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Abstract

Extreme stratospheric polar vortex (SPV) events can influence winter tropospheric circulation for
up to 60 d. Their impacts on air temperature have been extensively studied recently. However, there
is a research gap in their effects on wind speeds and its extremes. This study aims to evaluate, for
the first time, the impacts of such extreme SPV events on observed and modelled near-surface
wind gusts across Europe. We have analysed wind gust data coming from: station-based
observations (for the Iberian Peninsula and Scandinavia), the ERA5 reanalysis and the SEAS5 and
GloSea6 seasonal forecasting systems. We assess their similarities in reproducing 4 parameters of
their corresponding distributions: median, standard deviation, skewness and kurtosis. For all these
datasets, the results indicate that extreme positive SPV events are followed by negative wind gust
anomalies in Southern Europe and positive in Northern Europe. Whereas, negative SPV events
(such as Sudden Stratospheric Warmings) have positive gust anomalies in Southern Europe and
negative in the north. A central region shows negligible anomalies in both cases. This highlights the
ability of SPV as a predictor for short-medium-term forecasting of extreme wind events, which
would have direct applications to many socioeconomic and environmental issues such as the

estimation of wind-power generation.

1. Introduction

The stratospheric polar vortex (SPV) is a region
of strong westerly circumpolar winds that forms
between November and March in the Northern
Hemisphere due to the temperature gradient between
the mid-latitudes and the North Pole (Waugh et al
2017). Stratospheric Sudden Warmings (SSW) cor-
respond to the negative extremes in the SPV. They
occur when the SPV shifts from its usual location
or weakens until it breaks, increasing the polar stra-
tosphere temperature by tens of degrees (Baldwin
et al 2021). Both positive (strong westerly flow)
and negative (easterly flow) extreme SPV can influ-
ence the troposphere for months (Smith er al 2018).

© 2024 The Author(s). Published by IOP Publishing Ltd

These phenomena have received significant attention
recently because of their potential as surface weather
predictors (Bieler et al 2020) on a wide range of
scales: monthly, seasonal, etc (Kidston et al 2015).
Their effects on air temperature have been extensively
studied (e.g. King et al 2019), along with the changes
in weather regimes they produce (Ayarzagiiena et al
2018). However, there is a research gap on their influ-
ence on near-surface mean wind speed and gusts, des-
pite their impacts on the environment and society
(e.g. Tian et al 2019).

Not all extreme SPV events influence the tro-
posphere. It is still unclear which tropospheric pre-
cursors determine their surface impacts (e.g. Bett
et al 2023). The canonical response after an SSW
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with tropospheric signal is a negative North Atlantic
Oscillation (NAO) phase (Baldwin et al 2021).
Nevertheless, Beerli and Grams (2019) demonstrated
SSW can be also associated with atmospheric cir-
culation patterns different from a negative NAO
depending on the previous tropospheric condi-
tions. Similarly, Minola et al (2016) and Utrabo-
Carazo et al (2022) showed that, although high,
the correlations between the NAO and near-surface
wind speed in winter do not exceed 0.70 for the
Iberian Peninsula (IP) and Scandinavia, respect-
ively. Therefore, near-surface wind speed changes
in these regions are affected by other atmospheric
circulation patterns in addition to the NAO dur-
ing winter. Relatively few extreme SPV events have
occurred in the observational period, limiting the
understanding of their impacts in the troposphere
(Kolstad et al 2022). Scherhag (1952) was a pion-
eer in observing an SSW from radiosondes in early
1952, and about 35 SSWs were then observed for
~1950-2022 (Hall et al 2021). Consequently, cli-
mate models are crucial to increase the pool of
such events. Bett et al (2023) demonstrated the abil-
ity of seasonal prediction systems (SPS) to repro-
duce the SSW frequency and impacts on the tropo-
sphere, while Lockwood et al (2023) demonstrated
their ability to predict winds and storms, especially in
winter.

