
Introduction

Coastal lakes belong to the shallowest water bodies
on the southern Baltic coast. Compared to other lakes,
they are large and shallow (Choiński 1991, Jańczak
1997). Therefore, they are most susceptible to climatic
effects. The lakes heat and cool fairly rapidly, the ice
events occurring in them being intensive. Ice condi-
tions in those lakes have not been treated in the litera-
ture. Short mentions on ice conditions in the lakes in
question can be found in Goĺ ek (1973, 1986) and
Pasĺawski (1982). The paucity of literature data could
have been a result of omissions and errors in observa-
tional data of the Institute of Meteorology and Water
Management (IMWM). Those data had to be analysed
and verified to detect and correct possible errors; this
has already been done (Girjatowicz 2001a).

This work was aimed at describing spatio-temporal
variability of the basic ice parameters, their relation-
ships between selected lakes, and frequency of fast (ice
cover) and floating ice, as well as at highlighting the
morphology and topography of ice cover in those
lakes.

Materials and methods

This work makes use of ice data for the 4 largest sou-
thern Baltic coastal lakes: the Jamno (Uniescie), the
Bukowo (Bukowo Morskie, the Gardno (Gardna Wiel-
ka), and the Ĺebsko (Izbica). The data were collected
from permanent observation sites shown in Fig. 1. The
data, covering the period of 1960/61-1999/2000, were
extracted from the IMWM archives. The basic data on
morpho- and bathymetry of the lakes are given in
Table 1.
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For the purpose of this study, the following 9 ice
conditions parameters were selected: date of the first
ice appearance, date of the first ice cover formation,
date of disintegration of the last ice cover, date of di-
sappearance of the last ice, ice season duration, num-
ber of days with ice, number of days with ice cover, ice
conditions continuity, and the maximum ice cover
thickness in a season.

To avoid ambiguities in understanding the termino-
logy applied, the parameters used are defined as fol-
lows:

1. Date of the first ice appearance (first ice, F): the
date on which any ice form was observed in the

area during a season, except for glazing of sub-
merged objects (stones, poles, etc.).

2. Date of the first fast ice formation (Fc): the date
on which fast ice, regardless of its thickness, was
observed to cover the entire area (except for cur-
rent-formed polynyas in river mouths) for the first
time in a season.

3. Date of disintegration of the last ice cover (Lc):
the date on which disintegration (fractures, poly-
nyas) of fast ice was observed for the last time in
a season.

4. Date of the last ice disappearance (last ice, L): the
date on which the presence of any ice form (ex-
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Table 1. Morphometric and bathymetric data for the southern Baltic coastal lakes (after Choiński 1991 & Janczak 1997).

Fig. 1. Location of coastal lakes and observation areas on the southern Baltic coast.



cept for grounded ice) was recorded for the last ti-
me in a season.

5. Ice season duration: (ice season, S): the period of
time (days) between the date of the first ice ap-
pearance and the date of the last ice disappearan-
ce inclusive.

6. Number of days with ice (N): number of days on
which the presence of ice was recorded.

7. Number of days with ice cover (Nc): number of
days on which the presence of fast ice (regardless
of its thickness) was recorded over the entire area
(except for current-formed polynyas in river
mouths); the number of days with ice cover may
be equal to or lower than the number of days with
ice and the ice season duration (Nc ≤ N ≤ S)

8. Ice conditions continuity (C): a per cent ratio bet-
ween the number of days with ice and the ice sea-
son duration.

9. Maximum ice cover thickness (H, cm): the hi-
ghest measured thickness of the ice formed as a
result of the natural thermodynamic ice growth
(except for rafted and piled ice) in a winter.

Definitions of the remaining ice terms can be found
in the Sea Ice Nomenclature (WMO 1970).

Relationships between the parameters selected were
explored by means of correlation and regression ana-
lyses, linear regression equation being developed for
the latter. The strength of a relationship was assessed
by using correlation coefficients (r) and coefficients of
determination (r2 100 %). Significance of the relation-
ships was tested using the Fisher-Snedecor test (Czer-
wiński et al. 1990, Lomnicki 1999). 

