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Abstract
One of the most important uncertainties in a changing climate conditions are changes in climate
extremes. While precipitation extremes are particularly important at low latitudes, thermal extremes are of
major interest at mid-latitudes. This study analyses the cold (CS) and warm (WS) spells winter
climatology in the eastern part of the Baltic Sea region from 1951 till 2020. Data from the E-OBS
database were used in the research. A CS/WS in this study is an event when extreme low/high (below
10th/above 90th percentile) air temperature persists for at least 5 days. The period 1971–2000 was used
as the climate norm. The results show that both absolute winter air temperature minimum and maximum
increased over the investigation period. The absolute maximum of winter air temperature strongly
increased after 1988, when a statistically signi�cant regime shift was determined. The results show that
the number of WSs have increased and changes are statistically signi�cant in most cases. Meanwhile,
the recurrence and duration of CSs have changed insigni�cantly, although the number of years with more
than one CSs is decreasing. The total number of CS/WS cases per season slightly increased. Total
number of WSs days increased a lot at the last decade of the investigation period, while the number of
CSs days changed insigni�cantly in recent several decades.

1. Introduction
The last three decades in Europe have been characterized by rapid air temperature rise and increased
frequency of extreme weather events such as droughts, summer heat waves, windstorms, heavy
precipitation events, and �oods. This great scienti�c and public interest to extreme events remains
especially relevant under the changing climate conditions. Comprehensive research of extreme weather
events is particularly important for the middle latitudes, as the inter-annual variability of the climate is
evident. Some studies (Rutgersson et al. 2015) have found that the climate warming in Northern Europe
is faster than the global mean.

There has been a great deal of interest in cold waves in 2010, when large-scale cold waves were observed
in many parts of the Northern Hemisphere (NH), especially in Europe (Christiansen et at. 2018; Guirguis et
al. 2011). It is well known that a sudden drop of air temperature can signi�cantly affect human health.
Some scienti�c studies (Gasparrini et al. 2015) have shown that people die from the severe cold several
times more often than from heat. For this reason, each region has its o�cial thresholds of negative
temperature, beyond which it is recommended to stay at home, especially for vulnerable groups such as
elders, children, and people with certain medical conditions. Severe winters have always brought a lot of
damage in various areas of human activity. CSs have a negative effect on the transport and
communication sector and can also cause serious damage to buildings. During severe cold periods, gas
consumption and heating costs increase signi�cantly. Finally, interchangeable occurrence of extremely
warm and cold periods may have a negative effect on agriculture, food, and livestock production
(McMichael et al. 2007). Considering the negative impact mentioned above, the accurate prediction of
severe CSs and WSs is an important and challenging task in sub-seasonal and seasonal weather
forecasting.
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Despite rapid global warming over the last decades, when the average air temperature during winter was
recorded above normal, there were also periods when the air temperature dropped to extremely low
values. The recent winters of 2009–2013, 2017–2018 in Europe, and 2013–2015, 2017–2019 in North
America had several severe CSs events and aroused scienti�c and media attention on those costly
episodes of extreme temperatures.

Some studies (Kharin et al. 2007; Claud et al. 2007; Kodra et al. 2011; Mori et al. 2014; Vihma 2014) have
shown that the probability of signi�cant cold anomalies in the future will persist. Moreover, CSs may be
even stronger. Results from the simulation reveal that the recent Arctic sea ice reduction contributes to
reoccurrence of cold winters in some mid-latitude continental regions (Cohen et al. 2018; Nakamura et al.
2015). This was explained as a result of the Arctic ampli�cation, which means the stronger warming of
the poles to compare with lower latitudes (Vallis et al. 2015). This seesaw Northern hemisphere winter
temperature phenomenon also is called “warm Arctic – cold continents pattern” (Overland et al. 2011).

Together with the mentioned ampli�cation, a decrease in the meridional temperature gradient and
weakening of the polar jet stream was observed (Francis et al. 2009; Outten and Esau 2012). The eddy
heat �ux has also robustly weakened over the last four decades (Vallis et al. 2015; Chemke and Polvani
2020). This creates favourable conditions for the formation of cold anomalies, which are often related to
a perturbed jet stream (Francis and Vavrus 2012). High meandering of the polar front jet stream causes a
deep southward intrusion of cold Arctic air over the continent (Tang et al. 2013; Vihma 2017; Vavrus
2018; Cohen et al. 2020). Due to the Arctic ampli�cation the WSs in the North Pole also become much
stronger and more common, in some cases anomalies are as high as 30°C (Graham et al. 2017). The
relationship between temperature anomalies in Arctic and mid-latitude continents, and weaker zonal
winds, was once again con�rmed by Vihma et al. (2020). Thus, the increased intensity of winter CSs in
one region can also be linked to increased intensity of WSs in another (Cohen et al. 2018). Recent
extended CSs occurred during a period, which is called a “hiatus” period, when the trend of annual global
mean surface temperature remained almost steady (Johnson et al. 2018).

