Tellus

PUBLISHED BY THE INTERNATIONAL METEOROLOGICAL INSTITUTE IN STOCKHOLM

Occurrence and drivers of wintertime temperature
extremes in Northern Europe during 1979-2016

By CUIJUAN SUI'*, LEJIANG YU?*?, and TIMO VIHMA®*, 'National Marine Environmental
Forecasting Center, Beijing, China; 2SOA Key Laboratory for Polar Science, Polar Research Institute
of China, Shanghai China; >Southern Marine Science and Engineering Guangdong Laboratory, Zhuhai

China; *Finnish Meteorological Institute, Helsinki, Finland

(Manuscript Received 23 November 2019; in final form 22 June 2020)

ABSTRACT

Applying the daily ERA-interim reanalysis data from 1979 to 2016, we found that widespread cold (warm)
wintertime extreme events in Northern Europe occurred most frequently in winter 1984-1985 (2006-2007).
These events often persisted for multiple days, and their primary drivers were the pattern of atmospheric
large-scale circulation, the direction of surface wind and the downward longwave radiation. Widespread cold
extremes were favoured by the Scandinavian Pattern and Ural Blocking, associated with advection of
continental air-masses from the east, clear skies and negative anomalies in downward longwave radiation. In
the case of widespread warm extremes, a centre of low pressure was typically located over the Barents Sea
and a centre of high pressure over Central Europe, which caused south-westerly winds to dominate over
Northern Europe, bringing warm, cloudy air masses to Northern Europe. Applying Self-Organizing Maps,
we found out that thermodynamic processes explained 80% (64%) of the decreasing (increasing) trend in the
occurrence of extreme cold (warm) events. The trends were due to a combined effect of climate warming and
internal variability of the system. Changes in cases with a high-pressure centre over Iceland were important
for the decreased occurrence of cold extremes over Northern Europe, with contribution from increasing
downward long-wave radiation and south-westerly winds. The largest contribution to the increased
occurrence of widespread warm extremes originated from warming and increased occurrence of the
Icelandic low.

Keywords: Northern Europe, extreme temperature events, Scandinavian Pattern, Icelandic low, Self-Organizing

Maps (SOM)

1. Introduction

There is increasing scientific and public attention to
extreme events in the changing climate system (Wang
et al., 2017). A large inter-annual and decadal variability
of the climate system is superimposed to the global
warming trend, and the variability is particularly promin-
ent in the mid- and high-latitudes (Shepherd, 2014, 2015;
McKinnon and Deser, 2018). The warming trend as well
as its inter-annual and decadal variations also affect the
occurrence of regional weather extremes (Screen and
Simmonds, 2014). The changes in climate variables, such
as air temperature, and the frequency of occurrence of
extremes of these variables, can in principle be separated
in forced responses to drivers of the climate system and
the underlying chaotic natural variability of the system
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(Barnes et al., 2019). From another point of view, the
separation can be made with respect to changes driven by
thermodynamic and dynamic processes (Sillmann et al.,
2017). The separation is in any case challenging, and fur-
ther complicated by the fact that a forced dynamic or
thermodynamic response may appear in the same form as
some of the modes of the internal variability of the cli-
mate system (Shepherd, 2014). To meet this challenge,
ensembles of climate model simulations (Deser et al.,
2017; McKinnon and Deser, 2018; Barnes et al., 2019),
sophisticated statistical methods (Horton et al., 2015) and
artificial  intelligence 2019) have
been applied.

Several studies have addressed changes in the occur-
rence and magnitude of air temperature extremes in
Northern Europe (Tuomenvirta et al., 2000; Beniston
et al., 2007, Raisanen and Ruokolainen, 2008; Jaagus

(Barnes et al.,
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et al., 2014; Kivinen et al., 2017; Vihma et al., 2020). In
Northern Europe, the climate warming is faster than the
global mean (Rutgersson et al., 2015), but also the inter-
annual and decadal variations are large in Northern
Europe (Yang et al., 2012; Raisanen, 2019), which makes
it difficult to robustly attribute the observed changes in
extreme temperatures. Observations from the northern-
most Fenno-Scandia show a very high frequency of warm
weather events in the period 2000-2014 and in the future,
with continued global warming, their occurrence is
expected to further increase (Vikhamar-Schuler et al.,
2016). More frequently occurring extreme temperatures
are likely to have major impacts on hydrological, geo-
physical, ecological and systems in
Northern Europe.

