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Abstract

The objective of the paper was to characterise the temporal and spatial variability of winter
warm spells in Central Europe in the years 1966/1967-2015/2016 and to determine the
circulation conditions of their occurrence. The applied data were obtained from the Polish
Institute of Meteorology and Water Management, Deutscher Wetterdienst and the National
Centre for Environmental Prediction/National Centre for Atmospheric Research. A warm
spell was defined as a sequence of at least three warm days, i.e. when the maximum air
temperature is higher than the 95th percentile of the probability density function desig-
nated from observation. The research has proven that over the study period the air tempera-
ture increased in the winter season in Central Europe and this translated into an increase
in the number of warm days. An average of 3—5 warm spells was recorded per 10 years.
The most numerous warm spells occurred during three winter seasons, i.e. 1989/1990,
2006/2007 and 2015/2016. The occurrence of warm spells was related to positive anoma-
lies of geopotential heights over the study area in the cross section of the entire tropo-
sphere. Maximum anomalies appeared at 250 hPa geopotential height, and they developed
on average 9 days before the commencement of warm spells over the study area.

Keywords Winter warm spells - Circulation conditions - Geopotential anomalies - Central
Europe

1 Introduction

Climatic changes observed in recent decades have mainly been expressed as a global
increase in mean air temperature of approximately 0.85 °C, over the period 1880-2012.
Each of the last three decades has been warmer than the previous one, and the 30-year
period 1983-2012 was probably the warmest period in the last 1400 years in the northern
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hemisphere (IPCC 2013). Apart from the observed increase in air temperature, climate
changes, potentially resulting in unfavourable effects in many areas of life, are also mani-
fested in higher frequency, intensity and duration of extreme climatic events in many
regions of Europe and around the globe (Katz and Brown 1992; Menzel et al. 2011;
Shevchenko et al. 2014; Chen et al. 2017; Diffenbaugh et al. 2017; Ummenhofer and Meehl
2017).

An increase in air temperature manifests as an increase in the frequency of heat waves in
summer and warm spells in winter. According to Francis and Vavrus (2012), these anoma-
lous periods should be more persistent due to an increased amplitude of Rossby waves and
their slower progression eastward. Such modifications in global circulation are an effect of
the observed enhanced warming at high northern latitudes relative to mid-latitudes (Arctic
amplification) and the relaxation of poleward 1000-to-500 hPa thickness gradients. Weak-
ening zonal winds and slowing planetary waves translate into more persistent weather pat-
terns at mid-latitudes, which are often extreme and are associated with upper tropospheric
pressure and air flow patterns. Qian et al. (2016) also connected persistent extreme sur-
face weather episodes with signals in the middle and higher troposphere. They proved that
anomalies of geopotential heights at the 300 hPa level are strongly related to persistent
periods of surface anomalous temperature in China. These geopotential height anomalies
appear prior to the observed surface temperature extremes and can therefore be considered
as prognostic signals of an approaching extreme weather. Furthermore, they postulated
that an increase in frequency of heat waves is directly responsible for the growing frequen-
cies of macroscale quasi-stationary centres with positive anomalies of geopotential heights
in the upper troposphere. Strong patterns of geopotential heights anomalies in the upper
troposphere were also recorded to precede the occurrence of surface temperature extremes
(cold spells) in north-east China (Qian and Jiang 2014) and in research concerning extreme
heat waves in east China (Chen et al. 2017).

Wibig (2007) related periods of mid-winter warm spells in central Poland to macroscale
circulation indices. She proved that positive temperature anomalies were positively cor-
related with the Zonal Circulation Index, and with the East Atlantic and North Atlantic
Oscillation circulation types. The determined relationships, however, account for a maxi-
mum of 25% of the variability of the events. She postulated that the composite method,
which makes it possible to identify synoptic situations that favour the occurrence and
maintenance of strong positive thermal anomalies, and which is based on the analysis of
baric centres located near the study area, provides more accurate results. Synoptic situa-
tions responsible for the occurrence of warm spells in winter are related to the advection
of relatively warm air from over the Atlantic as a result of the simultaneous occurrence of
a high-pressure system over South Europe and a centre of low pressure over North Europe.

