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Abstract sudden stratospheric warmings (SSWs) have been linked with anomalously cold temperatures
at the surface in the middle to high latitudes of the Northern Hemisphere as climatological westerly winds in
the stratosphere tend to weaken and turn easterly. However, previous studies have largely relied on
reanalyses and model simulations to infer the role of SSWs on surface climate and SSW relationships with
extremes have not been fully analyzed. Here, we use observed daily gridded temperature and precipitation
data over Europe to comprehensively examine the response of climate extremes to the occurrence of
SSWs. We show that for much of Scandinavia, winters with SSWs are on average at least 1 °C cooler, but the
coldest day and night of winter is on average at least 2 °C colder than in non-SSW winters. Anomalously
high pressure over Scandinavia reduces precipitation on the northern Atlantic coast but increases overall
rainfall and the number of wet days in southern Europe. In the 60 days after SSWs, cold extremes are more
intense over Scandinavia with anomalously high pressure and drier conditions prevailing. Over southern
Europe there is a tendency toward lower pressure, increased precipitation and more wet days. The surface
response in cold temperature extremes over northwest Europe to the 2018 SSW was stronger than
observed for any SSW during 1979-2016. Our analysis shows that SSWs have an effect not only on mean
climate but also extremes over much of Europe. Only with carefully designed analyses are the relationships
between SSWs and climate means and extremes detectable above synoptic-scale variability.

Plain Language Summary Sudden stratospheric warmings (SSWs) are rapid warming events
that occur tens of kilometers above the Earth's surface in the Northern Hemisphere. They are often
associated with cold winter weather at the surface in the Northern Hemisphere, but previously, the
connection between SSWs and cold extremes has been made using reanalyses and models rather than
observational data. We performed the first comprehensive analysis of the link between SSWs and climate
extremes in Europe. We found that winters with SSWs are substantially colder than average in areas like
Scandinavia. Below-average temperatures tend to precede SSW events, but the intensity of cold extremes,
such as the coldest night of the month, tends to be strongest after the SSW event. Precipitation tends to
decrease in northern Europe in winters with SSWs, but in southern Europe the aftermath of an SSW is often
associated with more precipitation and an above-average number of wet days. The 2018 SSW, for which the
subsequent surface cold event was referred to as “The Beast from the East,” exhibited stronger cold
anomalies in extreme indices over northwest Europe than any SSW in the 1979-2016 period. Through this
analysis we found a link between SSWs and European wintertime climate extremes.

1. Introduction

Sudden stratospheric warmings (SSWs) are extreme synoptic events in the winter stratosphere. They occur
almost exclusively in the Northern Hemisphere, on average about once every 2 years. During these events
the climatological pattern of strong westerly zonal winds in the middle atmosphere (10-50 km above the sur-
face) of the Northern Hemisphere high latitudes becomes disrupted as the stratospheric temperature rises
rapidly and the upper-level winds become easterly. The causes of SSW events are still not fully understood,
but two likely possibilities include Rossby wave propagation from the troposphere into the stratosphere
which disrupts the strong zonal circulation aloft (Matsuno, 1971; Polvani & Waugh, 2004), and internal
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resonance of the stratospheric polar vortex (Albers & Birner, 2014; Matthewman & Esler, 2011). SSWs are
also often preceded by tropospheric blocking at high latitudes, which is also thought to have an effect at
higher altitudes (Martius et al., 2009; White et al., 2019), and probabilistic increases in SSW occurrence have
been tied to teleconnections with the El Nifio-Southern Oscillation (ENSO; Butler & Polvani, 2011; Ineson &
Scaife, 2009; Polvani et al., 2017; Domeisen et al., 2019) and the Madden-Julian Oscillation (Garfinkel et al.,
2012).

These SSW events are important, in part, because they have been associated with anomalous, high-impact,
surface weather patterns in the Northern Hemisphere midlatitudes (Baldwin & Dunkerton, 2001). The
anomalous upper-level easterly winds can propagate down to the surface causing enhanced atmospheric
blocking (Woollings et al., 2010). In some cases these SSW events and associated blocking have been linked
with extreme cold temperatures and heavy snowfall in parts of Europe, such as the February 2018 cold spell
dubbed “The Beast from the East” in the United Kingdom (e.g., BBC News, 2018). Additionally, drought-
breaking precipitation in the Iberian Peninsula was also linked with the February 2018 SSW event
(Ayarzagiiena, Barriopedro, et al., 2018).

Despite the strong influence SSW events have been shown to have on European weather, only one previous
study, to the authors' knowledge, examines SSW relationships with station data including a single extreme
temperature index (Thompson et al., 2002). Previous work has largely relied on weather and climate models
(e.g., Charlton-Perez et al., 2013; Tomassini et al., 2012) and reanalyses (Butler et al., 2017; Kolstad et al.,
2010; Lehtonen & Karpechko, 2016; Palmeiro et al., 2017) to investigate the tropospheric/surface responses
to SSW events.