Ice morphology, and particularly ice thickness, have
been studied with different techniques of measure-
ment. Over large areas, air-borne electronic, electro-
magnetic, and thermometric techniques (Wadhams
1996) have been applied. In the Baltic Sea, it was
mainly the Finnish scientists who studied ice cover
structure and topography as well as ice piles. Research
in the Gulf of Bothnia and in the Gulf of Finland was
carried out with the use of ice auger and engine-powe-
red saw (Keinonen 1977), sonar (Palosuo 1976, Kei-
nonen 1976), air and underwater photography (Palo-
suo 1975), satellite imagery (Uding and Ullerstig
1976), and profilometric laser (Manninen 1996).

In the present work, the simplest technique, i.e., ma-
nual drilling of the ice with an auger, was used. Results
of drilling served to develop ice profiles along selected
sections of an ice cover, including rafted and piled ice
forms. Such ice profiles allow to visualise the ice cover

structure, thickness, and deformations fairly well
(Bruns 1962, Derjugin and Stepanjuk 1974, Leppäran-
ta 1999). 

Characteristics of the ice conditions para-
meters selected

Ice conditions parameters archived by IMWM were
analysed. Mean and extreme values of the parameters
for lakes: Jamno, Bukowo, Gardno, and Ĺebsko are gi-
ven in Table 2.

The first ice, most often the ice rind, usually appears
in the coastal lakes of the Southern Baltic in the first
decade of December (4 - 11 December). It appears ear-
lier in the eastern part of the coast (Lake Ĺebsko, 4 De-
cember); the appearance of the first ice is gradually de-
layed along the east-west axis (the Jamno: 11 Decem-
ber). The earliest and latest occurrences of the first ice
were recorded, overall, in early November and as late
as in February, respectively.

The first ice cover was observed to form, on the ave-
rage, a few to several days later (15-19 December).
Occasionally, during periods of strong cooling, a thin
ice cover (ice rind) can be perceived as the first ice. An
ice cover is a fast ice which, regardless of its thickness,
covers the entire lake (Fig. 2). On some occasions, su-
ch ice forms were observed at a thickness as low as 1-
2 cm.

Although the observer did record an ice cover, 
mouth areas of rivers and canals could have shown
current-formed polynyas. Those usually occur at the
beginning of the ice cover formation and when the fast
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Fig. 2. A thin and flat ice cover in the eastern part of Lake Bukowo
(Dabki; 9 Dec. 2002).



Table 2. Mean and extreme values (1960/61-1999/2000) of selected ice parameters in sou-
thern Baltic coastal lakes (Jamno, Bukowo, Gardno, Lebsko).
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ice disintegrates. If the ice cover is thin, the polynyas
may reach several hundred metres into a lake, particu-
larly in the mouth of larger rivers (Ĺeba, Lupawa).
Shorter polynyas, predominantly up to several tens of
metres long, may form where a river or a canal di-
scharges into a lake.

The last ice cover disintegrates usually in late Fe-
bruary-early March (28 February - 2 March). The ice
cover on the lakes studied usually disintegrates when it
is from a few to several cm thick, depending on the
maximum ice thickness (extent of decay) and wind
force. At the extreme, the ice cover disintegrates at the
latest between the first and second decade of April (7 -
13 April). 

The last ice disappears usually at the turn of the first
and second decade of March (7 - 12 March). At the ex-
treme, the latest disappearance of ice (ice floe and 
brash ice) disappears as late as in the second decade of
April (13-19 April). The last ice disappears usually a
few days earlier in the western part of the coast (lakes
Jamno and Bukowo), compared to the eastern part (the
Gardno and Ĺebsko). Due to the prevalence of wester-
ly winds, the ice disappears mostly on the eastern
shores (Fig. 3). 

