-related flow amplification
is greater in the western North Pacific than in the North
Atlantic (Torn and Hakim 2015; Quinting and Jones 2016);
however, North Atlantic ET events have also been associ-
ated with downstream high-impact weather (Grams and
Blumer 2015; Pohorsky et al. 2019), downstream flow ampli-
fication (Quinting and Jones 2016; Brannan and Chagnon 2020)
and a reduction in downstream predictability (Anwender et al.
2008; Pantillon et al. 2013, 2015, 2016). Advection of midlati-
tude potential vorticity by the outflow anticyclone associated
with a transitioning TC can lead to a local deceleration of the
upstream trough (Agusti-Panareda et al. 2004; Archambault
et al. 2015; Keller et al. 2019), leading to a prolonged period of
favorable phasing (phase-locking) between the transitioning TC
and the midlatitude waveguide and additional downstream flow
amplification.

The TC-trough interaction conducive for downstream am-
plification also favors reintensification of the transitioning TC
(Klein et al. 2000; Keller et al. 2019; Grams et al. 2013a,b).
TCs which recurve relative to an upstream trough (the north-
west pattern, Harr et al. 2000) are typically steered on a more
poleward trajectory and are much more likely to undergo re-
intensification in the midlatitudes, with reintensification en-
hanced by increases in eddy heat flux (Harr et al. 2000). In the
North Atlantic, an association has previously been found be-
tween reintensification post-ET and interaction with a nega-
tively tilted (northwest to southeast) trough. The negative tilt
permits the cyclone a closer approach to the trough and is as-
sociated with a contraction and increase in eddy potential vor-
ticity toward the center of the transitioning TC (Hart et al.
2006), although more recent work suggests that the negative
tilt may be a consequence of strong TC-trough interaction,
rather than a predictor for future PTC outcomes (Sarro and
Evans 2022). Many climatological studies of PTC evolution
are focused around TCs in the western North Pacific (e.g.,
Harr et al. 2000; Klein et al. 2000, 2002), with much focus on
case studies in the North Atlantic (e.g., McTaggart-Cowan
et al. 2001, 2003, 2004; Agusti-Panareda et al. 2004). As far
as the authors are aware, Hart et al. (2006) is the only published
study on the climatological factors determining post-ET
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evolution of PTCs. However, it uses a very small sample
size, with 6 reintensifying cyclones and 11 weakening cyclo-
nes. To generalize the results from case studies, an updated
climatology for the North Atlantic basin is necessary.

Not only are PTCs disproportionately responsible for high-
impact windstorm risk in the current climate (Sainsbury et al.
2020), their frequency and intensity across Europe may also
increase in the future due to climate change (Haarsma et al.
2013; Baatsen et al. 2015). However, accurately simulating
PTCs can be challenging for CMIP-class climate models due
to their coarse resolution (Davis 2018). Many climate models
are unable to accurately simulate TC genesis and intensity,
which are likely to be important for simulating PTC statistics.
Even high-resolution climate models, such as used in Haarsma
et al. (2013) are not sufficient to simulate the strongest TCs
(Vidale et al. 2021). If a good physical understanding can be
established surrounding the factors which are important for
PTCs to reach Europe, and how these factors will change
because of climate change, then this information can be used to
inform future modeling studies on projected changes of
European-impacting PTCs.

European-impacting PTCs generally recurve near the U.S.
East Coast (i.e., Fig. 1b in Baker et al. 2021) and often travel
across the entire North Atlantic before they reach Europe.
Longevity is therefore key to their ability to reach Europe.
We hypothesize two influences for PTC longevity, related to
1) the tropical environment in which the storm originates and
resides as a TC, and 2) the midlatitude environment that
the TC transitions into. On point 1), a very strong TC which
recurves into the midlatitudes will have a stronger warm-core
structure, which may be consistent with increased resilience
to hostile midlatitude conditions. This could potentially allow
the TC to survive longer and reach Europe. Previous studies
have highlighted that stronger North Atlantic TCs are able to
endure hostile conditions for longer. Hart and Evans (2001)
show that weak TCs only tend to reintensify post-ET if they
have a transit time of less than 20 h between a region favor-
able for tropical cyclogenesis (potential intensity < 960 hPa)
and a region favorable for extratropical cyclogenesis (Eady
growth rate > 0.25 day™'). However, two-thirds of strong
TCs (minimum sea level pressure < 970 hPa) that reintensify
endured more than 20 h of transit time. On point 2), if the
midlatitude environment into which the TC recurves and
transitions is favorable for reintensification, then the PTC will
likely reintensify, extending the length of the PTC’s life. We
therefore hypothesize that PTCs which interact strongly with
an upstream trough in a baroclinic environment will be more
likely to reach Europe, as this interaction of favorable for re-
intensification (e.g., Klein et al. 2000; Harr et al. 2000; Riboldi
et al. 2019).

In this paper, we investigate whether there are differences
in cyclone and environmental characteristics between PTCs
which do, and do not, reach Europe. This is achieved by creat-
ing an updated climatology of PTCs. By separating PTCs
based on whether they impact Europe, we can use a compos-
ite analysis to investigate whether Europe-impacting PTCs
are more intense in the tropical phase of their life cycle, or
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reintensify more post-ET, than PTCs which do not reach
Europe.

The paper continues in section 2 with a description of the
data and methodology. Section 3 contains a composite analysis
of PTCs that do and do not impact Europe, along with an evalu-
ation of which factors may be important for a PTC to impact
Europe. The paper concludes with a discussion in section 4.

2. Data and methods

The TC tracks in the Hurricane Database version 2
(HURDAT?2; Landsea and Franklin 2013) often only contain
position and intensity information for storms during the time
period for which they were operationally designated as TCs
(Hagen et al. 2012; Delgado et al. 2018), with post-ET infor-
mation sparse and incomplete. This makes it impossible to an-
alyze the trajectories of PTCs in the midlatitudes without
considering other datasets and methodologies. In this study,
we track all cyclones in the European Centre for Medium-
Range Weather Forecasts Reanalysis version 5 (ERAS) using
a feature tracking scheme and identify the observed TCs by
performing a spatiotemporal track matching to HURDAT2.
Both steps are described in more detail in sections 2b and 2c.
This methodology gives us the full life cycle, including the
cyclones post-tropical evolution and trajectory through the
midlatitudes.

a. Data

The ERAS (Hersbach et al. 2020) reanalysis provides the
environmental fields for analysis and the geopotential height
fields used for cyclone phase space (CPS; Hart 2003) parame-
ter calculation (300, 600, 900 hPa). Relative vorticity fields
from 600 to 850 hPa are also used for cyclone tracking. All
data used are 6-hourly. ERAS has a horizontal resolution of
T639 (~30 km in the midlatitudes) and uses 4D-Var data as-
similation provided by cycle 41R2 of the ECMWEF Integrated
Forecasting System, which was operational in 2016. ERAS
data from 1979 to 2018 are used.