Changes in mean sea level pressure (MSLP) fol-
lowing an extreme SPV event should have a large
influence on near-surface wind speed (Baldwin et al
2021). White et al (2020) revealed that after an
SSW the jet stream moves equatorward, and vice
versa for extreme positive SPV. Furthermore, Utrabo-
Carazo et al (2023) revealed a close relationship
between the SPV and observed near-surface wind
speed over the IP, with a time lag of approximately
2 months. They found a negative correlation between
SPV and near-surface wind speed, but nothing was
discussed about their magnitude or spatial distribu-
tion. Therefore, extreme SPV events could be a reli-
able prediction source for both mean and extreme
wind speed (Domeisen and Butler 2020). As it is still
unclear the impact of extreme SPV events (especially
when it comes to positive extremes) on wind gusts,
this study aims to quantify for the first time their
effects on daily peak wind gusts (DPWG) focusing
on the IP and Scandinavia. Specifically, our research
questions are:

1. How do observed DPWG change after an extreme
SPV event?

2. Are there significant differences in DPWG
between extreme negative (SSW) and positive
SPV events?

3. Can the ERAS reanalysis, and SEAS5 and GloSea6
SPS reproduce the observed DPWG under
extreme SPV events?

E Utrabo-Carazo et al

2. Data and methods

2.1. Observed and model data

We used two observational DPWG datasets cover-
ing Southern Europe (87 stations across Spain and
Portugal, i.e. IP; 1961-2019) and Northern Europe
(127 stations across Finland, Norway and Sweden,
i.e. Scandinavia; 1996-2016), where the correlation
of the NAO index with DPWG has an opposite sign:
negative for the IP (Utrabo-Carazo et al 2022) and
positive for Scandinavia (Minola et al 2016, 2023).
The DPWG is defined as the 10m height max-
imum wind speed recorded as a 3s (2s for Sweden)
mean over 24h. Both datasets have been quality
controlled and homogenized through the R package
Climatol (available online at https://CRAN.R-project.
org/package=climatol; last accessed 14 May 2024)
and details can be found in Minola et al (2021) and
Utrabo-Carazo et al (2022).

Due to the scarcity in the availability of DPWG
observations across Europe, we also used reanalysis
and SPS outputs. We chose the ECMWF Reanalysis
v5 (ERA5; Hersbach et al 2023) as it has been shown
to currently be the best reanalysis in represent-
ing observed near-surface wind speed (Ramon et al
2019). We covered 72 winters from 1950-1951 to
2021/2022. To create the DPWG series from ERAD5,
it is selected the maximum value of the 24 available
for each day of the variable ‘10 m wind gust since pre-
vious post-processing’ across the 10° W—40° E and
35° N-72° N domain at 0.25° x 0.25°. For the NAO
definition, MSLP outputs are downloaded, while for
the SPV definition, we accessed the zonal-mean zonal
wind at the 10 hPa level and 60° N.

For robustness of the results and comparison
purposes with the work of Bett et al (2023) for
GloSea5, the hindcast data from two SPS datasets
were chosen: (i) the ECMWF SPS (SEAS5; Johnson
et al 2019), and (ii) the Met Office Global Seasonal
Forecasting System version 6 (GloSea6; MacLachlan
et al 2015). For those datasets, the same variables
and domains used for ERA5 are chosen. For SEAS5
(available at 1° x 1°), they are accessed 25 mem-
bers of version 51 for 1981-2016, all initialised on
November 1st, therefore, 25 X 1 x 36 X 1 = 900 win-
ters. For GloSea6 (available at 1° x 1°) 7 mem-
bers of versions 601 and 602 are accessed for 1993—
2016, initialised on 25 October, 1st November and 9
November, therefore, 7 X 2 x 24 x 3 = 1008 winters.
Three initial dates are selected to have a comparable
number of winters between SEAS5 and GloSea6.

2.2. Methods

We compute the DPWG anomalies for the observa-
tions, ERA5 and the two SPS; and the daily MSLP
anomalies for ERA5 and the two SPS. Anomalies
are calculated as deviations from the mean of the
whole period available for each product. Such mean
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is smoothed by a Gaussian filter with a 10d win-
dow to reduce the high-frequency variability follow-
ing Bett et al (2023). The NAO index is calculated
as the difference between the MSLP anomalies of a
box region around Iceland (25°-16° W, 63°-70° N)
and the Azores (28°-20° W, 36°-40° N), following
Dunstone et al (2016).

