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Selected extreme weather events on the Polish coast of the Baltic
Sea in the period 2001-2014

by Abstract

Janusz Filipiak*,Mirosiawa Malinowska The article examines the spatial and temporal
variability in selected extreme meteorological phenomena

on the Polish coast of the Baltic Sea. Data from the
2001-2014 period related to a few meteorological and
oceanographic elements were used to calculate indices
of extreme weather events. The amount of intensive
and widespread precipitation events in the 21t century
corresponds well with the long-term means and is stable
over a long period. The number of 50-60 frost days
recorded per year has been systematically decreasing
for several decades. Only a few deep cyclones occur per
year and year-to-year variations of their number and
magnitude corresponds to the overall long-term insignif-
icant changes in the cyclone activity in the North Atlantic
and the European region. The mean annual number of days
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reduction in the phenomenon observed in the 20™ century.
The passage of deep cyclones resulting in strong winds,
storm surges and waves constitutes the most dangerous
hazard to the coast.
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Introduction

The IPCC 5™ Assessment Report of Working Group
| clearly stated in 2013 that the increase in global air
temperature reached 0.85°C since 1880. Each of the
decades in the 1981-2010 period has been continu-
ously warmer than any preceding decade since the
instrumental global temperature became available
(IPCC 2013) and the period 2001-2010 with the mean
air temperature estimated at 14.47°C is considered
to be the warmest decade during the last 160 years
(WMQ 2013). 9 years of this decade were among the 10
warmest years on record. Furthermore, the subsequent
years 2011-2014 were also characterized by exception-
ally high global air temperature values and 2014 with
the average temperature of 14.57°C was the warmest
year in the history of observations. The scale of
regional and local warming in Europe is even greater.
The linear trend of the annual mean temperature in the
1871-2011 period is equal to 0.08°C per decade in the
southern part of the Baltic Sea basin and up to 0.11°Ciin
the northern part (BACC Il 2015). The year 2014 was the
hottest year on record in 19 European countries and
according to WMO's statement (http:/publicwmo.int/
en/media/news/2015-second-hottest-year-record-eu-
rope), the year 2015 was the second warmest year on
record in Europe.

The changing climate is manifested not only by
the change in the mean air temperature. Temperature
anomalies are associated with abnormal pluvial
and wind conditions. In 2003 and 2005, Central and
Western Europe (respectively) were affected by
extremely dry conditions, whereas large parts of
Europe in 2007 recorded exceptionally heavy precipi-
tation. The year 2010 was the wettest year on record
globally, also in Europe - the central and eastern parts
of the continent were affected by major flooding.
4 particularly severe and high-impact cyclones hit
Europe since the beginning of the 21°* century: Kyrill
(January 2007), Klaus (January 2009), Xynthia (February
2010, considered the worst storm of the decade) and
Xavier (December 2013), affecting several countries
across Western and Central Europe and bringing
substantial economic and environmental losses.

There is a considerable number of papers on
extreme meteorological, hydrological and climatic
events in Poland. The major risks associated with
weather-related hazards in Poland result from severe
precipitation and extreme wind speed events (Lorenc
et al. 2012). Poland is exposed to late spring and
summer heavy rainfalls and floods, which are the
most destructive disasters in this part of Europe. The
northern part of the country is particularly affected
by storm conditions associated with the passage
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of deep and intense cyclones over the Baltic Sea
(Ustrnul et al. 2009). Although the global warming
involves a dramatic increase in the risk of hazards
caused by the occurrence of extreme weather events,
the problem of weather extremes is no longer
a subject of research, but also a problem of social,
ecological and economic effect on many sectors
of economy. Their exceptional course and intensity
represents a growing threat to the natural environ-
ment as well as economic and social activity of man.
Recent trends in extreme events are consistent with
the expected impact of climate change.

Due to the complex nature, sometimes it is not
possible to distinguish the impact of meteorological
factors from the effects of their occurrence. As both
represent a threat to the coastal area, the authors
decided to characterize these extreme meteorological
phenomena occurring on the Polish coast of the Baltic
Sea, which through their nature or effects may affect
the existing landforms leading to significant changes
in this fragile region. The objective of this paper is to
characterize the spatial and temporal risks associated
with meteorological conditions that may potentially
affect the southern coast of the Baltic Sea in its Polish
part.

Data and methods

The IPCC defines an extreme weather or climate
event as a value of a particular variable, which is above
or below a threshold value near the upper or lower
ends of the range of observed values of the variable
(IPCC 2012). Given the nature of some atmospheric
phenomena, the causality factor for such high-im-
pact weather events can be determined, as well as its
practical applicability.

Even though the definition is clear, it is very
difficult to establish universal criteria to classify the
extremes on global or even regional scales. Several
years ago, the Expert Team on Climate Change
Detection Monitoring and Indices (ETCCDI) together
with the Task Team on the Definition of Weather and
Climate Extreme Events (both established by the WMO
Commission on Climatology) have addressed the issue
of developing common methodologies and standards
for defining extreme weather and climate events and
assessing their contribution to climate change. During
the last several years, the ETCCDI has developed a set
of indices referring to extreme air temperature and
precipitation phenomena (Klein Tank et al. 2009). Since
the Joint WMO and |IOC Commission for Oceanography
and Marine Meteorology is also involved in the ETCCDI
activities, it aims to develop a set of impact-relevant
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marine climate extreme indices for coastal and
open-ocean areas (Wang et al. 2014).

Based on the results of the analyses presented in
the available literature, the authors developed some
additional severe weather indices supporting and
supplementing the indicators proposed by WMO. Thus
the core set of indices referring to air temperature,
precipitation, wind speed and direction, and character-
izing frequency, amplitude and duration of extremes
was established and then supplemented with
additional indices describing some selected effects of
meteorological elements.