Few previous analyses have focused on the relationships between SSWs and extremes, although several stu-
dies have used reanalyses to examine stratospheric polar vortex links to cold extremes (Kretschmer et al.,
2018; Kretschmer et al., 2018). There are no previous studies that investigate the association between SSW
events and climate extremes using indices such as those defined by the World Meteorological
Organization. This is despite the fact that there have been many analyses examining relationships between
other modes of climate variability, such as ENSO (Grotjahn et al., 2016; King et al., 2014), or specific meteor-
ological phenomena, such as atmospheric blocking (Brunner et al., 2017; Whan et al., 2016), and climate
extreme indices across many regions of the world. European winter and springtime temperature extremes
have been investigated for their relationships with the North Atlantic Oscillation (NAO) and atmospheric
blocking (Brunner et al., 2017; Diao et al., 2015) with more frequent and intense cold winter extremes
associated with negative NAO and surface blocking (Cattiaux et al., 2010; J. j.-M. Hirschi & Sinha, 2007).

To better understand the role of SSWs in European climate extremes, a comprehensive observation-based
study is needed to examine these relationships. There are many benefits to better constraining the observed
relationships between SSWs and climate extremes, including improving our understanding of the surface
response to SSW events with a view to potentially predicting the occurrence and severity of cold extremes
at longer lead times. In this study we use gridded observed climate data over Europe and a database
of SSW cases to investigate the relationship between SSWs and European temperature and
precipitation extremes.

2. Data and Methods

Previous analyses have identified observed SSW events using reanalyses (Butler et al., 2017; Charlton &
Polvani, 2007). These studies find generally good agreement between widely used reanalyses, except in
surface-input reanalyses, such as the NOAA Twentieth Century Analysis (Compo et al., 2011), in the occur-
rence and timing of SSWs, especially in the satellite era (Gerber & Martineau, 2018). We focus on the 24
SSWs that occurred in the 1979-2016 period (Table 1) using the ERA-Interim reanalysis (Dee et al., 2011)
as identified by Butler et al., (2017). Sensitivity testing of our analysis to the extended record of SSWs back
to 1958 using the ERA-40 reanalysis (Uppala et al., 2005) produces broadly similar results (not shown).

For the analysis of European surface climate we used the European gridded data set of observed tempera-
ture, precipitation, and mean sea level pressure (MSLP) referred to as E-OBS (Haylock et al., 2008; van
den Besselaar et al., 2011). This data set covers the period 1950-2017 (E-OBS Version 17.0) and includes daily
gridded maximum temperature, minimum temperature, precipitation (including all precipitation types with
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Table 1
Dates of SSW Events Used in This Analysis Based on the Compendium
Compiled by Butler Et Al. (2017) From ERA-Interim Data (Dee Et Al., 2011)

Event number Date of SSW event SSW classification
1 22 February 1979 S
2 29 February 1980 D
3 4 March 1981 D
4 4 December 1981 D
5 24 February 1984 D
6 1 January 1985 S
7 23 January 1987 D
8 8 December 1987 S
9 14 March 1988 S
10 21 February 1989 S
11 15 December 1998 D
12 26 February 1999 S
13 20 March 2000 D
14 11 February 2001 S
15 30 December 2001 D
16 18 January 2003 S
17 5 January 2004 D
18 21 January 2006 D
19 24 February 2007 D
20 22 February 2008 D
21 24 January 2009 S
22 9 February 2010 S
23 24 March 2010 D
24 6 January 2013 S

— 12 February 2018

Note. Events marked in italics were winters when an SSW event occurred
in March only, and these were discounted in a sensitivity test. The SSW
classification as “split” (S) or “displacement” (D) follows that used by
Lehtonen and Karpechko (2016) with the 2013 event classified using
the results of Coy and Pawson (2015). The SSW of February 2018 was
not used in generating the climatology but was analyzed separately
(Figures 9 and 10). The 2018 SSW central date is from Karpechko et al.
(2018).

no separation), and MSLP. The data set was compiled through the inter-
polation of data from in situ stations across Europe onto a regular 0.5° grid
for land-only locations, but there are locations and times for which there
are missing data (shown in white areas in figures throughout this study).
This data set has been evaluated extensively (e.g., Haylock et al., 2008; van
den Besselaar et al., 2011) and used in previous analyses of European
climate for observational analyses (M. Hirschi et al., 2011; Manning
et al., 2019) and model evaluation (e.g., Fischer et al., 2012). The newer
E-OBS Version 19.0 (Cornes et al., 2018) was used to contextualize the
February 2018 SSW against the climatology of SSWs between 1979 and
2016. E-OBS Version 19.0 was not used for the entire analysis as it is very
different in design from previous versions, being an ensemble product at
higher resolution, and has not been evaluated or analyzed for trends
(van der Schrier et al., 2013) to the extent that previous versions have
been. However, a comparison of results between these data sets shows
little difference (not shown). The use of a gridded data set allows for a spa-
tially complete or near-complete analysis, but the interpolation introduces
some uncertainties which are larger where there are fewer station data
available, such as in areas of eastern Europe.

We extracted a set of mean and extreme climate indices (Table 2) from E-
OBS (v17.0) for the 1979-2016 period. A selection of temperature and
precipitation indices that are versatile in their calculation and comparison
over different periods was chosen (as explained below). As such, the
extreme indices largely represent the intensity of temperature and
precipitation extremes. The extreme indices used here are similar to those
proposed by the World Meteorological Organization Expert Team on
Climate Change Detection and Indices (Zhang et al., 2011). The modifica-
tion to the indices used here is the calculation of the indices over moving
30-day windows rather than calendar months to account for differences in
timing between SSWs.