Duration of the ice season depends on the dates of
appearance and disappearance of ice, as the ice season
is defined as a period of time (number of days) bet-
ween the date of the first ice appearance and the date of
the last ice disappearance inclusive. The average dura-
tion of the ice season ranged from 85 to 98 days and
the longest seasons persisted from 134 to 160 days.
The ice season is clearly longer in the eastern part of

the coast (lakes Gardno and Ĺebsko) than in the wes-
tern part (the Jamno and the Bukowo). The ice season
was absent (no ice on the lake) in the western part of the
coast (the Jamno and the Bukowo) only during the ve-
ry mild winter of 1974/75. On the other hand, during
that winter, the ice season in the eastern part of the coast
lasted from 74 (the Gardno) to 75 days (the Ĺebsko).

Similarly to the ice season, the number of days with
ice is higher in the eastern part of the coast, compared
to the western part. Usually, there are from 68 such
days in the Jamno to 77 in the Gardno. The highest
numbers of days were 133 and 142, respectively, the
respective lowest numbers being 0 and 15. 

The number of days with ice cover (fast ice) was by
several days lower than the total number of days with
ice. Its average values ranged from 57 (the Jamno) to
61 (the Gardno). The highest numbers of days with ice
cover were found to range within 123-136, the lowest
numbers ranging within 0-2. It was only on the shallo-
west Lake Gardno that the ice cover was present each
year during the period examined.

The ice conditions continuity, defined as a per cent
ratio between the number of days with ice and the ice
season duration, is highest in smaller lakes (the Buko-
wo and the Jamno). The average ice conditions conti-
nuity was observed to range from 77 % (the Ĺebsko) to
81% (the Bukowo). The highest values recorded
amounted to 100%, when the number of days with ice
was equal to the ice season duration. The lowest values
were found to range from 17% (the Ĺebsko) to 33 %
(the Bukowo). The relatively large and deep lakes,
characterised by a more intensive water dynamics,
showed the longest gaps between periods of ice cover,
hence their lowest ice conditions continuity.

The maximum ice cover thickness, defined as the lar-
gest thickness in individual winters, was somewhat hi-
gher in the eastern part of the coast than in the western
part. The average maximum thickness ranged from 22
cm in the Jamno to 24 cm in the Gardno. The highest
maximum thickness of 45 cm in the Jamno and 52 cm
in the Bukowo and Ĺebsko were recorded in the very
severe winters of 1969/70 and 1978/79, respectively.

The analysis presented shows more severe ice condi-
tions to be typical of the lakes situated in the eastern
part of the coast. Almost all the ice conditions parame-
ters (except for the ice conditions continuity) were hi-
gher in the eastern part (lakes: Gardno and Ĺebsko)
than in the western part (the Jamno and the Bukowo).
The pattern observed results primarily from climatic
conditions that are somewhat more severe in the eas-
tern part. 

Fig. 3. Thawing brash ice on the eastern shore of Lake Gardno
(Gardna Wielka; 25 Jan. 2002).
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Along the southern coast of the Baltic Sea, a pro-
nounced eastward decrease of air temperature is obser-
ved in winter. For example, the February air tempera-
ture in the south-western part of the Baltic is about 1°C
to decrease to about -3°C in the south-eastern part
(Malicki & Mi

‘
etus 1994). With respect to the lakes

studied, the winter air temperature decrease amounts
to about 0.5°C/100 km (Stopa-Boryczka et al. 1990).
Continental climate effects, visible as increasing ther-
mal contrasts (increasingly warmer summers and in-
creasingly severe winters) grow in intensity as one
moves eastwards along the coast. This is reflected in
increasing indices of thermal continentalism (Ewert
1963, Woś 1967) and decreasing indices of oceanicity
in the eastward (Stopa-Boryczka et al. 1994, Marsz
1995).

In the eastern part, more severe ice conditions occur-
red in Lake Gardno than in the Ĺebsko, although the
latter is located more eastward. The Gardno is the shal-
lowest of the lakes studied (Table 1) and the bathyme-
try was most likely decisive for development of the
most severe ice conditions in that lake. 