We distinguish two types of extreme SPV dur-
ing the boreal winter (i.e. December—January—
February): (a) SSW events, i.e. when the 60°N
zonal-mean zonal wind speed at 10 hPa drops below
Oms~' (~5th of the SPV series in ERA5; Baldwin
etal (2021); and (b) Strong Stratospheric Polar Vortex
(SSPV) events, i.e. when that same variable exceeds
55ms~! (~95th of the SPV series in ERA5). Due to
the lack of commonly accepted criteria in the SSPV
definition, the 55ms™! value has been chosen for
consistency with the classical SSW definition (5th
percentile vs. 95th percentile) and to have a close
number of events of each type in ERA5 (35 SSW wvs.
34 SSPV). As for Bett et al (2023), we defined that
each of these extreme SPV events has a signal in the
troposphere if the mean NAO index in the 30d fol-
lowing the event is negative for SSWs or positive for
SSPVs.

To demonstrate that ERA5 and both SPS repro-
duce the observed DPWG anomalies over the IP
and Scandinavia, 4 parameters (median, standard
deviation, skewness and kurtosis) are compared. We
compare the DPWG anomaly distributions and not
the actual DPWG distributions as we expect a bias
between the observed and modelled gusts and we are
interested in the change produced by the extreme SPV
events, not the magnitude of the gusts themselves.
Additionally, to check that the SPS correctly simu-
late the extreme SPV events and their effects in the
troposphere, 3 parameters are compared with those
for ERA5: (a) the fraction of winters with at least one
SSW or SSPV; (b) the proportion of such events with
a tropospheric signal; and (c) the magnitude of that
signal in the NAO for each extreme SPV event and
the mean NAO for all SSWs and all SSPVs. We per-
form a resampling by making 1000 pseudoseries of 72
winters by taking years and members randomly from
the ensemble. We do this to compare fairly between
ERAS and the SPS, with each element having the same
winters as those available in ERA5. We use the Wilson
score interval (Wilson 1927) to determine the confid-
ence intervals and a binomial test to determine their
difference from a given value (e.g. Brown et al 2001).
These tests are performed at the 5% significance level
following Bett et al 2023. In addition, we calculate
5000 random 30 d periods of the NAO in DJF to test
the prevalence of negative values of this index in the
SPS.

We calculate the DPWG anomaly mean in the
30 d following each extreme SPV event and make two

E Utrabo-Carazo et al

groups on which we will average: (i) all events with
a tropospheric signal, and (ii) all the events regard-
less of whether they have a tropospheric signal or
not. We define those two groups because the cur-
rent state-of-the-art does not allow us to distinguish
between them a priori in the short-term prediction
(Baldwin et al 2021). Finally, we determine the dif-
ferences in DPWG anomalies between the results for
SSW and SSPV events and the statistical significance
of the differences by a Student’s ¢-test at a 1% signific-
ance level. The results have been repeated for 1-60 d
after each episode to check the signal persistence in
the troposphere.

3. Results

3.1. Validation of model data

A comparison of the DPWG anomaly histograms
shows that, except for small deviations, the histo-
grams from the models overlap with the observed
ones for the IP and Scandinavia (figure SI in the
Supporting Information). The median is negative in
all cases and both observations and ERA5 fall within
the distribution of the SPS from the resampling
(figures 1 and 2 for SEAS5 and figures S2 and S3 for
GloSea6). The median for the IP is more negative than
for Scandinavia. All distributions have positive skew-
ness, as expected since DPWG has a lower limit at
0m s~ !. The observation skewness is within the SPS
resampling distribution, while ERA5 skewness is in
the left tail. All distributions are leptokurtic, being the
kurtosis coefficient slightly higher for the SPS than for
the observations and ERAS5. Overall, there is a good
agreement in all parameters (except for the standard
deviation) between observed and modelled datasets
for both regions. The differences are small relative
to their absolute values, with the largest mismatches
found in the standard deviations. These results give us
confidence in the extrapolation of the results across
Europe for 1950-2022 (see section 4).