First, a climatology of all mean and extreme climate indices was compiled
for the 1979-2016 period. Climatologies were calculated at every grid

point for which data were available throughout this period and for four larger regional averages: the
British Isles [11°W to 2°E, 50-60°N], Southern Scandinavia [3-18°E, 57-64°N], Iberia [10°W to 1°E,
36-44°N], and eastern Europe [18-26°E, 40-50°N]. The climatologies were calculated for all indices for
the cold season (defined as November—April, although the robustness of the analysis to the use of shorter
timeframes was tested). The climatologies for mean indices were also calculated for each calendar date.

To examine the statistical significance of the differences in these indices between seasons with and without
SSWs, the Wilcoxon rank-sum test was used to compare median averages. A more commonly used Student's
t test could have been applied to compare the mean averages of the temperature indices and MSLP but would
not have been suitable for examining differences in mean and extreme precipitation indices, which are

Table 2

Mean and Extreme Indices Calculated From E-OBS Data and Used in This Analysis

Index

Definition

TN

TX
TNn
TXn
RR
Rx1day
WD

Average minimum temperature

Average maximum temperature

Lowest daily minimum temperature per winter/per 30-day period
Lowest daily maximum temperature per winter/per 30-day period
Average precipitation total

Highest daily precipitation per winter/per 30-day period

Number of wet days (precipitation > 1mm)
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strongly non-Gaussian. Initially, all the mean and extreme indices were compared between winters with and
without SSWs, similar to comparisons made previously (e.g., Polvani et al., 2017). This technique allows for
general comparisons to be made but does not account for the different timings of SSWs between seasons. In
particular, SSWs have short predictability timescales (Tripathi et al., 2015) and other influences such as
ENSO, which may affect SSW occurrence (Butler & Polvani, 2011) but also has a tropospheric teleconnection
to Europe (Jiménez-Esteve & Domeisen, 2018) may be aliased into these comparisons. Thus, while the com-
parison of winters with and without SSWs is useful in framing the remainder of the analysis, this comparison
may not clearly isolate the influence of SSWs on European climate.

To identify climatic changes around SSW events, a range of shorter timescales were investigated. For each
SSW, anomalies in 30-day moving windows of maximum and minimum temperature, precipitation, and
MSLP were calculated relative to climatologies computed for the same calendar day 30-day windows
throughout the 1979-2016 period. These anomalies were then averaged across the 24 SSW events in the
1979-2016 period for each time window relative to the central date of the SSW. This method allows for
the comparison of temperature, precipitation, and MSLP anomalies between SSWs despite the occurrence
of SSWs at different times within the cold season. The same method was applied to look at anomalous values
of temperatures, precipitation, and MSLP in 5- and 11-day periods before and after SSWs. Consistency in the
sign of anomalies relative to the SSW central date across the 24 cases of SSW events was also assessed
through simply identifying the level of agreement in the sign of temperature, precipitation, and MSLP
anomalies in each windowed period at each grid box.

The relationship between SSWs and extreme indices was investigated using a similar approach. For each
SSW event, the extreme index (e.g., the coldest daily minimum temperature, TNn) was calculated
from the relevant variable from the E-OBS data set for 30-day windows anchored to the central SSW event
date. For example, for the first SSW in the ERA-Interim series with a central date of 22 February 1979
(Table 1), each extreme index was calculated for the 30-day period prior to that date, in this case
23 January to 21 February 1979. The anomalous value of each index was then calculated by subtracting
the extreme index for that 30-day window with the mean average for all other 30-day windows for the same
time of year (i.e., in our example this would be all other 23 January to 21 February windows in the 1980-2016
period). The average of these anomalous values across the SSW events was then calculated. As for the mean
indices, agreement was assessed by computing the proportion of SSW events where the anomaly is of the
same sign. The signal-to-noise in the SSW anomalies was also calculated as a measure of the significance
of anomalies before and after SSWs and is described in supporting information Text S1.

Windows of 30 days were used as this allows for the calculation of extreme indices, whereas 5- and 11-day
windows are too short to produce meaningful and useful values of indices like TNn and TXn. The 30-day
periods before (—30 days to —1 day), after (event date to +29 days), and the second month after (+30 days
to +59 days) the SSW date were investigated, similar to Lehtonen & Karpechko, (2016) which examined
surface responses to SSW events in ERA-Interim.

To better understand the relationships between SSWs and climate means and extremes, we examined
probability density functions of daily anomalies of maximum and minimum temperature in four regions
as defined previously (British Isles, Southern Scandinavia, Iberia, and eastern Europe) both in winters with
and without SSWs, and in 30-day periods before and after SSWs. The median average and 10th and 90th
percentiles of anomalies in the pairs of distributions were compared.

Data for the daily NAO and Arctic Oscillation (AO) indices were downloaded from the National
Oceanographic and Atmospheric Administration website (https://www.cpc.ncep.noaa.gov/products/pre-
cip/CWlink/daily_ao_index/teleconnections.shtml) and information on the methods for calculating these
indices may be found on the website. Standardized daily NAO and AO anomalies were analyzed for relation-
ships with SSW events. The NAO and AO are strongly related to European climate variability (Baldwin &
Dunkerton, 2001; Scaife et al., 2008; Trigo et al., 2002). The NAO and AO have also been linked with SSW
events, whereby major SSWs are associated with negative NAO/AO conditions (i.e., weakening and equator-
ward displacement of westerly flow over the North Atlantic) in reanalyses and models (e.g., Haase et al.,
2018). We examined the NAO and AO through plotting the daily evolution of anomalies across SSW events
relative to the date of the SSW and by comparing statistical distributions of anomalies in 30-day windows
before and after the SSW event date.
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Significance testing on the skewness of the distributions of daily temperature and daily NAO values was
undertaken for winters with and without SSWs and 30-day periods before and after SSW events. The signif-