Observational best track TC data from HURDAT?2 are
used for objective track matching and to provide realistic
wind and pressure data for the tropical phase of the cyclones,
as reanalyses underestimate the intensity of TCs due to their
insufficient horizontal resolution (Hodges et al. 2017).

b. Cyclone detection and tracking

We use TRACK (Hodges et al. 2017) to track the cyclones
through the ERAS reanalysis. This is achieved by first verti-
cally averaging the 600-850-hPa relative vorticity and spectrally
filtering to a T63 (~180 km) resolution. The planetary scales are
also removed (waves with wavenumbers < 6). Features with a
vorticity anomaly exceeding 0.5 X 107> s~ ! are then initialized
into tracks using a nearest neighbor method. These tracks are
refined by minimizing a cost function for track smoothness,
forwards and backward in time, subject to adaptive constraints
for track smoothness and displacement distance in a time step.
Cyclones lasting for longer than 2 days are retained for further
analysis. This method allows us to obtain the full life cycles of all
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cyclones (tropical and extratropical) in the ERAS reanalysis. The
cyclones forming in the North Atlantic basin are then selected.

Mean sea level pressure (MSLP) minima are attached to
each track for each 6-hourly time step by sampling the full
resolution MSLP reanalysis data along the cyclone tracks.
The nearest pressure minima within a 5° radius (geodesic)
spherical cap of the vorticity center is used, which is deter-
mined using B-spline interpolation and steepest descent mini-
mization. The maximum 10-m winds in a 6° cap of the vorticity
center are identified using a direct grid point search and are
also added to the tracks.

c. Objective track matching

To identify which of the tracked cyclones correspond to the
observed TCs, we employ objective track matching. The meth-
odology is the same as described in Sainsbury et al. (2020),
Sainsbury et al. (2022) and Hodges et al. (2017). A reanalysis
cyclone track matches a track in HURDAT? (and thus is des-
ignated as a TC) if the mean separation distance between the
tracks is less than 4° (geodesic) over the time period for which
the cyclones overlap. If there is more than 1 cyclone track in
the reanalysis meeting this criterion, then the track with the
smallest mean separation distance to the HURDAT?2 track is
designated as a TC. This method to identify TCs in reanalyses
gives us information on the position and intensity of the TCs
from the time at which the vorticity anomaly first forms until it
has completely decayed. Unlike the TC tracks in HURDAT?2,
this therefore gives us detailed information on the precursor
and post-tropical stages of the TC life cycle.

TCs tracked through ERAS are identified as PTCs if they en-
ter a region in the North Atlantic midlatitudes over 36°-70°N
and 70°W-30°E and complete ET (section 2d). PTCs are fur-
ther designated as “Europe PTCs” if they enter the domain
36°-70°N, 10°W-30°E, or “NoEurope PTCs” if they enter the
PTC domain and complete ET, but do not impact the “Europe”
region. These regions are constructed such that all European
impacting PTCs are defined as PTCs, as the European domain
is wholly contained within the PTC domain. These domains
have been overlaid on Fig. 1 (black box for the PTC domain,
red box for the Europe domain). During our analysis period
(1979-2018), there are 60 PTCs which reach Europe, and
120 PTCs which do not. To ensure the results are robust to
this difference in sample sizes, bootstrap resampling was used
to generate samples of size 60 for the PTCs which do not reach
Europe. This process was iterated 1000 times, and the compo-
sites reproduced for the resampled mean. The results were not
sensitive to the difference in sample size (not shown).

d. Extratropical transition

TCs entering the midlatitudes often undergo extratropical
transition, a process whereby the vertically stacked, symmet-
ric cyclone loses its deep warm core and becomes asymmetric
as it develops frontal features. This process can be captured
objectively using the cyclone phase space (CPS) parameters
described in Hart (2003). The thermal asymmetry B is calcu-
lated as

B =h(Zgyy ~ Zowlg = Zeoy ~ ZowlL)- )
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FIG. 1. (a) Composite trajectory of the Europe PTCs (red) and the NoEurope PTCs (blue), centered on ET comple-
tion. Dots represent the composite mean location of ET onset (dots outside the PTC domain) and completion (dots inside
the PTC domain). Open contours represent the genesis density (contours shown for 1 and 2 TCs per unit area per year,
where the unit area is equal to a 5° radius cap). The black box shows the PTC domain, and the red dashed box shows the

European domain. (b) The composite mean translation speed for the two composites centered on ET completion.

In Eq. (1), Z represents the geopotential height on the pres-
sure surface given by the subscript, and overbar denotes the
area mean over a semicircle relative to the cyclone’s direction
of travel (R = to the right, L = to the left), within a cap with
radius of 5° (geodesic), & = 1 in the Northern Hemisphere, —1
for the Southern Hemisphere.

The lower (—|V%|) and upper (—|V¥]) tropospheric thermal
wind around the cyclone are calculated as follows:

_|VL| _ (:)(AZ) 900hPa (2)
7 91np lsponpa’
600hP:
vy = A2 )
d1np l3p0npa

where AZ = Zax — Zmin and Z .y, Zmin are the maximum
and minimum geopotential heights, respectively, at a given
pressure level within a 5° (geodesic) cap about the cyclone
center. Positive values of —|V;| indicate a warm core in the
tropospheric region of the cyclone, and negative values indi-
cate a cold core.

Positive values for lower and upper-level thermal wind in
conjunction with a B value of <10 m indicate systems are
non-frontal and have a deep warm core. The beginning of
transition, ET onset, is defined as the time at which the cy-
clone loses its lower-level warm core or becomes thermally
asymmetric (B > 10 m or —|V4| < 0). ET completion is then
defined when both criteria are met, i.e., the low-level thermal
wind becomes negative, and B exceeds 10 m.

Note that some TCs, particularly very weak ones, never at-
tain a symmetric, deep warm-core structure in the reanalyses
(—|V&| and —|V¥]| never both > 0, B never < 10). As these
TCs never meet the CPS criteria for a TC to begin with, they
cannot start, or complete ET. Therefore, these cyclones are
excluded from the analysis. While tropical depressions and
subtropical cyclones are not strictly excluded from our analy-
sis, they rarely meet the CPS criteria, and therefore cannot
complete ET and are also excluded. Table 1 documents the
sample size for PTCs (TCs which both enter the PTC domain
and complete ET in ERAS). Data from the third column are
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used for the intensity analysis of section 3b (and in Fig. 10b),
and data from the second column are used for all other analy-
sis presented.

e. Storm-centered composite methodology

To investigate the midlatitude environment around PTCs
which do and do not impact Europe, a storm-centered com-
posite methodology is used. This is the same method as used
in Bengtsson et al. (2007), Catto et al. (2010) and Dacre et al.
(2012). Data in a cap of pre-specified radius around the cy-
clone are extracted from the full field onto a radial coordinate
system that is centered on the cyclone (initially centered on
the pole and then rotated to the storm center). This is done to
avoid problems associated with changes in grid spacing across
the sphere. In section 3c(1), storms are oriented based on
their propagation direction, however in sections 3c(2) and 3d,
they are not. This is because in section 3c(1) we focus our
analysis on the cyclone structure, whereas in sections 3c(2)
and 3d we are interested in the environment surrounding the
cyclones. For more information on this storm-centered com-
posite method, see the appendix of Bengtsson et al. (2007).

f- Statistical significance

Significance of results is calculated using a two-sample
Kolmogorov-Smirnov test to compare the distributions of
the Europe and NoEurope PTCs. [To account for spatial

TABLE 1. Sample sizes for the Europe, NoEurope, and total
(Europe + NoEurope) PTCs considering: all storms tracked in
the ERAS reanalysis with a matching TC in HURDAT?2 that
complete ET in ERAS and enter the PTC domain (black box in
Fig. 1) (second column), and those that at the time step of ET
completion in the reanalysis still have observational data available
in HURDAT? (third column, which is the basis for Fig. 2).