The meteorological and oceanographic data
used in the analysis were obtained from the verified
database of the Polish Institute of Meteorology and
Water Management - National Research Institute
(IMGW-PIB) and they include the observational
material for the period of 2001-2014 derived from the
synoptic stations located on the Polish coast of the
Baltic Sea (Fig. 1). All the stations, except teba and
Elblag, are located not further than a few hundred
meters from the sea shore. In the case of teba, this
distance increases to 2.5 km, Elblag is located in the
lower part of the slope of the lakeland extending
eastward above the flat delta of the Vistula River.

As the studied period 2001-2014 is too short to
derive any trends, it was necessary to compare the
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environmental processes (sometimes even of destruc-
tive nature) in coastal areas: heavy precipitation and
widespread precipitation. The heavy precipitation
(in the form of rain) is of local nature, but its instanta-
neous intensity may exceed 1T mm min™ (torrential
rain). The daily amount of precipitation may reach
50 mm or more. Great amounts of rainfall water
contribute to the water level rising in rivers, which can
lead to the floods. The most popular and frequently
used in Poland classification of daily precipitation
totals, introduced by Olechnowicz-Bobrowska (1970),
distinguishes heavy precipitation totals exceeding
20 mm per day and very intensive totals which exceed
30 mm per day. As the daily precipitation totals
> 30 mm are extremely rare at the Polish coast
of the Baltic Sea (Ustrnul & Czekierda 2009), this
paper considers only the daily precipitation amount
> 20 mm (R, ) as heavy precipitation. Additionally,
the annual maximum 1-day precipitation totals were
also identified (R, ).

The stabilization of cyclonic activity lasting for
several days associated with the positive NAO phase
enables the advection of humid maritime air masses,
which may cause high amounts of continuous precipi-
tation, recognized as being crucial for the coastal
zone. Such widespread rainfall, usually occurring
at a regional scale, can last for a few days. The
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Figure 1

Location of the area and meteorological stations analyzed in the paper

extracted indices with long-term data. Such compari-
sons were established by using long-term mean
values of the studied indices presented in the available
publications and reports. In a few selected cases,
however, it was not possible to compare the results
of our analysis with the long-term variability in the
studied parameters due to the lack of literature.

Data on daily precipitation totals were used
to calculate indices referring to extreme precipi-
tation events. There are 2 types of precipitation
events, the occurrence of which may trigger various
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cumulative sum of such precipitation may reach
100-150 mm or more. The great saturation of soil
with water may facilitate the development of mass
movement processes on slopes of high coasts. The
results of such precipitation events may also be
visible in hydrological and environmental dimensions.
The index of widespread precipitation (R,) refers
to the precipitation totals, which were recorded over
5 consecutive days with atmospheric precipitation.
In the situation when such a phenomenon lasted
longer than 5 days, only a period of 5 consecutive
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days with the highest total precipitation amounts was
taken into consideration. The annual number and the
mean monthly course of such weather events were
calculated.

To avoid ambiguity, which could arise when 2
or more widespread precipitation events (one after
another) merge into one longer-lasting event, also
the duration was analyzed. In such cases, the whole
duration of a particular widespread precipitation event
was not limited to 5 consecutive days, but it included
all days with the phenomena recorded.

Daily maximum and minimum air temperature
data were used to calculate the frost day (FD) index.
A frost day is a day when the minimum temperature
drops below or reaches 0°C, while the daily maximum
air temperature exceeds 0°C. This means that the 0°C
threshold during a given day is exceeded. Such an
analysis can be an important indicator of the rate of
changes in thermal conditions in a given region and
can be used in assessing the stability of the coastal
ground structure, and may also be useful for experts
implementing some infrastructure projects or those
involved in the industry and transportation issues.

There is a close relationship between the thermal
conditions and the development of sea ice. Depending
on the severity of winter and the duration of a period
with air temperature continuously below 0°C, different
stages of sea ice can be observed - initial ice (frazil
ice, slush and shuga), fast ice and floating ice. Sea
ice occurring every year in the Baltic Sea affects the
functioning of the maritime economy causing difficul-
ties in shipping and the operation of harbors. The
impact of sea ice on the coast is varied. On the one
hand, the floating ice erodes the coast, but on the
other - the coast is protected by a fast-ice belt. A layer
of ice, formed during severe winters, creates a natural
barrier to the destructive force of waves and stabilizes
the beaches. Therefore, the floating ice poses a greater
threat to the coast than a fast-ice layer. Data on the sea
ice forms were also obtained from IMGW-PIB stations:
S'Winoujs'cie, Ustka and Hel. In the case of the first
2 stations, the development of sea ice was observed in
the mouths (estuary sections) of the short coastal rivers
- Swina and Stupia, respectively, and in the area of the
open sea waters. In Hel, the development of ice was
observed in the Gulf of Gdarsk as well as in the area of
the open sea waters. The number of days with sea ice
(1) was calculated during the particular winter seasons
since 2000/2001 to 2013/2014.

When analyzing the indices related to the wind
and its effects, we used 3-hour information on wind
speed and direction as well as sea-level pressure (SLP).
The effects on the coast are strongly associated with
the occurrence of storm conditions, which in turn are
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related to the passage of deep and intense cyclones
involving a fast and significant drop in the atmospheric
pressure value and high speed of wind. Strong winds
cause abrasion of sea cliffs and flat sandy coasts,
which may even result in the retreat of the coast. The
intensity of this process can be up to 1 m yr', or even
more. It is estimated that the average annual destruc-
tion of the entire Polish open sea coast can reach
0.4 m yr' (Jania & Zwolinski 2011). The passage of such
a deep cyclone over the Baltic Sea poses a threat not
only to the coastal zone, but also to objects located
inland due to high wind speeds resulting from a large
pressure gradient (Owczarek 2002).

