Geophysical Research Letters’

RESEARCH LETTER
10.1029/2022GL101900

Key Points:

o A close relationship is found between
serial cyclone clustering (SCC) at
5°W and weather regimes (WRs) in
the North Atlantic-European region

e SCC in mid and high latitudes (55°N,
65°N) is mainly associated with
cyclonic and in low latitudes (45°N)
with anticyclonic WR life cycles

e Regardless of the selected latitude,
SCC occurs mostly during an active
regime life cycle and is manifested in
a well-established WR

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

S. Hauser,
seraphine.hauser @kit.edu

Citation:

Hauser, S., Mueller, S., Chen, X., Chen,
T.-C., Pinto, J. G., & Grams, C. M.
(2023). The linkage of serial cyclone
clustering in Western Europe and weather
regimes in the North Atlantic-European
region in boreal winter. Geophysical
Research Letters, 50, €2022GL101900.
https://doi.org/10.1029/2022GL.101900

Received 2 NOV 2022
Accepted 26 DEC 2022

Author Contributions:

Conceptualization: Joaquim G. Pinto,
Christian M. Grams

Data curation: Seraphine Hauser,
Sebastian Mueller, Xiaoyang Chen, Ting-
Chen Chen, Joaquim G. Pinto, Christian
M. Grams

Formal analysis: Seraphine Hauser,
Sebastian Mueller, Xiaoyang Chen, Ting-
Chen Chen, Joaquim G. Pinto, Christian
M. Grams

Funding acquisition: Joaquim G. Pinto,
Christian M. Grams

© 2023 The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution-NonCommercial License,
which permits use, distribution and
reproduction in any medium, provided the
original work is properly cited and is not
used for commercial purposes.

'.) Check for updates

A G s

> SPACE SCIENCE

ok

The Linkage of Serial Cyclone Clustering in Western Europe
and Weather Regimes in the North Atlantic-European Region
in Boreal Winter

, Sebastian Mueller! (), Xiaoyang Chen! (*, Ting-Chen Chen! (2,

, and Christian M. Grams!

Seraphine Hauser!
Joaquim G. Pinto!

'Department Troposphere Research (IMK-TRO), Institute of Meteorology and Climate Research, Karlsruhe Institute of
Technology (KIT), Karlsruhe, Germany

Abstract Extra-tropical cyclones are an important source of weather variability in the mid-latitudes.
Multiple occurrences in a short period of time at a particular location are denominated serial cyclone clustering
(SCC), and potentially lead to large societal impacts. We investigate the relationship between SCC affecting
Western Europe and large-scale weather regimes (WRs) in the North Atlantic-European region in boreal

winter. We find that SCC in low latitudes (45°N) is predominantly associated with the anticyclonic Greenland
Blocking WR. In contrast, SCC in mid and high latitudes (55°N, 65°N) is mostly linked to different cyclonic
WRs. Thereby, SCC occurs typically within a well-established WR that builds up prior to SCC and decays after
SCC. Thus, SCC events are closely associated with recurrent, quasi-stationary and persistent large-scale flow
patterns (WRs). This mutual relationship reveals the potential of WRs in forecasting storm series and associated
impacts on sub-seasonal to seasonal time scales.

Plain Language Summary Serial cyclone clustering describes the occurrence of multiple
extra-tropical cyclones within a certain time frame and a spatially restricted region. Since extra-tropical
cyclones can be associated with strong winds and heavy precipitation, multiple occurrences can lead to large
cumulative impacts in the affected areas. We analyze the relationship between serial cyclone clustering (SCC)
in Western Europe and so-called weather regimes (WRs) in the North Atlantic-European region in boreal
winter. These regimes describe slow evolving and enduring large-scale atmospheric circulation patterns.
Relationships with certain regime types are identified but depend on the latitude at which the clustered
frequency of extra-tropical cyclones is found. When SCC occurs in low latitudes (45°N), it mostly appears
coincident with anticyclonic large-scale flow patterns. In contrast, SCC in mid and high latitudes (55°N, 65°N)
often occurs simultaneously with different cyclonic regimes. We find that periods of SCC occur typically within
WR life cycles pointing to the fact that both, the WRs and SCC periods, are interlinked. This relationship may
facilitate forecasting storm series and associated impacts on time scales beyond 2 weeks.