HURDAT?2 obs available at

PTCs designated ET completion time
Europe 60 47
NoEurope 120 87
Total 180 134
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correlations in Figs. 3, 4, and 7, the methodology of Wilks
(2016) is also employed to account for the false discovery
rate, using agpr = 0.05.] This leads to the null hypothesis
(no difference between Europe and NoEurope PTCs) being
rejected less frequently than when simply assuming significance
if the p value for the null hypothesis is less than 0.05.

g. Eady growth rate and potential vorticity diagnostics

To investigate whether there are differences in the barocli-
nicity surrounding the two PTC composites, the Eady growth
rate o (Hoskins and Valdes 1990) is calculated as in previous
studies (Liu et al. 2017; Baker et al. 2022). The Eady growth
rate is defined as

faU

where fis the Coriolis parameter, N is the Brunt-Vaisila fre-
quency, U = U(u, v) is the zonal and meridional components
of the horizontal wind, and z is the isobaric height. Vertical
derivatives for z and the horizontal wind are calculated be-
tween the 250- and 850-hPa isobaric height surfaces using
6-hourly ERAS data.

The interaction between a transitioning TC and an upper-
level trough is associated with downstream ridge building and
jet streak amplification (e.g., Keller et al. 2019), which is
largely the result of negative PV advection associated with
the TC’s divergent outflow (Riemer et al. 2008; Grams et al.
2013a; Pantillon et al. 2013). TC-trough interaction also plays
a crucial role in whether the transitioning TC subsequently re-
intensifies after ET (Hart et al. 2006; Riboldi et al. 2019).
To quantify the interaction between transitioning TCs and up-
stream troughs, the negative potential vorticity advection by
the irrotational wind (Archambault et al. 2013):

PV -V, - V,PV, 5)

irrot —
is calculated using 6-hourly ERAS data. Potential vorticity
and horizontal winds are averaged between 250 and 350 hPa.
The wind is decomposed into irrotational and rotational com-
ponents using a Helmholtz partition as in previous studies
(Quinting and Jones 2016; Riemer et al. 2008). Both ¢ and
PViio are averaged in a 15° cap centered on the cyclone dur-
ing ET for comparison between the composites.

3. Results

Here we present a composite analysis of the Europe-
impacting PTCs (hereafter referred to as “Europe PTCs”),
and the PTCs which do not impact Europe (hereafter
called “NoEurope PTCs”). We first investigate differences
in the composite mean TC trajectories and the role of TC
intensity, followed by differences in the cyclones and envi-
ronment about the point of extratropical transition (ET).
Analysis centered about the point of extratropical reinten-
sification post-ET is then presented, followed by analysis
of the relative importance of the differences between the
composites.
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a. Cyclone trajectory

The composite trajectories for the Europe and NoEurope
PTCs are first plotted to investigate whether there are differ-
ences in the location of recurvature, and to understand how
the trajectories differ in the midlatitudes. The composite tra-
jectories are constructed using the average location of all Europe
and NoEurope PTCs at each time step, centered about the point
of ET completion. This is presented in Fig. 1a. A 1-day running
mean is used to smooth the cyclone tracks before compositing,
and the composite trajectory is only shown for the time steps for
which there are at least 10 TCs still present.

Both the Europe and NoEurope PTCs tend to start in simi-
lar locations over West Africa, where the seeds for many strong
TCs exist as African easterly waves (Landsea 1993; Russell
et al. 2017; Thorncroft and Hodges 2001). The Europe PTCs
recurve and enter the PTC domain approximately 5° farther
east in the basin. The largest differences between the compo-
sites are the position of ET completion, and the post-ET
trajectory of the composites. The NoEurope PTCs travel
northeastward in the midlatitudes after entering the PTC
domain, attaining an average maximum latitude of approx-
imately 45°N. The Europe PTCs continue to gain latitude
as they cross the Atlantic, reaching ~55°N while over Europe.
This may allow the Europe PTCs to enter a more baroclinic
environment, aiding extratropical reintensification as the
cyclones recurve and travel toward Europe. Genesis densi-
ties show no difference in the genesis location of the PTCs
which do, and do not impact Europe.

The Europe PTCs complete ET significantly (95%,
Kolmogorov-Smirnov test) farther poleward and significantly
farther eastward (15° farther east and 4.4° farther poleward)
than the NoEurope PTCs. However, the difference between
composite locations of ET onset is much smaller, indicating
that the Europe PTCs travel a greater distance during ET,
possibly indicating that the westerlies in the vicinity of the
Europe PTCs are stronger than for NoEurope PTCs. The
Europe PTCs undergo greater acceleration during ET than
NoEurope PTCs (Fig. 1b), consistent with the stronger tem-
perature gradients (shown in Fig. 3). There is also a distinct
difference in seasonality of the Europe and NoEurope com-
posites. Only 15% of PTCs which complete ET in June
reach Europe; however, 50% of PTCs completing ET in
November reach Europe (Fig. S1 in the online supplemental
material). There is no significant difference in the length of
ET between the composites (2.1 and 2.0 days for Europe,
NoEurope PTCs, respectively).

The NoEurope PTCs have a shorter lifespan in the midlati-
tudes, and as a result, do not make it as far east as the Europe
PTCs. This confirms that longevity is crucial in determining
whether a PTC will impact Europe, as the NoEurope PTCs
dissipate on approach. The mean midlatitude translation
speed, averaged over the cyclone’s whole life cycle post-ET, is
similar and differences are nonsignificant between both com-
posites (12.5 and 11.7 m s~ ! for Europe and NoEurope PTCs,
respectively). However, the maximum midlatitude translation
speeds differ significantly at the 95% level (23.2 and 19.5 m s~
for Europe and NoEurope PTCs, respectively). This may
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indicate that Europe PTCs are more likely to rapidly prop-
agate eastward in the presence of a jet streak (and is con-
sistent with Fig. 6).

b. The association between TC intensity and
Europe-impact likelihood

To investigate which factors may influence the likelihood
that a PTC will impact Europe, we first analyze the tropical
phase of the cyclones. In this section, we compare the inten-
sity of the Europe and NoEurope PTCs. Figure 2 shows the
composite intensity as a function of time for the Europe (red)
and NoEurope (blue) PTCs, centered about ET completion.
The bottom panel shows the number of cyclones (Europe and
NoEurope) which go into the composites at each time step.
We use intensity data (MSLP and 10-m wind) from HURDAT?2
and ERAS.