The winds caused by a strong pressure gradient,
characteristic of deep and intense cyclones with
a speed exceeding 17 m s (force of 8°B and more),
are defined as gales. A straightforward investigation
into the long-term variability of extreme winds may
often be difficult due to inappropriate exposure of
anemometers at numerous stations affecting the data
homogeneity. Thus, the variability in the number of
gale days (GD), i.e. days with a wind speed exceeding
17 m s7, is presented on the example of Ustka, having
the best exposure of the anemometer, as it was
estimated according to the rules established by WMO
(WMO 2010).

In order to measure the cyclonic activity in the
region of the Polish coast of the Baltic Sea, three
indices based on the SLP data from the Hel station
were used. The annual number of pressure observa-
tions below 980 hPa (Npm) was considered relevant
to describe the occurrence of single deep cyclones on
the Polish coast. The intensity of particular cyclones
was measured using the index of the annual number
of absolute pressure tendencies exceeding 6 hPa/3
h (Ap/At). Contrary to the two previously mentioned
indices allowing for particular cyclones as deep and
severe meteorological phenomena, the intra-annual
1t percentile of the pressure dataset (P:p) relates to
the overall climatology of the background pressure
field. It allows to detect general features of the
regional sea-level pressure field, sometimes character-
ized by a great amount of cyclones, but not deep or
vigorous enough to be presented by a value of indices
associated with intense systems (Barring & Fortuniak
2009).

Sometimes strong winds may result in storm
surges, defined as an abnormal rise of the sea level
along the coast, caused by the passage of a low
pressure center (WMO & UNESCO 2012). According
to the definition by WMO (WMO 1988), a storm surge
occurs when the sea level rises above a level that
would not have occurred if there were winds from
other directions. In the case of the Polish coast, storm
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surges are associated mainly with north-westerly,
northerly and north-easterly winds (Sztobryn & Stigge
2005). The impact of storm surges on the coast is
manifested by destruction of the coastline, including
high coasts, like cliffs, and low coasts as sandy beaches
and dunes. The effects of storm surges may be
observed in almost the entire area of the Polish coast
of the Baltic Sea. In some specific synoptic situations,
the delta of the Vistula River is exposed to this type
of risks, which is not normally the case (Sztobryn
etal. 2012a).

A particular type of storm surges does not have to
occur along the whole coast. Occasionally, warning
conditions are recorded on the western coast, while
on the eastern coast the sea level is normal (Sztobryn
& Stigge 2005). The highest storm surges along the
western part of the coast of the southern Baltic Sea
are observed when atmospheric depressions move
from the Norwegian Sea to the south, while on the
eastern coast - from the north-west to the south-east.
Due to a considerable degree of bathymetric differen-
tiation of the southern Baltic, the warning sea level
varies between different stations: in Swinoujscie -
560 cm, in Ustka - 570 cm and in Hel - 550 cm
(Majewski et al. 1983). The annual number of storm
surges (SS), defined as instances when the warning
threshold value is exceeded by the sea level, was
calculated for these 3 stations.

Boréwka (1980, 2001) and Jania & Zwolinski
(2011) referred to another dangerous effect of winds

Extreme weather events on the southern Baltic Sea coast

- long-lasting strong winds significantly transform
sandy beaches by moving great volumes of their
material. Boréwka (1980, 2001) reported that winds
exceeding 10 m s' (as measured at the height of 1T m
above the ground) are most effective; they last up to
several tens of hours and are characterized by only
minor changes in their direction. Our study has tried
to capture the situations when the wind speed was 10
m s' or more for at least 2 neighboring observations
and wind direction did not change by more than 90°
(En). As the wind speed significantly increases with
height, particularly over rough terrain, we performed
a reduction of our wind speed data to 1 meter above
the ground, in accordance with the procedure
recommended by WMO (2014). Next, the annual
number of such events and their duration (Ed) were
determined. The strongest events, lasting continuously
for at least 24 hours (Enld) were distinguished among
such long-lasting events.

Results

Extreme events related to

precipitation

atmospheric

A considerable spatial pattern regarding the
number of days with heavy precipitation can be
observed on the Polish coast (Fig. 2). An average
annual number of such days in 2001-2014 in the
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analyzed area ranged from about 3 at the stations
located on the coast of the Gulf of Gdansk (the eastern
part of the analyzed coast: Gdansk - 3.1 days, Elblag -
2.9 days) to 4.3-4.5 in the central part of the open-sea
coast (Ustka and Kotobrzeg, respectively) (Fig. 2).
This gives a total of 50-55 days with heavy precipi-
tation in the period of 2001-2014 in the central part
of the open-sea coast, whereas at least 10 cases less
were recorded at the other coastal stations within the
analyzed 14 years.

Also the year-to-year fluctuations of the R20mm
index are interesting (Fig. 2). The smallest number of
heavy precipitation events occurred in 2005. No such
weather phenomena were observed at the stations in
teba and Hel, while only 1-3 cases were recorded at
the other stations. No such day occurred in Swinoujscie
in 2006; at the same time, 6 such days were recorded
in Kotobrzeg. The largest values of the R20mm index
were determined in Ustka in 2010 (10 days with heavy
precipitation) and in Kotobrzeg in 2002 (8 days).

Days with heavy precipitation occur mainly
during the warm season, i.e. from May to October,
when thermal convective processes occur even in
the coastal strip, which is relatively colder than inland
areas. Between July and September, daily precipita-
tion events in the amount exceeding 20 mm may occur
even once a month (Fig. 3). In May, June and October,
such events are less frequent as heavy precipita-
tion occurs usually once every 2 years. During the
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cold season (from November to April), extreme daily
precipitation amounts are observed very rarely and
they are mainly related to the cyclones from active
atmospheric fronts (Ustrnul & Czekierda 2009).