Figure 3 compares how ERA5 and SEASS5
(GloSea6 in figure S4) simulate the SSW occur-
rence and their effects on the troposphere, specific-
ally on the NAO. Figure 4 (figure S5 for GloSea6)
represents the same but for SSPVs. Table 1 shows
these results in percentages with their confidence
intervals. Both SPS overestimate and underestim-
ate the proportion of SSWs and SSPVs per winter,
respectively. However, they simulate almost perfectly
the proportion of events that have a signal in the
NAO, negative for SSWs and positive for SSPVs;
with GloSea6 performing particularly well in this
respect. Nevertheless, the magnitude of this sig-
nal is slightly overestimated, in absolute value, for
both SSW and SSPV, although the ERA5 values fall
within the distribution coming from both system’s
resampling.
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Figure 1. Comparative analysis of DPWG anomalies distributions over the IP from observations (red), ERA5 reanalysis (blue),
SEASS seasonal forecasting system (black) and model resampling (grey) for: (a) median, (b) standard deviation, (c) skewness and
(d) kurtosis. The distributions of the SEAS5 parameters are taken from the 1000 bootstrapped samples.

3.2. Impact of extreme SPV events on DPWG
anomalies from observations

For the IP, we find positive DPWG anomalies after
SSW and negative anomalies after SSPV, except for
the mouth of the Ebro in north-eastern IP for SSPV
where they are slightly positive (figure 5). These res-
ults are analogous for both 1-30 and 1-60d later
(figure S6), as well as when considering all events
or only those with tropospheric signal. The largest
differences between DPWG anomalies after an SSW
and after an SSPV occur in the IP western half when
considering only events with a tropospheric signal.
This west-east pattern disappears when considering
all events together. Such differences reach 2ms™!
in more than 10% of the stations. For Scandinavia
(figure 6), the pattern is reversed, consistent with the
expectation of a negative NAO phase following an
SSW, and a positive NAO phase following an SSPV.
Widespread negative DPWG anomalies appear after
SSW and positive anomalies after SSPV. The largest
differences occur in the western half of Scandinavia.
Such differences reduce when looking at 1-60 d after
(figure S7) and considering all events regardless of the
tropospheric signal. It is remarkable the appearance

of negative anomalies after an SSPV considering all
events in northern Norway between 1-60 d

Note that: (a) none of the differences in any
case and for any station is statistically significant
(p>0.01) for either the IP or Scandinavia given the
small number of events available in the observation
period; and (b) the absolute magnitudes of the DPWG
anomalies are higher for Scandinavia than for the IP,
probably due to the shorter period available (1996—
2016 vs. 1961-2019), so fewer SSWs and SSPV events
and thus the signal is less diluted by averaging over
fewer events.

3.3. Impact of extreme SPV events on DPWG
anomalies from ERAS5 reanalysis

The DPWG anomalies after extreme SPV events for
ERAS5 across Europe (figure 7) show the same North—
South pattern as for the observations. It is pos-
sible now to identify a transition region in cent-
ral Europe where the anomalies are zero, this zone
was not sampled by the observations. This transition
region is slightly further north for the SSPVs than
for the SSWs. In southern Europe, the anomalies are
roughly uniform in magnitude, while for northern
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Figure 2. As in figure 1

Europe, the most negative (positive) anomalies for
SSW (SSPV) occur across the North Sea upper half,
especially over north of the British Isles and over the
westernmost coasts of Norway near Bergen.

The differences between SSW minus SSPV are
statistically significant at all locations when consider-
ing only the events with tropospheric signal, and only
in northern and southern Europe when considering
all the events. This is repeated for both 1-30 d and 1-
60d (figure S8). Generally, the anomalies decrease in
magnitude when comparing between 1-30 and 1-60
and between events with tropospheric signal and all
the events.