Relationships between ice condition para-
meters

The high similarity between the lakes studied in
terms of their ice conditions, particularly pronounced
between the neighbouring lakes, is confirmed by
strong correlations between their ice conditions para-
meters. The relationships are presented in an orthogo-
nal system of coordinates, with a 99 % confidence in-
terval, for the lakes located farthest apart, i.e., between
the Jamno and the Ĺebsko. The relationships of the fol-
lowing ice conditions parameters were explored (Fig.
4): date of the first ice (F) and date of disappearance of
the last ice (L), number of days with ice cover (Nc),
number of days with floating ice (Nf), total number of
days with ice (N), duration of ice season (S), maxi-
mum ice thickness (H), and continuity of ice condi-
tions (C). All the relationships proved statistically si-
gnificant, even at α = 0.01. 

The highest (exceeding 0.90), correlation coeffi-
cients between the two lakes (the Jamno vs. the Ĺebs-
ko) were obtained for the number of days with ice (N),
number of days with ice cover (Nc), date of disappea-
rance of the last ice (L), and the maximum ice thick-
ness (H). Variation in the number of days with ice in
the Jamno is in 93 % determined by the variation in
that number in the Ĺebsko. On the other hand, an in-
crease in the number of days with ice by one unit (day)

in the Ĺebsko is reflected in a similar increase (0.97) of
the parameter in the Jamno. The strong correlation bet-
ween those parameters between the two lakes can be
explained by the similarity of their physiography, a
short distance between them, and similar climatic
conditions. 

The weakest correlations between the two lakes (the
Ĺebsko and the Jamno) are those involving the number
of days with floating ice (r = 0.596) and date of the first
ice (r = 0.709). The correlation between the respective
numbers of days with floating ice may be affected fair-
ly substantially by certain local, non-thermal, factors,
mainly the wind (advance or recession of ice). It has to
be mentioned that the observations on the Jamno were
carried out on its northern shore (Unieście), the sou-
thern shore (Izbica) being the observation site on the
Ĺebsko. A southerly wind may cause the ice to advan-
ce in one of the areas and to recede in the other.

The weaker correlations between dates of the first
ice, particularly between the lakes located farthest
apart, may be affected by the initial temporary cool-
down which may cause the first ice to form in one part
of the coast (e.g., eastern), an effect absent from the
other part (e.g., western). Temporal differences bet-
ween dates of the first ice depend on the occurrence of
the next cool-down period and the formation of the
first ice in the remaining lakes. The more different are
the dates in the lakes studied, the weaker the correla-
tions between them.

Frequency of ice

Frequency of the occurrence of selected ice condi-
tions: fast ice (ice cover) and floating ice, and the rele-
vant course of events in different winters of the 40-
year-long period examined (1960/61-1999/2000) was
plotted, by pentades, for the largest lake, i.e., the Ĺebs-
ko (Fig. 5). The floating ice includes not only grease
ice, floe, or brash ice, but also shore ice and an incom-
plete ice cover.

The plots for the remaining coastal lakes showed no
basic differences with the Ĺebsko plot. The frequency
of occurrence of ice in different pentades as well as the
time course of the ice events discussed in individual
winters was similar in all the lakes. The highest fre-
quency (85 %) was recorded in the last pentade of Ja-
nuary (Fig. 5). At that pentade, fast and floating ice oc-
curred at frequencies of 75 and 10 %, respectively. A
period from the fourth pentade of December until the
third pentade of March is distinct in that the ice events
discussed are more frequent that every other winter 
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Fig. 4. Relationships of selected ice parameters between the coastal lakes Lebsko and Jamno over 1960/61-1999/2000
(see text for explanation).



J.P. GIRJATOWICZ324 (8)

Fig. 4 (continued). Relationships of selected ice parameters between the coastal lakes Lebsko and Jamno over
1960/61-1999/2000 (see text for explanation).