The presented results correspond well to those
obtained by Malinowska & Filipiak (2009) and
Kozminski & Michalska (2004), who analyzed the
variability in precipitation totals on the Polish coast in
the second half of the 20* century. According to the
above authors, the mean annual number of days with
heavy precipitation observed in the study area ranged
from 2 to 4. The lack of any statistically significant
changes in the annual number of such days was also
reported by the above-mentioned authors in relation
to longer periods. Ustrnul et al. (2014) confirmed the
lack of long-term trends in daily precipitation totals in
the period between 1951 and 2013 and estimated that
the occurrence probability of daily heavy precipitation
in the warmest months - July and August on the Polish
coast of the Baltic Sea does not exceed 5%. However,
Lorenc et al. (2012) identified positive tendencies in
the annual number of daily precipitation events in the
amount exceeding 10 mm in the western part of the
Polish coast in the shorter period of 1971-2002.

The maximum daily precipitation totals on the
Polish coast of the Baltic Sea ranged on average from
20 mm to about 40 mm (Fig. 4). The lowest maximum
daily precipitation totals on the southern coast of the
Baltic Sea occurred in 2005 when the value of Rx1d
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index reached only about 20 mm at most stations.
The maximum daily rainfall of nearly 40 mm was
recorded only in Swinoujécie and Kotobrzeg. The
absolute maximum daily precipitation totals in the
investigated area in 2001-2014 did not exceed 80 mm,
except 1 event — the rainfall that occurred in Gdarsk
on the 9™ July 2001 with the amount of 118.0 mm. It
was an example of local torrential rain, relatively rare
on the coast, more likely to be observed in the upland
areas and mountains. Although it did not cause any
considerable damage in the relief, the loss in the
infrastructure of the city of Gdarisk was large (Mietus
et al. 2003a). Furthermore, a few cases of the daily
total precipitation exceeding 60 mm occurred in the
considered area between 2001 and 2014. The precipi-
tation of 68.5 mm was recorded in Elblgg in 2001 and
in Hel in 2004. In 2010, the daily precipitation amount
of 70.2 mm in Ustka and 77.1 mm in Hel was recorded.
In 2011 and in 2012, daily totals of 76.6 mm and 66.2
mm (respectively) occurred in Swinoujécie and in 2013,
heavy precipitation of 76.9 mm was recorded in Elblag.
Finally, in 2014 the daily total of 71.5 mm was recorded
in Ustka.

The frequency of such daily extreme rainfalls was
changing within the last few decades in Northern
Europe (Besselaar van der et al. 2013), but regional and
local trends are inconsistent (tupikasza et al. 2010).
Ustrnul & Czekierda (2009) discussed extreme high
daily precipitation totals over Poland and identified
only 1 heavy rainfall exceeding 100 mm at the Polish
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coast of the Baltic Sea from 1951 to 2006. It occurred
on the 24" of July 1988 when the total of 141 mm was
recorded in teba. The same day, the daily precipitation
total in Ustka reached 94.2 mm.

Values of the R, index generally ranged from
30 to 60 mm (Fig. 5). However, much higher precipi-
tation amounts were also recorded. In 2001, the
maximum 5-day total precipitation exceeded 80 mm
at the stations in Kotobrzeg and Ustka (88.8 mm and
876 mm, respectively). In 2003, the highest values
of R _, were determined at the stations in Kotobrzeg
(934 mm), Elblagg (82.9 mm) and teba (771 mm). In
Ustka and teba, very high values of R, were recorded
in 2004 (110.4 mm and 76.4 mm, respectively). The year
2011 brought the highest value of R _ in Swinoujscie
(121.8 mm). In 2013, the maximum 5-day total precipi-
tation occurred again at the station in Ustka (74.5 mm).

The annual number of widespread precipitation
events on the Polish coast in 2001-2014 consider-
ably varied in time and space. The number of cases
ranged from 5 in Gdarsk in 2003 to 17 at the station
in Swinoujscie in 2002 (Fig. 6). The widespread precipi-
tation events were least frequent in 2003 and 2013 -
generally, the number of such events did not exceed
10 cases. The number of the described phenomena
increased in 2004-2007; the annual number of cases at
particular stations varied between 10 and 16.

Between 2 and 4 heavy widespread precipita-
tion events, with 5-day totals exceeding at least
30 mm, were observed every year at the stations of the
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The total duration of widespread precipitation
events ranged on average between 50 and 80 days
per year, depending on the station. The total annual
duration of the analyzed cases was the longest at the
stations located on the open-sea coast as well as in
Elblag and the shortest in Gdarisk. In 2003 and 2013,
the total duration of all widespread precipitations was
about 40-60 days; even less in Gdarisk - in 2003, the
value of this index did not exceed 30 days. The longest
total duration of widespread precipitation events
was recorded at the analyzed stations in 2004 and
2012 - over 100 days in 2004 at most stations with the
maximum (120 days) in Elblag.

The widespread precipitation events are most
frequent in the cold season, i.e. from October to March
(Fig. 7). Their total cumulative number on the Polish
coast in 2001-2014 was more than 10 cases per month
and sometimes even more, depending on the station.
The analyzed weather phenomena were particularly
frequent in January when 18-19 events of widespread
precipitation were recorded along the Polish coast,
with the maximum (22) in Elblgg. The total number
of the analyzed events in the warm months was
much lower - it ranged from 4-10 in April and May to
5-13 in August and September. In July, the summer
maximum was observed when the total number of
widespread precipitation events in 2001-2014 ranged
from 11 in Gdansk to 14 in Ustka, teba and Hel, which
means that approximately 1 widespread precipitation

Extreme weather events on the southern Baltic Sea coast

event occurred in July every year. The origin of such
precipitation is slightly different during warm and cold
seasons. In warm months, the relatively thick, instable
layer in the troposphere, the high surface air tempera-
ture and relative humidity, and the sufficient instability
energy determining the development of intensive
convective processes influence the occurrence of
frequent local intensive rains, whereas the widespread
precipitation events in the cold season are mostly
associated with the passage of cyclones and relevant
advection of moist polar maritime air masses from the
Atlantic Ocean. The heaviest widespread precipitation
events with 5-day totals exceeding at least 30 mm are
most frequent in the warmest months (summer and
autumn, i.e. from June to October). They are hardly
ever observed in spring when the sea waters and the
coast are commonly too cold for the formation of
strong convection.