In the analysis of extreme weather events, the choice of the criterion for evaluating and
selecting them is crucially important. Beniston and Stephenson (2004) mention the follow-
ing three basic criteria for designating extreme events: the frequency, the intensity and the
effects of their occurrence. According to the first criterion, extreme phenomena include
those that occur extremely rarely (in time and/or space). The second criterion is met by
phenomena that are not necessarily rare, but occur with high intensity (e.g. storms, tor-
nados, hurricanes). The third category of phenomena causes considerable material losses.
According to the above, warm spells in winter can be included among extreme events par-
ticularly due to the first criterion, i.e. rare occurrence, but also due to the related economic
losses and threat to the natural environment, animals and people. Rapid warmings in win-
ter causing thaws lead to thaw floods and negatively affect transport, industry and tourism
(Shabbar and Bonsal 2003; Wibig 2007). In agriculture and horticulture, changes in air
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temperature in winter and early spring, which determine the period of rest and develop-
ment of plant organisms, are particularly important (Chmielewski et al. 2004). Research
on autumn and winter warm spells shows their effect on the phenological cycle of many
species, manifesting as untypical, prolonged or premature flowering of plants in the warm
period, particularly at the end of winter (Luterbacher et al. 2007; Menzel et al. 2011).

The variability of the number of days in winter warm spells in the period 1976-99 for
Region VI of the WMO (Europe and Middle East: Lebanon, Syria, Jordan and Israel) was
analysed in the framework of the European Climate Assessment project (ECA) (Klein Tank
et al. 2002). According to the authors, winter warming in the period (0.47 °C/10 years)
caused a higher number of days with warm spells (on average 3 days/decade) in almost all
168 analysed stations. Perkins et al. (2012) evidenced a positive trend of warm spells dur-
ing the year on the global scale. Additionally, an increase in the number of hot days, as well
as an increase in the highest intensity and duration of heat waves in the summer season,
was determined both globally and in particular regions of the world and Europe (Della-
Marta et al. 2007; Wibig et al. 2009; Bielec-Bakowska and Piotrowicz 2013; Peterson et al.
2013).

Considering the growing frequency of warm weather episodes in the times of contem-
porary climatic changes, as well as the high importance of winter warm spells in many
areas of the economy, it seems justified to adopt the following research objectives:

1. Analysis of temporal and spatial variability of winter warm spells in Central Europe in
the years 1966/67-2015/16;

2. Determination of the circulation conditions of winter warm spells through analysis of
baric conditions in the troposphere during their occurrence and on preceding days;

3. Identification of the areas of maximum geopotential height anomalies in the upper
troposphere preceding the upcoming winter warm spells.

2 Data and methods

The basis for the paper were maximum air temperature values (7,,,,) for 40 stations in Ger-
many and Poland from the period 1966-2016 (in two stations, Kassel and Elblag, the dis-
closed data covered the multi-annual period 1966-2013) (Fig. 1). The data were obtained
from the Polish Institute of Meteorology and Water Management and from the Deutscher
Wetterdienst.

In spite of wide interest of climatologists in extreme thermal events, there are no
universal and commonly accepted criteria for determining them (Perkins 2015). Warm
spells are usually defined as a continuous sequence of several days when air temperature
is higher than a certain threshold value. Their minimum duration is different depending
on the objective of a given paper, but in climatological research it is frequently adopted
as 3 days (Nairn and Fawcett 2011; Perkins 2015). Thresholds above which air tem-
perature is considered extreme can be determined arbitrarily or relatively. In areas with
variable climatic conditions, the latter way is more useful, and the application of high
percentiles is the most popular and recommended by IPCC (2013). The description of
selected criteria and methods for designating warm spells and their comparison can
be found among others in publications by Perkins and Alexander (2013), Smith et al.
(2013) and You et al. (2017). According to the results of the aforementioned studies, the
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Fig.1 Location of meteorological stations used in the study

selection of the criterion is of key importance, because results obtained by means of dif-
ferent methods can differ significantly, or even be opposite.