(> 50 %). Fast ice, too, occurred at a similar frequency
at that period (Fig. 5). 

The ice season showed a pronounced domination of
fast ice (80 %) over floating ice (20 %). The frequency
of fast ice, from the fourth decade of November until
the end of January, tended to increase, and decreased
thereafter until the ice disappeared in the second pen-
tade of April. On the other hand, the frequency of floa-
ting ice showed no clear changes between the pen-
tades, the ice dominating only at the beginning and at
the end of the ice season (Fig. 5). 

The plot in Fig. 5 shows also an increase, during the
recent decades, in the number of short ice periods. An
ice period is a continuous sequence of days with ice. In
the 1980s and 1990s, there were usually 2 - 4 ice per-
iods per winter. On the other hand, earlier decades
(e.g., the 1960s) were dominated by winters having
usually one or two long ice periods. Long and sparse
ice periods are typical of severe and moderate winters.
Recently, short and fairly numerous ice periods, ap-
pearing at different time in winters, have been typical-
ly recorded. They are characteristic of mild winters
and evidence of climate warming and ice conditions
becoming less severe. Similarly, the ice cover duration
has become shorter and shorter, the ice cover tending
to form and disintegrate more often during a winter.
This is a consequence of not only a more frequent ap-
pearance of thinner ice cover, but results also from fre-
quent changes in meteorological conditions manifes-
ted as, i.a., frequent alteration between periods of co-
oling (t < 0°C) and warming (t > 0°C). 

Numerous authors have pointed out that ice condi-
tions within the Baltic Sea basin are becoming milder
and milder (Leppäranta & Seina 1985, Seina & Palo-
suo 1993, Girjatowicz & Ko.zuchowski 1995, Kos-
lowski & Glaser 1999). Preliminary research in the
lakes studied, too, resulted in revealing a trend towards
reduction in ice parameters. For example, the number
of days with ice in Lake Jamno was observed to de-
crease at a rate of 1 day/year within 1955/56 -
1999/2000.

Morphology and topography of ice cover

The degree of water surface turbulence in the well-
sheltered and small coastal lakes is slight only. For this
reason, the conditions enhancing ice rind formation are
prevalent. The accreting ice rind gives rise to an ice co-
ver the thickness of which may even exceed 0.5 m in
severe winters (Table 2). The ice covers formed by ice
rind accretion do not disintegrate easily. The accretion

has usually been uniform, producing ice of a homoge-
nous structure, cohesive, and smooth on the surface. A
high resistance of such cover, its large thickness, and
slack water movements (due to the small size of the
lakes) do not enhance ice cover deformation. Therefo-
re, such ice covers disintegrate in spring, once the ice
has largely thawed. If heavy wind prevails during this
period, rafted and piled ice may appear. 

The ice profiles explored during field studies of va-
rious lake areas in winters of 1999/2000-2002/2003
supplied valuable information on morphology and to-
pography of ice covers. Rafted and piled ice was found
to appear on the coastal lakes not only after disintegra-
tion of the stable ice cover, but also before it is formed.
Such a situation occurs usually at the beginning of the
ice season. Patches of ice rind begin to drift, pushed by
heavy wind, and rafted and piled to the windward. Ice
piles appeared usually near the shore - along it or along
the margin of the fast shore ice. On the other hand, raf-
ted ice occurs usually on the forefront of the piles. As
a result, the emerging ice cover has, on the lake’s
windward side, an uneven, rough surface with nume-
rous raftings and small piles (the pile height is primari-
ly dependent on the ice thickness). On the other hand,
the ice cover on the leeward, forming under sheltered
conditions, has a relatively smooth surface. 

An example of such topographic variation is furni-
shed by the ice cover formed on the coastal lakes in the
winter of 2002/2003. When the ice rind was being for-
med, a fairly heavy wind, mainly from the south-east,
occurred and during 6-7 December the ice rind patches
were moved towards the northern shores of the lakes.
The ice rind had a low thickness, from 0.5 cm on the
Jamno to 2 cm in the Ĺebsko. In spite of that, the raf-
ted ice thickness, and particularly that of the piled ice
in the Jamno stuck out to 0.5 m above the water surfa-
ce (Fig. 6), and even to more than 1 m at some sites in
the Ĺebsko. 