1. Introduction

Extra-tropical cyclones are a common feature of the North Atlantic-European region (NAE), determining both
day-to-day weather variability as well as the average climatic conditions. Extreme extra-tropical cyclones can
lead to wind gusts, widespread precipitation, and sometimes storm surges (e.g., Dangendorf et al., 2016; Fink
et al., 2009). Frequently, such storms do not appear as single events. One recent example was the subsequent
occurrence of storms Dudley, Eunice, and Franklin as named by United Kingdom's national weather service
in mid-February 2022, which led to considerable damage and disruption across Western Europe (e.g., Miihr
et al., 2022). Other prominent periods include February 1990, January 1993, December 1999, January 2007, and
February 2014 (Matthews et al., 2014; Pinto et al., 2014). The seminal work of Bjerknes and Solberg (1922) had
already recognized that multiple cyclones may develop along a frontal system, and denominated this phenomena
as “cyclone families.” Modern nomenclature refers to serial (temporal) cyclone clustering (Dacre & Pinto, 2020;
Mailier et al., 2006; Vitolo et al., 2009) or to temporally compounding events (e.g., Bevacqua et al., 2021;
Zscheischler et al., 2020). Such a group of events affects a region within a short period of time and can lead to
cumulative impacts. Hereafter we use the term serial cyclone clustering (SCC) for this phenomenon. In their
review paper, Dacre and Pinto (2020) pointed out two main physical reasons for the occurrence of SCC that are
not necessarily independent and could occur at the same time: (a) the steering through the large-scale atmospheric
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flow, typically characterized by an intensified, quasi-stationary jet-stream extending from the Central North
Atlantic toward Western Europe for several days (e.g., Messori & Caballero, 2015; Pinto et al., 2014), and (b)
secondary cyclogenesis on the trailing cold front of a pre-existing cyclone (e.g., Parker, 1998; Pinto et al., 2014;
Weijenborg & Spengler, 2020).

The large-scale atmospheric circulation over the NAE can be characterized in terms of a comparatively small
number of states, often referred to as “weather regimes,” “Grosswetterlagen,” or phases of a teleconnection
pattern (e.g., North Atlantic Oscillation (NAO)) (Wanner et al., 2001). Weather regimes (hereafter WRs) are
recurrent, quasi-stationary, and persistent large-scale atmospheric circulation states (Hannachi et al., 2017). In the
late 1940s, weather forecasters recognized their importance (e.g., Levick, 1949) and Charney and DeVore (1979)
hypothesized that the large-scale atmospheric circulation moves between these multiple equilibrium states. It is
debated whether WRs are a mere statistical characterization or if they have a deeper physical foundation. Evidence
in favor of the latter has recently been provided by Faranda et al. (2016, 2017), and Hochman et al. (2021).
Given that WRs characterize the slower variability of the large-scale atmospheric conditions over the region
and can establish conditions favorable for large-scale extremes (Beerli & Grams, 2019; Lavaysse et al., 2018;
Pasquier et al., 2019; Yiou & Nogaj, 2004), their assessment and consideration is important for medium-range,
and sub-seasonal to seasonal (S2S) weather prediction and climate projections (Merryfield et al., 2020; Santos
et al., 2016; White et al., 2021). WRs in the NAE are mostly derived based on geopotential height, although the
season considered and the statistical approaches used to define them may differ. This leads to the fact that the
number of regimes can vary between 2 and 7 (Falkena et al., 2020). The transitions between WRs are often asso-
ciated with Rossby wave breaking (e.g., Michel & Riviere, 2011).

The question arises if a clear relationship between the occurrence of SCC at a certain location and the occurrence
of specific WRs exists. For example, Priestley et al. (2017a) noted the differences on the large-scale atmos-
pheric conditions associated with the occurrence of SCC at 45°N, 55°N, and 65°N along the 5°W longitude. In
high latitudes (65°N), the intensified and extended jet-stream was constrained by Rossby wave breaking on both
sides of the jet but the cyclonic wave breaking to the north was dominant for SCC near the British Isles (55°N).
In lower latitudes (45°N), the anticyclonic wave breaking was absent, leading to an almost zonal jet-stream
(Priestley et al., 2017a). In this study, we use an extended definition of seven North Atlantic-European WRs
(Grams et al., 2017) to investigate the link between the occurrence of SCC in Western Europe and WRs in
boreal winter (December-January-February (DJF)). The study is organized as follows. First, we investigate the
relationship between SCC and WRs along two contrasting winter periods to showcase the potential role of SCC
(Section 3.1). Second, we present the modulated occurrence frequency of WRs around SCC events (Section 3.2).
Finally, we examine the timing of SCC and WRs (Section 3.3) and to answer the question: Is the WR preceding
SCC or is SCC preceding the WR?