In this paper, a warm spell is defined as a continuous sequence of at least three warm
days when the maximum air temperature is higher than the 95th percentile of the prob-
ability density function determined from observation. This relatively rigorous criterion
permitted the identification of only major warm spells that can have considerable effects
on the natural environment and human economy. Percentiles were calculated for each
calendar day by the method of a 15-day window centred on a given day, so that they
reflect average thermal conditions specific to a given part of the season (Fischer and
Schir 2010; Perkins and Alexander 2013). Percentiles were determined from the refer-
ence period 1981-2010 in order to provide comparability of results with other studies.

The frequency of occurrence of warm days and warm spells was determined, as well
as the duration of the latter. Tendencies of changes in T,,, were assessed by means of
linear regression, and significance of trends was verified by a Student’s t test. Trends of
warm days were determined by means of a nonparametric Mann—Kendall test used for
the analysis of data with distribution diverting from normal, and their statistical sig-
nificance was assessed by Sen’s method at a level of ¢ =0.05. Tendencies of changes in
warm spells were not determined, because of the insufficient number of cases.

For the purpose of determining baric conditions during warm spells and on days pre-
ceding their occurrence, daily values of atmospheric pressure at sea level and heights
of isobaric surfaces (at 1000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100
and 70 hPa) were used, as well as air temperatures at the aforementioned levels. Data
for nodes of the geographic grid 2.5°x2.5° for the area 25-75°N and 35°W-65°E
were obtained from the collection of the National Centre for Environmental Prediction/
National Centre for Atmospheric Research (NCEP/NCAR) Reanalysis (Kalnay et al.
1996) available in the archives of NOAA ESRL PSD (Earth System Research Labora-
tory Physical Science Division).
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First, based on the aforementioned data, cross sections through the troposphere were
designated (from level 1000 hPa to level 70 hPa) with anomalies of geopotential heights
and air temperature along three meridians (10, 15, 20°E) and one parallel (52.5°N). Then,
average maps of sea level pressure (SLP) and isobaric surface height 250 hPa (z250) were
prepared, as well as maps of anomalies of the above parameters and air temperature on iso-
baric surface 850 hPa (T850) for all warm spells. Moreover, maps of SLP and z250 anoma-
lies averaged for all warm spells were prepared for days preceding their occurrence. At the
next stage, routes of progression of centres of z250 anomalies were determined for each
warm spell for days preceding their occurrence and for the first days of the warm spells. All
anomalies were calculated as a difference between a given day’s average value for sea level
pressure, isobaric surface heights and the air temperature at such levels on the one hand,
and, on the other, the average value of the aforementioned elements on a given day in the
studied multi-annual period. All analyses covered only warm spells that occurred in at least
25% of the analysed stations. The objective of the adopted assumption was the elimination
of single cases of spells with a local range.

3 Results
Mean T, . in winter in the analysed stations varied from —1.0 °C in Suwatki to 5.9 °C
in Koln. The spatial distribution shows its negative gradient from south-west (where it
amounts to more than 4.0 °C) to north-east (where it does not exceed 2.0 °C). The vari-
ability of T,,,, from year to year was generally slightly higher in the eastern part of the
analysed area (highest 6=2.3 °C) than in the west (lowest 6=1.6 °C). In the multi-annual
course, the highest mean 7, occurred in winter 1974/1975 (particularly in the north-
west), 1989/1990 (in the east), 2006/2007 (in the west) and 2015/2016 (only in Stuttgart)
and varied from 3.5 °C in Suwalki to 9.1 °C in Koln. In all stations except for Kassel, an
increase was observed in T, in winter that was statistically significant in the south of
Germany and in three stations in the north and east of Poland.

Due to the selected method, the total number of warm days was approximate in all sta-
tions (averaging 3—4 days in a season). In the multi-annual course, it was characterised by
high variability from year to year (the standard deviation amounted to 4-5 days), and the
highest number of warm days in the season varied from 15 in Regensburg (2015/16) to 23
in Terespol (1989/90). An increasing tendency in the number of warm days was determined
in 38 out of 40 stations (95%). It was statistically significant in 36 of them. The increase
was most intensive in Rostock and Leba, in the north of the study area (0.9 day/10 years),
although changes generally occurred somewhat faster in the western part of the analysed
area than in the east.