The highest pile was a grounded hummock 1.5 m
above the water level high, formed on the edge of the
Ĺebsko shore bank near Madwiny (Fig. 7). The hum-
mock consisted of ice rind plates, mainly on the wind-
ward side, and of brash ice to the leeward (shoreward).
The windward and leeward sides were sloping at about
30° and 20°, respectively (Fig. 8). The hummock sho-
wed two ridges, differing slightly in their altitudes.
The higher altitude of the shoreward ridge resulted
most probably from the smaller depth, because the pi-
le had formed on the slope of the bank. 

The southern, and particularly the south-eastern
parts of the lakes, initially ice-free, developed a fast ice
rind, too, with a 1-day delay. The ice rind formed at
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Fig. 5. A plot of pentade frequency (%) of days with fast ice and floating ice for Lake Lebsko (Izbica) over 1960/61-1999/2000.
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more sheltered conditions, so its surface was smoother
(Fig. 2). 

With time, the ice cover thickness, both in the sou-
thern and in the northern part of the lakes, became uni-
form. The raftings and piles, consolidated in the ice co-
ver, were observed to intensively thaw out, particular-
ly in their submerged parts. For example, the thickness
of the Jamno ice cover was, after 3 weeks, almost iden-
tical at the piles and beyond them (Fig. 9), the diffe-
rences in thickness not exceeding 10 cm. Fig. 10
shows two ice profiles, explored at the same site, but at
a 21-day interval (27 December - 16 January). The
piles thawed out and the ice thickness levelled off
along the profile mainly due to periods of warming
(27-30 December 2002 and 12-16 January 2003). The
former piling sites were distinguishable chiefly becau-
se of the milky colour (because of the high amount of

air bubbles of the ice), set off against the darker colo-
ration of the surrounding, transparent, ice. (Fig. 10). In
addition to having a higher albedo, such white ice lets
much less solar radiation into the water column.

Grounded piles, particularly those located closer to
the shore, thaw at a much slower rate. The less they are
submerged, the longer they stay. Persistence of ice
piles depends not only on the depth of a site they have
formed at, but also on their altitude above the water le-
vel, type of ice they emerged from, and hydro-meteo-
rological factors (air and water temperature, intensity
of solar radiation, wind). 

Piled ice thaws most intensively in its submerged
part, even at below-zero air temperatures. During per-
iods of warming and strong wind, thawing and lowe-
ring of the pile is faster and accelerates when the ice
cover disappears and the pile remains alone on the wa-

Fig. 6. Piled ice rind in the northern part of Lake Jamno (Unieście; 9
Dec. 2002).

Fig. 7. Grounded hummock on the northern shore of Lake Ĺebsko
(Madwiny, 10 Dec. 2002).

Fig. 8. A cross-section through a grounded hummock on the northern shore of Lake Lebsko (Madwiny; 10 Dec. 2002).
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ter. Then, due to wave action and undercutting, the pi-
le disintegrates into brash ice. As a result, the hydro-
static equilibrium of the pile is disturbed and it rapidly
breaks down, leaving behind an accumulation of floa-
ting brash ice that disappears fast. 

The slowest to thaw are those ice piles that have
been formed on land. Their thawing depends mainly
on air temperature and solar radiation intensity. While
thawing, the ice releases sediment particles that accu-
mulate on the ice surface, imparting a darker and dar-

Fig. 9. Cross sections through ice cover with small ice rind piles (a) and after their thawing (b) in the northern part of Lake Jamno (Unieście).

Fig. 10. A thawing ice cover with a visible lighter hue, evidencing
former, already thawed out, ice rind piles (Unieście; 16 Jan.
2003).