3.4. Impact of extreme SPV events on DPWG
anomalies from SPSs

Figure 8 shows DPWG anomalies after extreme SVP
events as simulated by SEASS5 (figure S9 for GloSea6),
the simulated patterns are practically analogous to the
ones modelled by ERA5, considering the lower SPS
spatial resolution. In this case, we do not detect the
northward shift in the transition region for the SSPVs
that we saw in the results from ERAS5. The uniformity
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but for Scandinavia.

in the anomalies in southern Europe and the centers
of greatest anomalies on the southern coasts of the
British Isles and the coasts around Bergen (Norway)
are maintained. The statistical significance is also
repeated in the differences compared to ERAS5, all dif-
ferences are statistically significant when considering
only the events with tropospheric signal and only the
northern and southern regions are statistically signi-
ficant when considering all events, this is repeated for
1-60 d later for both SEAS5 (figure S10) and GloSea6
(figure S11). Again, the anomalies are larger in mag-
nitude between 1-30d than between 1-60 and for
only the events with tropospheric signal than for all
events.

If we compare GloSea6 and SEASS5 we see larger
negative anomalies in northern Europe for GloSea6
after an SSW and larger negative anomalies in south-
ern Europe for SEAS5 after an SSPV. The difference
maps are about the same in northern Europe and
slightly higher for southern Europe in SEASS5. Finally,
the results are analogous between SEAS5 and GloSea6
when considering DPWG anomalies between 1 and
60 d after extreme SPV events.
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Figure 3. The frequency of SSWs and their NAO responses for ERA5 and SEAS5. Panels show (a) the fraction of winters with at
least one SSW in DJF; (b) the fraction of those SSWs with negative NAO responses, based on the mean NAO anomaly in the 30 d
following the SSW; (c) the distribution of all post-SSW NAO anomalies; and (d) the mean of those post-SSW anomalies, over all
SSWs. All panels use the same colouring: solid vertical lines show the single values from the observations (black) and the model
(red), and grey histograms show the distributions of such values over the one thousand 72 year model resamples. In panel (c) the
red histogram shows the distribution over the 608 SSWs in the model, and the black ticks at the bottom of the plot show the
corresponding observed distribution. Note that the solid vertical lines in panels (c) and (d) show the same means, and the faint

dotted vertical lines indicate zero.

Finally, if we consider the opposite NAO indices
after the extreme SPV events, i.e. positive NAO after
SSW and negative one after SSPV, we see opposite
patterns in the DPWG anomalies of much smaller
magnitude for the observations, ERA5 and both SPS
(figures S12-S16).

4. Discussion

In this study, extreme SPV effects on observed and
simulated DPWG are evaluated. Furthermore, the
ability of reanalysis and currently available SPSs to
reproduce the observed patterns is assessed. As King
et al (2019) already showed for precipitation and air
temperature over Europe, the SPV affects not only
the average climate conditions but also its extremes.
In general, reliable in-situ near-surface wind speed
observations, especially DPWG measurements are
scarce, cover short periods or are of low quality
(Zhou et al 2022). Nevertheless, since reanalyses and

models in most cases do not accurately reproduce
these variables, station-based wind series become
crucial. Before using any model product for any
wind study, their ability to represent observed wind
statistics must be proven by accessing station-based
and quality-controlled wind measurements (Ramon
et al 2019).

We verified how both ERA5 reanalysis and the
SEAS5 and GloSea6 SPS reproduce the frequency dis-
tribution of observed DPWG anomalies over South
(i.e. across the IP) and North (i.e. across Scandinavia)
Europe. In both regions, DPWG are highly, and
oppositely, correlated in winter with the NAO which
is a large-scale pattern. Therefore, it is likely our extra-
polation to the rest of Europe is reliable, although it
must be tested with DPWG data from other regions.
The validity of the temporal extrapolation has not
been tested. Models may not capture observed trends,
but this is not particularly relevant since we are
interested in individual events of relatively short
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Table 1. Comparison of the proportion of winters with at least one SSW or SSPV and their corresponding proportions of NAO signals in
the ERA5 reanalysis and the SEAS5 and GloSea6 seasonal forecasting systems. The last row shows the probability of finding negative 30 d
means in the NAO in random 30 d periods during DJF, for the whole series in ERA5 and in a resample of 5000 winters for SEAS5 and
GloSea6. Statistically significant different from 50% at p < 0.05 are shown in boldface.