icance of the skewness was estimated using the standard error, which is approximated asoy = | /&, where N;
:

is the effective number of degrees of freedom (Tamarin-Brodsky et al., 2019). The sample size is reduced by a
factor of 7 in all cases as an estimate of the effective number of degrees of freedom based on a typical atmo-
spheric decorrelation timescale (Tamarin-Brodsky et al., 2019). Skewness is estimated to be statistically sig-
nificant if the absolute value of skewness is greater than 2o, (Holzer, 1996). The overall distributions were
compared for similarity using a Kolmogorov-Smirnov test and deemed significantly different if there was less
than 5% likelihood of the two samples being taken from the same overall population. The differences in 10th,
50th, and 90th percentiles between temperature distributions were tested for significance by bootstrap
resampling 50% of seasons (in the case of SSW versus non-SSW winters) or SSW seasons (in the case of
periods before SSWs versus periods after SSWs) 1,000 times and recalculating the respective percentiles. If
in more than 97.5% of the bootstrapped subsamples the difference between the percentile of interest was
the same sign, then the difference at that percentile was considered statistically significant at the 5% level.

SSWs can be classified in different categories depending on their evolution and structure. Two broad classes,
referred to as “split” and “displacement,” have been identified, and SSW events have been catalogued
(Charlton & Polvani, 2007; Kuttippurath & Nikulin, 2012). Previous research has suggested that different
SSW types may have different impacts on surface climate over Europe (Mitchell et al., 2013), although the
differences may be largely nonsignificant (Lehtonen & Karpechko, 2016). We used the event classifications
based on Lehtonen and Karpechko (2016), which covered the period until 2010 and followed earlier studies
(Charlton & Polvani, 2007; Cohen & Jones, 2011; Kuttippurath & Nikulin, 2012) with the 2013 SSW classi-
fied following Coy & Pawson, (2015). Note that these classifications may be sensitive to methodology.
Anomalies in mean and extreme indices were compared between winters with split SSWs and winters with
displaced SSWs.

No detrending was applied in this analysis as previous work (van der Schrier et al., 2013) has identified a
winter warming trend that is dominated by noise, even on a continent-wide average scale. As the variability
is much larger than the trends, especially on the grid box scale, we assume that the influence of anthropo-
genic warming plays little role in our results.

3. Results
3.1. SSW Winters Versus non-SSW Winters

First, a comparison of mean and extreme climate indices was made between cool seasons (November-April)
with and without SSW events. Average minimum temperatures (TN) are cooler across the majority of the
European continent in winters with SSW events compared to winters without SSWs (Figure 1a). The largest
differences are in land areas around the Baltic Sea with much of Finland, the Baltic states, and northwestern
Russia more than 1 °C colder on average in cool seasons with SSW events than those without. The differ-
ences are significant over most of Scandinavia and areas of eastern Europe and also in the Alpine region
and parts of Britain where the average difference in minimum temperatures is comparatively small at
around 0.5 °C.

In cool seasons with SSW events, the coldest minimum temperature (TNn) is substantially lower over most
of northern Europe, especially in Norway and Sweden where on average the coldest minimum is more than
2.5 °C colder in winters with SSWs than those without (Figure 1b). In general, the pattern of differences in
TNn between winters with and without SSWs is similar to the pattern of TN differences, but with greater
spatial heterogeneity due to the noisiness of extreme temperatures relative to average temperatures.

The differences in average maximum temperatures (TX; Figure 1c) and the coldest maximum temperature
(TXn; Figure 1d) between winters with and without SSWs are broadly similar to those found for TN and
TNn. The same region of Norway and Sweden that experiences substantially colder TNn values in winters
with SSWs, also experiences much colder TXn values in winters with SSWs versus winters without SSWs.

The use of shorter cool seasons (December-March instead of November—-April) and the reassignment of cool
seasons with SSWs only in March as non-SSW winters makes little difference to the results (not shown). The

KING ET AL.

13,947



Journal of Geophysical Research: Atmospheres 10.1029/2019ID030480

a) TN (Average minimum temperature) b) TNn (Coldest minimum temperature)

ON _ 70N
B B
ON - 60N
ON - 50N
ON - 40N
10w 0 10E 20E 30E 10w 0 10E 20E 30E
c) TX (Average maximum temperature) d) TXn (Coldest maximum temperature)
ON | | 1 | 70N =
P B
ON - 60N
ON - 50N
ON -+ 40N

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 25
Temperature difference (°C)

Figure 1. Average difference in cold season (November-April) (a) average minimum temperature, (b) coldest minimum
temperature, (c) average maximum temperature, and (d) coldest maximum temperature between seasons with SSWs and
seasons without SSWs. Stippling indicates median averages are significantly different at the 5% level as measured by a
Wilcoxon rank-sum test. The boxes in (a) show the four regions used for regional-average analysis. Land regions in white
are missing data.

patterns of temperature differences between winters with and without SSW events appear to be robust to
such choices.