Considering drivers of winter weather in Northern
Europe, the most well-known is the North Atlantic
Oscillation (NAO). Its negative phase is associated with
cold winters and positive phase with warm winters in
Northern Europe (Marshall et al., 2001; Hurrell and
Deser, 2009; Deser et al., 2017). Other well know drivers
include the Scandinavian Pattern (SCA; Vihma et al.,
2020), the Greenland Blocking (Hanna et al., 2018), the
East Atlantic Pattern (Comas-Bru and McDermott, 2014)
and the East Atlantic/West Russia Pattern (Lim, 2015).
Conditions in the central Arctic and the Greenland,
Norwegian, Barents and Kara seas also affect Northern
Europe controlling the upstream conditions for cold-air
outbreaks and polar lows, which often reach Northern
Europe (Walsh et al., 2001). Due to the amplified climate
warming in the Arctic, wintertime warm extremes have
become increasingly common and stronger in the Central
Arctic, the positive anomalies reaching up to 30°C in
individual days (Matthes et al., 2015; Graham et al.,
2017). In contrast, mid-latitude regions have frequently
experienced very cold or snow-rich events over the latest
decades (Vihma, 2017; Vavrus, 2018; Cohen et al., 2020).
However, the linkages between the Arctic warming and
European weather and climate have been less clear than
those between the Arctic and East-Asia or North
America (Overland et al., 2015). According to some stud-
ies, the Arctic warming favours the negative phase of
NAO (Kim et al., 2014; Nakamura et al., 2015; Deser
et al., 2016), which would yield a dynamic effect of cold
winter anomalies over Europe, tending to compensate for
the greenhouse warming. However, not all studies have
supported the negative NAO response to Arctic warming
(Screen et al., 2014; Smith et al., 2017).

Understanding the drivers of extreme weather events
that have occurred in the past is pivotal for predicting
future evolution of occurrence of weather extremes in
Northern Europe. The need for further research is also
motivated by the importance of wintertime temperature

socio-economic

and precipitation extremes on ecosystems (Wrona et al.,
2016) and societies, at least in the fields of winter tourism
(Steiger et al., 2019), reindeer herding (Vors and Boyce,
2009) and hydropower production (Instanes et al., 2016;
Shevnina et al., 2019). In this article, we study the winter-
time temperature extremes in Northern Europe during
1979-2016. In Section 2, we introduce the data and meth-
ods used. In Section 3, we present the results and evalu-
ate the reasons for extreme events in Northern Europe,
followed by discussion in Section 4.

2. Data and methods

The data we used is from the global daily ERA-Interim
reanalysis, produced by the European Centre for
Medium-Range Weather Forecasts (Dee et al., 2011). The
product has a horizontal resolution of 0.75° x 0.75° in a
latitude-longitude coordination. We focused on winter
and defined winter 1979 as December 1979, January 1980
and February 1980, and analogously for the following
years. We defined temperature extremes using the 2-m air
temperature data. Besides, we used data on sea-level
pressure (SLP), wind speed and direction, downward
long-wave radiation, as well as vertically-integrated cloud
frozen water and cloud liquid water.

Warm/cold extreme thresholds were defined as the
99th/1st percentile value of the daily 2-m air temperature
anomaly. The anomalies were calculated for each grid cell
with respect to the mean over the climatological normal
period 1981-2010. We defined a widespread extreme day
so that at least 50 grid points in the study region should
exceed the warm threshold or be below the cold thresh-
old. Further, the sensitivity of the results to the thresh-
olds with respect to the percentile value and the number
of grid points was tested. The number of events meeting
the criteria of temperature extremes naturally depended
on the thresholds, but the main results, such as the trends
in the occurrence of warm and cold extremes, were not
sensitive to the thresholds. We applied composite analysis
to explore the relationship between the large-scale circula-
tion variability and extreme temperature events. In add-
ition, used to detect the
atmospheric circulation patterns most commonly associ-
ated with various extreme temperature patterns. We used
Mann-Kendall non-parametric test for monotonic trend,
and trends surpassing the 5% significance threshold were
considered statistically significant.

Further, we applied the Self-Organizing Maps (SOM)
method. It is based on a neural network algorithm that
groups similar data records together, and then reduces the
dimensions of large data sets by organizing them into a
two-dimensional array (Kohonen, 2001). The SOM method
uses unsupervised learning to determine generalised

regression analysis was
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patterns in data. It captures the distribution of the data so
that the algorithm tends to minimise the average differences
between the samples in the dataset (Johnson et al., 2008).
Although its use in meteorological applications is increas-
ing (e.g. Nygard et al., 2019), SOM is still a relatively new
method to study extreme weather events. The circulation
patterns achieved from SOM can help to understand link-
ages between large-scale atmospheric circulation and local
meteorological variables (Gibson et al., 2016; Yu et al.,
2018). Focusing on temperature, Loikith and Broccoli
(2015) used SOM to evaluate differences between climate
models and observations in temperature extremes related to
circulation patterns. Horton et al. (2015) used the SOM
method to study trends of temperature extremes, and sug-
gested that changes in extreme temperature trends were
related to the frequency of geopotential height patterns.
The SOM method was also used to evaluate temperature
and wind extremes (Cassano et al., 2006) and other tem-
perature anomalies (Cassano et al., 2011) in Alaska. Later,
Cassano et al. (2016) focused on how to choose an optimal
SOM for analysing extreme events, paying attention to the
advantages and disadvantages of using various numbers
of patterns.

As many of the above-mentioned papers have presented
details of the SOM algorithm, we only present the approach
of this study in classifying the wintertime large-scale circu-
lation using daily SLP anomalies for DJF from 1979 to
2016. The SLP anomalies were calculated for each day for
each grid cell as a difference between each day’s mean SLP
and the mean SLP over the period 1981-2010. After consid-
ering experiences from many previous SOM-based
meteorological studies, we chose to use a SOM matrix con-
sisting of 12 patterns (often called nodes). Then the individ-
ual daily SLP anomaly fields were mapped to the SOM by
associating each daily SLP sample with a single pattern on
the SOM by root-mean-square error (RMSE), which is
used as a metrics to measure how well each SOM node
matches the daily SLP field.