The widespread precipitation events are not only
more common in the cold season, but their average
duration is also longer than in the warm season. The
analysis of the annual course of the total number of
days with the widespread precipitation events on the
Polish coast of the Baltic Sea (Fig. 8) reveals that the
longest widespread precipitation events occurred in
November, December and January. In each of these
months, a total number of days with the considered
events was at least 100, thus about 8-10 days of
widespread precipitation occur on average every year
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during each of the above-mentioned months. In the
cases of Ustka and teba, the total duration of these
phenomena in November was higher than the value
calculated for January. The smallest value of the index
was determined in April and May.

Besselaar van der et al. (2013) and tupikasza
et al. (2010) found that the positive trends in the
widespread precipitation amounts may be expected
in Northern Europe. The widespread precipitation
events are not only more common in the cold season,
but their average duration is also longer than in the
warm season, and the highest probability of these
events is in winter and spring. The risk of local flood
associated with the risk of widespread precipitation in
Poland was highlighted by Lorenc and Olecka (2006).
According to the results of their analysis, the coastal
stations were characterized by positive trends in such
events in 1971-2002, however, the tendency consider-
ably declined after 1990. Malinowska and Filipiak
(2009) analyzed the temporal variability in widespread
precipitation events of totals exceeding 50 mm in the
period 1951-2008 at the coast of the Gulf of Gdarsk
(at the stations in Gdynia and Gdansk-Swibno).
Although such rainfalls may occur even every 2 or 3
years in this region, the positive tendencies are not
statistically significant.

Lot Ttocea it ed URp )

Extreme events related to air temperature

Spatial distribution of the mean annual number of
the 0°C threshold-crossings on the Polish coast signifi-
cantly varies. In the western part of the coast, more
than 50 crossings per year have been observed in the
21 century (52 in Swinoujﬁcie and 57 in Kotobrzeg),
less in the eastern part, e.g. on average 48 (Gdansk),
and even less in Hel. At the coldest stations of the coast
- Elblag and teba, daily air temperature exceeds the
freezing point almost 60 times per year. The number
of frost days has been systematically decreasing at the
selected stations during the analyzed period (Fig. 9).

The annual number of FD corresponds with the
occurrence of cold months (Fig. 10). Generally, the
season of frost days begins in October. In September,
the frost days occur only at the most eastward station.
The last crossings of the 0°C threshold on the Polish
coast are recorded in May. February and March are the
months with the highest mean monthly number of
frost days, ranging from 11 to 14 at particular stations.
In December and January, such days are less frequent
than in the 2 above-mentioned months.

The systematic decrease in the mean annual
number of the 0°C threshold-crossings observed in the
271 century on the Polish coast can be considered as
a continuation of the negative, statistically significant
trend in the number of frost days, observed on the
coast of the GulIf of Gdansk in 1951-1998 by Mietus &
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The annual number of instances when the threshold value of 0°C (frost days) was exceeded on the Polish coast of the
Baltic Sea, 2001-2014

Filipiak (2004a) and corresponds well with the negative in the late 1950s, the mid-1970s and at the turn of the
trend identified by Owczarek & Filipiak (2015) in Hel 1990s. Their number was relatively large in the early
and Ustka in 1951-2015. During the analyzed 60 years, 1950s and increased again in the mid-1960s, in the
this drop was more than 20 days per year at these early 1980s and in the late 1990s. The first decade of
2 stations. The crossing events were less numerous the 21 century is characterized by a considerable
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Figure 10
The annual course of the mean monthly number of frost days on the Polish coast of the Baltic Sea, 2001-2014
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decrease in the number of crossing events in
comparison with the previous decades.

The incidence of sea ice on the Polish coast of the
Baltic Sea greatly varies; it is clearly lower in the eastern
part than in the western part of the coast (Table 1).
The process of ice formation depends mainly on the
location of the observational station. The ice cover is
intensively formed in the shallow, sheltered estuary
sections of the rivers, while the number of days with
ice phenomena is considerably lower in the open sea
waters — they are usually free of ice. The ice cover in
the open sea waters was observed only in cold winters
of the 2009-2012 period. According to Girjatowicz
(2011), the intensity of ice phenomena in shallow
sheltered lagoons and estuaries usually increases
eastward following the severity of ice conditions and
can be enhanced by river water and ice discharges.
The formation of ice in the areas of open sea waters
increases westward and is primarily affected by
bathymetric factors. The number of days with ice
cover in the vicinity of deep waters is very small, as
exemplified by the open sea waters observed in Hel.
In particular, the Deep of Gdarisk, located east and
north-east of Hel was never covered with ice in the
analyzed period. The number of days with the drifting
ice cover in relation to the total number of days with
ice is usually significant, which may have a negative
effect on the coastal zone and river estuaries.