Cool seasons with SSW events tend to be substantially and significantly drier over Ireland, Scotland, and
western coasts of Norway than seasons without an SSW event (Figure 2a). Over most of southern Europe,
cool seasons with SSWs tend to be slightly wetter than those without but the differences are largely nonsigni-
ficant. For the wettest day of the cool season (Rx1day; Figure 2b) there is little pattern and a high degree of
spatial heterogeneity to the differences between seasons with and without SSWs. However, over western
Scotland and the Norwegian coast there are significant decreases in Rx1day in cool seasons with SSWs com-
pared to cool seasons without. The difference in the number of wet days between seasons with and without
SSWs (Figure 2c) largely follows the pattern of differences for average precipitation. There are more wet days
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a) RR (Average precipitation) b) Rx1day (Wettest day)

1 1
. : - ”w"\ 70N :
b )
. 60N
— 50N
4 40N
T T T T T
1ow 0 10E 20E 30E 10W 0 10E 20E 30E
4R T T T T 4TI T
-0.75 -045 -0.15 0.15 045 0.75 5 -4-3-2-1012 3 45
Precipitation difference (mm/day) Precipitation difference (mm)
c) WD (Number of wet days) d) MSLP (Average)
| | | L _ _ 70N 1 1 —
3 b
. - 60N - -
. - 50N ~ =
. - 40N - -
T T T T T
10W 0 10E 20E 30E 10W 0 10E 20E 30E
QT I T T T T T 1T o[ I I I >
-10-8 6 -4 -2 0 2 4 6 8 10 25 -15 -05 05 15 25
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Figure 2. Average difference in cold season (November-April) (a) average precipitation, (b) maximum daily precipitation,
(c) number of wet days (>1 mm of precipitation), and (d) mean sea level pressure between seasons with SSWs and
seasons without SSWs. Stippling indicates median averages are significantly different at the 5% level as measured by a
Wilcoxon rank-sum test.

over southern Europe and fewer wet days on Atlantic coasts of northern Europe in winters with SSWs com-
pared to winters without.

On average the MSLP in winters with SSWs is higher over Scandinavia and lower over southern Europe
compared to winters without SSWs (Figure 2d). These differences are significant over northern
Scandinavia and southeastern Europe and broadly reflect the difference in precipitation between winters
with and without SSWs (Figure 2a).
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3.2. Evolution of Climate Anomalies Before and After SSWs

The substantial and significant anomalies in climatic conditions over much of Europe in cool seasons with
SSWs motivated further analysis. The temporal evolution of climate anomalies relative to the SSW central
dates was subsequently investigated. Average minimum and maximum temperatures in the month before
an SSW event are anomalously cool over much of Europe, especially in the east (Figure 3). After the SSW
occurs the average anomalies weaken over most of the continent. However, in very few locations, even prior
to the SSW when the anomalies are strongest, is consistency found in the sign of the temperature anomaly
indicating high variability in the evolution of temperature anomalies between events. This pattern of cooler
anomalies ahead of the SSW event has been found previously using ERA-Interim (Lehtonen & Karpechko,
2016) and the similarity extends to the location and magnitude of the coolest temperature anomalies in
Europe to the east of the Baltic states.

Both before and after SSW events there is a tendency for drier conditions to prevail on average over Atlantic
coasts of northern Europe (Figure 4) with a slight weakening of the dry anomaly after the SSW compared to
before the event. There are on average wetter conditions over southern Europe, especially the Iberian
Peninsula, but there is high variability in anomalies between events. Displaying these anomalies in terms
of a percentage of average precipitation at each location (Figure S1) highlights the substantial wet anomalies
in Spain especially, although the dry anomalies after SSW events in relatively wet regions such as Norway,
Scotland, and Ireland remain clear.

The precipitation anomaly composites align with the observed MSLP anomalies before and after SSW5s
(Figure 4). In the period before an SSW, higher pressure over northern Europe is more likely, albeit with
low agreement between SSWs aside from over northern Britain. In the month after an SSW when wetter-
than-average conditions are more likely over southern Europe, there is also a tendency for lower MSLP with
relatively high agreement between individual SSW events. This pattern weakens in the second month after
an SSW. Persistent high pressure anomalies at middle to high latitudes (i.e., blocking patterns) have been
found to precede SSWs previously, and it has been mooted that they contribute to their formation
(Martius et al., 2009).

In addition to examining observed surface climate anomalies in 30-day windows before and after SSWs,
shorter 11-day (Figures S2 and S3) and 5-day windows (Figure S4) were also used. These demonstrate a
similar pattern of anomalies found as in the 30-day windows but with a low degree of consistency in the sign
of anomalies between SSW phases indicative of large synoptic-scale variability between events.

Climate extreme indices in many regions exhibit a stronger and clearer relationship with SSW events than
was found in mean climate variables. The coldest daily minimum temperature (TNn) and coldest daily
maximum temperature (TXn) in 30-day windows before and after SSWs is on average anomalously cool
especially over northern and eastern areas of Europe (Figure 5). Unlike for mean temperatures where there
are larger cool anomalies before the SSW event, for TNn and TXn the greatest cold anomalies, and
consistency in these anomalies across events, are after the SSW occurs. In areas of Scandinavia and the
Baltic states, where on average minimum temperatures may be 1-2 °C cooler in the first and second months
after an SSW, the coldest minimum is on average 3-5 °C colder than normal. The average TNn and TXn
anomalies across the 24 SSWs generally follow similar spatial and temporal patterns in Europe through
the SSW events.

Comparatively, the extreme precipitation indices studied here show less of a clear SSW relationship
(Figure 6). On average there are more wet days and higher values of Rx1day (the wettest day of the period)
in France and Iberia immediately after the SSW event occurs. There are concurrent dry anomalies in these
indices on the Atlantic coast of northern Europe, but in general the signal is not consistent.