The Europe PTCs are significantly more intense (10-m wind
and sea level pressure) than the NoEurope PTCs. This may be
consistent with the Europe PTCs having a more resilient struc-
ture, capable of withstanding the structural changes through
ET for longer as baroclinicity and shear increase, and SSTs
decrease. This significant difference persists from before the
time of composite mean maximum intensity until several days
after ET has completed; however, the sample size decreases
rapidly from the time step of ET completion onward (Fig. 2c).
Overall, the significant difference persists for greater than
7 days. At the composite mean maximum intensity (Fig. 2a)
and actual TC lifetime maximum intensity, the Europe PTCs
are more than 5 m s~ stronger than the NoEurope PTCs, and
this difference increases to almost 10 m s ! by 2-day post-ET
completion. Figure 2 also shows a secondary peak in intensity
after ET completion for the Europe PTCs, in agreement with
Baker et al. (2021) (Fig. 8 therein), indicating that this post-
ET intensity increase is seen across reanalyses. Furthermore,
this suggests that there may be greater reintensification associ-
ated with the Europe PTCs than is associated with the NoEurope
PTCs. Europe PTCs appear to reintensify more when consider-
ing the SLP (Fig. 2b) than when considering wind (Fig. 2a).
This may be the result of the Europe PTCs gaining more lat-
itude than the NoEurope PTCs, entering a region of lower
climatological background pressure. However, as there are
indications of reintensification in the wind data (Fig. 2a), it
is likely that the Europe PTCs are undergoing some reinten-
sification, which is confirmed in sections 3d and 3e. Intensity
estimates from ERAS (dashed lines, Figs. 2a and 2b) before
ET completion should be treated with caution, as reanalyses
do not have sufficient resolution to capture the structure
and intensity of TCs (Hodges et al. 2017). ERAS is included
to check whether there is agreement with observational
HURDAT?2 data post-ET completion, which is necessary if
we wish to rely on ERAS for cyclone analysis in section 3c
onward. We see qualitative agreement with HURDAT?2,
with ERAS data indicating that Europe PTCs are signifi-
cantly more intense than the NoEurope PTCs throughout
their life cycle, with further signs of possible reintensifica-
tion of Europe PTCs in Fig. 2b.
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FIG. 2. Composite life cycle of the intensity of the Europe (red)
and NoEurope PTCs (blue): (a) for 10-m wind and (b) for MSLP
for HURDAT?2 (solid lines) and ERAS (dashed lines). (c) The sam-
ple sizes for the HURDAT?2 data. Dots overlaid represent the time
steps at which the difference in the intensities is significant to 95%.

¢. Composite evolution of storm structure and
surrounding environment

1) EVOLUTION OF STORM STRUCTURE

In this section we investigate the structure of the cyclone-
centered composites of the Europe and NoEurope PTCs.
This analysis aims to assess whether differences in cyclone
characteristics exist, and if they do exist, whether they are
consistent with our hypothesis that PTCs which reintensify
are more likely to reach Europe. Figure 3 shows a 48-h evolu-
tion of the 850-hPa temperature in a 20° cap around the cyclo-
nes, centered on the completion of ET. For each cyclone,
the anomaly is calculated by subtracting the mean 850-hPa
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FIG. 3. Storm-centered composite (20° cap) of the 850-hPa temperature anomaly (850-hPa temperature minus the 20° cap radial
mean 850-hPa temperature) for (a)-(c) the Europe PTCs and (d)—(f) the NoEurope PTCs, and (g)—(i) the difference (Europe
minus NoEurope). Plots show a 48-h evolution, centered about the point of ET completion. Cyclones are aligned according to
their direction of travel before compositing, so that they move from west to east in the composite. In (g)-(i), stippling denotes
the regions in which the differences are significant to 95%. The large arrow shows the direction of storm propagation. Sample

size shown in the upper left of each panel.

temperature over the 20° cap before the compositing is ap-
plied. The cyclones are oriented based on their propagation
direction, such that the cyclones are moving west to east in
the composite.

During the 48-h period centered on ET completion, the
composite mean temperature gradient is much larger for the
Europe PTCs than the NoEurope PTCs. The 850-hPa temper-
ature range in a 10° cap about the cyclone center is 74%, 27%,
and 54% greater for the Europe PTCs than the NoEurope
PTCs at 24 h prior to ET completion, at ET completion, and
24 h after ET completion, respectively. This may be associated
with the difference in location of the Europe and NoEurope
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PTCs throughout this stage in the cyclone’s life cycle shown in
Fig. 1.

Differencing (Europe minus NoEurope) the cyclone compo-
sites highlights significant differences (Figs. 3g—i). The Europe
PTCs are associated with statistically significantly cooler
850-hPa temperatures to the left of the cyclone’s propagation
direction than the NoEurope PTCs. These cyclones mainly
travel from west to east (or from southwest to northeast), and
so the area above of the cyclone center in Fig. 3 is likely to rep-
resent the region poleward of the cyclones. Considering the
absolute 850-hPa temperatures, the Europe PTCs have signifi-
cantly colder temperatures to the left of their propagation
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FIG. 4. As in Fig. 3, but for the storm-relative 850-hPa wind magnitude (and direction). A 10° cap is used. Storm-relative winds are
calculated by subtracting the translation velocity from Earth-relative winds. Key length is equal to 20 m s~ for (a)—(f) and 10 m s~ ! for
(2)-(@). In (g)-(i), stippling indicates the region in which the difference in the composite means is significant to 95%. Cyclones are aligned
according to their direction of travel before compositing, so that they move from west to east in the composite. The large arrow shows the
direction of storm propagation. Sample size is shown in the upper left of each panel.

direction, but similar temperatures in the warm sector, despite
the Europe PTCs being ~5° farther poleward (not shown).
This suggests that Europe PTCs are associated with consider-
ably stronger warm air advection, and highlights that the en-
hanced temperature gradient accompanying the Europe PTCs
is likely associated with the differences in position (Fig. 1a)
and seasonality (Fig. S1) between the composites.

Figure 4 is equivalent to Fig. 3 but instead shows the 850-hPa
cyclone-relative wind magnitude and direction. As with Fig. 3,
cyclones are oriented based on their propagation direction be-
fore compositing. Cyclone relative wind magnitude and direc-
tion are calculated by subtracting the translation velocity from
Earth-relative winds.
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The features of ET established in recent studies (e.g., Evans
et al. 2017) can be seen. Over the 48-h period centered on ET
completion, the wind field expands considerably, and asym-
metry in the wind field grows as the cyclones in the compo-
sites lose their warm core and begin to develop frontal
features in the presence of increasing shear and decreasing
SSTs. The strongest winds are to the left of the cyclones (rela-
tive to propagation direction) from ET completion onward,
indicative of the cold conveyor belt of extratropical cyclones
(Catto et al. 2010).