Table 1 shows the basic characteristics of winter warm spells occurrence, including total
number of warm spells and their duration, as well as the longest warm spell observed dur-
ing the study period. Both the number of warm spells and their total duration increased
slightly from the west to the east of the study area (Table 1, Fig. 2). The total number of
warm spells varied from 13 in Arkona to 23 in Poznan, Ptock and Lublin (averaging 3-5
per 10 years). Their total length varied from 49 days in Frankfurt to 90 days in Terespol
(they lasted from 3.5 to 4.5 days on average) and, in several Polish stations the total dura-
tion in the 50-year period exceeded 80 days.

In the multi-annual course, the highest number of warm spells occurred in the winters
1989/1990, 2006/2007 and 2015/2016, but warm spells occurred at all stations only during

@ Springer



Natural Hazards (2019) 96:1413-1428

1418

S10TC1'8¢-CC

S10TCI'LT-1T

‘0661°C0'92-0C L 0L 81 unio, ‘6861°C1CT91 L 99 Sl uey
S10TCI'8TCC

200T°20'9-10°8¢ 01 06 (44 [odsara], ‘6861°CI€T-L1 L SL 61 ESIED |

S10TCI'ET-L1 L IL 61 opsmourmg 0661°20°ST-61 L €9 Ll [0S

S10TTI'ST-81 8 8 61 remng 066120°9C-0C L €L 81 JoH

S10TCI'8T-LI Cl YL 81 MESNMg S10TTI'8C-LI 4! €9 4! JaaouueH

S10TCI'LT91 Cl 19 14! Simso[yog SI0TCI'LT-LT I 6L 81 Smquiey
8661°C0°ST-01

‘0661°20°ST-0C s

‘6861°CI 6171 9 19 S uoydnigreeg 066120°SC-0C 9 oL 1T -lodoy[erp mozion

6861°CI'EC-LT L SL 0C MOZS7Y 066120961 8 SL 81 ZINI0D

SI0TCI'LT-LT 11 €L 81 A20150Y 0661720°SC-0C 9 6% 4! Hnpjuely
¥00T°C0°L-€

‘8661°70°91-C1 S 0s ¥1  Simqsuadoy 066120961 8 99 91 Hngryg

6861°CI'ECV1 (1 <L L1 z1oqroey 066120°9C-0¢ L SS Sl Se[qrd.
S10TCI'8¢-CC

‘0661°20'92-0C L 78 €C Ueuzod 0661°20'9C-61 8 L9 L1 uopsaIq

S10TTI'8-LI 4! 78 61 wepsjod S10TTI'8C-LI ! 18 0c otufoyy
S10TCI'8¢-CC

‘0661°20°9-0C L 98 €C 3oord ST10TTI'LT-LT It S9 91 uowalg

S10T°CI'8C-81 Il LL 81 ukyzs|o S10TCI"8C-81 Il 78 61 YoisAperg

S10TTI8T-LI Tl L9 L1 SmqopSew 0661°20°92-0T L L 81 Srquieg
S10T'CI'8¢-CC
‘0661°20°9-0C

‘6861°CI€T-LI L S8 0C pot ST10TTI'LT-LT 1T LS €l BUONIY

skep skep
ur uon ur uon
qeq  -emg (skep s[rods aeq e (skep s[rods
ur) s[jods wirem waIem Jo ur) syjeds wrrem wem Jo
[1ods wirem 3sa3uo g Jouonem( Isqunu [elO], uonels [1ods urrem 3souo| Jouonem( Iqunu [elOJ, uonels