3.3. Daily Temperature Distributions Before and After SSWs

Our results point to relationships between SSWs and both mean and extreme temperatures. However, the
clearest indication of a relationship is found when considering temperature anomalies through entire cool
seasons with and without SSWs (Figure 1; noting that this could be related to other climate influences)
and when examining extended windows of 30 days before and after SSW events (Figures 3 and 5). To explore
the SSW relationship with mean and extreme temperatures further, we aggregated the daily anomalies (from
a calendar date-dependent climatology) across the entire cool seasons for the four regional averages
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Figure 3. Monthly average daily minimum (top row) and maximum temperature anomalies (bottom row) before and after central dates of SSW events. Stippling
indicates at least 75% of grid box anomalies across individual SSW events are of the same sign. Anomalies are calculated from a daily climatological average
for 1979-2016 to remove the influence of the seasonal cycle.

discussed previously: the British Isles, Southern Scandinavia, Iberia, and eastern Europe. We first compared
the distributions of daily minimum and maximum temperature anomalies between cool seasons with and
without SSWs (Figures S6 and S7), and we found substantial differences in not only the median-average
values but also in the shapes of the distributions including in the skewness.

An intriguing result noted above was that the coolest anomalies in average temperatures are typically before
the SSW event occurs (Figure 3), whereas the coldest extremes are more intense after the SSW event has
occurred (Figure 5). To better understand this divergence in mean and extreme temperature relationships
with SSW events, we compared distributions of daily TN and TX anomalies in the 30-day windows before
and after SSW events occur in the same four regions (Figures 7 and S10). In Southern Scandinavia, Iberia,
and eastern Europe average minimum temperature anomalies are higher in the aftermath of the SSW, but
the differences in the medians are not statistically significant. In both Southern Scandinavia and eastern
Europe, however, the differences in 10th percentile minimum temperature anomalies are on average much
smaller and these differences are not statistically significant due to large uncertainty in the distribution. In
Southern Scandinavia and eastern Europe, the distributions are more negatively skewed in the 30-day
window after the SSW than the 30-day window before, such that the difference in cold extremes is smaller
than the average. In eastern Europe, the negative skewness is statistically significant after the SSW, but
not before. The maximum temperature distributions appear to shift in the mean more than change in higher
order characteristics such as variability and skewness (Figure S8).
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Figure 4. Monthly average precipitation (top row) and mean sea level pressure anomalies (bottom row) before and after central dates of SSW events. Stippling
indicates at least 75% of grid box anomalies across individual SSW events are of the same sign. Anomalies are calculated from a daily climatological average for
1979-2016 to remove the influence of the seasonal cycle.

We examined the temporal evolution of observed daily standardized NAO and AO values before and after
SSW events in addition to the distributions of NAO and AO in 30-day windows before and after SSW events
(Figure 8). In the second month after the SSW central date there is a slight tendency toward more negative
NAO conditions (Domeisen, 2019) and the distribution is significantly negatively skewed, reflective of the
MSLP anomalies found in the “decay” period (31-60 days postcentral SSW date) after SSWs previously
(Lehtonen & Karpechko, 2016), but the signal is weak. The AO also tends to be negative after SSW events
(Baldwin & Dunkerton, 2001), although with significant variability between events. There is a slight differ-
ence between the NAO and AO average anomalies before and after the SSW central date despite the strong
relationship between the NAO and AO (e.g., Cohen & Barlow, 2005).

3.4. The SSW of February 2018

The February 2018 SSW received a large amount of attention from the public as it was associated with
extreme cold and snow across northwest Europe. This event was examined by comparing the associated
2018 European climate anomalies with those from the climatology based on the 24 SSWs between 1979
and 2016. The 30-day period prior to the 2018 SSW was associated with both warmer average (not shown)
and extreme temperatures (Figure 9) than seen on average for periods prior to other SSWs (Figures 3 and
5). However, in the two months after the SSW the extreme temperature indices, TNn and TXn, show very
large cold anomalies (Figure 9), which are considerably stronger than those in the average minimum and
maximum temperatures (not shown). For southern Britain especially (Met Office, 2018), the coldest
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Figure 5. Average anomalous intensity of the coldest minimum (top row) and coldest maximum temperatures (bottom row) before and after central dates
of SSW events. Stippling indicates at least 75% of grid box anomalies across individual SSW events are of the same sign. Anomalies are calculated from a daily
climatological average for 1979-2016 to remove the influence of the seasonal cycle.

daytime maximum temperatures in the first and second months after the February 2018 SSW were
anomalously colder than those observed in the aftermath of all 24 SSWs in the 1979-2016 period.

The precipitation anomalies before and after the SSW of 2018 (Figure 10) broadly reflect the average anoma-
lies associated with SSWs in the climatology (Figure 4). There were record anomalous wet conditions relative
to other SSWs, associated with lower than normal MSLP after the SSW of 2018 across parts of the
Mediterranean (Figure 10; B. Ayarzagiiena, Barriopedro, et al., 2018). Interestingly, and unusually, the
much colder temperatures in parts of England occurred in 30-day windows with higher precipitation than
normal as cold fronts brought late winter heavy snow (Met Office, 2018). The anomalous easterly flow over
northern Europe after the SSW of 2018 is evident in the MSLP anomaly maps (Figure 10), which are also
broadly similar to the anomalies often associated with SSWs (Figure 4).