Severe CSs in Europe are often associated with blocking processes over the North Atlantic. This situation
is characterized by anticyclonic circulation, which creates favourable conditions for the intrusion of cold
air from the north. It is important to note, that the speci�c location of the atmospheric blocking events
over the North Atlantic creates different patterns of temperature extremes in Europe. Blocking processes
in the western part of the Atlantic are not so important for the formation of cold anomalies in Europe
(Sillmann and Croci-Maspoli 2009). It has also been established that the close relationship between
anomalous winter temperatures and blocking processes will remain in the future climate (Sillmann et al.
2011).

Winters WSs in Europe received considerably less attention comparing to the number of studies related to
cold waves. However, it is very likely that winter WSs are becoming more frequent, longer lasting, and
more intense with a rapidly warming climate in NH mid-latitudes. Statistically signi�cant increase in
extremely warm days in winter in Northern Europe during 1979–2016 was found in a study by Sui et al.
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(2020). The increase in wintertime air temperature in Central Europe has been detected by Tomczyk et al.
(2019), however most of these changes were statistically insigni�cant. In this study, large-scale WSs have
been associated with the advection of warm air masses and anomalies in geopotential height in the
entire troposphere, with the largest anomalies at 250 hPa several days before the extreme event. In the
study by Matthes et al. (2015), it was determined that in winter WSs strengthened for most of the
European and western Russian stations, with trends of up to 2.5 days per decade and statistically
signi�cant trends over Scandinavia. However, in the same research, statistically signi�cant decrease in
WSs of up to 2.5 days per decade were found in some stations in Siberia. The decreasing number of
winter warm days was also found for Greece (Efthymiadis et al. 2011).

This can play a considerable role in biochemistry, changes in ecosystems, primary production, and
dynamics of an agricultural pest species (Ma et al. 2018; Chapman et al. 2020). Extended warm and cold
periods, as well as changes in the freeze-thaw cycle, have a negative impact on structure and functioning
of ecosystems, seasonal cycles development, and survival rates of different organisms (Jiguet et al.
2011; Ma et al. 2015). In addition, a return of cold winter conditions can lead to plants tissue damage and
its further development during spring (Chapman et al. 2020). Thus, detailed studies of WSs are necessary
to understand the mechanism of their formation and the further procedures of improving their
predictions. Usually, increased reoccurrences and intensity of WSs in the winter is attributed to a long-
term global warming trend and CSs of the same winter are often assigned to the state of regional climate
patterns (Guirguis et al. 2011). However, it is also possible that they are both a consequence of the same
trigger during the winter period.

Currently, the discussion whether the number of extreme temperature events is increasing or decreasing is
becoming especially relevant. The �rst-order hypothesis is that, in a warming climate, WSs are becoming
more frequent and long lasting, and CSs are much rarer and less cold. There are many studies related to
extreme temperature drivers, but the understanding of long-term tendencies in extreme temperature
events is pivotal for setting further guidelines for climate change adaptation. It is also very important to
distinguish between different approaches to extreme temperature events and to pay special attention to
the importance of selection of the climate norm. These differences may also lead to different
interpretations of the results.

In this article, we studied wintertime temperature extremes in the eastern part of the Baltic Sea region over
the last 70 years (1951–2020). To evaluate and describe long term cold and warm anomalies, we use 3
different parameters: absolute maximum and minimum seasonal air temperature, 90/10 percentiles, and
10-year return level. We believe that such comprehensive study will provide more clarity on the change of
temperature anomalies in a studied region.

2. Data And Methods

2.1. Study Area
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Our studied area is the eastern part of the Baltic Sea region, de�ned here as latitudes between 52° and
62° N and longitudes between 20° and 32° E. Data matrices contain 97 grid points (only land points as
shown in Fig. 1). The choice of this area was partly determined by the coverage of the geographical area
of other studies on this topic, where most of the territory of the Eastern Baltic region is usually excluded
(Vihma 2020; Sulikowska and Wypych 2021).