Following Cassano et al. (2007), the frequency of
extreme temperature occurrence (E) can be presented as
the sum of occurrences of extreme temperatures associ-
ated with each SOM node:

K

K
E=) Efi=) (E+E)(fi+f) (M

i=1 i=1

where f; is the frequency of occurrence of SOM
node i, E;is the frequency of extreme temperature occur-
rence when SOM node i occurs and K is the total number
of SOM nodes (in our case, K = 12). The bars and
primes denote the time mean and deviation from it,
respectively. The temporal change (trend) in E is obtained
by differentiating Eq. (1) with respect to time:

JE X {_}dE,—' +fdi’, N d(E/f])
;:;ﬁ dar T ar dt )
The right-hand side of Eq. (2) shows, from left to right, the
thermodynamic, dynamic and interaction contributions for
the total trend associated with each SOM node i.
Following Horton et al. (2015), for the thermodynamic
contribution, we assume that each SOM pattern is station-
ary over the study period, and that trends in the occurrence
of extreme temperatures result from factors unrelated to
atmospheric circulation, such as increase in downward
long-wave radiation due to increasing greenhouse gas con-
centrations, or changes in the air-surface exchange of heat
and moisture. The thermodynamic contribution associated
with each SLP anomaly pattern is determined by the prod-
uct of the mean occurrence of the SOM pattern (f;) and the
trend in extreme temperature occurrence per SOM pattern
occurrence ([%”’).The dynamic contribution assumes that
each SOM pattern is stationary, and the frequency of
occurrence of extreme events results from the changes in
the occurrence of each SOM pattern. The dynamic contri-
bution is determined by the product of the trend in the
occurrence of each SOM pattern (%) and the mean number
of extreme events per SOM pattern occurrence (E;). The
third component results from the trend of Efl , le. the
product of the anomaly in extreme temperature occurrence
per SOM pattern occurrence and anomaly in the SOM pat-
tern occurrence. The product E,f; can be negative, zero or
positive. The interaction component is positive, for
example, if in the beginning of the study period the anoma-
lies (calculated, e.g. for a season or a year) E and f, have
the opposite sign but have the same sign towards the end of
the time series. Analogously, a change towards the opposite
sign of E; and f; results in a negative interaction compo-
nent. The trend in the product E,f, cannot be physically
interpreted solely as a dynamic or thermodynamic contri-
bution to the trend in the occurrence of extreme tempera-
tures. Although it is called the interaction component, it
does not necessarily represent any particular physical inter-
action process, but mathematically represents the contribu-
tion of the trend of Ejf; to the trend in E. Various
meteorological processes and events may result in or be
randomly associated with similar or opposite signs of
E; and f;. In Section 3, we present examples of SOM nodes
having a strong interaction component.

3. Results
3.1. Occurrence of extreme temperatures

Figure 1 shows the study area (5-40°E, 55-70°N) and
surrounding region. According to definition of wide-
spread temperature extremes, we compute the cold and
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10°E
Fig. 1.

warm days in Northern Europe, and present the statis-
tical results in Fig. 2 and Table 1. Figure 2 shows the
total number of widespread cold and warm extreme days
for each grid cell of the ERA-Interim reanalysis during
1979-2016, and the number of widespread cold and warm
extreme days per winter from 1979 to 2016. As the num-
ber of local extremes is the same (1% of the data) in each
grid cell, the maxima in the spatial distributions indicate
grid cells which often belong to the regions covered by
widespread extreme events. In general, such grid cells
dominate in the eastern and southern parts of the study
region (Fig. 2a,b).

Considering the time series (Fig. 2¢), the number of
widespread cold extreme days was largest (30) in 1984,
while the number of widespread warm extreme days was
largest (23) in 2006. The majority of the cold extreme
days occurred during 1979-1986, and far less cold
extremes occurred between 1987 and 1994, but after 1994
the numbers were again higher, especially in 2002 and
2009. The majority of warm extremes occurred after
2000, with 2006, 2015 and 2000 as the top three winters.
Prior to 2000, the number of extremely warm days per
winter did not exceed 7days, except in the winter of
1989. The declines in extremely cold days (no statistically
significant trend) and significant increases in extremely
warm days are consistent with Kivinen et al. (2017). We
further computed the probability density function (PDF)
of the daily temperature anomaly using the reference
period of 1981-2010. To illustrate the decadal change, we
compared the PDFs of the first 10years 1979-1989 and
the last 10years 2006-2016 in Fig. 2d. According to
Kodra and Ganguly (2014) the tail of the PDF can be

a0°E

20°E

The studying area. The blue box indicates the region where widespread extreme events were identified.

influenced by a shift in the mean value, an increased vari-
ability and a changed symmetry for a certain distribution.
On the basis of our result, we suggest that the shift in the
mean value is the main reason for the change in the PDF
of air temperature anomaly in Northern Europe, resulting
in an increase in the occurrence of the extremely warm
events and a decrease in the occurrence of extremely
cold events.