The less frequent occurrence of sea ice on the
Polish coast of the Baltic Sea is consistent with the
multi-annual changes in the development of ice
phenomena reported by many scientists. Jevrejeva
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et al. (2004) studied the evolution of ice seasons in
the Baltic Sea during the 20" century and determined
a statistically significant declining trend in the
probability of ice occurrence in the southern part of
the Baltic Sea. The associated reduction in the duration
of the ice season and the positive trends toward earlier
breakup of ice are associated with the increasing air
temperature in winter observed throughout Europe.
Sztobryn et al. (2012b) confirmed that the Polish coast
of the Baltic Sea experiences a strong decrease in the
number of days with ice cover in the second half of the
20% century and the first decade of the 21%* century.
The highest rate of this decrease has been observed
in Swinoujécie and Gdansk and to a lesser extent in
Ustka and Kofobrzeg, whereas changes in Hel are
least evident. Not only the number of days with ice
decreases, but also the occurrence of sea ice changes.
In the mid-20" century, the ice cover occurred every
year. In the first decade of the current century, the
coastal area without sea ice was a common wintertime
situation. The predicted impact of climate change on
the ice cover development in the southern Baltic Sea
(Sztobryn 2012) indicates that a significant reduction in
the sea ice cover can be expected by the end of the 21¢
century. It should be noted, however, that extremely
severe winters with an extensive ice cover might still
occur.

Extreme events related to wind

The annual value of the Npgso index in Hel does

not exceed 3 cases per year. In the first 14 years

Table 1

The number of days with ice (including floating ice given in parentheses) on the Polish coast of the Baltic Sea during

winter seasons 2000/2001-2013/2014
Swinoujscie

Swina estuary Stupia estuary Gulf of Gdarisk

16 (16) 0(0) 6(6)

16 (16) 0(0) 5(5)

59 (59) 0(0) 35(32)

18(15) 0(0) 18(16)

7(5) 0(0) 7()

51 (45) 8(7) 29 (25)
0(0) 0(0) 202
12(11) 0(0) 3(3)
2008/2009 30 (29) 0(0) 6(6)

67 (55) 40(31) 48 (41)
62(37) 15(13) 46 (39)
20(13) 12(10) 24(22)
31(31) 2(2) 29(27)
23(23) 9(9) 14.(14)

0(0) 0(0) 0(0)
0(0) 0(0) 0(0)
0(0) 0(0) 0(0)
0(0) 0(0) 0(0)
0(0) 0(0) 0(0)
9(9) 0(0) 8(6)
0(0) 0(0) 0(0)
0(0) 0(0) 0(0)
0(0) 0(0) 0(0)
8(2) 0(0) 0(0)
15(15) 0(0) 25(14)
1(1) 0(0) 1(1)
0(0) 0(0) 0(0)
0(0) 0(0) 0(0)

| Totall  396@339) | 8672 | 266(23) | 3305 | 0@ | 3@ |
| Averagel 305203 | __66(55 | 205075 | 2509

0000 26016 |
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of the present century, 15 deep cyclones below
980 hPa were observed on the Polish coast (Fig. 11a),
usually in December and January (Fig. 11b). In 2002,
2003, 2006, 2009 and 2014, no deep cyclones occurred,
whereas in 2005 and 2010, 3 such phenomena
were observed. The amount of intense cyclones
measured with the Ap/At index in the analyzed period
reached the maximum number of 7 per year in 2012
(Fig. 11a). The situation was dynamic in 2007 and
2010 when 6 cyclones were observed. No intense
cyclone was observed on the Polish coast in 2009,
and only 2 cyclones occurred over the southern Baltic
Sea in 2010 and 2014. At the remaining situations,
from 3 to 6 intense cyclones were noted. In total,
9 intense cyclones struck the analyzed coast in
January, 6 cyclones in December and February and
5 in November. In the remaining months, the coast was
hardly exposed to this threat (Fig. 11b).

Because the intra-annual 1 percentile of the
pressure dataset index (P ) is related to the core
pressure of the cyclone, it is clear that Pjp indicates
a reduction in the storm intensity in parallel with
an increase in the N, value, and the other way
around (Fig. 11a). In the annual cycle of P , the
season of intense storms is limited to the period from
November to March (Fig. 11b), which corresponds
with the occurrence of deep cyclones indicated by the
monthly values of Npm. However, the cases of intense
cyclones characterized by some considerable pressure
tendencies can be observed in October as often as in
March.

Although some noticeable year-to-year variations
in the number and magnitude of cyclones occurred
in the 21 century on the Polish coast of the Baltic

417
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Sea, the intensity of the cyclonic activity analyzed
in the present paper does not deviate significantly
from the trends observed in the previous decades
and centuries. Bdrring and Fortuniak (2009) who
analyzed the cyclonic activity in the region of southern
Scandinavia found no significant overall long-term
trend in the cyclone activity in the North Atlantic
and the European region since the beginning of the
19t century. The only positive trend was found in the
second half of the 20™ century, however, both the
decline in the cyclonic activity observed in the 1960s
and its peak in the 1990s were within the long-term
variability. In the 21* century, a decrease in the
activity of cyclones can be observed again. Mietus et
al. (2005) reported the lack of any statistically signifi-
cant changes in the value of the P]p index in Hel in
the second half of the 20" century, however, the
annual number of pressure tendencies exceeding the
threshold of 6 hPa in 3 hours reached 10 cases or more
in certain seasons.

The annual amount of gale days in Ustka was
almost 8 cases and this number varied between 3 in
2013 and 13 in 2007 (Fig. 12a). In 5 cases, the annual
number of gale days was at least 10. The mean annual
wind speed in Ustka oscillates between 5 and 6 m s’
(Fig. 12a), however, its direct impact on the number
of gales is not obvious. In 2002 and 2013, the mean
annual wind speed was 5 m s, and there were 10
storm days in 2002 and 3 storm days in 2013. Gales
are characteristic of the cold season (Fig. 12b) as the
total number of gales in the October-March period is
considerably greater than during the warm months.
Gales occur most often in January — 20 gale days were
recorded during this month in the analyzed period,
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Figure 11

The annual number (a) and annual course (b) of deep cyclones in Hel, 2001-2014, measured with the selected indices.