During ET, the Europe PTCs are associated with signifi-
cantly higher 850-hPa wind speeds than the NoEurope PTCs.
This difference is significant, at 95% (indicated by the stippling),
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TABLE 2. A summary of the composite mean maximum intensity, gale-force wind area (>17 m s~ !, Beaufort scale 8), and strong
gale area (>21 m s~ !, Beaufort scale 9) for the Europe PTCs, NoEurope PTCs, and the percentage differences. Areas are expressed
as X10%> km® Values within a 10° cap of the cyclone center are considered. Percentage differences in area of strong winds are only
calculated where there is sufficient area in both composites to produce a reliable percentage difference.

Max wind magnitude Area>17ms ! Area >21ms™!
T-24 ET T+24 T—-24 ET T+ 24 T-24 ET T+ 24
Europe 25.2 26.1 242 296 1089 896 130 186 126
NoEurope 20.8 19.8 17.1 166 139 4 0 0 0
Difference 21% 32% 42% 78% 683% — — — —

close to the cyclone center, extending further from the center in
the upper-left section of the composite cyclone (Figs. 4g,h),
where the strongest winds exist. In Figs. 4i and 4p values are
less than 0.05 around and above the cyclone, but these values
are nonsignificant when accounting for spatial correlations
between grid points using the false discovery rate. The Europe
PTCs have maximum 850-hPa winds 21%, 32%, and 42%
higher than the NoEurope PTCs 24 h prior to ET completion, at
ET completion, and 24 h after ET completion, respectively. This
indicates that the Europe composite contains stronger cyclones
than the NoEurope composite. The area covered by with gale-
force (Beaufort scale 8, >17 m s~ ') winds is considerably larger
for the Europe PTCs than the NoEurope PTCs, and the per-
centage difference increases from 24 h prior to ET completion
to 24-h post-ET completion. Table 2 contains a summary of the
maximum wind magnitude, gale-force wind area, and strong
gale-force wind area (along with differences) for the composites.

The evolution of the thermal structure of the two compo-
sites is investigated by analyzing the trajectory through the
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CPS. This is shown in Fig. 5. The composite trajectories
through the phase space are created by centering the cyclones
about the point of ET completion and applying a 2-day run-
ning mean to smooth the trajectory. This is longer than the
running mean used in Fig. 1 but is necessary because the data
comprising Fig. 5 are noisier than the position information
used in Fig. 1.

A large difference between the composites is found in the
B parameter. The Europe PTCs (red line) have a maximum
thermal asymmetry (B) value which is ~70% larger than for
the NoEurope PTCs (Fig. 5a). The difference in B at ET com-
pletion is statistically significant to 95%. This suggests that the
Europe PTCs develop stronger frontal features than the
NoEurope PTCs. The significantly larger B parameter associ-
ated with Europe PTCs could also indicate that the Europe
PTCs are embedded in a region of higher baroclinicity than
the NoEurope PTCs, highlighting the importance of the com-
posite mean differences in cyclone location (Fig. 1a) and sea-
sonality (Fig. S1). The Europe PTCs attain higher values for

(b)

100

Shallow CC Deep WC

50

=50

-100

—150

Shallow WC

—-200 Deep CC

-100 -50 0 50 100
TL [900-600hPa thermal wind]

F1G. 5. Composite life cycle through the cyclone phase space planes for the Europe (red) and NoEurope (blue)
PTCs. Composites are centered about the point of ET completion. The letters A and Z represent the phase space
location of the composites at the beginning and end of their life cycle, respectively. Composite mean 10-m wind speed
at each time step from ERAS is illustrated using the size of the markers.
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FIG. 6. Storm-centered composites (20° cap) of the 300-hPa wind magnitude (filled contours) and 500-hPa geopotential height
(black open contours) for (a)—(c) the Europe and (d)—(f) NoEurope PTCs. The 48-h evolution centered about the point of ET completion.
Cyclones are not aligned based on their direction of travel. Sample size is shown in the upper left of each panel.

the lower and upper-level thermal wind at their maximum in-
tensity, though the difference is not statistically significant
(Fig. 5b). Larger upper and lower-level thermal wind values
suggests a stronger deep warm core, indicating a stronger TC.
Consistent with Fig. 4, which shows that the Europe TCs have
stronger winds after ET, the CPS trajectories indicate that the
Europe TCs undergo more extratropical reintensification in
the mid latitudes. This extratropical reintensification may be
the cause of the longer post-ET life cycle of Europe TCs (6.25
and 3.75 days for Europe and NoEurope PTCs, respectively),
potentially allowing the cyclones to reach Europe.

2) EVOLUTION OF LOCAL ENVIRONMENT

The analysis of section 3c(1) suggests that Europe PTCs are
more intense than NoEurope PTCs, and reintensify more than
NoEurope PTCs post-ET. In this section, we investigate the
environment surrounding the Europe and NoEurope PTCs to
understand why these differences in reintensification exist. As
we are looking at the environment around the cyclones, we do
not align cyclones along their propagation directions in the
construction of the composites in this section.

Figure 6 shows the storm-centered composite of the 300-hPa
Earth-relative wind magnitude (the approximate level of the jet)
and 500-hPa geopotential height in a 20° cap around the cyclone
center over a 48-h period centered on ET completion. At 24 h
prior to ET completion, the Europe PTCs are situated closer to
an upstream trough than the NoEurope PTCs. At this time, neg-
ative PV advection by the irrotational wind (Archambault et al.
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2013, 2015) is significantly higher for the Europe PTCs than the
NoEurope PTCs, indicating a stronger interaction between the
Europe composite and the upstream trough (Table 3). Negative
PV advection by the irrotational wind is also associated
with downstream Rossby wave amplification (Archambault
et al. 2013; Grams and Blumer 2015). This is not visible in
Fig. 6, and a follow up composite study centered on the
time of maximum TC-trough interaction would be neces-
sary to understand whether Europe PTCs are more likely to
trigger downstream ridge building, jet streak amplification
and downstream high-impact weather (e.g., Keller et al.
2019).

TABLE 3. Eady growth rate o (day ') and negative PV
advection by the irrotational wind, PV, (PVU dayfl;
1 PVU = 10° K kg ' m? s™") averaged in a 15° cap around the
center of each cyclone at 24 h prior to ET completion, ET
completion, and 24-h post-ET completion for Europe PTCs
and NoEurope PTCs. Differences (Europe minus NoEurope)
are shown in the last column, and bold values are significant
at the 95% level using a Kolmogorov—Smirnov test.