Our studied territory falls into the Dfb climate subtype according Köppen’s classi�cation (warm-summer
humid continental climate). The precipitation is evenly distributed throughout the year and ranges from
25 mm to 52 mm in January and from 52 mm to 84 mm in July. The temperature during the warmest
month (July) varies from 16.2°C in the northwest of the analysed region to 19.2°C in the south-eastern
part (the mean air temperatures calculated for the whole investigation period 1951–2020) (Fig. 1). During
the winter, regional differences of mean air temperature increase signi�cantly comparing to summer
months. January is the coldest month of the year and temperature ranges from − 2.3°C in the southwest
to -8.7°C in the northeast (Fig. 1).

2.2. De�nition of Cold and Warm Spells
There is a lack of rigorous de�nitions for CSs and WSs. However, most often CS/WS are described as a
prolonged period with extremely low/high temperature relative to local conditions (climatic norm). CS/WS
are typically de�ned as an extreme temperature event exceeding speci�c temperature threshold over
some short time interval, usually expressed in number of days. Different variations of CS/WS evaluation
methods were well described in the study by Domonkos and Piotrowicz (1998). The choice of method
also highly depends on the type of the research purpose. The IPCC has proposed that an event is de�ned
as extreme (or rare) when the recurrence of a particular quantity is less than the 10th or greater than the
90th percentile (IPCC, 2001). This de�nition is often applied in extreme temperature studies (Nikolova and
Penev 2007; Tomassini et al. 2012; Matthes et al. 2015; Spinoni et al. 2015; Johnson et al. 2018;
Lavaysse et al. 2019; Smid et al. 2019) and will be used in this study as well. To determine extremely
cold/warm periods, daily minimum (Tn) and maximum (Tx) temperature data are used. However, we
found disagreements in the de�nition of CS/WS length. In different studies this number varies
signi�cantly from 3 to 15 consecutive days (Tomassini et al. 2012; Lhotka and Kyselý 2015; Matthes et
al. 2015; Spinoni et al. 2015; Tomczyk et al. 2019). In our study, we chose a 5 day period to de�ne CSs
and WSs.

2.3 Reference Period

The de�nition of temperature extremes during the long-time interval is very problematic, because of the
signi�cant differences in climatic norms. It is especially important to choose an appropriate period that
we will consider as a climatic norm. This also depends on the purpose of a study and on the
meteorological parameter itself. In meteorology, it is agreed to take a 30 year time interval as the climatic
norm. The choice of the wrong period can signi�cantly affect the results of the analysis. That is why the
understanding of an extreme event is closely related with our perception of what a normal state is. The
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effect of a gradual temperature increase during the last decades makes this task even more di�cult
because it is obvious that current extremes may become the near future norms or vice versa.

For this reason, the important part of this study was to determine which climate norm should be used. In
recent years, the climatic norm of 1981–2010 was most used (Vihma et al. 2020; Sui et al. 2020). First,
we decided to examine extreme temperature �uctuations over the last 70 years. For this purpose,
regionally averaged seasonal minimum Tn (TNn) and maximum Tx (TXx) temperatures were applied
(calculated for each grid point separately and then averaged over the entire region). It turned out that the
average wintertime regional TNn varied over a wide range from − 8.1°C (2020) to − 34.7°C (1956).
Meanwhile, TXx �uctuations were much smaller from 1.3°C (1963) to 11.8°C (1990). The signi�cance (p 
< 0.05), according to the Mann-Kendal test positive trend, was determined for TXx (0.56°C per decade),
while slightly smaller positive trend for TNn (0.43°C per decade) was found to be insigni�cant due to high
variation of this parameter (Fig. 2). The standard deviation for TNn is 4.7°C and 2.3°C for TXx.

Initial data analysis allowed us to detect sudden change in an average extreme temperature over a short
period of time (Fig. 2). We used “Sequential Regime Shift Detection Software” (version: 6.2.1) proposed
by Rodionov (2004) to detect regime shifts in the data series. We found statistically signi�cant (p < 0.05)
regime shift in 1988 in maximum (TXx) temperatures series, while changes in TNn were insigni�cant. The
whole analysed period can be divided into two periods: 1951–1987 and 1988–2020. The difference in
mean values between these two periods is 1.6°C for the TNn and 2.7°C for the TXx. However, during these
two periods, the regionally averaged extreme temperature parameters showed little change (except TNn in
1988–2020) or even an insigni�cant negative tendency. This is particularly evident in the �uctuations of
TXx.

After splitting into two periods, both TNn and TXx tendencies during 1951–1987 became negative and
equal to − 0.46°C and − 0.01°C per decade, respectively. During the second period (1988–2020), the
tendency for TNn equals to 0.4°C and for TXx is − 0.3°C per decade. However, these tendencies are not
statistically signi�cant. It is also very important to note that 2020 was the warmest year in the last 70
years and had a major impact on the TNn trend. If we exclude it from the calculation, the trend for 1988–
2019 would be negative.