9T0T/STOZ—L961/9961 (ATeNnIqoJ—Ioquiada(]) SIAUIM ) UT 9OUILINIO0 JO 3Jep UM [[ods urrem parIasqo 1so3uo] Y} pue UoneINp I1ay) ‘s[jods wirem Jo Ioquinu [e10], | 3|qeL

pringer

A s



1419

Natural Hazards (2019) 96:1413-1428

(£102/210T-L961/996]) SIS JUIWAINSLAW IIHIOYS © YHA SUONEIS

0661°C0°9C-61 8 8 [T ®IOH BUO[RIZ S10TTI'ST-81 8 6L 0T ©qo}
S10TC1'8C-CC
S10TC1'8¢C-CC L 18 (44 MEBIOOIM ‘6861°CI'€C-LI L 88 €C urqn
S10TCI'LT-TT
6861°CI'CC-ST 8 8 1C BMBZSIBAM ‘€10TCI'621C 9 43 1 L 12) |
skep skep
ur uon ur uon
areq -e(q (skep s[rods areq e (skep s[rods
ur) syjods urem urem Jjo ur) s[jods urrem wIem Jo
[1ods wrem 3s93uo] jouoneing Iequinu [elO], uonel§ [1ods wrem jsaguo| jouonein@ Iequunu [B)OJ, uonel§

(ponunuod) | sjqer

pringer

As



1420 Natural Hazards (2019) 96:1413-1428

WS number
o S o
[ |
[ T
Frankfurt |
Bremen Il |
Stuttgart 1

Schleswig | [ Tl
|
Magdeburg | |
T
]
[N |
[
|
an
[ Tl
[
I I
I
[
[
I I
Racibérz |
[l
I
Krakéw
[
[
[
|
[ 1
|

= D = = x o N X oz X =
S & 2 82285 SPSEZSSLESSS 28R S 88 S §§g?=£oo
S QL a2 2SO0 23ISR E=0c2B > 228028 QT H S
X -5 a 289k 229225208853 S8 IF NEeZTRS=LQ
2 SL2EEE 2825230z L8 = c¥Xv 8558
© © = 2 O
£ 5588 g8 §5%=5 s& @
© 2 DN S @
[%%) o o N

WS duration: O3 0O4-5 067 @89 W10-11 W12 days
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the first one, and their number ranged from 2 to 4 for each station. Figure 2 presents the
number of warm spells categorised by duration for all stations, ordered from west to east.
A somewhat higher frequency of occurrence of warm spells is generally observed in the
central and eastern part of the study area in comparison with the western part, but this
applies only to longer-lasting warm spells. Warm spells of 3 days occurred most frequently,
and they appear equally often in the west and the south of the study area. They constituted
from 40% of all warm spells in Koln to 76% in Magdeburg (Fig. 2). Warm periods lasting
4-5 days were noted less frequently, and generally they appeared less often in German
stations and more often in Polish ones (from 8% in Arkona to 43% in Regensburg). Warm
spells lasting more than 1 week were rare. The longest lasted for 12 days and occurred in
several stations in the northern part of the study area and in Stuttgart in the second half of
December 2015 (Table 1). The area covered by this long-lasting warm spell would have
been considerably larger and would also have occurred in central Poland if not for the
interruption of a 1-day cooling, resulting in two shorter warm spells.

Figure 3 shows the average number of warm spells occurring in each winter month. In
the majority of the analysed stations, warm spells usually occurred in December (up to
56% of all cases in Rostock), and in some stations, particularly in north-western Germany,
also in February (up to 57% of all cases in Hannover; Fig. 3). The number of warm spells
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Fig. 3 Number of warm spells (vertical axis) by month of occurrence (see legend) in the winters (Decem-
ber—February) 1966/1967-2015/2016. *Stations with a shorter measurement series (1966/1967-2012/2013)
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in January and February was similar in the majority of stations, although in most of them
slightly fewer warm spells were noted in January, being the coldest month. A particularly
low contribution of warm spells in January was typical for stations in northern Germany
(in Hannover they constituted only 7% of all cases), while in some western stations the
lowest number of warm spells was noted in February (e.g. Stuttgart and Kassel).

Figure 4 shows the highest daily 7., recorded during the analysed warm spells and
the date of occurrence. The highest observed daily T,,,, during warm spells in particular
stations varied from 14.4 °C in Schleswig to 21.0 °C in Stuttgart (Fig. 4). In 36 out of 40
analysed stations, it occurred during the same warm spell on days from 20 to 25 February
1990. This suggests that it was an exceptionally warm spell with a considerable spatial
range.