Europe NoEurope Difference
o (T — 24h) 0.41 0.36 0.05
o (ET Comp) 0.53 0.45 0.08
o(T + 24 h) 0.58 0.49 0.09
PVirot (T — 24 h) 0.85 0.76 0.09
PViiror (ET Comp) 1.20 1.03 0.17
PVirot (T + 24 h) 0.99 0.94 0.05
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The Europe PTCs are also situated in a region of uniformly
greater geopotential height gradients than the NoEurope PTCs,
signaling stronger baroclinicity in the region of the Europe
PTCs related to differences in the location and seasonality of
the composites. This is also confirmed by Table 3, which shows
that the Europe PTCs are in a region of significantly higher
(95% level) Eady growth rate throughout ET completion than
NoEurope PTCs. The closer approach to (and greater interac-
tion with) the trough may steer the cyclone on a more poleward
trajectory, with the cyclones recurving relative to the trough.
The poleward steering of the cyclones enables the Europe
PTGCs to directly interact with the midlatitude jet streak on the
eastward flank of the trough. This is consistent with previous
studies which highlight the importance of the TC—trough inter-
action for post-ET reintensification and downstream impacts
(Hart et al. 2006; Keller et al. 2019). It is also very similar to the
northwest pattern (Harr et al. 2000; Klein et al. 2000), in which
transitioning cyclones in the presence of an amplified upstream
trough gain latitude as they undergo rapid extratropical reinten-
sification. The tip of the upstream trough acts as a bifurcation
point (Grams et al. 2013b; Riemer and Jones 2014), with cyclo-
nes to the east of the tip recurving relative to the trough and
gaining latitude. These cyclones often undergo substantial ex-
tratropical reintensification, in contrast to cyclones which do
not recurve relative to the trough.

The NoEurope PTCs also recurve in the presence of an up-
stream trough but do not approach the trough as closely as
the Europe PTCs. They also remain in a region of weaker
geopotential height gradients and lower Eady growth rates
than the Europe PTCs. The trough remains poleward of the
cyclone, and weaker TC—trough interaction occurs compared
to the Europe PTCs. In the NoEurope composite, the cyclo-
nes are not steered poleward, and do not interact with the jet
streak. This is consistent with the northeast pattern described
in Harr et al. (2000), in which the cyclones do not undergo sub-
stantial extratropical reintensification. It is described therein
that the strong zonal flow between the subtropical high and the
midlatitudes prevents a coupling with a midlatitude baroclinic
zone. The Europe PTCs exhibit similar behavior in terms of jet
interaction as the TC-decelerating trough composite in Riboldi
et al. (2019), in which the PTC interacts with and subsequently
crosses the jet streak situated on the eastern flank of the upstream
trough in the 2 days following ET completion. Conversely, the
PTCs comprising the TC-accelerating trough composite of
Riboldi et al. (2019) do not interact with and cross the jet
streak, similar to the NoEurope PTCs presented in Fig. 6.
However, differences in meridional deflection of the jet and
extent of downstream ridge building are also found between
the accelerating and decelerating trough composites, which
are not clearly visible in Fig. 6.

Hart et al. (2006) found that cyclones which reintensify
post-ET are associated with a negatively tilted trough (oriented
from northwest to southeast), whereas the post-ET weakening
storms are associated with a positively tilted trough. The
troughs in the PTC-decelerating trough composite of Riboldi
et al. (2019), which subsequently cross the midlatitude jet
streak, also appear to have a negative tilt. However, Fig. 6 of
our analysis shows that the tilt of the trough may not be
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important for the post-ET reintensification of PTCs, as the
troughs in the Europe and NoEurope composites have a very
similar orientation. Further work would be necessary to con-
firm this. In Hart et al. (2006), it is hypothesized that the nega-
tive tilt of the upstream trough permits the cyclone a closer
approach to the trough, leading to a contraction and intensifi-
cation of the eddy potential vorticity flux. Recent work suggests
that the negative tilt may be the result of strong TC-trough
interaction, rather than a predictor of future PTC intensity
(Sarro and Evans 2022).

In addition to more directly interacting with the jet, the
Europe PTCs are associated with a jet which is significantly
more intense than the jet associated with the NoEurope
PTCs. At each time step shown in Fig. 6, the maximum jet
speed within 10° of the Europe PTCs is significantly (~7 m s ')
higher than for the NoEurope PTCs. Maximum 300-hPa winds
in the composite mean jet streak are approximately 10 m s~
higher for the Europe PTCs than the NoEurope PTCs (Fig. 7).
This may indicate that Europe PTCs interact with a more baro-
clinic midlatitude environment (as suggested by the higher
Eady growth rates). However, the difference in jet speeds could
also result from local jet streak amplification resulting from neg-
ative potential vorticity advection from the divergent outflow
of the TC (Riboldi et al. 2019; Keller et al. 2019), which may
also be expected given the greater PV advection by the irro-
tational wind associated with Europe PTCs at 24 h prior to
ET completion.

The difference in baroclinicity surrounding the Europe and
NoEurope PTCs motivates an investigation into the seasonal-
ity of the two composites. The fraction of PTCs which reach
Europe increases throughout the hurricane season, from ~15%
for TCs completing ET in July to 50% for TCs completing ET
in November (Fig. S1).

d. The association between extratropical reintensification
and Europe-impact likelihood

We have shown that PTCs that impact Europe tend to
(i) transition into a more favorable environment for reintensi-
fication, and (ii) develop characteristics associated with a re-
intensifying cyclone. In this section we test the hypothesis
that PTCs that reintensify after ET are more likely to reach
Europe. This is achieved by separating the Europe and
NoEurope PTCs which reintensify from those that do not.
The proportion of PTCs in both composites that reinten-
sify, along with the mean reintensification in each compos-
ite, can then be investigated. We then recomposite the
reintensifying cyclones about the point of reintensification,
to investigate the features of the midlatitude circulation
that are associated with reintensification.

Figure 8 shows the composite life cycle of the Europe PTCs
(red) and NoEurope PTCs (blue), based on whether they
reintensify in the midlatitudes or not. PTCs are designated
as reintensifying if at some point post-ET, they undergo an
increase in 850-hPa T63 spectrally filtered relative vorticity
(the field used for cyclone tracking) of 3 X 107> s™! or
larger, where the 6-hourly T63 relative vorticity fields have
been smoothed using a 5-point running mean to remove
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FI1G. 7. Difference (Europe minus NoEurope) of the (top) composite mean (20° cap) cyclone-relative 300-hPa wind magnitude and
(bottom) 500-hPa geopotential height at (a),(d) 24 h prior to ET completion; (b),(e) ET completion; and (c),(f) 24-h post-ET completion.
Cyclones are not aligned based on their direction of travel. Stippling represents areas in which the composite mean wind magnitudes are
significantly different (95%). Sample size is shown in the upper left of each panel.

high-frequency variability in intensity. A five-time-step run-
ning mean is chosen as it is long enough to sufficiently
smooth out high-frequency variability within the data with-
out significantly dampening robust changes in vorticity due to
reintensification. Overlaid crosses are the time steps at which
there is a significant (95% level) difference between the mean
850-hPa T63 relative vorticity for the Europe/NoEurope rein-
tensifiers, and the Europe/NoEurope weakeners.