2. Data and Methodology

Our study is based on the ERA-Interim reanalysis (Dee et al., 2011) of the European Centre for Medium-Range
Weather Forecasts (ECMWF) for January 1979-August 2019, remapped from the native resolution of T255 to a
regular latitude-longitude grid with 1 X 1° and a temporal resolution of 6 hr.

2.1. Cyclone Tracking and Serial Cyclone Clustering

To identify extratropical cyclone tracks, we apply a cyclone tracking algorithm (Murray & Simmonds, 1991;
Pinto et al., 2005) to the mean sea level pressure (p) fields of ERA-Interim. The algorithm is run for the region
20°N-90°N and for the entire ERA-Interim data period. The algorithm primarily searches for the minimum
p in the vicinity of a V2p maximum as cyclone centers. To filter out weak and thermal lows, we follow Pinto
et al. (2009) to retain cyclones only if they fulfill the following criteria: (a) cyclone lifetime >24 hr, (b) life-time
maximum V2p > 0.6 hPa degree latitude 2, and (c) maximum % V2p > 0.3 hPa degree latitude=2 d~! for a 24-hr
period. Systems located above a terrain height of 1,500 m are removed to avoid artifacts introduced by the extrap-
olation of p below ground.

For the identification of SCC, we use an absolute frequency metric following Pinto et al. (2014) and Priestley
et al. (2017b). To account for SCC at different latitudes, three base areas covered by a 700 km radius around
different points in Western Europe (65°N/5°W, 55°N/5°W, 45°N/5°W) are considered. As we wish to target
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“strong” cyclones with respect to the local climatology, intensity thresholds are defined locally at the three
latitude-longitude grid points, based on their 5th percentile of the respective p climatology during winter (DJF,
1979-2019). The obtained thresholds are 972.5, 983.2, and 999.1 hPa at 65°N, 55°N, and 45°N, respectively.
For each region, a passing cyclone is counted on the day when it reaches a relative peak intensity (minimum
p) within the area and only if such minimum p is lower than the respective 5th percentile threshold. Finally,
time series of daily number of cyclones are obtained for the period November—March from 1979/1980 to
2018/2019.

A day d is considered clustered if the running sum of the cyclones passing the area over 7 days (+3 days around
d) is greater than or equal to 4 for SCC at 55°N and 65°N. For SCC at 45°N, this running sum is set down to 3
as fewer and weaker cyclones occur in lower latitudes in winter (Neu et al., 2013). Preliminary SCC periods are
defined by adding +3 days around each clustering day. To investigate the link to WR life cycles, the definition of
the begin of a SCC period is essential. Therefore, the following conditions determine the final SCC periods: (a)
the preliminary SCC periods are adjusted so that the first day (onset) is associated with the first occurrence of
at least one cyclone in the series of cyclones (same applies for the SCC decay as the last day in the SCC period
with at least one cyclone), (b) SCC periods are allowed to start in November or end in March but must overlap
with DJF for at least 1 day, and (c) SCC periods must have a minimum length of 2 days. For the 40 winter periods
considered here, we identify 54 periods for SCC at 65°N, 43 periods for SCC at 55°N, and 36 periods for SCC
at 45°N. Various characteristics of the SCC periods at different latitudes are listed in Supporting Information S1
(Table S1, Figure S2).