4. Discussion

Our study finds that there is a link between SSW events and European surface climate using observational
data. To the authors' knowledge, this is the first study to use gridded observed data, as opposed to reanalyses
or model simulations, in the assessment of the surface climate response across Europe to SSWs, and also the
first study to examine the relationship between SSWs and climate extreme indices. These indices (Table 2)
are similar to those used by the World Meteorological Organization to represent climate extremes, and they
are relevant to the impacts of extreme weather.
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Figure 6. Anomalous intensity of the 1-day maximum precipitation (top row) and the number of wet days (bottom row) before and after central dates
of SSW events. Stippling indicates at least 75% of grid box anomalies across individual SSW events are of the same sign. Anomalies are calculated from a daily
climatological average for 1979-2016 to remove the influence of the seasonal cycle.

Our analysis reveals that colder average temperatures tend to occur prior to SSWs, while the coldest
extremes occur more often after SSWs. The difference in SSW relationships with mean and extreme tempera-
tures is related to changes in the statistical distributions of daily temperatures before and after SSWs. This
result highlights the need for extensive model analysis of surface climate extremes after SSWs to understand
the processes driving this difference and to determine the predictability of extreme temperatures following
SSW events. It is also intriguing that the mean and extreme precipitation indices and the pressure anomalies
before and after SSWs do not follow a comparable evolution to the changes seen in the extreme temperature
indices. This is consistent with the hypothesis that average changes in weather patterns before and after
SSWs are weak, but that at some point in the first and second months after an SSW there is an increased
likelihood of a cold snap.

Using gridded observational data sets to examine teleconnections between climate models and phenomena
and surface climate offers many opportunities, including the possibility of evaluating performance of reana-
lyses and models. Some of the relationships we have found between SSWs and mean temperatures and
MSLP closely replicate those produced using ERA-Interim over the European continent (Lehtonen &
Karpechko, 2016). This is despite methodological differences between these studies, particularly in the time
period of analysis. Our findings give confidence that the ERA-Interim reanalysis is performing reasonably in
this regard and suggests that it may be used for investigating mean surface climate responses to SSWs,
although the purpose of this study was not to evaluate reanalyses. In addition to evaluation of reanalyses,
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Figure 7. Probability density functions of daily area-average minimum temperatures in 30-day windows before SSW events (light blue) and 30-day windows
after SSW events (dark blue) for (a) the British Isles [11°W to 2°E, 50-60°N], (b) Southern Scandinavia [3-18°E, 57-64°N], (c) Iberia [10°W to 1°E, 36-44°N], and
(d) Eastern Europe [18-26°E, 40-50°N]. Only land-based grid boxes are calculated in E-OBS and used in calculating these area averages. The dashed lines

show the median-average daily minimum temperature anomalies before (light blue dashed) and after SSWs (dark blue dashed). The dotted lines show the 10th and
90th percentiles of daily minimum temperature anomalies before (light blue dotted) and after SSWs (dark blue dotted).

the observed relationships between SSWs and European surface climate means and extremes found here
may be used as the basis for evaluation of models used to examine surface effects of SSWs.

It has been suggested that there are precursors to SSW events that lend themselves to predictability of SSWs
on multiweek timescales (Jucker & Reichler, 2018; Karpechko et al., 2018; Scaife et al., 2016). Given the
observed relationships between SSWs and climate extremes, especially cold temperature extremes over
northern Europe in the 2 months after an SSW event, predictability of SSWs may also result in predictability
of temperature extremes on subseasonal to seasonal timescales.

One limitation of our analysis is the sample size of 24 SSW events in the 1979-2016 period. As discussed pre-
viously, a longer 1958-2016 window could have been used by merging SSWs found using the ERA-40 data
set with those in ERA-Interim to obtain 37 cases. Some analysis based on this extended data set produced
similar results to those for the 1979-2016 period alone (not shown). However, the earlier period of E-OBS
product (which extends back to 1950) has greater uncertainties as fewer in situ weather stations are available
for that time (van der Schrier et al., 2013). Also, use of a longer period of study would have necessitated the
application of a detrending to the temperature data and the choice of detrending itself would likely influence
the results. As additional SSWs occur the consistency of the climate response may be compared with the
findings of this work. Our analysis of the February 2018 SSW found some broad similarity in the temperature
and precipitation anomalies before and after the SSW as seen across the climatology of the previous 24 SSWs.
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Figure 8. (a, b) Daily average standardized NAO and AO anomalies, respectively, before and after SSW events. Black line shows median anomalies with

dark gray bars showing interquartile range and light gray bars showing 10th to 90th percentile anomalies. (c, d) Probability density functions of daily standardized
NAO and AO anomalies, respectively, in 30-day windows before SSW events (light blue) and 30-day windows immediately after SSW events (dark blue)

and the second month after SSW events (black). The dashed lines show the median-average daily NAO anomalies before (light blue dashed), immediately after
(dark blue dashed), and in the second month after SSWs (black dashed). The dotted lines show the 10th and 90th percentiles of daily NAO anomalies before
(light blue dotted), immediately after (dark blue dotted), and in the second month after SSWs (black dotted).