ERA5 SEAS5 GloSea6
Winters with SSW E?fgéifi interval igzjz_so% 2222—71% 2(3)22—66%
SSW with negative NAO Eroolifl)égr(l)crl interval Z;‘(;A;—SAL% 232—67% 2(6);)//;)—74%
Winters with SSPV E?ffgf; interval 0059 o0 20 s
SSPV with positive NAO E?fgéifi interval ?71‘(://2—85% Z;:ZJS% Zg:ﬁ:—w%
30 negative NAO period Eroolifl)égr(l)crl interval :ZZ/A(:—M% 2322—49% 222)2)417%

duration and evenly spaced in time. SEAS5 and
GloSea6 ability to reproduce near-surface wind speed
has been validated in other European regions, both
for wind droughts (Kay et al 2023) and wind extremes
(Owen eral 2021). However, they focused on the com-
parison of ERA5 with SPS, so a novelty of our study
relies on using station-based DPWG observations. A
possible inconsistency source between observations
and models is the DPWG definition, as the models are

limited due to parameterization, they could not cor-
rectly reproduce observations for certain situations
(Minola et al 2020).

Bett et al (2023) showed the SPS ability to sim-
ulate the SSW ratio and its effects in the tropo-
sphere compared to ERAS5. We also proved they can
realistically simulate the SSPV occurrence and their
impacts. The effect on the NAO in the 30d follow-
ing the extreme SPV event could be considered a first
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Figure 5. Analysis of observed DPWG anomalies at the 87 stations in the IP following SSW and SSPV events. Panels (a) and (b)
depict the 30 d mean DPWG anomalies after SSW and SSPV events, respectively, with tropospheric signals, with panel (c)
showing the difference (a)—(b) between these two scenarios. Panels (d) and (e) represent the 30 d mean DPWG anomalies after
SSW and SSPV events, respectively, regardless of tropospheric signals, with panel (f) illustrating the difference (d)-(e) between
these two scenarios. Different scales have been used in order to appreciate spatial patterns.

approximation to the real signal they may have in the
troposphere. In future work, we will follow this sig-
nal from the stratosphere to the troposphere, quanti-
fying the travel time, the persistence and the strength
of the tropospheric impact. According to Charlton-
Perez et al (2018), the tropospheric signal following
an SSW is of greater magnitude than the SSPV one.
However, we did not detect significant differences in
either the NAO signal or the DPWG anomalies. It
is noteworthy how the DPWG anomaly magnitudes
after extreme SPV events are similar when comparing

between observations, ERA5, and SPS; being slightly
higher in the observations probably due to the smaller
sample size.

The SPV can affect the eddy-driven jet location.
Generally, an SSW causes a southward shift of the
eddy-driven jet (Maycock et al 2020), while a strong
SPV shifts such jet northward (White et al 2020). This
agrees with the results found here. However, Afargan-
Gerstman and Domeisen (2020) detected one-third
of the SSW have no signal in the Atlantic jet which
would make the results found here partly diluted.
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Even some SSW produce a northward shift of the
jet depending on the prior tropospheric conditions
(Martinez-Andradas et al 2023). Therefore, anom-
alous SPV states are not associated with a unique
response in the troposphere, which makes analysis
difficult and dilutes the signal (Kolstad et al 2022).
Averaging over many extreme SPV events removes,
to some extent, the effect of the tropospheric pre-
conditions, leaving the net effect regardless of their
particularities. Since results here were obtained by
averaging over a considerable number of events
whose characteristics may vary, part of the signal
diversity is lost during the analysis. This becomes
more evident when including all extreme SPV events,

regardless of whether they have a tropospheric signal
or not, where we see how the signal explained above
is further diluted. Moreover, not only would the SPV
intensity influence the surface, but also its location
may play a crucial role (Shen et al 2023). Future work
should analyse each case individually according to
its particularities, for example, how the boreal spring
stratospheric final warming would affect DPWG (Hu
etal 2024).