2.2. Weather Regimes in the North Atlantic-European Region

The ERA-Interim data set from 1979 to 2015 is used to retrieve year-round WRs in the North Atlantic-European
region (NAE; 80°W—40°E, 30°N-90°N) following the method of Grams et al. (2017). We use geopotential height
anomalies at 500 hPa (Z500’) every 6 hr based on a 90-day running mean climatology (1979-2015) and apply a
10-day low-pass filter to exclude high-frequency signals. Since we aim for a year-round definition, we normal-
ize the anomalies. To do so, the temporal standard deviation of Z500° is computed for each calendar time i in
the time period +15 days around i for all years (1979-2015) at each grid point. We then define a normalization
weight for each calendar time as the spatial average in the NAE domain of this running standard deviation. This
definition of year-round WRs represents a refinement of the original algorithm of Grams et al. (2017). We here
apply a latitudinal weighting when computing the spatial average for the normalization weights, which improves
the detection of regimes in summer and slightly reduces the number of days attributed to a regime in winter
(now 74.7% vs. originally 77.0% for DJF in 1979-2015). The time series of the normalization weight shows a
maximum in the winter months and a minimum in the summer months (not shown). After the normalization, a
k-means clustering is performed for the expanded phase space of the leading seven empirical orthogonal func-
tions that explain 74.8% of the variability (see Grams et al., 2017, for details). The resulting 7 WRs (Figure S1
in Supporting Information S1) consist of 3 cyclonic regime types (Atlantic Trough (AT); Zonal regime (ZO);
Scandinavian Trough (ScTr)) and 4 anticyclonic regime types (Atlantic Ridge (AR); European Blocking (EuBL);
Scandinavian Blocking (ScBL); Greenland Blocking (GL)). Within these regimes, ZO represents the positive and
GL the negative phase of the NAO.

We compute a WR index (/) following Michel and Riviére (2011), applied to low-pass filtered Z500’, to quan-
titatively describe active WRs (Grams et al., 2017). The I, represents the normalized projection of low-pass
filtered Z500* onto the mean low-frequency Z500° WR pattern and is computed at each time for all 7 WRs.
Objective WR life cycles are derived based on the I, for all WRs. A WR life cycle is detected if I, > 1.0
for more than 5 consecutive days following an earlier definition of Michel and Riviere (2011). Within the WR
life cycle, the I, has to be larger than any other I, for at least one time step. Analogous to the SCC periods,
the first time when I, > 1.0 serves as WR life cycle onset time and the last day when 7, > 1.0 as decay time.
Since several WR life cycles can be active at the same time, we determine the dominant WR type as the active
WR with the highest projection, that is, the highest I,,,,. If no WR life cycle is active, the large-scale flow at that
time cannot be classified into one of the 7 WRs and falls into the no regime category (26.6% of all times during
DIJF 1979-2019). Even though the WRs are defined based on the 1979-2015 data period, the I, and WR life
cycles can also be computed beyond this data period. In this study, we perform these calculations for the period
1979-2019.
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Figure 1. Time series of /,,, for North Atlantic-European weather regimes (WRs) and serial cyclone clustering (SCC) periods in winter (a) 1994/1995 and (b)
2009/2010. Colored lines represent I, for each of the 7 WRs: the 3 cyclonic regimes Atlantic Trough (AT), Zonal regime (ZO), and Scandinavian Trough (ScTr), and
the 4 anticyclonic regimes, Atlantic Ridge (AR), European Blocking (EuBL), Scandinavian Blocking (ScBL), and Greenland Blocking (GL). Thick colored lines point
to an active regime life cycle. Dominant WR for each time step is highlighted in the respective WR color in uppermost horizontal bar with times without active WR life
cycle marked gray. SCC periods for the three different latitudes (65°N, 55°N, and 45°N) marked in gray in the three horizontal bars below. The different black markers
in the horizontal bars show the number of passing cyclones for the considered SCC (per day).

3. Results
3.1. Two Contrasting Winters as Case Studies

We first illustrate the occurrence of SCC in Western Europe and WRs over the NAE with case studies. From the
40 available winter periods, we contrast two winters which had adverse weather impacts in Europe (Figure 1):
winter 1994/1995 which was characterized by wet conditions in Central Europe (Dunstone et al., 2018), and
winter 2009/2010 which was associated with several cold spells in Western and Northern Europe (Cattiaux
et al., 2010).