We veri�ed this statement and found that the shift in air temperature regime around 1988 corresponds
particularly well to changes in large-scale atmospheric circulation (LSAC), such as Arctic oscillation (AO).
We also found statistically signi�cant (p < 0.05) regime shift in 1989 in wintertime AO data series
(Fig. 2c). The correlation coe�cient between winter (DJF) AO and regionally averaged TNn is 0.57 and
0.72 for TXx. Both correlations are statistically signi�cant. A slight increase in the mean DJF AO index
was observed between 1951 and 1988 and a signi�cant decrease between 1989 and 2020. This shift in
LSAC has often been mentioned in previous studies. Figura et al. (2011) found that sudden changes in
groundwater temperature in Switzerland were associated with a shift in LSAC in the late 1980s. Changes
in snow cover melting dates were also associated with a signi�cant shift in AO regime in 1988/1989
(Foster et al. 2013). In addition, changes in the regime were observed in all European seas in the late
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1980s. These changes have been associated with changes in pressure distribution across the Atlantic,
such as the North Atlantic oscillation (NAO) index, and with changes in sea temperature (Beaugrand et al.
2015; Conversi et al. 2010).

Based on information given above a climate norm covering both periods, 1970–2000 was chosen for
further analysis of the CSs and WSs. We used the climate norm of 1970–2000 as a “bridge” between
relatively cold and warm periods. The 1971–2000 climate norm was also used to analyse changes in
thermal seasons in Northern Europe (Ruosteenoja et al. 2020).

2.4. Initial Data and Analysis Methods
We used E-OBS daily Tn and Tx gridded data from the latest E-OBS (version 23.1e) dataset on a 0.25°–
0.25° longitude–latitude grid (Cornes et al. 2018). We analysed only winter months from DJF season.
Winter of 1951 in our study is de�ned as winter December 1950–February 1951. Different parameters
which describe severity, duration, and frequency of CSs/WSs were evaluated based on three different
methods:

1) We used absolute seasonal daily minimum (Tn) and maximum (Tx) values to evaluate the severity of
inter-annular cold/warm anomalies. This method was also used in different studies (Karl et al. 1999;
Alexander et al. 2006; Van Oldenborgh et al. 2015, 2019). For Tx, we calculated maximum values using
only the Tx data of January and February (JF), as they are the coldest months of the year. Finally, the
linear trends were computed using Sen’s slope estimator. We used a nonparametric Mann-Kendal test to
evaluate changes during the past 70 years. We applied 95% statistical signi�cance level.
2) We detected all WSs and CSs in every grid point throughout the period 1951–2020. CSs/WSs were
determined whenever Tn/Tx is above the 90th percentile (below the 10th percentile) for at least 5
consecutive days and with a break of no more than two days between two separate events. We computed
the daily percentile values versus the 1971–2000 baseline on a 5 day centred window (Sillmann et al.
2013). The climatology of CSs/WSs frequency, intensity, and duration was evaluated.
3) We also used generalized extreme value (GEV) distribution to estimate 10 year return values (RL10).
Return level (RL) is a very informative indicator allowing us to evaluate extreme temperature
characteristics and changes over the long time frame. Calculations were made for �ve different time
intervals (1951–1980, 1961–1990, 1971–2000, 1981–2010, and 1991–2020). This was done for each
grid point by �tting Tn and Tx for each cold season (for Tx only JF) to a GEV distruibution using a log-
likelihood method as described in Coles (2001). The GEV distribution was successfully applied in a
variety of different studies of extreme temperatures (Rusticucci and Tencer 2008; Sillman et al. 2011).
The maximum likelihood method and L-moments are most used in such studies (Hosking 1990),
however, Anagnostopoulou et al. (2017) showed that L-moments are the less appropriate method for
temperature parameters. RL10 calculation was done using the climextRemes software package (Paciorek
et al. 2018) within R library built upon the extRemes library (Gilleland and Katz 2016), which is available
at https://cran.r-project.org/web/packages/climextRemes/index.html. We also applied the Kolmogorov-
Smirnov test to measure the agreement between the empirical and GEV distributions.
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3. Results

3.1. Changes in Absolute Seasonal Tn and Tx Temperature
Analysis of the absolute seasonal Tn an Tx temperatures throughout the period 1951–2020 showed
notable changes in air temperature extremes. The absolute seasonal daily minimum temperature (Tn)
increased in the entire territory, while in the central part, changes were statistically signi�cant (Fig. 3a). In
these grid points the trend values reached 0.70–0.96°C per decade. The median value in the investigated
area is 0.44°C per decade.