The total numbers of extreme cold and warm days were
165 and 179, respectively (Table 1). Following Vihma
et al. (2020), we defined the events that continued for four
or more consecutive days as long-duration events. Among
the extreme days, only 15.8% of cold and 24.0% of warm
days occurred as single-day events (Table 1). In the
multiday events, the number of long-duration cold events
was 16 while the number of long-duration warm events
was 8, demonstrating that cold extremes were more likely
to occur as a part of long-duration extreme events (58.2%)
compared to warm extremes (35.2%). Accordingly, the
statistics from winters 1979-2016 suggest that once
conditions occur favouring the formation of a widespread
cold extreme event, the event typically persists for mul-
tiple days.

3.2 Composite and regression analyses

Figure 3 shows the composite results of the large-scale
atmospheric state associated with widespread wintertime
cold extremes. In the case of cold extremes, a high-pres-
sure is located over Urals and Fennoscandia (Fig. 3a).
The northern parts of the study region are affected by an
anomalously high pressure and the southern parts by an
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Fig. 2. The total number of days of widespread (a) extremely cold and (b) extremely warm temperatures for each grid cell of the
ERA-Interim reanalysis during 1979-2016, (c) the number of widespread extremely cold (blue bars) and warm (red bars) days per winter
from 1979 to 2016 and (d) PDF of air temperature anomaly in the study area for 2006-2016 (red line) and 1979-1989 (blue line). The
anomalies are calculated with respect to the reference period of 1981-2010. The dashed lines stand for quantiles of 95% and 99%.
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Table 1. The number of extreme days, single-day events, all multiday events and events lasting for four or

more days.

Extreme type Extreme days

Single-day events

Multiday events Long events

DIJF cold 165
DJF warm 179

26 (15.8%)
43 (24.0%)

34 (84.3%)
42 (76.0%)

16 (58.2%)
8 (35.2%)

anomalously low pressure (Fig. 3b). Over most of the
study region up to 70°N the wind is easterly (Fig. 3¢). In
winter, the air is climatologically colder in Siberia than in
the central Arctic, which makes the easterly air-mass ori-
gin important, resulting in extremely cold winter events in
Northern Europe. These are also favoured by negative
anomalies in the cloud condensate content (vertical inte-
gral of cloud frozen water and cloud liquid water) (Fig.
3e,f), which result in reduced downward long-
wave radiation.

On the contrary, in the case of warm extremes (Fig. 4),
a centre of low pressure anomaly is located over the
Barents Sea and a centre of high pressure anomaly over
Central Europe (Fig. 4b). The distribution of sea-level
pressure (Fig. 4a) causes southwesterly winds to dominate
over Northern Europe (Fig. 4c), bringing warm and
humid air masses to contribute to extremely high temper-
atures in Northern Europe, especially in its northernmost
parts (Fig. 4d). Besides, warm extremes are associated
with strong positive anomalies in the cloud condensate
content (Fig. 4e.f).

The spatial patterns of SLP corresponding to the cold
extreme days (Fig. 5al) were characterised by positive
anomalies over the North Atlantic north of 60°N,
Barents Sea and Northern Europe, and negative anoma-
lies in the North Atlantic from 30 to 50°N, resembling
the negative phase of NAO. On the contrary, the regres-
sion map of SLP corresponding to the warm extreme
days (Fig. 5a2) shows negative anomalies north of 60°N
and positive anomalies in mid-latitudes. This pattern
resembles the positive phase of the Arctic Oscillation
(AO), although the negative anomalies in high latitudes
are scattered. The regression maps of 10-m wind for
extreme cold events show easterly wind anomalies over
the North Atlantic, central and northern Europe and cen-
tral Russia (Fig. 5bl), and the northerly wind anomalies
over the Baltic Sea, eastern Barents Sea and Kara Sea
(Fig. 5cl), which are favourable for the increased occur-
rence of extreme cold events over Northern Europe. The
regression maps of 10-m wind for extreme warm events
show westerly wind anomalies over the North Sea, Baltic
Sea and surroundings and southerly winds over north-
western Europe and northern parts of Barents and Kara
seas (Fig. 5¢2), which are conducive to increase the occur-
rence of extreme warm events. The regression maps of
downward longwave radiation fields for extreme cold and

warm events are nearly opposite for Northern Europe
(Fig. 5d1,d2). For extreme cold events, negative anoma-
lies occur over Northern Europe and Russia (Fig. 5d1),
but these regions have significant positive anomalies dur-
ing extreme warm events.

The results of regression analysis (Fig. 5) are basically
consistent with those of composite analysis (Figs. 3 and 4).
On this basis, we suggest that the temperature extremes in
Northern Europe depend on the phases of SCA, NAO
and AO, the direction of the surface wind as well as the
cloud condensate content and downward longwave radi-
ation. Easterly and northerly winds bring cold air masses
from Siberia and central Arctic, while southwesterly flows
transport warm, humid marine air masses from North
Atlantic to Northern Europe, thus leading to the occur-
rence of the extreme temperature events.