Similar to near-surface wind speed (Utrabo-
Carazo et al 2022), extreme SPV events are also
not fully correlated with the NAO (Beerli and
Grams 2019). Nevertheless, the close relationship
between SPV and DPWG shown here could be
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Figure 7. DPWG anomalies from ERAS5 renalysis across Europe after SSW and SSPV events. Panels (a) and (b) depict the 30 d
mean DPWG anomalies after SSW and SSPV events, respectively, with tropospheric signals, with panel (c) showing the difference
(a)—(b) between these two scenarios. Panels (d) and (e) represent the 30 d mean DPWG anomalies after SSW and SSPV events,
respectively, regardless of tropospheric signals, with panel (f) illustrating the difference (d)—(e) between these independent
scenarios. For (c) and (f), stippling represents significant at p < 0.01. Different scales have been used in order to appreciate spatial
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behind the seasonal differences in near-surface wind
speed trends between IP and Scandinavia. In the IP,
the stilling phenomenon is of greater magnitude in
winter than for any other season (Utrabo-Carazo
et al 2022), while for Scandinavia is the opposite
(Minola et al 2016). Trends in SPV strength could
explain the northern vs. southern Europe differences
in winter near-surface wind speed trends. Biieler
et al (2020) demonstrated the effects of extreme SPV
events depend on the region. Here, DPWG anomalies
are greater in absolute value in the North Sea than

anywhere else in Europe. Another way to quantify
the effects of these extreme events is through the
changes in weather patterns they produce (Domeisen
et al 2020). The DPWG increase after an SSW over
the IP could be related to the decrease of anticyc-
lonic weather types and increase of westerlies (not
shown here), as they respectively correlate negatively
and positively with near-surface wind speed (Utrabo-
Carazo et al 2022).

Currently, there are uncertainties about why an
SSW has a tropospheric signal or not (Bett et al

10
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Figure 8. As in figure 7 but for the SEAS5 seasonal prediction system. Different scales have been used in order to appreciate spatial
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2023). White et al (2019) determined some pre-
cursors that give probabilistic information, but can-
not assure if an SSW will have a tropospheric sig-
nal or not. Precursors such as ENSO (Oehrlein et al
2019) or North Pacific SSTs (Hu et al 2021) could
influence, but the question is not settled and work
remains to be done (Karpechko et al 2017). In a cli-
mate change scenario, although future projections are
uncertain about changes in SSW frequency, mod-
els agree the tropospheric effects on the European
region will stay the same and the coupling period
between the stratosphere and troposphere will extend

(Ayarzagiiena et al 2020). There is also no consensus
on SPV changes in magnitude, Domeisen and Butler
(2020) discusses two conflicting phenomena affect-
ing the equator-pole air temperature gradient: (a)
the Arctic amplification tends to reduce it, and (b)
the equatorial upper-troposphere warming tends to
increase it. All this makes such studies even more rel-
evant as we expect this predictability source to act
for a large part of the year. As shown here, extreme
SPV events would be of great help for DPWG fore-
casts in Europe, which would be useful in many socio-
economic fields (e.g. Lled6 et al 2019).
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5. Conclusions

The findings of this research can be summarized as
follows:

1. The observed DPWG anomaly distributions
are realistically simulated by ERA5, SEAS5 and
GloSea6 across the IP and Scandinavia. Since in
both regions the DPWG are correlated to the
large-scale NAO pattern, we propose that it is
highly probable that we can extrapolate the res-
ults to the rest of Europe.

2. SEASS and GloSea6 partially reproduce the char-
acteristics of the extreme SPV events of ERA5,
mainly their tropospheric effects, with the largest
differences being in the number of events per
winter.

3. The SSW effects on DPWG anomalies are: (a) pos-
itive anomalies in southern Europe; (b) negative
in northern Europe; and (c) a transition zone of
no effect in central Europe. For SSPV events, the
impacts are the opposite. The differences between
the effects of both types of events are statistically
significant for both regions.

4. We find the same effects of extreme SPV events
on the spatial patterns and magnitude of DPWG
anomalies between observations, ERA5, SEAS5
and GloSea6.

5. The spatial patterns of DPWG anomalies are
maintained when comparing between 1-30 and
1-60d after the events and between considering
only those with tropospheric effects and consid-
ering all events. Decreasing in magnitude for 1-
60 d and when considering all events regardless of
whether they have tropospheric effects or not.
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