Fig. 11. Sediments thawed out from a hummock on the eastern sho-
re of Lake Lebsko (River Leba mouth; 25 Jan. 2002).
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ker hue to it (Fig. 11). After thawing is complete, a
grey-brown or brown deposit, consisting of sand, peat,
mud, plants, and shells as well as bird feathers and
faeces, remains. 

Where the rafted and piled ice appears in the lake de-
pends mainly on wind direction. At the onset of the ice
season, when heavy easterly winds prevail, the rafted
and piled ice appears in the western and northern parts
of the lake. Thin ice rind plates, drifting eastwards, are
piled up in the shore zone to not higher than 2 m abo-
ve the water level. On the other hand, towards the end
of the ice season, once the ice cover has disintegrated,
when strong westerly winds prevail, deformed ice oc-
curs usually in the eastern part of the lake. The ice piles
may be up to a few metres above the water level high,
depending on the ice thickness and wind speed. 

Conclusions and observations
The coastal lakes of the southern Baltic are relative-

ly shallow, for which reason they develop intensive ice
phenomena. The ice appears early in those lakes, per-
sists for a prolonged periods of time, disappears late,
and occurs in the form of thick ice covers. Among the
remaining areas of the southern Baltic coast, more se-
vere ice conditions occur only in the Curonian and Vis-
tula Lagoons (cf. Lundbeck 1931, Zorina & Malinski
1975, Sergeyeva 1983). Conditions similar to those
prevalent in the lakes have been observed in the Small
Puck Bay (cf. Zakrzewski & Szefler 1984, Szefler
1993). Milder ice conditions have been observed in the
Szczecin Lagoon (cf. Malinski 1971, Correns 1973),
while much milder conditions are typical of the sou-
thern Baltic shores (cf. Bluthgen 1953, «Eishandbuch»...
1972, Girjatowicz 1990). In coastal lakes and lagoons,
ice conditions grow in intensity and their frequency in-
creases eastwards; ice parameter coefficients of varia-
tion decrease, and correlations between thermal and
circulation conditions and ice parameters assume hi-
gher coefficients (Girjatowicz 2001b, 2003).

Relationships between the same ice parameters, ex-
plored for different southern Baltic areas are strongest
in shallow regions, such as the coastal lakes. Equally
strong are the correlations between similar areas, e.g.,
between Lake Dabie and Roztoka Odrzańska (Girjato-
wicz 1981) or between the southern Baltic coastal la-
goons, with correlation coefficients exceeding 0.90
(Girjatowicz 1983, 1994). Weaker, although statisti-
cally significant, are correlations for offshore areas,
particularly those located close to Baltic deeps (e.g.,
parts of the Gulf of Gdańsk; Girjatowicz 1983). In tho-
se relatively deep and exposed areas, clearly differen-
tiated in terms of their local conditions, non-thermal

factors such as water movement and/or wind (advance
or recession of ice) which weaken the correlations are
important. On the other hand, in small, shallow areas
similar in their physiography, non-thermal effects on
the correlations are only slight. Ice events in those
areas are strongly dependent on thermal conditions.
The ice appears, persists, and disappears almost at the
same time. Therefore, the correlations between those
areas in terms of individual ice parameters are close. 

Along the southern Baltic coast, it is only in the eas-
tern coastal lagoons that various ice phenomena appear
more frequently than in the coastal lakes. The maxi-
mum frequency of ice in the Curonian and Vistula La-
goons in January and February may be as high as 
100 % (Zorina & Malinski 1975). The maximum fre-
quency of ice in all the southern Baltic coastal areas is
recorded usually in late January-early February. It is
the coastal lakes only that the maximum frequency is
observed in the last pentade of January. 