We further quantified the dependence of extreme tem-
peratures on NAO by averaging the NAO index over
days when cold and warm extremes occurred in each grid
cell. The results demonstrated that to have an extremely
cold winter day in Denmark, southern Sweden, southern
Norway or the North Sea, a strongly negative NAO
index (—0.6 to —0.9) was needed, on average, with some
exceptions in mountainous inland regions (Fig. 6a).
However, in the eastern and northern parts of our study
region, extremely cold days did not require as negative
NAO index; the mean values ranged from —0.1 to —0.4,
except in southern and central Finland, where the range
was from —0.4 to —0.7 (Fig. 6a). On the contrary, to
have an extremely warm winter day in the southern and
eastern parts of our study region, a strongly positive
NAO index (typically from 0.5 to 1.5) was needed,
whereas in the western and northern parts of the study
region extremely warm temperatures were possible under
slightly positive or even negative NAO index (Fig. 6b).

3.3. SOM analyses

The SOM method was used here to classify the daily SLP
anomaly patterns from winters 1979 to 2016 into 12 rep-
resentative patterns in and around Northern Europe
(Fig. 7). Among the 12 patterns, node 5 represents a low-
pressure pattern whereas node 8 is a high-pressure pat-
tern, and nodes 3 (eastern negative and western positive
SLP anomaly) and 10 (eastern positive and western nega-
tive SLP anomaly) show dipole anomalies with opposite
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Fig. 3. Composites for all widespread cold extreme days of sea level pressure (a), its anomaly (b), 2-m air temperature and 10-m
wind vector (c), their anomalies (d), vertically integrated cloud condensate content (e) and its anomaly (f).The units are hPa, °C, m/s
and kg/m?, respectively.



8 C. SUI ET AL.

990 994 998 1002 1006 1010 1014 1018 1022 1026 1030 -30-27-24-21-181512-9 -6 -3 0 3 6 9 121518 21242730

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 -0.1 -0.08-0.06-0.04-0.02 0 0.02 0.04 0.06 0.08 0.1

(®) ®

Fig. 4. As Fig. 3 but for the composites for all widespread warm extreme days.

patterns. Other nodes represent transition states between We show the frequency of occurrence and its trend for
the dipole anomalies and the cyclonic and anticyc- each SOM pattern and the number of extreme days corre-
lonic patterns. sponding to each pattern (Fig. 7). Nodes 1, 3, 4, 9 and 12
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time series of the frequency of occurrence of extremely cold (upper row) and warm (lower row) events. The regions with blue line
indicate results significant at 95% confidence level. The units are hPa, m/s, m/s and W/m?, respectively. The regression coefficients
shown as colour codes were calculated on the basis of the linear equation: y=a x+ b, where y is the frequency of occurrence of warm/
cold extremes, x is the explaining variable and a is the regression coefficient.
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ERA-Interim reanalysis.

occur more than 10% of time, among which node 12 has
the highest and node 9 the second-highest frequency of
occurrence. In the case of nodes 4, 8 and, in particular,
12, Northern Europe is dominated by a high pressure
anomaly, associated with a common occurrence of
extremely cold events; 64% (105/165days; blue numbers
in Fig. 7) of the cold extremes are associated with these
three nodes. On the contrary, in the case of nodes 1, 5

oo, * 9000:00: 0000000000000
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Mean values of NAO index averaged over days when extremely cold (left) and warm days (right) occurred in each grid cell of

and 9 Northern Europe is covered by a strong low-
pressure anomaly, and 51% (92/179 days; red numbers in
Fig. 7) of the warm extremes are associated with
these nodes.

We next analyse the contributions of the 12 nodes to
the trends in the frequency of occurrence of extreme
warm/cold events in Northern Europe from the dynamic,
thermodynamic and their interaction perspectives. In
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Self-Organizing Maps (SOM) for wintertime (DJF) SLP anomaly for the 1979-2016 period. The blue and red numbers in the

upper left corner of each SOM node denote number of extremely cold (blue) and warm days (red) that have occurred for the node. The
numbers on top of each node mark the number of the node (1 to 12), its relative frequency of occurrence (in %) and the trend of the
frequency of occurrence (day/yr). An asterisk (*) after the trend indicates results significant at 95% confidence level.

general, the frequency of occurrence of cold extremes has
decreased (Fig. 8a), which is mostly due to increased tem-
peratures in nodes 1-6 and 8-10, seen as the thermo-
dynamic component reducing the occurrence of cold
extremes (Fig. 8b). This trend is, however, opposed by
decreased air temperatures of nodes 11 and 12 (Fig. 8b)
and by increased occurrence of nodes 7 and 12, which are
associated with a frequent occurrence of cold extremes
(Fig. 8c). The interaction of dynamic and thermodynamic
components is mostly reducing the occurrence of cold
extremes (Fig. 8d). Considering the effect of all nodes
taken together, the changes in thermodynamic processes
explain 80.2% of the decreasing trend (—0.32 days/year) in
the occurrence of cold extremes, followed by the changes
in the interaction between thermodynamic and dynamic
processes, which account for nearly 19.5% of the trend.
The changes in dynamic processes only account for 0.3%
of the trend. For the occurrence of warm extremes, the
changes in thermodynamic processes also make the larg-
est contribution, explaining 63.5% of the total trend. The
second-largest contribution comes from interaction fac-
tors, which account for 37.4% of the trend, whereas the

dynamic contributions only explain —0.9%, which offsets
the contributions by the other two components. The total
trend of the occurrence of extreme warm events is
0.34 day/year.