The large-scale atmospheric flow during winter 1994/1995 was almost exclusively dominated by cyclonic WRs
in the NAE, especially by AT (Figure 1a). Often active WR life cycles did not directly transition from one to
another and thus were preceded or followed by a large-scale pattern not corresponding to the 7 WRs (no regime).
During winter 1994/1995, SCC occurred exclusively in mid and high latitudes (55°N, 65°N) and during cyclonic
WRs. Interestingly, SCC at 55°N occurred exclusively during the AT regime in winter 1994/95. However, SCC
was additionally linked to ZO and slightly to ScTr in high latitudes (65°N).

Compared to winter 1994/1995, anticyclonic WR life cycles dominated over the NAE in winter 2009/2010
(Figure 1b). Interestingly, almost every day in this winter was characterized by a persistent WR. SCC in winter
2009/2010 occurred exclusively in low latitudes (45°N) and the associated SCC periods were longer compared
to the mid and high latitude SCC periods in winter 1994/1995 (Figure 1). Both SCC periods identified at 45°N
were associated with the GL regime, which was dominant for more than half of the winter time. In fact, the winter
2009/2010 was characterized by a very anomalous and long-lasting negative NAO phase (Osborn, 2011). In both
cases, it is striking that the GL regime built up well before the start of the SCC periods.

The comparison of the occurrence of different WRs and SCC for two contrasting winters provides evidence that
SCC in mid and high latitudes may be associated with cyclonic rather than anticyclonic WRs (winter 1994/1995,

HAUSER ET AL.

40of 10

85UB01 7 SUOWIWIOD dAE8.D 3(edt[dde ayy Aq peusenob e sejoiie YO 8sN JO S9Nl 1oy ARIq1T8UIIUO AB]IA UO (SUOIPUCO-PUR-SLLBIALIO"AB| 1M AReIq 1 BU T [UO//SCIY) SUORIPUOD PUe WS 18U} 88S *[£202/T0/LT] uo Afiqiauiiuo Ae|im ‘a1Bojouyoe L 4 Ul Bunsie Aq 006TOT 192202/620T OT/I0p/LI0d A8 1M Atelqijeut|uo sqndnBe//sdny Wwo.j pepeojumod ‘Z ‘€202 ‘£008r76T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2022GL101900

60

(a) SCC at 65°N

50

frequency (in %)

.

o

T~ = =>———
_Q,Q—-—

— AT m— 70 (b) SCC at 65°N - anomalies — AT m— Z0

ScTr AR 50 ScTr AR
EUBL == ScBL

— GL

EUBL == SCBL
40 — GL

30
20
10
~. S /_-\__/\\

— O — N0

frequency anomaly (in %)

30 -25 -20 -15 ~-10

time around SCC onset (in days)

0 5 10 15 20 25 30 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30
time around SCC onset (in days)

~
=}

(c) SCC at 55°N

o)
o

— AT — Z0 (d) SCC at 55°N - anomalies — AT 20
ScTr AR 50 ScTr AR

EUBL === ScBL | § EUBL  mmmm ScBL
_.50 — GL — O < 40 — GL — O
R <
: Z 0
. 5
%) c 20
G 30 °
3 >
g 9 10
E 20 E] —
g o ~ -
2
%m "
0 -20
-30 -25 =20 -15 -10 0 5 10 15 20 25 30 =30 =25 -20 -15 -10 -5 0 5 10 15 20 25 30
time around SCC onset (in days) time around SCC onset (in days)
70 60
(e) SCC at 45°N — AT —Z0 (f) SCC at 45°N - anomalies — AT =20
60 ScTr AR 50 ScTr AR
EUBL === ScBL | & EUBL  mmmm ScBL
_.50 — GL —NO c 40 — GL — O
< s
=5 30
Ea0 s
>
=}
9 2 20
o 30 ©
=] >
g g 10
& 20 E]
= g o1
10 = | & W/
~— -10 ‘//
0 ——
-20

-30 -25 -20 -15 -10

time around SCC onset (in days)

0 5 10 15 20 25 30 -30 -25 -20 -15 -10 -5 0 5 0 15 20 25 30
time around SCC onset (in days)

Figure 2. Daily lagged weather regime (WR) frequencies and frequency anomalies centered around serial cyclone clustering (SCC) onsets at 65°N, 55°N, and 45°N.
Colored lines represent frequency (a, c, e) and frequency anomaly (b, d, f) of each WR (Atlantic Trough (AT), Scandinavian Trough (ScTr), Zonal regime (ZO),
Atlantic Ridge (AR), European Blocking (EuBL), Scandinavian Blocking (ScBL), Greenland Blocking (GL)) and no regime (no) that is dominant at a certain lag
relative to the SCC onset. Thick lines mark statistically significant values based on the percentile ranking with & = 0.05. See Text S1 in Supporting Information S1 for
details on the anomaly calculation and significance test.