Similarly to other small, shallow, and sheltered
areas, the coastal lakes most often develop level ice co-
vers as a result of ice rind uniformly increasing in
thickness. Those ice covers are clearly different from
those evolving near the southern Baltic coast. In those
exposed areas, an ice cover is usually formed from
compressed consolidated grease ice and shuga or from
compressed and consolidated floe and brash ice (Girja-
towicz 2001c). In the northern Baltic, such ice covers,
similar in appearance to packed ice, may account for
up to 50 % of all the ice surface (Leppäranta 1998). Ice
cover topography is more diverse in marine areas than
in the lakes. Rafted and piled ice is observed more sel-
dom in the latter, also the pile altitude is lower in the
lakes than in the lagoons and near the shore: ice hum-
mocks may be as high as 10 m above the water level in
the lagoons (Zimdars 1941, Girjatowicz 2001d) and
even up to several metres near the Baltic coast (Slauci-
tajs 1929, Bluthgen 1954, Reinhard 1955). 

Climate warming, intensification of zonal circula-
tion, and increased frequency of deep atmospheric
lows (Ko.zuchowski 1995) will enhance frequent disin-
tegration of ice covers. The accompanying strong
winds will induce intensified drift of ice fields. The ice
advancing upon the shore will produce adverse effects
not only on shore reinforcement, trees, and shrubs, but
also on man-made constructions on the shore.

In addition to the cognitive value, the results presen-
ted can be of a practical importance. The knowledge
on dates and periods of ice presence can be taken ad-
vantage of when planning activities related to naviga-
tion and fisheries. Data on ice conditions can be also
used when designing water infrastructure.
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Depending on its form, thickness, and snow cover
thickness, the ice present in a water body affects, to a
larger or smaller degree, the biological properties of a
reservoir. Clear ice presents no particular obstacle to
penetration of solar radiation into the water column
and to phytoplankton growth (Wetzel 1975). On the
other hand, the penetration is strongly reduced when
the ice contains air bubbles, and particularly when it is
covered by snow. A fresh, 20 cm thick snow cover may
absorb and reflect up to 99 % of the incident solar ra-
diation. Such a snow cover strongly restricts photosyn-
thesis under the ice (Lampert & Sommer 1996). It may
be presumed that opaque ice forms such as slush, shu-
ga, pancake ice, rafted and piled ice restrict light pene-
tration into the water column as well. The ice cover
forms also a barrier for oxygen diffusion into the wa-
ter, for which reason an ice-bound water body fre-
quently develops hypoxic, or even anoxic, conditions
(Stańczykowska 1990, Kajak 1995). It may be presu-
med that hypoxia and anoxia in flow-through areas co-
vered by transparent and/or floating ice will be greatly
limited. As ice becomes less compact, oxygen availa-
bility in and diffusion to the water column should in-
crease. Unfortunately, no research on biology and che-
mistry of the Baltic coastal lakes during the ice season
has been carried out so far. Such research would be of
value both for science and for economy. 

Acknowledgements

The author would like to express his gratitude to anonymous refe-
rees for their efforts in improving the manuscript. 

References

Blüthgen J. 1954. — Die Eisverhältnisse der Küstengewässer von
Mecklenburg-Vorpommern. Forschungen zur Deutschen Landes-
kunde, 85. 

Bruns E. 1962. — Ozeanologie. Berlin.
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.
Zmudzka E. 1990.

— Atlas wspólzale
.
zności parametrów meteorologicznych i geo-

graficznych w Polsce. [Atlas of interdependence of meteorologi-
cal and geographical parameters in Poland]. VI, Wyd. Uniwersyte-
tu Warszawskiego, Warszawa (in Polish).

Stopa-Boryczka M., Boryczka J., Wagrowska M. & Smialkowski J.
1994. — Atlas wspólzale

.
zności parametrów meteorologicznych i

geograficznych w Polsce. [Atlas of interdependence of meteoro-
logical and geographical parameters in Poland]. VIII, Wyd. Uni-
wersytetu Warszawskiego, Warszawa (in Polish).

Szefler K. 1993. — Zlodzenie. [Ice conditions]. In: Zatoka Pucka.
Wyd. Uniwersytetu Gdanskiego, Gdańsk, 112-134 (in Polish).
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