Figure 9 presents the trends in the anomalies of SLP,
downward long-wave radiation, 2-m air temperature and
10-m wind speed, and the composites of 2-m air tempera-
ture and 10-m wind in extreme cold cases of nodes 4, 7
and 12. We apply Eq. (2) to analyse the contributions of
the thermodynamic, dynamic and interaction components
of each node to the trend in the occurrence of extreme
temperatures. The largest contribution to the decreasing
trend in the occurrence of cold extremes comes from the
cold node 4, whereas the contributions of nodes 7 and 12
oppose the decreasing trend (Fig. 8a). In the case of node
4, the SLP anomaly is positive in Northern Europe
(Fig. 7) but its trend is negative (Fig. 9b), that is, the
high-pressure anomaly centred over Iceland has become
weaker. In addition, the southwesterly wind and 2-m air
temperature have increased in the study area (Fig. 9c),
both of them reducing the occurrence of extreme cold
events, so the contribution of the interaction component
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trend, (b) thermodynamic contribution to the trend, (¢) dynamic contribution and (d) interaction contribution. The number p95 (p90)

indicate results significant at 95% (90%) confidence level.

of node 4 is negative (Fig. 8d). The trend of SLP is posi-
tive for node 7 (Fig. 9f) but for node 12 it is negative
over the Norwegian and Barents seas and positive farther
south (Fig. 9j). Hence, the northeasterly (Fig. 9g) and
northerly winds (Fig. 9k) have increased (although most
grid points did not exhibit statistically significant trends),
and the temperature has mostly decreased related to the
increased occurrence of extremely cold events. Further,
the temperature trend in node 12 is negative (Fig. 91),
and so the contribution of the thermodynamic component
to the total trend of the occurrence of extremely cold
events is positive (Fig. 8b).

Similarly, we examined the contributions of each node
to the occurrence of warm extremes (Fig. 10). The trend
in the occurrence of warm extremes is positive (Fig. 10a),
and mostly results from the thermodynamic component
(Fig. 10b). The largest contribution to the total trend
originates from node 9 (0.15days/year), which is a warm
node. It has become even warmer (Fig. 10b) and more
common (Fig. 10c). Its thermodynamic and dynamic
components account for 0.09days/year and 0.04days/
year, respectively. As in the case of cold extremes, node 1
has the second-largest contribution to the trend of occur-
rence of warm extremes. For node 1, the interaction com-
ponent gives the largest contribution to the trend,
whereas the thermodynamic and dynamic components
approximately offset each other.

The trends in the anomalies of downward long-wave
radiation, sea level pressure, 2-m air temperature and 10-

m wind, and the composites of 2-m air temperature and
10-m wind are shown in Fig. 11 for the warm nodes 1
and 9. Compared with the SLP anomaly of nodes 1 and
9 (Fig. 7), the trends in Fig. 11b,f show that the centres
of both low and high pressure have become stronger,
strengthening the circulation patterns of these two nodes
(although the trends in most areas are insignificant).
Hence, the westerly (Fig. 1lb,c) and southwesterly
(Fig. 11f,g) winds have increased, contributing to the
positive total trend. Downward long-wave radiation is an
important factor for the contributions of the thermo-
dynamic component. For example, the downward long-
wave radiation has a strong increasing trend over the
study region for node 4 (Fig. 9a) but a decreasing trend
for node 12 when averaged over the study region (Fig.
91), contributing to opposite thermodynamic components
of the two nodes (Figs. 8b and 10b). Similarly, the down-
ward long-wave radiation has increased for nodes 1 and 9
(Fig. 11), favouring the thermodynamic component of
these nodes in decreasing the occurrence of cold extremes
(Fig. 8b) and increasing the occurrence of warm extremes
(Fig. 10b).

It is not surprising that thermodynamic processes
explained most of the trends in the occurrence of
extremes. The net effect of the interaction component
was to reduce the occurrence of cold extremes, in which
it was more important than the dynamic component.
Considering the effect of all nodes taken together,
the interaction component accounted for 19% of the
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significant at 95% confidence level.

decreasing trend of cold extremes (—0.32days/year).
Moreover, the interaction component contributed to 37%
of the increasing trend of warm extremes (0.34 days/year),
again having a much larger effect than the dynamic com-
ponent. In the case of cold extremes, node 4 had the
strongest interaction component, which was significant at
90% confidence level (Fig. 8d; 90% criteria for confidence
has been applied in several studies addressing atmos-
pheric dynamics, e.g. Rudeva and Simmonds (2015) and
Zahn et al. (2018)). For node 4, F' and f’ (see Eq. (2))
were mostly of the same sign from 1983 to 2003, and E'f’
was accordingly positive during these years (Fig. 12).
However, from 2004 onwards E'f’ was on average nega-
tive, resulting in a negative trend of —0.05 days/year over
the entire study period (despite of the negative values in
1979-1982). Focusing on the post-2003 changes, the nega-
tive trend in E’f’ was due to years 2008, 2011, 2012 and
2013. In 2008 and 2012, node 4 occurred frequently (posi-
tive f”) but under its occurrence extremely cold tempera-
tures were uncommon (negative E’), resulting in a
negative E'f’. On the contrary, in years 2011 and 2013,
node 4 seldom occurred but under its occurrence
extremely cold temperatures were common, also resulting
in a negative E'f".