Figure 1a). The results for winter 2009/2010 suggest that SCC in low latitudes over Western Europe is associated
with anticyclonic regime types (Figure 1b). In the next Subsection we will investigate whether this finding holds
when considering all winter periods from 1979 to 2019.

3.2. Weather Regime Frequency Around Serial Cyclone Clustering Periods

In order to understand the relationship between SCC and WRs, we here perform a lagged WR frequency analysis
based on the definition of the dominant WR type around all SCC onsets in winter (Figure 2). Additionally, we
compute WR frequency anomalies and assess statistical significance following Domeisen et al. (2020) (see docu-
mentation in Supporting Information S1 (Text S1)). Figure S3 in Supporting Information S1 provides a related
analysis based on the I,,,. Maps of cyclone track density during SCC and each WR can be found in Supporting
Information S1 (Figures S4 and S5).

SCC in high latitudes (65°N) co-occurs with a significantly increased frequency of almost exclusively cyclonic
WRs (AT, ZO, ScTr) from SCC onset and up to 2 weeks thereafter (Figures 2a and 2b). ZO is identified as the
dominant WR from shortly prior to the SCC onset until 18 days after SCC onset. More than 50% of all considered
SCC periods at 65°N are associated with ZO. The increased frequency of ZO reaches a maximum of 55% around
3 days after onset which reflects a quadrupling of the climatological frequency of ZO in DJF. The frequency
of ScTr regime is also increased and doubled compared to climatology but only up to 10 days after SCC. The
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patterns of cyclone track density for ZO, ScTr, and SCC at 65°N with a maximum in density near Iceland agree
well, corroborating the systematic linkage of SCC at 65°N to these regimes (Figures S4a and S5b in Supporting
Information S1). AT also occurs more frequently, though the signal is not significant (Figures 2a and 2b). The
frequency of anticyclonic WRs is significantly diminished shortly prior to SCC onset and up to 3 weeks there-
after (Figure 2b). In particular, during the first few days after SCC onset, none of the SCC periods at 65°N is
dominated by an anticyclonic regime (Figure 2a). EuBL is the only anticyclonic regime with significantly above
normal frequency at about 5 days before onset, but this signal vanishes rapidly before SCC onset. Cyclone activity
during anticyclonic WRs is weak in the clustering areas and occurs significantly upstream or far north. There-
fore, anticyclonic WR are not related to cyclone activity during SCC at 65°N (Figures S5d-S5g in Supporting
Information S1).

Cyclonic regimes also dominate the large-scale circulation around SCC periods at 55°N (Figures 2c and 2d).
However, the dominant cyclonic regime here is AT, which co-occurs with SCC in more than 65% of all SCC
periods. Patterns of cyclone track density show a high agreement between AT and SCC at 55°N with a maximum
west of the British Isles (Figures S4b and S5a in Supporting Information S1). An increased frequency of AT is
found from —3 to about 15 days around SCC onset and represents more than a five-fold increase of frequency
compared to climatology around 5 days after SCC onset. ZO occurs frequently before SCC periods, but the signif-
icant frequency anomaly decreases with the onset of SCC which raises the question whether a transition from
ZO to AT may help to set the large-scale conditions for SCC to occur. The frequency of anticyclonic regimes is
significantly decreased during SCC periods at 55°N (Figures 2c and 2d).