Abbreviations explained in Section 2
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The annual number (a) and the annual course of gale days (b) (bars) and mean annual (a) and monthly (b) wind speed
(solid line) in Ustka, 2001-2014

which means that almost 2 gales occur in January at the stations in Ustka and Gdansk (due to strong,
every year. In total, eleven gale days were observed in northerly winds).
October and November and 10 days in February in the The largest number of storm surges was observed
analyzed period. in 2007; the maximum number of 10 in Swinoujscie,
Wind speed of a particular gale on the Polish while only 2 such cases were observed in the same
coast of the Baltic Sea may reach 20-25 m s'. The location in 2009 (Fig. 14a). In Ustka, such events were
highest wind speed recorded on the Polish coast less frequent — approximately 7 cases were observed in
during the last 60 years occurred in Ustka during the 2007 and 2012, whereas in 2009 and 2010, the warning
autumn storm 27/28 Sept. 1957 and was 30 m s. Wind sea level was exceeded only once. In Hel, 10 cases were
speed over the Baltic Sea is probably even higher recorded in 2012 and no storm surges occurred in
than that recorded at land stations due to smaller 2011. During the periods of 2004-2006 and 2009-2010,
roughness over the sea. Analysis of the meteorolog- the frequency of storm surges was smaller, whereas

ical data results in the conclusion that the force of in 2001-2002, 2007-2008 and 2012, their number was
a particular gale in the southern Baltic Sea reached
10 on the Beaufort scale (> 24 m s'). However, there N
is an uncertainty related to the lack of meteorolog-
ical observations at sea carried out under such harsh W NE
weather conditions (Mietus et al. 2004b, modified).

The prevailing wind directions observed at the
beginning of the 21 century on the southern coast of
the Baltic Sea were W, SW and S (Fig. 13 presents the

wind chart for Ustka); total frequency of winds from <=2
the above-mentioned 3 directions exceeded 50% o i BT
at all analyzed synoptic weather stations. However, -

the greatest threat to the coast accompanying the
storm surges occurs with north-westerly, northerly
and north-easterly winds. Such wind directions are
on average recorded with a frequency of 25-30% in
total, but the annual frequency of strong winds (with
the speed exceeding 10 m s') blowing from these
directions does not exceed 10% of the total number of Figure 13
observations. The highest annual frequency of strong
winds is observed in Ustka and teba. The analysis of
wind charts for particular stations on the Polish coast
reveals that the greatest threat to the coast occurs 2001-2014
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The annual (a) and monthly (b) total number of storm surges on the Polish coast of the Baltic Sea, 2001-2014

much higher. In January, November and December,
the Polish coast was greatly exposed to this threat
(Fig. 14b). In January, a total of 17 storm surges were
recorded in Swinoujécie, 15 in Hel and 14 in Ustka. In
November and December, the number of storm surges
observed at the analyzed stations was only slightly
lower.

Marosz (2010) identified a statistically significant
positive trend regarding the occurrence of storm
surges in Gdarnsk in 1987-2006. Kowalska et al. (2012)
demonstrated only small positive trends concerning
the number of cases when the sea level exceeded the
warning threshold in Swinoujécie and Hel in 1955-2008.
The number of storm surges increased particularly
rapidly in both locations in 1971-1990, which was
confirmed by the results presented by Barring and
Fortuniak (2009). Weisse and Weidemann (2015) who
reconstructed the western Baltic Sea levels from
1948 to 2012 found that storm surge climate showed
considerable year-to-year and decadal fluctuations but
could not determine any substantial long-term trends
over the analyzed period. However, the phenomenon
of a systematic sea level rise poses a potential threat
to the coast. This means that a storm surge may
result from a systematically rising mean sea level
(Mietus 1999).

Not only the sea level increases during storms, but
also the wave height as a derivative of wind speed
may significantly increase. Storm waves affect the
sea material transport and are troublesome for the
navigation and harbors. In the shore zone, the waves
may undercut the cliffs and destroy the sea defences
and hydrotechnical installations. Using the 5-year
hindcast data set of the HYPA model in its shallow-
water version (Gayer et al. 1995), Mietus et al. (2002,
2003b, 2004¢) calculated the 99* percentile of wave
height at grid-points (spatial resolution of 15.875 km)
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in the southern Baltic Sea located, inter alia, in close
proximity to the stations analyzed in this work. The 99*
percentile of wave height reaches 4.6 m in Ustka and
teba; in the case of Hel, it is 4.5 m for the open sea and
3.6 m for the Gulf of Gdansk off the harbor entrance. In
the reconstruction of the total significant wave height
and corresponding wind waves and swell heights in
the Proper Baltic Sea Basin in 1947-1988, Mietus and
von Storch (1997) did not detect any statistically signifi-
cant trends in the variability of the wave height as well
as its amplitude. Comparative analysis of both the
model and observational results was not possible due
to the lack of sufficient long-term systematic observa-
tions of waves on the southern Baltic Sea. The visual
observations of the wave height were finished by
IMGW-PIB in the 1990s.

Over 130 long-lasting strong winds were recorded
in the period from 2001 to 2014 on the Polish coast of
the Baltic Sea; such winds blew for less than 5% of the
total time in the analyzed period. The most frequent
events occurred in 2007 and 2002, when 17 and 15
cases of long-lasting winds were observed respectively
(Fig. 15). Eighteen events out of the total number of
the analyzed cases were the strongest ones, lasting
continuously for at least 24 hours, and the middle strip
of the coast was the place where such events occurred
most frequently. No more than 2 cases occurred
per year and in 2012 none of these phenomena was
recorded. The longest of the observed extreme
events lasted 2 days and occurred in December 2012
in Ustka and teba. In annual terms, such events occur
most frequently between October and April, with the
maximum observed in January and February. The low
temperatures may enhance the destructive activity
of such winds (Boréwka 1980, 2001). The long-lasting
strong winds were not recorded in summer months.