The analysis of occurrence of warm spells in Central Europe allowed 21 events to be
selected, for which a warm spell appeared in least 25% of stations. These events were con-
sidered in the further part of the study.

In the next step, pressure conditions in the troposphere accompanying warm spells in
Central Europe were analysed. To this end, anomalies of geopotential heights and of air
temperatures for the days of warm spells were computed and contoured in the vertical cross
sections of the troposphere (Fig. 5; see Sect. 2 for methodological details). The occurrence
of warm spells in winter was related to positive anomalies of geopotential heights on all
isobaric levels throughout the troposphere (Fig. 5). In contrast to average conditions in a
given multi-annual period, the greatest changes in geopotential height occurred at a level
of 250 hPa and exceeded 200 m. The centre of anomalies with deviations exceeding 280 m
was located over the area between 42.5 and 50°N and 12.5 and 22.5°E. In the air column
below the centre of positive geopotential anomalies, positive air temperature anomalies
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Fig.4 Highest daily 7, recorded during winter (December—February) warm spells in the winters
1966/1967-2015/2016 with date of occurrence
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Fig.5 Mean anomalies of geopotential heights (dashed lines) and of air temperature on the geopotential
levels (solid lines and colour shades) in the vertical cross sections of the troposphere along the meridians:
10°E (a), 15°E (b), 20°E (c) and along the parallel 52.5°N (d) computed for all analysed warm spells

occurred with the highest values exceeding 8 °C on 1000-925 hPa geopotential levels. Pos-
itive temperature anomalies covered the area between 40 and 67.5°N (maximum 50°N).
Shifting upward, the geopotential levels resulted in negative temperature anomalies (up to
—4 °C), detected right above the centre of the maximum positive anomalies of geopotential
height. The vertical pattern of geopotential height and temperature anomalies reveals the
scheme of flow and kinetics within an anticyclonic system. In the upper part of an anticy-
clone, cold air masses converge, while in its lower parts they subside (i.e. the downward
vertical movement of air masses is coupled with their adiabatic heating).

Figure 6 shows the mean composite horizontal pressure and thermal conditions during
the winter warm spell in Central Europe. The Euro-Atlantic sector was under the influence
of an extensive low-pressure system with a centre over the North Atlantic (<990 hPa) and
a strong high with a centre over North Africa (> 1028 hPa) (Fig. 6). The aforementioned
baric systems were considerably more active than the average in the analysed period, as
suggested by the distribution of SLP anomalies. In the centre of the low-pressure system,
SLP was > 14 hPa lower than average, and > 8 hPa higher in the high-pressure system. The
consequence of such a distribution of SLP was a high level of pressure gradient causing
strong advection of air masses from the western sector. On the analysed days, isolines of
the 250 hPa isobaric surface over western, southern and central Europe were bent north-
wards, creating an evident elevation. This suggests the presence of warm air masses. The
range of positive anomalies covered a major area of Europe, and their centre was located
over the Gulf of Venice (>270 m). The advection of warm air masses is also suggested by
positive anomalies of T850, extending from south-west to north-east from the centre over
Central Europe (>7 °C).

Having recognised strong anomalies of z250 hPa geopotential height, which accompany
the occurrence of warm spells in Central Europe, the attempt was made to detect the for-
mation of the anomaly centre in the days preceding warm periods. To this end, composite
(for all 21 designated warm spells) anomaly maps of z250 and SLP were constructed for
the days preceding warm spells (Fig. 7). On average, the first z250 anomalies began to
develop approximately 9 days before the beginning of warm spells over the study area,
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Fig.6 Average SLP (solid lines) and z250 hPa (colour shades) (a), SLP (solid lines) and z250 hPa (colour
shades) anomalies (b), and T850 anomalies (¢) during the analysed warm spells in the winters (December—
February) 1966/67-2015/16