However, if the analysed period would be divided into two parts (as described in the previous section),
negative changes prevailed from 1951 till 1987. In some grid cells in the northern part of territory, the
changes are statistically signi�cant and trend values were even below − 2°C/decade (Fig. 3b). Median
trend value is − 0.37°C per decade. During the second period (1988–2020), insigni�cant positive
tendencies dominate over the studied territory (Fig. 3c). The median value of trends is equal to 0.58°C per
decade. However, several grid points with statistically insigni�cant negative tendencies were identi�ed in
the south-western and north-western parts of the analysed area. Nevertheless, the last few warm winters
(especially in 2020) have had a decisive in�uence on the trend sign and value. During the period from
1988 to 2017, we had predominantly negative trends with a median value − 0.29°C per decade.

Slightly different changes were observed in absolute seasonal daily maximum temperatures (Tx): positive
by taking the whole period and prevailing negative by dividing it into two parts (Fig. 4). The changes
during the entire period are slightly larger than in case of Tn. The median value equals 0.57°C/decade
during the entire period and changes are statistically signi�cant in all grid cells. Most prominent Tx
changes occurred in the southwest. In some grid points, Tx trend values reached 0.70–0.73°C per decade.
The smallest changes were found in the northeast (Fig. 4a).

Meanwhile, trend values in 1951–1987 have clear territorial differences. Insigni�cant negative changes
were observed in west while positive in the east (in one grid cell changes are signi�cant) (Fig. 4b).
However, during the period of 1988–2017, the negative insigni�cant changes were detected almost in the
entire territory (Fig. 4c). The median trend value of this period equals to − 0.26°C per decade, while the
largest changes were in the southwest of the territory. This suggests that the regime shift in Tx in the late
80s was unprecedentedly large.

3.2. Climatology of CSs and WSs Frequency
A CS/WS in this study is an event when extreme low/high (below 10th /above 90th percentile)
temperatures persist for at least 5 days. If the time interval between two CSs is equal to one or two days,
it is the same event. Such events were counted for every cold season of each year in 1951–2020.

On average, CSs were recorded 5 years per decade, while the average number of CSs is 7–10 per decade.
Typically, 1 to 3 CSs can be observed during a single DJF season. However, some years have been
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characterized by a particularly frequent recurrence of CSs. In those years, as many as 4–6 CSs per one
season were recorded, and most of these winters were extremely cold (Fig. 5a).

However, it can be noticed, that the last winter season with 4 or more CSs was observed 35 years ago.
There were also some years without CSs, which in most cases are very warm winters. Those winters were
marked by red asterisks in Fig. 5a. The number of such years has increased in recent decades, and the
wintertime warm temperature records in 2020 have no precedent over the last 70 years.

Figure 6 shows the total number of CSs during different decades. The highest number of CSs was
observed in 1961–1970 when the total number of such events ranges from 10 to 22 (median is 15) with
the highest number in the central part of investigation area. The decade of 1951–1960 can also be
described as a decade with a high number of CSs, the total number ranges from 3 to 15 (median is 10).
However, no major changes can be observed during the last 5 decades. Usually 5–8 CSs per decade are
observed. There has also been little change in the number of years with at least one CS per decade, which
is about 5 years. Based on these results, cold spells in the region may be expected every two years.

During the analysed period, the average number of WSs is 6–9 per decade. But this number has changed
dramatically in recent decades compared with previous ones, increasing from 2–9 (1951–1990) to 7–15
(1991–2020) (Fig. 7). A signi�cant increase in the number of WSs has been observed since 1989. At the
same time, the number of years with at least one WS has also increased from 3–5 (1951–1990) to 5–8
(1991–2020) per decade. Over the last decade in the northern part of the studied region, WSs have been
recorded almost annually. The largest changes were observed in the south-southeast of the studied area,
while the smallest in the north-western part.

The highest frequency of WSs was recorded in the last two decades: the median was 10 WSs per decade
in 2001–2010 and 15 WSs per decade in 2011–2020. In some years, there were as many as 4–6 warm
spells in one season and all of them were recorded after 1988 (Fig. 5b). The lowest number of WSs was
observed in 1961–1970 (median value is 2 WSs per decade). Some years were without a WSs in the
entire region (Fig. 5b).

The general tendencies of CSs/WSs in the region are presented in Fig. 8. WSs have been observed much
more frequently in recent years, but recurrences of CSs did not decrease signi�cantly. In some years
during the 21st century, the recurrence of CSs in the analysed region exceeded the number of WSs (Fig.
8). However, the trend in the difference between WSs and CSs is positive and statistically signi�cant. It
should be mentioned that the total amount of CSs and WSs in the region is increasing (although changes
are statistically insigni�cant). This tendency is particularly unfavourable for the ecosystems, agriculture,
and horticulture. For example, in 2012, in the south-eastern part of the region, there were 3 WSs in
December and 2 CSs in February; in 2016 in the north of the region there were also 3 WSs (in December
and February) and 2 CSs in January during the same winter season.