The Europe PTCs have a much higher T63 relative vorticity
at ET completion than the NoEurope PTCs. This is particu-
larly clear for the Europe weakening composite. This indicates
that the strength of the TC may be important in modulating
the likelihood that a PTC will reach Europe. The NoEurope
PTCs which reintensify appear to intensify more than the
Europe intensifiers; however, this is due to a large spread in
the time relative to ET at which the cyclones undergo reinten-
sification. On average, the reintensification amounts are
8.8 and 6.8 X 10~° s~ ! for the Europe and NoEurope reinten-
sifiers, respectively, although this difference is not statistically
significant (p = 0.12). A larger proportion of the Europe PTCs
are identified as reintensifying (42%) compared to NoEurope
PTCs (21%). This highlights the importance of both TC inten-
sity and the midlatitude environment into which the TC transi-
tions in determining whether the PTC will reach Europe.

Figure 9 shows the storm-centered composites for the
Europe reintensifiers and the NoEurope reintensifiers. Instead
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of centering the composites about ET completion, we now
center them about the onset of reintensification (left), time of
max reintensification rate (middle) and maximum post-ET in-
tensity (right). The onset of reintensification is the time step
after ET completion at which the T63 relative vorticity begins
to increase. The time of maximum intensification rate is the
time step at which the max 6-hourly T63 relative vorticity in-
crease occurs between reintensification onset and maximum
intensity. Max post-ET intensity is the time step of the maxi-
mum T63 relative vorticity post-ET.

The PTCs in both composites begin reintensification as
they begin to interact with the right entrance of the jet streak.
They reach their maximum rate of reintensification when
superposed with the jet maximum and attain their maximum
intensity when they have exited the jet and are situated by the
left exit region. The right entrance and left exit regions of the
jet are regions of enhanced upper-level divergence (Klein et al.
2002), which may act to aid the reintensification process. The
Europe reintensifiers cross a stronger composite mean jet than
the NoEurope reintensifiers and undergo more intensification.

e. Relative importance of TC intensity and reintensification

The analyses presented in sections 3b and 3d suggest that
there is a strong association between the likelihood that a
PTC will impact Europe and 1) the intensity of the TC, both
at the lifetime maximum intensity of the storm and as it
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FIG. 8. Composite life cycle of the 850-hPa relative vorticity,
spectrally filtered to a T63 spectral resolution, for the Europe (red)
and NoEurope PTCs (blue) centered on ET completion and sepa-
rated based on whether they reintensify (dashed) or weaken (solid)
post-ET. Data from ERAS5 are used, and all TCs that complete ET
in ERAS5 (180) are included in the composite. Crosses and dots rep-
resent the time steps at which the difference in the composite means
is significant to 95% using a Kolmogorov—Smirnov test [comparing
Europe reintensifiers with NoEurope reintensifiers (dots), and
Europe weakeners with NoEurope weakeners (crosses)]. The sam-
ple size in each composite is shown in the legend.

begins ET, and 2) whether the cyclone reintensifies after ET.
In this section, we investigate the association between each
factor and the likelihood that a cyclone will impact Europe in
more detail and investigate the relative importance of both
factors.

Figure 10 shows the conditional probability that a PTC will
impact Europe based on its intensity at TC lifetime maximum
intensity, intensity at ET onset, and the amount of reintensifi-
cation that the cyclone undergoes post-ET. TC lifetime maxi-
mum intensity and reintensification are chosen because there
are significant differences in these metrics when comparing
the Europe and NoEurope PTCs (Figs. 2 and 8, respectively).
TC lifetime maximum intensity is defined as the maximum
wind speed associated with a TC in HURDAT2 up to the
point of ET completion, as determined using the ERAS cy-
clone phase space analysis. Intensity at ET onset is investi-
gated because it better represents the intensity that the TC
has when it begins interacting with the midlatitude environ-
ment than TC lifetime maximum intensity. However, we have
fewer data available for this metric (see columns 2 and 3 of
Table 1 for sample sizes of TC lifetime maximum intensity
and ET onset intensity, respectively). As a result, the number
of storms going into Fig. 10b is smaller than Figs. 10a and 10c.
Bin edges used for Figs. 10a and 10b are (from left to right)
<20th percentile, 20th-40th percentile, 40th—60th percentile,
60th-80th percentile, and >80th percentile of the combined
distribution. For reintensification (Fig. 10c), the bin percen-
tiles are <40th percentile, 40th-55th percentile, 55th—70th
percentile, 70th-85th percentile, and >85th percentile. It was
necessary to choose different percentiles to bin storms based
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on reintensification because more than 20% of storms do not
reintensify at all. The combined distribution is comprised of
all the Europe and NoEurope PTCs, and the percentile bin
edges are used to ensure a consistent sample size across bins.

There is a clear increasing trend in Figs. 10a—c. For TC life-
time maximum intensity, only ~22% of the weakest PTCs im-
pact Europe, compared to almost 50% for the strongest 20%.
Only 10% of the weakest PTCs at ET onset impact Europe,
compared to over 50% for the strongest 20%. For reintensifi-
cation there is also a trend. Approximately 20% of storms
which do not reintensify at all (bin 1) make it to Europe,
compared to ~60% for the storms which undergo the most
reintensification. Figure 10 highlights that both the midlati-
tude environment, which largely facilitates reintensification,
and TC intensity, are strongly associated with Europe-impact
likelihood.

Figure 10d shows the relationship between the TC lifetime
maximum intensity and the reintensification post-ET. The
correlation between TC lifetime maximum intensity and rein-
tensification post-ET is weak but significant, with a Pearson’s
correlation coefficient of —0.2. The lack of a strong associa-
tion between reintensification and TC intensity combined
with Figs. 10a and 10c, which show that stronger TCs (at TC
lifetime maximum intensity) and storms which reintensify are
more likely to impact Europe, indicate that both factors are
associated with whether a PTC will impact Europe. The lack
of association between reintensification and TC intensity also
suggests that while both factors are important in modulating
the likelihood that a PTC will reach Europe, they may not
both be important for the same PTC. This suggests that there
may be two pathways through which a PTC can reach Europe:
a strong TC that gradually weakens on approach, or a TC
(which may not necessarily be a strong TC) that undergoes
substantial reintensification in a favorable midlatitude envi-
ronment after ET. Furthermore, the lack of association be-
tween TC intensity and reintensification is consistent with
previous studies which suggest that TC intensity is not a pri-
mary factor determining whether a favorable phase-locked
configuration will exist between the transitioning TC and
the upstream trough (Archambault et al. 2013; Brannan and
Chagnon 2020).