SCC at low latitudes (45°N) goes along with a strong increase in the frequency of the anticyclonic GL regime
(Figures 2e and 2f), which corresponds to a negative NAO phase. The strongest and significant signals are iden-
tified from —10 days to over +20 days around SCC onset. In contrast to the cyclonic regimes dominating SCC
in mid and high latitudes, the maximum frequency increase occurs shortly prior to SCC onset with a maximum
frequency of around 42%, which corresponds to a four-fold increase of the GL frequency. A zonally elongated
cyclone track density is visible in lower latitudes over Europe for GL and indicates the link to SCC at 45°N
(Figures S4c and S5g in Supporting Information S1). In addition to GL, AT occurs anomalously often during
SCC at 45°N (Figures 2e and 2f). The increased frequency of AT represents more than a doubling of the clima-
tological frequency. We observe a rapid increase of the AT frequency in the 5 days prior to SCC onset suggesting
a regime transition. However, the increased significant frequency of AT develops later (—3 days prior to SCC
onset) and ends earlier (12 days after SCC onset) than the dominating increased frequency of GL, which suggests
case-to-case variability.

In summary, we find significant changes in the large-scale circulation pattern prior to SCC onsets regardless of
the latitude over Western Europe at which SCC occurs. The climatological results agree well with the obser-
vations in the exemplary case study of the winters 1994/1995 and 2009/2010 (Figure 1): SCC in low latitudes
(45°N) is predominantly associated with the anticyclonic GL WR, and SCC in mid and high latitudes mostly
occurs simultaneously with cyclonic WRs. An interesting observation is the significantly lowered frequency of
the no regime, that is, when the large-scale flow field cannot be assigned to one of the 7 WRs. Thus, the occur-
rence of SCC is associated with the occurrence of recurrent, quasi-stationary, and persistent large-scale flow
patterns rather than an unusual large-scale flow pattern. In a last step, we will now consider whether SCC triggers
a particular WR or whether a WR sets up the large-scale conditions for an SCC event.

3.3. The Mutual Linkage of Serial Cyclone Clustering and Weather Regimes

The two different winter periods 1994/1995 and 2009/2010 (Figure 1) demonstrate that different WR life cycles
may be active simultaneously or there may be a transition between WR life cycles during a SCC period. Indeed,
we find that 68.5% (65°N), 55.2% (55°N), and 44.5% (45°N) of all SCC periods are associated with more than
one WR life cycle. Therefore, we take into account all WR life cycles that overlap with SCC periods in the follow-
ing. We now determine the time difference between WR life cycle and SCC onset, and between WR life cycle and
SCC decay to understand what evolved first: a clustered occurrence of synoptic-scale extra-tropical cyclones or
the establishment of a specific large-scale flow pattern. Analogously, the question arises whether a WR pattern
that has built up changes again before or after the occurrence of SCC (Figure 3).

SCC at 65°N is predominantly associated with cyclonic WR life cycles that start before the SCC onset and end
after SCC decay (Figure 3a). The large spatial overlap of the confidential ellipses shows that this statement applies
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Figure 3. Time offset of serial cyclone clustering (SCC) life cycle and associated weather regime (WR) life cycle for (a) 65°N, (b) 55°N, and (c) 45°N. Scatter plot

of time offset between WR onset and SCC onset (abscissa) and WR decay and SCC decay (ordinate) in colored points (colors according to regime type). All active
regime life cycles that overlap with a SCC period are considered here. Point density via kernel density estimation is shown in gray shading (normalized, from 0.0 to
1.05 in steps of 0.15). Confidential ellipses are drawn for selected WRs with radius limited to one standard deviation. In addition, confidential ellipses are shown for all
anticyclonic WRs (dashed black) and cyclonic WRs (solid black).

to all cyclonic WR types with the strongest signal in ZO. As such, SCC tends to occur embedded into a cyclonic
WR life cycle and often manifests within a ZO life cycle. This is also in agreement with the sharp increase in ZO
frequency already prior to the SCC onset (Figures 2c and 2d). If anticyclonic regimes are associated with SCC at
65°N, these life cycles also start before the occurrence of SCC but there is a tendency for them to end during SCC
(Figure 3a). When SCC occurs at 55°N, the prevailing associated cyclonic WR life cycles build up before the
SCC onset and end after the SCC period (Figure 3b). Thus, a very similar behavior of the cyclonic regimes can be
seen here as for SCC at 65°N. In contrast to SCC at 65°N, AT dominates the share of WR life cycles during SCC
at 55°N and also shows the strongest tendency for SCC periods to manifest within a regime. Again, anticyclonic
WR life cycles all start prior to SCC onset and show a tendency to decay before the SCC period ends. In contrast
to SCC at 55°N and 65°N, the anticyclonic GL dominates the large-scale circulation around SCC periods at 45°N
(Figure 3c). GL life cycles usually start before the occurrence of SCC, and—compared to the cyclonic regime life
cycles associated with SCC in mid and high latitudes—start also much earlier in time. Other anticyclonic WR
life cycles mostly build up before SCC onset and—including GL—to degrade after SCC decay. Interestingly, for
SCC at 45°N cyclonic WR life cycles (in particular the few ZO, ScTr WR life cycles) tend to decay during SCC
similar to the few anticyclonic WR life cycles for SCC at 55°N and 65°N.