3.3. Total Number of Days with CCs/WSs
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Duration of CSs/WSs is another indicator which allows us to evaluate the extremeness of these events as
well as winter conditions. On average, one CSs last for 9 days in the analysed region. It cannot be said
that CSs last longer in the north or south, this number differed a lot in different years.

Analysing the total sum of CSs days in different decades, it was found that the largest duration of the
CSs was observed in 1961–1970 (Fig. 9). The total number of CSs days was estimated to be up to 220
days (median value is 168 days) per decade. This was due to several extremely cold winters with long-
lasting CSs: 1963, 1964, 1966, 1967, 1968, 1970. Long lasting CSs were also observed in 1951–1960
(median value is 98 days) and 1981–1990 (median value is 94 days). The CSs of 1985 and 1987 were
extremely severe in terms of both low temperature and duration (at some points, individual CS lasted for
20 days or more).

The smallest number of CSs days was determined in 1991–2000 (median value is only 41 days, which is
four times less than in 1961–1970). During this decade, the longest CSs were observed in the winters of
1996 and 1997, but their duration was only slightly above the average. Over the last two decades, the
total duration of the CSs ranged from 38 to 94 days (longer in the north). There were also several CSs
which lasted 15 to 19 days (2002, 2003, 2011 and 2012).

It was determined that WSs on average also last 9 days. The largest number of WSs days were observed
in 2011–2020, when the total duration ranged from 118 days per decade in the southeast, to 241 days
per decade in the north (Fig. 10). The unusually warm 2020 made a signi�cant contribution to these
numbers. It should be mentioned that decade of 2001–2010 was also marked by prolonged WSs. The
average WSs duration of the winters 2002 and 2007 were particularly long, on average the number of
WSs days was 20 and 42 days, respectively. However, the largest values were recorded in 2020, when an
average sum of winter WSs over the region was 54 days. The shortest duration of WSs were observed in
1961–1970 (10–46 days per decade) (Fig. 10). These results con�rm that, along with climate change,
WSs are not only becoming more frequent but also longer lasting.

3.4. Climatology of Tn and Tx Return Level
We calculated return level (RL) for 5 different 30 year intervals: 1951–1980, 1961–1990, 1971–2000,
1981–2010, and 1991–2020. By comparing RLs of different time periods, it is possible to evaluate how
RL values, which may occur once every 10 years, are changing in the context of climate change. The 10
year RL (RL10) statistics for TNn and TXx are presented in the Table 1.

Comparing different time intervals over the last 70 years, we found that the regional minimum value of
TNn RL10 has changed slightly (1.5°C), while the maximum value has increased more signi�cantly (by
3.7°C). Whereas the standard spatial deviation of the extreme values within the region are decreasing
(Table 1).

The opposite tendencies for Tx RL10 values were noticed. The largest difference between minimum Tx
RL10 value was 2.4°C. However, comparing the values of the last few decades, Tx RL10 have changed
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insigni�cantly. The same applies to the maximum values. The largest difference between maximum Tx
RL10 value was 2.9°C, but again, negligible changes were observed during the last three periods (Table 1).

 
Table 1

TNn and TXx 10 year return level of absolute minimum (MIN)
and maximum (MAX) air temperature averaged over entire

region and standard deviation (STD)
Years TNn RL10, °C TXx RL10, °C

MIN MAX STD MIN MAX STD

1951–1980 -36.8 -24.7 3.2 3.7 11.1 1.7

1961–1990 -37.0 -24.7 3.3 4.9 12.8 1.9

1971–2000 -35.6 -23.5 3.4 5.9 14.0 2.0

1981–2010 -35.4 -22.9 2.9 6.1 14.0 2.1

1991–2020 -35.3 -21.0 2.8 6.1 13.1 1.8

The minimum air temperature that can be observed once per every 10 years varies from below − 35°C in
the northeast up to − 23°C in southwest and − 21°C the Saaremaa Island (in 1991–2020) (Fig. 11a).
When analysing changes in individual grid points, the largest Tn RL10 differences were found between
1951–1980 and 1991–2020. In some places, these differences are above 4°C. The most prominent
changes were observed in the central part of the analysed area and in the northwest (Fig. 11b).