Previous work has suggested that split- and displacement-type SSW events, which exhibit some different
characteristics in many upper-level atmospheric features, could have different impacts on surface climate
(Lehtonen & Karpechko, 2016; Mitchell et al., 2013), though long model simulations show little significant
difference in the surface climate response (Jucker, 2016; Maycock & Hitchcock, 2015). Given the sample size
of observed SSWs in our analysis, a full analysis of these differences using observational data is not robust.
However, a cursory examination comparing the differences in observed temperature, precipitation, and
MSLP for split and displacement SSW events and non-SSW cool seasons was undertaken (Figures S8-
S11). In general terms, the pattern of average differences in the temperature indices for split and
displacement SSW cool seasons relative to non-SSW seasons is similar. For precipitation and MSLP, greater
differences exist such that split SSWs tend to be associated with lower MSLP and greater precipitation over
southwest Europe than displacement SSWs. This result is consistent with the work of Mitchell et al. (2013).

An important finding of our study is the dependence of results on the analysis of specific timescales.
Examination of entire cool seasons and 30-day windows before and after SSWs yields substantial
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Figure 9. Anomalous intensity of the coldest minimum (top row) and coldest maximum temperatures (bottom row) before and after the central date of the SSW in
2018. Anomalies are calculated from a daily climatological average for 1979-2016 to remove the influence of the seasonal cycle. Stippling indicates that the
anomaly in the coldest minimum or coldest maximum is record high or low relative to the equivalent anomalies of the 24 SSWs in the climatology.

relationships between SSWs and climate means and extremes. However, the use of shorter timescales, such
as 5- and 11-day windows also analyzed as part of this study, washes out the relationship due to reduced
sample sizes. A further indication of this is shown Figure S13 where we plotted the evolution of average
daily minimum temperature anomalies across the 24 SSW events before and after the SSW in the four
regions studied previously. The average anomalies on any given date relative to an SSW are near zero and
the spread across the 24 SSWs (indicated by the interquartile range and 10th to 90th percentile range) is
substantial. This suggests that substantial synoptic-scale variability limits our detection of a signal related
to SSWs on short timescales.

Our study finds significant and substantial relationships between SSWs and climate extremes, but because
the timing of cold extremes varies so much between individual SSWs, choices in the analysis inevitably
dictate how strong the relationship appears to be. As SSWs either occur or do not occur, some statistical
techniques such as correlation and regression analysis are not suitable either and there is likely some depen-
dence in our results on the choice of SSW definitions. Thus, the design of analyses examining SSWs and cli-
mate extremes requires a different approach to studies, which have examined relationships between other
types of weather or climate variability, such as ENSO, and extremes. Any analysis of SSWs and climate
extremes requires careful methodological design that allows for responses at differing lags between SSWs.

There is great interest in how European climate has already changed and may continue to change in a war-
mer world at the Paris Agreement global warming targets or higher (Beniston et al., 2007; Christidis & Stott,
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Figure 10. As Figure 9 but for average anomalies in 30-day precipitation and mean sea level pressure before and after the SSW of 2018.

2019; King & Karoly, 2017; Vautard et al., 2014). Given the strong relationships found here between SSWs
and both mean and extreme climate indices at the surface, any projected changes in the frequency or
intensity of SSWs, for which there is great uncertainty (Ayarzagiiena, Polvani, et al., 2018; Kang &
Tziperman, 2017), or their teleconnections to surface climate, would need to be well captured in order for
robust wintertime climate projections for Europe.

Finally, Europe was chosen as the study region for this analysis due to the availability of a daily gridded data
set that exists over a long period and has had extensive work undertaken to ensure it is a high-quality pro-
duct (Haylock et al., 2008; van den Besselaar et al., 2011; van der Schrier et al., 2013). Comparable studies
could be performed for other regions where reanalyses suggest an SSW teleconnection with surface climate
exists, such as North America, using in situ observations or daily gridded temperature and precipitation
data sets.

5. Conclusions

Our study examines relationships between SSWs and mean and extreme surface climate conditions in
Europe using observational data. We have found strong relationships between the occurrence of SSWs
and anomalous mean and extreme climate conditions. Cool seasons with SSWs are substantially colder
and drier than average over northern Europe, while in southwestern Europe, wetter conditions are more
likely. Anomalously cool conditions occur prior to SSW events over northern Europe with monthly average
temperatures becoming less anomalous in the aftermath of an SSW. In contrast, the coldest day and night in
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the months following an SSW are on average 3-5 °C colder than normal over much of the north of the
continent. The difference in the relationship between SSWs and average and extreme temperatures appears
to be related to greater negative skewness in the daily temperature distributions in cool seasons with SSWs
and in the aftermath of SSW events. The lagged response of cold extremes to SSW events suggests there
should be predictability for cold extreme indices.

Our results point to a strong observed teleconnection between SSW events and European surface climate
that has been found previously in studies using reanalyses and models. However, the timing of the response
of surface extremes relative to SSWs varies greatly between events, such that the relationship is more
nuanced than that often portrayed in the media.

Further analyses directly evaluating models and reanalyses against observational data for SSW-surface
climate teleconnections and performing comparative studies for other regions are proposed.

Data Availability Statement

All observational data sets used in this analysis are available online. The E-OBS data set of European gridded
daily observations is available from the website (https://www.ecad.eu/download/ensembles/download.
php). The daily NAO data are available from the https://www.cpc.ncep.noaa.gov/products/precip/
CWIlink/pna/nao.shtml website, and the daily NAM data are available from the https://www.cpc.ncep.
noaa.gov/products/precip/CWIlink/daily_ao_index/ao.shtml website.
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