and their centre (>35 m) was located over the Atlantic west of the Canary Islands. On
the subsequent days, the anomalies shifted towards the north-east and strengthened. From
around the 7th day, they were already located over the continent, and their range covered
the study area. On subsequent days, the centre of anomalies was located over the northern
part of the Mediterranean Sea. From the 5th day, anomalies in the centre of the system
exceeded 100 m, and 220 m 1 day before the beginning of the warm spell. Simultaneously,
over the ocean, an area of negative anomalies was observed, where on the day preceding
the beginning of the spell, in the centre, z250 hPa was located 230 m lower than average.
Considerable SLP anomalies were also recorded on the analysed days. The routes of pro-
gression of SLP anomaly centres were approximate to the courses of z250 hPa anomaly
centres, although at sea level the entire systems were shifted towards the south-west. The
situation described above generated advection of warm air masses from the south-west,
as confirmed by T850 anomalies moving to the north-east. One day before the beginning
of warm spells, positive anomalies covered a major part of the continent, and their centre
(>5 °C) was located in the area extending over West Europe.

The above description concerns only the average situation for all analysed warm spells
in Central Europe. The routes of progression of centres of z250 hPa anomalies in particu-
lar warm spells differed not only in terms of duration, but also in terms of route (Fig. 8).
In a large majority of the analysed cases, the beginning of development of anomalies
was recorded over the Atlantic Ocean near the Azores. On subsequent days, they moved
towards the east and north-east. In the case of two spells (from 1983 and 2015), the source
area shifted northwards of the remaining ones. Centres of anomalies in those cases initially
moved eastwards and then southwards or to south-west. The warm spell from 2015 was
preceded by the progression of two centres of z250 hPa anomalies from over the ocean;
one moved from over the Canary Islands, while the other moved from an area south-
west of Iceland. The centres were combined over the continent 2 days before the begin-
ning of the warm spell. In the case of only one warm spell (from 1985) did anomalies
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Fig.7 Average anomalies of z250 hPa (colour shades) and SLP (solid lines) (left column), and average
anomalies of T850 (right column), 9 days to 1 day before the beginning of warm spells over Central Europe
in the winters (December—February) 1966/1967-2015/2016. Centre of maximum z250 anomalies is marked
with a black dot

begin developing outside the area of the Atlantic—when they began over North Africa.
The earliest anomalies (02.1990, 2000) began developing more than 10 days before the
beginning of warm spells, although the routes of progression of the centres were ambigu-
ous. This was the consequence of several days of movement of centres over Central Europe
and presence of blocking negative centres of z250 hPa anomalies. Centres of anomalies
on the day preceding the beginning of warm spells were located to the west, south-west
or south of the study area. In a large majority of the analysed cases, shifting z250 hPa
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Fig. 8 Routes of z250 hPa anomaly centres during the days preceding the selected warm spells (the first dot
marks the beginning of development of z250 hPa anomalies; the last dot marks the position of the z250 hPa
anomaly centre in the first day of a warm spell; dates above each map indicate duration of warm spell)

anomalies were strengthened. On the day of development of anomalies, their values varied
from 20 m (1985) to 430 m (1983). On the day preceding the beginning of a warm spell,
their values varied from 140 m (12.2006) to 480 m (1998). In the case of four warm spells
(27-29.01.1983, 19-26.02.1990, 09-11.01.2007, 18-20.01.2007), during movement, the
anomalies were weakened. An important factor influencing the speed and direction of
movement of positive z250 hPa anomalies was the dynamics of the entire z250 hPa field
over the study area, and particularly the location and strength of negative z250 hPa anoma-
lies that blocked eastwards propagation of the elevation of the z250 hPa level.

4 Discussion and summary

The increase in air temperature in the winter season in Central Europe has been proven in
the study, although the observed changes in the majority of the stations were not statisti-
cally significant. The obtained results are in accordance with earlier research concerning
thermal conditions in winter, the authors of which pointed to a lack of statistically sig-
nificant changes in many regions of the study area (Kundzewicz and Huang 2010; W¢jcik
and Migetus 2014; Owczarek and Filipiak 2016). The observed warming translated into an
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increase in the number of warm days in the winter season. In the large majority of stations,
the recorded changes were statistically significant, and the greatest increase was observed
in the north of the study area.