The RL10 maximum January–February air temperature also increases moving from the northeast to
southwest (from 6°C to 13°C) (Fig. 12a). Comparing changes in individual grid points between 1951–
1980 and 1991–2020, it was found that the largest changes were in southeast (above 4° C), while the
smallest were in the north (below 2°C) (Fig. 12b).

4. Discussion And Conclusions
In the eastern part of the Baltic Sea region, the average air temperature during the coldest winter month
ranges from − 2.3°C in the southwest to − 8.7°C in the northeast. However, during extreme periods, the air
temperature can drop below − 30°C or rise above 10°C. These extremes always do a lot of damage to
various areas of human activity or ecosystems and even can be a threat to human life. This study
analyses such event dynamics in 1951–2020. Different indicators of cold and warm spells were
calculated, such as absolute winter minimum/maximum temperatures, CSs and WSs reoccurrence and
duration, and return level of extreme temperatures, which were also used in other studies as well (van
Oldenborgh et al. 2019; Tomczyk et al. 2019; Spinoni et al. 2015; Matthes et al. 2015).
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Our study revealed quite strong changes in wintertime air temperature extremes. An absolute winter air
temperature maximum has increased more than the minimum (the median trend values are 0.57°C and
0.44°C per decade, respectively). Tx trends for the whole study period are signi�cant in the entire study
area, while Tn only in a central part of the region.

Despite the increase in Tn temperatures over the last 70 year period, we did not �nd signi�cant decreases
in the occurrence of CSs. A record number of CSs were observed between 1961 and 1970 (median value
is 15 cases per decade), however, during the last 5 decades (1971–2020) the number of CSs has
remained stable. Usually 5–8 CSs per decade are observed. Our results complement the study of Sui et al.
(2020), in which no signi�cant decreasing trend was detected in the occurrence of extremely cold events
in North Europe. Future model simulations in a study by Ayarzagüena and Screen (2016) also showed
that the frequency of cold air outbreaks does not signi�cantly change in high and middle latitudes of the
NH. However, the latter study found no signi�cant changes in the future duration of cold air outbreaks
from Arctic to mid-latitudes, while we found that the changes in the duration of CSs are much more
signi�cant. Over the last three decades, the number of CSs days had decreased by 1.5–2 times compared
to the beginning of the investigation period. This shows that the average duration of a single CS is
decreasing.

Much larger changes have been detected in the recurrence of WSs. A signi�cant increase in the number of
WSs was observed since the end of ninth decade of the 20th century. The number of years with at least
one WS has also increased from 3–5 (1951–1990) to 5–8 (1991–2020) per decade. Our results also
con�rm, that WSs are not only becoming more frequent but also longer lasting. Over the last three
decades, the duration of WSs has increased by 1.5–2 times compared to the period before 1988. Our
�ndings �t well with the results of Tomczyk et al. (2019), where the statistically signi�cant increase in
wintertime number of warm days in Central Europe was determined. This study also indicates that the
higher occurrence of WSs can be related to considerably more active and more intensive baric systems
with an intensive advection of air masses from the south-west.

In our study, we determined statistically signi�cant regime shifts in 1988 in TXx temperatures. The
difference in mean values between two periods (1951–1987 and 1988–2020) as high as 2.7°C, while
during these two separate periods the TXx tendencies are negative. The �uctuations in TXx corresponds
particularly well to changes in LSAC, such as AO (r = 0.72, p < 0.05). A statistically signi�cant regime shift
was detected in the wintertime AO index in 1989 as well. The fact that the regime shift in the DJF extreme
temperature time series coincides with the shift in the winter AO index time series allows us to claim that
the very close relationship between these two parameters exist. Arctic oscillation is a dominant mode and
one of the main driving forces of wintertime temperature extremes in many parts of the NH. It has been
shown that anomalously high/low AO index values tend to lead to anomalously warm/cold winters
(Juzbaši et al. 2021; Cohen et al. 2010).

We also found statistically insigni�cant negative tendencies in the TNn time series in 1951–1987 and in
1988–2019 but the extremely warm year 2020 changed the sign of recent tendencies from negative to
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positive. Our results correspond well with the research of Johnson et al. (2018), which studied the recent
levelling of temperature after the late 1990s and determined that during this global warming hiatus period
(de�ned as 2002–2014) the occurrence of wintertime cold extremes increased over NH land. According to
this study, the increase in cold extremes is associated with an atmospheric circulation pattern “warm
Arctic-cold continents” (Johnson et al. 2018).