Considering warm extremes, only node 1 of the inter-
action component had a statistically significant (95%)
trend (Fig. 10). Figure 13 shows that from 1979 to 2001,
positive (negative) anomalies in the frequency of occur-
rence (') of node 1 were usually associated with negative
(positive) anomalies in the frequency of extreme tempera-
ture occurrence (E') under node 1, but from 2001 onward
the situation was opposite. In winters 2005, 2008, 2009,
2010, 2012 and 2013 node 1 seldom occurred, and under
its occurrence in winters 2005, 2010 and 2012 warm
extremes seldom occurred, resulting in positive E'f’. In
winters 2006, 2014 and 2016, node 1 occurred frequently,
and under its occurrence in 2006 and 2014 warm extremes
were common, resulting in positive E'f” for those winters.
Accordingly, E'f’ had a positive trend over 1979-2016,
indicating a positive interaction term for node 1.

Summarizing the results above, there seems not to be
any coherent physical process responsible for the signs of
the statistically significant interaction components. A lot
of cases occurred even in successive years when a combin-
ation of negative f’ and positive £’ and a combination of
positive f' and negative E’ resulted in E'f’" of the same
sign. Hence, we interpret that the interaction component
mostly represented internal variability of the system.
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4. Discussion

Using the daily ERA-interim reanalysis data and combin-
ing multiple methods (self-organizing maps, trend ana-
lysis, composite analysis and regression analysis), we
studied the occurrence and drivers of wintertime tempera-
ture extremes in Northern Europe during 1979-2016. The
main conclusions and findings of this study are
as follows.
1. Cold extreme events occurred most frequently in
winter 1984 (30 days) while warm extreme events
occurred most frequently in winter 2006 (23 days).

Trend(day/yr)

Trend(day/yr)
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As Fig. 9 but for extremely warm days for nodes 1 (upper row) and 9 (lower row).

Although no significant decreasing trend has been
detected in the occurrence of extremely cold events, a
significant increasing the
occurrence of extremely warm events. Of all the

trend was found in
extreme cold and warm days in the winters of
1979-2016 (DJF), less than a quarter were single-day
events, and more than 58% of cold and 35% of warm
extremes lasted for at least four days.

The result of composite and regression analyses
suggest that the pattern of large-scale circulation,
the direction of the surface wind and the cloud
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Fig. 12.  Time series of E, f, E', f and FE'f for node 4 in the case of cold extremes.

condensate content are among the important factors
for the extremes. Widespread cold extremes were
favoured by the Scandinavian Pattern and Ural
Blocking, associated with advection of continental
air-masses from the east, clear skies, and negative
anomalies in downward longwave radiation. In the
case of widespread warm extremes, centres of low
pressure were typically located over the Barents Sea
and west of Iceland, and a centre of high pressure
over central Europe, which caused south-westerly
winds to dominate over Northern Europe, bringing
warm, masses to northern Europe,
especially to its northernmost parts. Strong positive
(negative) anomalies in the cloud condensate content
and downward longwave radiation were associated
with warm (cold) extremes. As well known, the cold
(warm) extremes are typically associated with the
negative (positive) phase of NAO. For a cold extreme
to occur in Denmark, southern Sweden and coastal
regions of southern Norway, a strongly negative
NAO was usually needed, and for a warm extreme to
occur in Denmark, the Baltic
countries, northern Belarus north-western Russia, a

cloudy air

southern Sweden,

strongly positive NAO was typically a prerequisite. In
the northern parts of the study region, the role of
NAO was smaller both in the case of cold and warm
extremes. The cold extremes were closely associated
with the Scandinavian Pattern and Ural Blocking,
and the warm extremes with the Barents Sea low.

SLP anomaly fields were classified into 12 patterns
applying the SOM method. The spatial patterns
include cyclonic, anticyclonic and dipole anomalies
and their transition states. The most common SOM
nodes 12 (Scandinavian Pattern) and 9 (Icelandic
Low) both showed a positive (although insignificant)
trend in their frequency of occurrence (Fig. 7).
Among days of cold (warm) extremes, node 12 (9)
was the most common. Thermodynamic processes
explained 80% (64%) of the decreasing (increasing)
trend in the occurrence of extreme cold (warm)
events. Considering occurrence of cold extremes, the
largest contribution to the decreasing trend came
from the cold node 4 (Icelandic high), which has
become warmer. The frequency of occurrence of node
12 has increased, but the frequency of node 4 has
decreased (insignificantly) and the contribution of
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node 4 to the decreasing occurrence of cold extremes
is much larger than that of node 12. The
contributions of thermodynamic and interaction
components in node 4 account for most of the trend.
The increasing of downward longwave radiation and
south-westerly winds contribute to the decreasing
occurrence of cold extremes. Considering the
increased occurrence of widespread warm extremes,
the largest contribution of the total trend came from
node 9 (Icelandic low). The warming of the node and
its increased occurrence accounted for 0.09 day/year
and 0.04 day/year, respectively. We stress the
difference between the SLP field most commonly
associated with warm extremes (prominent Barents
Sea low, Fig. 4ab) and the factors primarily
responsible for an increase in the occurrence of warm
extremes: an overall increase in temperatures under
most circulation patterns (Fig. 10b) and increased
occurrence of the SLP anomaly with a strong
Icelandic low (Fig. 7, node 9, and Fig. 10c). We note
that even if the change in the occurrence of a node
has not been significant, the change may still have