Regardless of the selected latitude, most WR life cycles associated with SCC build up prior to and decay after the
SCC period. Thus, we conclude that SCC periods typically occur within WR life cycles (Figure 3). However, few
anticyclonic WR life cycles connected with SCC at 65°N and 55°N tend to decay within the SCC period. Overall,
we cannot state if the WR or SCC is the cause for the other, but this investigation shows that SCC is strongly
interlinked with WR life cycles.

4. Summary and Conclusions

We have found a close relationship between SCC at three latitudes (65°N, 55°N, and 45°N) in Western Europe
and WRs for the NAE based on 40 winter periods (1979-2019). This relationship differs depending on the
location. While for mid and high latitudes (55°N, 65°N) SCC is often associated with an increase in frequency
of cyclonic WRs, SCC in low latitudes (45°N) is often linked with anticyclonic WRs, primarily GL but also
sometimes the cyclonic AT WR. Regarding the question whether SCC precedes the associated WR or whether
the WR sets in before SCC occurs, we have found a strong indication that WR life cycles build up before SCC
and also outlast the SCC period. Exceptions are the anticyclonic WR life cycles associated with SCC in mid and
high latitudes, which can degrade already during the SCC period.

Our novel results shed light on the mutual linkage of the general variability of the large-scale extra-tropical
circulation as depicted by WRs and the compound extreme constituted by SCC events affecting a particular
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region (Dacre & Pinto, 2020; Pinto et al., 2014). It corroborates the findings by Priestley et al. (2017a) that SCC
at different latitudes in Europe go along with marked differences in the large-scale flow pattern. Given that WRs
are expected to be more predictable at S2S time scales than individual cyclones (Biieler et al., 2021; Hannachi
et al., 2017; Matsueda & Palmer, 2018), the new insight presented here may facilitate a better estimation on
the probability of occurrence of storm series and associated impacts for time scales beyond 2 weeks, which are
outside the current forecast skill horizon (e.g., Befort et al., 2019). In particular, slower modes of the climate
system might provide predictability for regimes on S2S time scales. In winter, the stratospheric polar vortex
substantially modulates the occurrence of WRs (Beerli & Grams, 2019). On the one hand, cyclonic ZO and ScTr
regimes are more prevalent during a strong stratospheric polar vortex, while on the other hand anticyclonic GL
and the AT regime are more prevalent during weak stratospheric polar vortices, leading to concomitant wind
extremes in different European sub-regions (Beerli & Grams, 2019). Indeed, the recent Central European SCC
period in February 2022 was embedded in a cyclonic regime preceded by an extremely strong stratospheric polar
vortex (NASA Ozone Watch, 2022). Thus, not only regimes, but also slower climate modes might be important
precursors to SCC. The linkage of SCC to modulations by the winter stratospheric polar vortex is subject of
our ongoing research. This study has only considered specific cyclone tracking, clustering and WR methodol-
ogies, and focused exclusively on one longitude across Western Europe. Thus, the obtained relationships may
be different if other methodologies, thresholds, and regions are considered. Therefore, further investigations on
this topic will be key to derive robust assessments on the relationship between the large-scale circulation and the
occurrence of cyclone clustering.
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Data Availability Statement

The results presented in this manuscript were created exclusively based on ERA-Interim reanalysis data (Dee
et al., 2011) from the European Centre for Medium-Range Weather Forecasts (ECMWF). The data are available
on the official ECMWF webpage (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim;
accessed 27 May 2022). The methods used to determine weather regimes and serial cyclone clustering peri-
ods are thoroughly described in detail and referenced in Section 2. Figures were made with Python version
3.7.4—available at https://www.python.org/—and maps were created through the cartopy python package.
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