It is likely that global warming has a dual effect on extreme temperature events and some of the
mechanisms involved in the formation of regional temperature anomalies act in the opposite directions.
First, cold air outbreaks from the Arctic to middle latitudes became not as cold as they were in the past
because of the Arctic ampli�cation (Ayarzagüena and Screen 2016). On the other hand, the Arctic
ampli�cation to some extent may favour CSs in mid-latitudes, including Northern Europe (Cohen et al.
2020). Our results also suggest that CSs still are a common extreme event in the studied region.
Moreover, the decreased occurrence of the positive phase of NAO in 1979–2015 (Vihma et al. 2020) and
more frequent Scandinavian Pattern (Crasemann et al. 2017) during the last decades, undoubtedly
resulted in statistically insigni�cant negative tendencies of extreme temperature after 1988 which were
detected in our study as well. Another possible mechanism regarding how warm Arctic air is associated
with an increase in severe winter weather across the continents of the NH involves a pathway through the
stratosphere (Cohen et al. 2018). Several studies have been carried out to determine the typical features
of the stratosphere-troposphere interactions during weather anomalies. Positive anomalies of the
geopotential height at 250 hPa level were determined 9 days (on average) before the beginning of WSs in
Central Europe (Tomczyk et al. 2019). This indicates that the anomalies are descending from the upper
troposphere to the lower. Previous studies (Hitchcock and Simpson 2014; Kretschmer et al. 2018) showed
that anomalies in the stratospheric polar vortex tend to descend and can affect surface weather as well
as changes in the AO phase.

The results of this study show that winter conditions in the analysed region are becoming more extreme
as several WSs signi�cantly increased, meanwhile the number of CSs only changed a little. These
conditions are particularly unfavourable for ecosystems, agriculture, horticulture, and for winter sports.
Even though the CSs are becoming milder, the effect of combined interactions with much more frequent
WSs (often during the same winter season) is becoming even more threatening. Sulykovska and Wypych
(2021) also highlighted that an increase in winter temperature extremes in Europe is accelerating. While
most of the circulation structures associated with the occurrence of cold air outbreaks do not seem to
change signi�cantly in the future (Ayarzagüena and Screen 2016).

It is also important to note that not all changes were statistically signi�cant in our study, but statistically
signi�cant results weren’t obtained in other similar studies as well. The research of Tomczyk et al. (2019)
also pointed out a lack of statistically signi�cant changes in absolute temperature maximum in Central
Europe. Statistically insigni�cant tendencies were obtained when analysing changes in the number of
cold days in Northern Europe (Sui et al. 2020). In the study of Matthes et al. (2015), it was concluded that
both types of spells show pronounced inter-annual and decadal variability, which complicates the
analysis of their trends. This was con�rmed in our study, especially in the case of Tn.
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Figures

Figure 1

The study area and long term (1951–2020) average air temperatures (°C) in January (left) and July
(right)

Figure 2

Fluctuations and trends of the regionally averaged annual (a) December-February (DJF) absolute
minimum (TNn) and (b) January-February (JF) absolute maximum (TXx) temperatures (°C) in the eastern
part of the Baltic Sea region, and (c) DJF Arctic oscillation (AO) index in 1951–2020

Figure 3
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Trend values (°C/decade) of wintertime absolute minimum temperature (Tn) in: a) 1951–2020, b) 1951–
1987, and c) 1988–2020; the asterisks show statistically signi�cant (p < 0.05) changes

Figure 4

Trend values (°C/decade) of January–February absolute maximum temperature (Tx): a) 1951–2020, b)
1951–1987, and c) 1988–2020; the asterisks show statistically signi�cant (p < 0.05) changes

Figure 5

Mean regional absolute a) minimum (TNn) and b) maximum (TXx) temperature. Years with four or more
CSs/WSs marked with a white/yellow asterisk, while years without CSs/WSs were marked with a red/blue
asterisk

Figure 6

The total number of winter CSs per decade in the eastern Baltic Sea region

Figure 7

The total number of winter WSs per decade in the eastern part of Baltic Sea region
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Figure 8

Total number (dashed line) and difference (CSs–WSs; red and blue bars) of the regionally averaged (over
97 grid points) number of CSs and WSs in the eastern Baltic Sea region in 1951–2020

Figure 9

The total duration (days) of CSs per decade in the eastern part of Baltic Sea region

Figure 10

The total duration (days) of WSs per decade in the eastern part of Baltic Sea region

Figure 11

The RL10 (°C) of Tn in the eastern part of the Baltic Sea region in a) 1991–2020 and b) the difference
between RL10 values in two periods: 1991–2020 minus 1951–1980

Figure 12

The RL10 (°C) of Tx in the eastern part of the Baltic Sea region in a) 1991–2020 and b) the difference
between RL10 values in two periods: 1991–2020 minus 1951–1980