As Fig. 12 but for node 1 in the case of warm extremes.

the occurrence of extreme
temperatures via the dynamic component, as in the
case of nodes 1 and 9 for warm extremes (Fig. 10).

remarkably affected

Although physical processes (such as heat transport
and cloud radiative forcing) related to the most important
nodes can be reasonably well understood, it is much
more challenging to understand how large a portion of
the changes observed was due to the climate warming
trend and how much was due to internal decadal variabil-
ity of the system. The thermodynamic component of the
SOM analysis explained a large majority of the changes
in the occurrence of extreme cold and warm events, and
we assume that it is mostly driven by anthropogenic cli-
mate warming. It may include some contribution from
the positive phase of the Atlantic Multi-decadal
Oscillation (AMO, Zhang, 2015), but the AMO effect
should be mostly present in the dynamic component. The
AMO affects North Atlantic sea surface temperatures
(Chylek et al., 2009), and these further affect European
air temperatures, but mostly by generating anomalous
atmospheric circulation patterns (O’Reilly et al., 2017),
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seen in the dynamic component, rather than directly
affecting upstream conditions
advected to Europe (which represents a thermodynamic
effect originating from a natural variability of the ocean,
and should be reflected in the thermodynamic
SOM component).

The interaction component accounted for 19% of the
decreasing trend of cold extremes and 37% of the increas-
ing trend of warm extremes. Although the interaction
component is often assumed to result from systematic
changes in physical interactions of dynamic and thermo-
dynamic components of the climate system (e.g. Horton
et al., 2015), our analyses suggest that the interaction
component was mostly associated with chaotic variations.
The dynamic component related to changes in atmos-
pheric circulation probably represents both internal vari-
ability and forced responses to climate warming (see the
paragraph below). In any case, the dynamic component
only had a small contribution to the observed changes in
extreme temperatures. Although the SOM method does
not allow quantification of the contributions of forced
and unforced changes, our results are qualitatively in line
with McKinnon and Deser (2018), who stressed the non-
negligible contribution of internal variability to warming
trends in,
past 50 years.

Some of the changes that we observed were expected,
such as the increased occurrence of the Scandinavian
Pattern (Crasemann et al., 2017) and warming under the
occurrence of most nodes. However, on the basis the
decreased occurrence of the positive phase of NAO dur-
ing winters 1979-2015 (Vihma et al., 2020), the increased
occurrence of node 9, representing the Icelandic low, was
not expected. In the case of positive NAO index, how-
ever, the low pressure centre is typically located farther
west than in the case of node 9. It is also noteworthy
that, although warm extremes have become significantly
more common, the decrease in the occurrence of cold
extremes is not statistically significant. This is related to
factors that regionally act against the impacts of global
warming: the increased occurrence of Scandinavian
Pattern and decreased air temperatures under its occur-
rence. Scandinavian Pattern is often associated or merged
with Ural Blocking (Peings, 2019), and the increasing
occurrence of these patterns is probably not dominated
by natural variability. According to model experiments of
Crasemann et al. (2017), Arctic sea ice decline favours
the occurrence of Scandinavian Pattern, and several
papers have suggested that sea ice decline in the Barents
and Kara seas favours Ural Blocking even with a positive
feedback between the two (Inoue et al., 2012; Mori et al.,
2014; Sato et al., 2014; Luo et al., 2016a, 2016b; Peings,
2019; Tyrlis et al., 2019; Cohen et al., 2020). An example

of marine air-masses

among others, Scandinavia during the

of the combined effects of thermodynamic and dynamic
processes is winter 2009/2010. It was a cold winter in
Europe due to dynamic reasons, characterised by a very
negative NAO index but, because of the general warming
trend, it was much warmer than winters further in the
past characterised by analogous large-scale circulation
patterns (Cattiaux et al., 2010).

As a summary, we have analysed the influence of
anomalies of sea-level pressure, downward long-wave
radiation and 10-m wind on wintertime 2-m air tempera-
ture extremes in Northern Europe. Besides, variations in
the surface conditions, such as the extent and thickness
of sea ice and terrestrial snow pack, and in the surface
fluxes of latent and sensible heat (Colfescu et al., 2016)
can affect local air temperatures (Sousa et al., 2018; Ye
and Wu, 2017). Further work is needed on the impact of
these factors on the surface temperature and air-surface
heat exchange. The SOM method applied allows attribu-
tion of the observed changes to thermodynamic and
dynamic forcing factors, but major challenges remain in
separation of the changes in forced responses to drivers
of the climate system and the underlying internal variabil-
ity of the system. In this respect, a promising way for-
ward is the use of artificial intelligence in analyses of
climate data (Barnes et al., 2019).
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