In 1961-1990, Jania & Zwolinski (2011) reported
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Figure 15

The annual (a) and monthly (b) total number (bars) and cumulative duration (solid line) of long-lasting strong wind
events on the Polish coast of the Baltic Sea, 2001-2014. Abbreviations explained in Section 2.

24 very strong long-lasting wind events in Swinoujécie
and only 6 events in Kofobrzeg. The dates of the
strongest events recorded in each location did not
overlap. Several strong eolian events were observed
on the coast in the 1980s. As there are no data on
the intensity of eolian transport in 2001-2014, it is not
possible to refer the obtained results to the long-term
variations of the analyzed parameter. Assuming that
each of the strong long-lasting wind events identified
in the 21 century could contribute to the sand
material transportation, it seems that the intensity of
the phenomenon does not change much. It appears
that mostly the western and central parts of the Polish
coast are exposed to this threat.

Discussion and conclusions

The variability in many elements analyzed in
this paper is consistent with long-term trends in
these parameters observed in the second half of the
20t century. The variability of frost days coincides
with a determined statistically significant negative
trend (Owczarek & Filipiak 2016), coherent with the
warming trend in winter and spring air temperature in
Poland (Biernacik et al. 2010). We found that the rare
occurrence of the sea ice phenomena in the 2001-2014
period is a continuation of a significant reduction
in the sea ice cover observed at the coasts of the
southern Baltic Sea in the 20t century (Jevrejeva et al.
2004). However, some clear interannual variations in
the number and magnitude of cyclones occurred in
the 2001-2014 period, e.g. intensification of cyclonic
activity observed in particular years, as well as its
reduction. The obtained results correspond well with

R WtoG o cCa o e i )

the overall long-term insignificant changes in the
cyclone activity in the North Atlantic and the European
region since the beginning of the 19" century (Bérring
& Fortuniak 2009). The number of storm surges and
their considerable year-to-year variability in the
analyzed area are consistent with the results obtained
by Kowalska et al. (2012). Our results confirm a slow
increase in the number of threshold warning value
crossings by the sea level in Swinoujicie and Hel
observed since 1955.

The frequency of extreme precipitation events
such as intense and widespread precipitation totals is
consistent with the number of phenomena observed
in the study area since the mid-20*" century (KoZmirski
& Michalska 2004, Lorenc & Olecka 2006, Malinowska
& Filipiak 2009). However, the coastal stations were
characterized by the positive trends in extreme
precipitation events in the short periods of the 20*
century; after 1990, these tendencies were consider-
ably reduced. As the amount of water vapor in the
atmosphere is increasing, any decrease in the heavy
precipitation events should not be expected. Besselaar
van der et al. (2013) reported that summer fluctuations
in precipitation may occur, particularly those related to
the torrential rains affecting economies and landforms
and causing floods, but they are substantially weaker
than in the other seasons, especially in winter and
spring. The same authors have found that positive
trends in the widespread precipitation amounts may
be expected in Northern Europe.

The storms caused and manifested by an extreme
wind speed, wave action and a high sea level,
understood as characteristic features of deep and
intense cyclones, are potentially the greatest threat
to the coast. The most frequent storms occur in the
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cold months of the year and they are related to the
amplification of a positive phase of the North Atlantic
Oscillation (NAQO). NAO is the most recognized mode
of variability in the atmospheric circulation over the
North Atlantic and the European region. In the positive
mode, the subtropical high over the Azores is stronger
than usual, because there is an area of low pressure
near lceland, which supports the strong westerly
flow of moist, mild air and polar maritime air from the
Atlantic Ocean over Europe. All wind-driven processes
and effects are associated with the increased cyclonic
activity over Northern and Central Europe. The
particularly intense westerly circulation was caused
by a long-term positive phase of NAO identified in the
1990s. In the first decade of the 20™" century, however,
a number of extremely strong negative incidents
of the NAO phase occurred.

Because NAO significantly affects the air tempera-
ture and ice conditions over the Polish coast, the
decreasing number of cold days, in particular the
shortage of ice phenomena may also be associated
with this mode of variability in the regional circula-
tion. During the periods of warming and strong winds
associated with the intensification of cyclonic activity,
the shores exposed to such winds are susceptible to
destructive effects of ice fields (Girjatowicz 2014). Due
to the fact that frost days associated with exceeding
the threshold of 0°C by the daily minima are more
frequent in March and February than in December and
January, it seems that the change in the probability
distribution of air temperature directly related to the
general regional warming in winter and spring air
temperature predominates over the simple effects of
the NAO positive phase (Mietus & Filipiak 2004a).

Precipitation events seem to have the secondary
importance to the coastal environmental processes.
The intensive rainfalls occurring in late spring and
summer may exceed the infiltration capacity of soil
and form a rapid runoff, which in turn may wear out
the entire soil layer. However, their effect on the
stability of steep slopes seems to be limited in the
coastal region. On the other hand, precipitation in the
widespread form associated with the deep cyclones
may constitute a much more serious factor negatively
affecting the ground stability.

Based on the above discussion, it is evident that
extreme weather events occurring in winter seasons
pose the greatest threat to the coast. Of all the studied
elements, the phenomena related to the passage of
deep and intense cyclones — extreme winds, storm
surges and waves play the most important role in
the coastal processes. The comparison of the indices
studied in the paper with the long-term values of the
parameters allows the identification of the process

]38 DE GRUYTER

G

Extreme weather events on the southern Baltic Sea coast

of a systematic increase in the occurrence of this most
dangerous phenomenon in the first years of the 20*
century. The long-term variations of other elements,
less significant for the coast, do not reveal any
increasing threat.
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