Numerous studies have shown that the increase in air temperature in winter observed
over the recent decades has caused a decrease in the frequency of frosty days and cold
spells (Tomczyk 2015; Lhotka and Kysely 2015; Owczarek and Filipiak 2016). Consider-
ably less attention has been paid to the winter occurrence of exceptionally warm periods,
the effects of which concern both the natural environment and human life and economy—
particularly the agricultural sector (Menzel et al. 2011). In the upcoming years, further
increases in the number of warm days is expected as a result of the ongoing increase in air
temperature that may be as much as even 4.7 °C higher by 2100 (Piniewski et al. 2017).

In the analysed multi-annual period, from 3 to 5 winter warm spells per 10 years have
been recorded on average. In the multi-annual course, the highest number of warm spells
was characteristic of the 1989/1990, 2006/2007 and 2015/2016 winters. However, only
during the 1989/1990 season did warm spells occur in all stations—from 2 to 4 in each of
them. During winter 2015/2016, the longest warm spell of 12 days was observed, covering
several stations in the northern part of the study area and Stuttgart.

The occurrence of warm spells in winter was related to considerably more active and
more intensive baric systems than average in the analysed period, as suggested by the dis-
tribution of SLP anomalies. In the centre of the low-pressure system, SLP was lower than
average by > 14 hPa, and > 8 hPa higher in the high-pressure system. Such a distribution
of SLP anomalies suggests intensive advection of air masses from the south-west. This
results in positive air temperature anomalies in Europe (Beranovd and Huth 2007; Ptak
et al. 2018) and intensive melting of snow cover (Bednorz 2002, 2009).

During the occurrence of warm spells over the study area, positive anomalies of geo-
potential heights were recorded in the cross section of the entire troposphere as a conse-
quence of the presence of warm air masses. The greatest anomalies were recorded at a level
of 250 hPa. Similar results were obtained for the summer season, analysing selected days in
the most intensive hot waves in south-west Europe (Tomczyk et al. 2017). The occurrence
of strong anomalies of geopotential heights in the upper troposphere was also observed
during the occurrence of heat and cold waves in China (Qian et al. 2016; Chen et al. 2017).
The presence of warm air masses is evidently confirmed by air temperature anomalies with
the highest values recorded at 1000-925 hPa geopotential levels. Warm air masses covered
a major part of the continent; the maximum positive temperature anomalies were observed
over Central Europe (>7 °C).

The occurrence of positive anomalies of air temperature and positive anomalies of geo-
potential heights right over them complies with the hydrostatic balance in the troposphere.
It was evidenced that maximum anomalies of the geopotential height appear in the higher
troposphere and can be detected from several to even more than 10 days prior to the occur-
rence of surface temperature extremes. Similar results were obtained by Qian and Jiang
(2014), Qian et al. (2016) and Chen et al. (2017), who proved that heat waves and cold
surges in China are preluded by disturbances in the higher troposphere (namely anomalies
of geopotential heights), which can appear even more than 20 days prior to the surface tem-
perature extremes.

According to this study, anomalies of 250 hPa geopotential height developed on average
9 days before the beginning of warm spells in Central Europe. Detailed analysis covered
21 winter warm episodes for which centres of maximum z250 hPa anomalies were identi-
fied, and back trajectories of their movement were reconstructed. The Azorean region of the
Atlantic Ocean was area in which the anomalies most frequently developed, and the course
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of their movement was towards the north-east. The speed and direction of movement of the
positive anomalies centres was modified by the dynamics of the entire z250 hPa field over
the study area, and particularly by the location and strength of negative z250 hPa anomalies
that in some cases blocked eastwards propagation of the elevation of the z250 hPa level. Ear-
lier studies (e.g. Qian et al. 2016) postulated that tracking down the disturbances in higher
tropospheric geopotential levels may improve the predictability of surface weather extremes,
which is also the conclusion of this study concerning winter warm spells in Central Europe.
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