Table 4 shows a joint contingency table to further investi-
gate the association that TC intensity and reintensification
have with PTCs reaching Europe, with the Odds ratios dis-
played in Fig. 11. TC lifetime maximum intensity and rein-
tensification have odds ratios of 2.38 and 2.71, respectively.
In both cases, the lower bound 95% confidence interval
(brackets, Fig. 11) are greater than 1, indicating a signifi-
cant association between TC lifetime maximum intensity,
reintensification, and whether a PTC reaches Europe. Odds
ratios for reintensification conditioned on TC lifetime
maximum intensity, Odds(Europe|z pu)/Odds(Europelw mm)
and Odds(Europe|z non-mu)/Odds(Europe|w non-mu), are
3.1 (nonsignificant) and 3.45 (significant), respectively. Simi-
larly, odds ratios for TC lifetime maximum intensity conditioned
on reintensification, Odds(Europely z)/Odds(Europe|non.mm.g)
and Odds(Europe|yv.w)/Odds(Europe|non.mm.w) are 2.47
(nonsignificant) and 2.75 (significant). When only considering
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FIG. 9. Storm-centered composites (20° cap) showing the 300-hPa wind magnitude (filled contours) and 500-hPa geopotential height
(black open contours) for (a)-(c) the Europe PTCs that reintensify and (d)—(f) the NoEurope PTCs that reintensify. Composites are
centered about the point of (left) post-ET reintensification onset, (center) post-ET max intensification rate, and (right) post-ET maximum
intensity. Cyclones are not aligned based on their direction of travel. Sample size is shown in the upper left of each panel.

weak TCs the role of reintensification appears larger, and
when only considering weakening storms post-ET the role
of TC lifetime maximum intensity is larger (higher odds
ratios). This shows that PTCs usually need at least one of
these factors in order to reach Europe; however, having
both factors does not further increase the odds of reaching
Europe significantly compared to just one factor (95% con-
fidence interval includes 1).

A small fraction of NoEurope PTCs were major hurricanes
and reintensified post-ET (4/120). Of these four cyclones,
three made landfall across the continental United States and
traveled northeastward across northeastern Canada, undergo-
ing brief reintensification before dissipating. The fourth PTC
traveled poleward toward Greenland after ET. Similarly,
there are some Europe PTCs that neither reintensify nor were
major hurricanes (15/60). This subgroup of Europe PTCs re-
curves farther east in the basin, with 10/15 completing ET east
of 30°W (Fig. S2). When considering all PTCs, there is also a
significant association between the longitude of ET comple-
tion and the odds of reaching Europe (Fig. 11) when using a
threshold of 70°W.

4. Summary and conclusions

PTCs can bring severe weather to Europe in terms of ex-
treme precipitation, high winds, and large waves. These PTCs
have been associated with national record wind gusts across
Ireland as well as large economic losses across Europe.
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However, many PTCs never make it to Europe at all. In this
study, we try to understand the factors which determine
whether a PTC will impact Europe. This is achieved by identi-
fying the observed PTCs in the ERAS reanalysis using a fea-
ture tracking scheme, allowing us to undertake detailed
analysis of the post-tropical stage of these storms.

Using a composite analysis, we show that PTCs which im-
pact Europe are much more likely to undergo extratropical
reintensification than PTCs which do not impact Europe
(NoEurope). By quantifying the area-averaged negative po-
tential vorticity advection by the irrotational wind in the
vicinity of the PTCs (Archambault et al. 2013), the Europe
PTCs are shown to interact more strongly with an upstream
trough at a much closer distance to the storm center during
extratropical transition (ET) than the NoEurope PTCs. This
is consistent with previous studies which highlight the im-
portance of TC-trough interactions for PTC reintensifica-
tion and downstream flow amplification (Hart et al. 2006;
Keller et al. 2019; Riboldi et al. 2019). During ET, the baro-
clinicity, characterized by the Eady growth rate, is signifi-
cantly higher in the vicinity of Europe PTCs than NoEurope
PTCs. Baroclinicity generally increases throughout hurricane
season, and TCs completing ET in October and November are
more likely to reach Europe than those completing ET earlier
in the season. The Europe PTCs travel on a more poleward
trajectory, allowing them to interact with a midlatitude jet
streak. It is at this point that many of the storms in the Europe
PTCs undergo reintensification. The NoEurope PTCs travel
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FIG. 10. Conditional probability that a PTC will impact Europe based on (a) the TC lifetime maximum intensity,
(b) intensity at ET onset, and (c) T63 relative vorticity increase post-ET. (d) A scatterplot of TC lifetime maximum
intensity and T63 relative vorticity increase post-ET for all Europe and NoEurope PTCs. Sample size is shown in the

upper left of each panel.

less poleward after ET, and the composite mean does not
directly interact with a midlatitude jet streak. The NoEurope
PTCs are also less likely to reintensify.

The Europe PTCs also have a substantially higher intensity
in their TC phase, both at their lifetime maximum intensity and

as they begin ET as they enter the midlatitudes. Contingency
table analysis suggests that both TC intensity and whether rein-
tensification occurs post-ET modulate the likelihood that the
storm will impact Europe, although these factors may not be
important for the same PTC. Our results indicate that the mid

TABLE 4. Joint contingency table for PTCs separated based on whether they reintensify of weaken post-ET, were a major hurricane
at their lifetime maximum intensity, and whether they impact Europe.

TC lifetime max intensity = 50 m s~

(major hurricane)

1 1

TC lifetime max intensity < 50 m s~
(non-major hurricane)

Europe NoEurope Total Europe NoEurope Total
Reintensify post-ET 8 4 12 17 21 38
Weaken post-ET 20 31 51 15 64 79
Total 28 35 63 32 85 117
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latitude environment into which the TCs recurve and the
strength of the TCs are key to understanding why some PTCs
impact Europe. The importance of TC intensity is consistent
with previous studies, which suggest that PTCs may retain some
“memory” of the tropical phase of their life cycle during, and
potentially after, ET (Datt et al. 2022). All results presented in
this paper have been verified using a second reanalysis,
MERRAZ2 (Gelaro et al. 2017; Molod et al. 2015), and re-
sults very similar to ERAS (not shown).

This paper has focused on the characteristics of the cyclo-
nes themselves and the surrounding environment. An investi-
gation of the larger scale atmospheric circulation, such as the
phase of the NAO, may also provide some insight into why
some PTCs reach Europe. It could be hypothesized that posi-
tive NAO conditions may lead to greater longevity, faster
translation, or a higher likelihood of reintensification, and
therefore may have implications for the probability that a
PTC will reach Europe. This will be investigated in future
work.

In the context of climate change, our results highlight
the challenges of projecting PTC impacts over Europe in a
future climate, as has been highlighted for ET more gener-
ally in the North Atlantic basin (Zarzycki et al. 2017). In
this study, we have shown that TC intensity and post-ET
reintensification are key metrics of model fidelity. Some
climate model projections indicate a poleward shift in the
jet (Harvey et al. 2020), possibly signaling less opportunity
for PTCs to interact with the jet, leading to less extratropical
reintensification. However, SSTs are projected to warm, and
TC lifetime maximum intensity may increase as a result.
Previous studies suggest that this may already be occurring
(Kossin et al. 2020). If the change in TC intensity outweighs
any potential poleward shift in the jet, then in the future a
larger proportion of PTCs may reach Europe.
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