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Introduction, scope and purpose of the
paper

Regular measurements and observations of
snow cover were initiated in the network of me-
teorological stations across Poland as late as in
the 1920s. However, the interest in characteristics
of this easily measurable climate element made
researchers examine the snow cover in various
measurement points as early as in the second half
of the 19* century (Wréblewski 1893, Satke 1899).
The purpose of this article is to present the devel-
opment of multifaceted research on snow cover
conducted by Polish researchers (mainly geogra-
phers) in various parts of the world since the end
of the 19 century up to the modern times. This
work is also an attempt to show the contribution
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of Polish snow-related research to the interna-
tional achievements in this fields.

The bibliography of works of Polish research-
ers in Polish, English, German, French and
Russian (scientific articles, monographs, chapters
in monographs), whose leading subject is snow
cover, amount nearly to 400 items. Due to space
constraints of this article, less than a half of them
were used herein and mainly studies containing a
phrase “snow cover” (or Polish “pokrywa $niez-
na”) in title (excluding the oldest papers) were
considered. The first works published fully in
languages other than Polish were as follows: an
article by Kosiba (1954) in English and a work by
Michna and Paczos (1971) in German. The oldest
work, which can be found in the Web of Science,
is that by Sztyler (1989) published in the Aerosol
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Fig. 1. Number of publications whose main subject
was snow cover (1880-2017).

Science. In the decades after the Second World
War, the number of publications on the subject
of snow cover was increasing systematically until
the end of the 20" century. Subsequently, it re-
mains constant, with concurrent increase in the
number of publications which were included in
the Web of Science data base (Fig. 1).

Brief references to snow-related research re-
sults obtained earlier on are found in almost all
works on snow cover by Polish researchers. There
are, however, a few articles in the Polish litera-
ture devoted fully to results of numerous stud-
ies on snow cover (Leszczycki 1931, Kedzia 1999,
Juraszek-Wiewiéra 2005, Cichata-Kamrowska et
al. 2011). This article presents the territorial scope
of snow-related research carried out by Polish
researchers, the description of works written be-
fore the Second World War and the characteristic
of later works with division into main directions
of research on snow cover.

Territorial scope of research on snow
cover

The majority of studies on snow cover au-
thored by Polish researchers are based on dai-
ly, ground-level measurements of depth of
snow cover conducted in points of the meas-
urement network of the World Meteorological
Organization which also owns stations and posts
of the Polish Institute of Meteorology and Water
Management. The spatial extent of these studies
is varied and includes analyses employing a point
scale or a meso- and macroregional scale. Studies
employing the point scale are often based on long

measurement series and concern variability and
trends of changes in the occurrence of snow cover
as well as classification of winters by snowiness
(i.e. Trepinska 1973, Chrzanowski 1989, Falarz
1998, 2007a, Bartoszek 2007). Numerous early
studies employing the regional scale present the
basic characteristics of occurrence of snow cov-
er in terms of space (e.g. Kosiba 1949, Dylewska
1961, Lorenc 1964, Michna, Paczos 1978, Lesniak
1981). Later studies concern solutions of spe-
cific research problems, e.g. the temporal and
spatial structure of occurrence of snow cover in
Pomerania (Czarnecka 1986) or the circulation
conditions of snow cover in northwestern Poland
(Bednorz 2001, 2002). Amongst the regional stud-
ies, the most numerous ones concern the occur-
rence of snow cover in mountainous areas.

The especially valuable studies are those which
take into account entire Poland and present com-
prehensively and exhaustively the spatial struc-
ture of occurrence of snow cover as well its intra-
and interseasonal variability. Paczos (1982, 1985)
described the basic characteristics of snow cover
for the whole area of Poland and also put forward
a classification of winter seasons by snowiness
and assessed the impact of atmospheric circu-
lation on the level of severity and snowiness of
winters. The most comprehensive description of
snow conditions in Poland was included in pub-
lications by Falarz (among others: 2004, 2007b,
2013) where multiannual changes and variability
of occurrence of snow cover had been analysed
in relation to circulation changes and where the
impact of atmospheric circulation on the number
of days with snow cover, its depth and stability
had been investigated in detail. Czarnecka (2011,
2012) presented the temporal and spatial structure
of occurrence of snow cover of different depth in
Poland and demonstrated weak and statistically
non-significant trends of changes. Similar type
of analysis was done also by Szwed et al. (2017).
Research on a wider regional scale, concerning
the impact of atmospheric circulation on intrasea-
sonal variability of snow cover in Central Europe,
was conducted by Bednorz (2006, 2008a, 2008c,
2009a, 2011 among others).

Polish climatologists participate in programs
whoseresults are studies on an international scale,
e.g. analysis of snow conditions in the region of
the Baltic Sea (Heino et al. 2008, Rasmus et al.
2015) or characteristic of multiannual variability



REVIEW OF POLISH CONTRIBUTION TO SNOW COVER RESEARCH (1880-2017) 9

of snow cover in the Western Carpathians (Falarz
et al. 1998). Considerable climatic importance of
snow in the polar regions inclines one to conduct
research on its occurrence in high geographical
latitudes as well as on its interaction with oth-
er atmospheric and environmental factors, e.g.
morphology of a terrain or depth of the perma-
frost (Gonera, Rachlewicz 1997, Dolnicki 2002,
Przybylak 2003, Zwolifiski, 2007, Bednorz, Wibig
2016). Many of them concern the physicochemical
parameters of snow in the Arctic (Leszkiewicz,
Pulina 1999, Glowacki, Pulina 2000, Stachnik,
Uzarowicz 2011, Nawrot et al. 2016). In the 21+
century research on accumulation, metamor-
phism and melting of snow cover on Svalbard
glaciers was developed detaily by Grabiec (2005),
Grabiec et al. (2006), Laska et al. (2016) and
Sobota (2017). Regional research of Polish clima-
tologists on the impact of atmospheric factors
on the seasonal cycle of formation, presence and
disappearance of snow cover extends to Eastern
Europe, Siberia, the Pamirs and the Antarctic
(Hess 1962, Bednorz 2004, 2016, Zwolinski 2007,
Bednorz, Wibig 2008, 2016).

Research on snow cover before the
Second World War

First descriptions of variability of snow cover
persistence, drawn up by a Pole, can be attrib-
uted to Zapalowicz. In papers on the subject of
flora, attention was paid, i.a. to the time of dis-
appearance of snow in the massif of Babia Goéra
(Zapatowicz 1880) and in the Eastern Carpathians
(Zapalowicz 1889). Research on algae, which
change the colour of snow, were conducted in
the Tatras in 1880 by Rostafiriski (1927). As far as
historical accounts are concerned, Romer (1892)
wrote about snowfall in May, even mentioning
chronicles from the 19 century. Wroblewski
(1893) described the characteristics of snow and
its impact on the course of selected meteorologi-
cal elements. Satke (1896, 1899) carried out daily
measurements of snow cover in Tarnopol.

An extensive work on the persistence of snow
cover, where data from 248 stations located in
the northern part of the Carpathians and in the
Carpathian Foothills had been used, was written
by Kaminiska (1912). Romer (1913) introduced
the index of conservation of snow cover which

was the ratio of the monthly sum of daily heights
of snow cover and the monthly sum of height of
new snow. A summary of selected snow-related
characteristics in 31 stations was published by
Merecki (1914).

In 1923 Dobrowolski (a, b) published mon-
ography Natural history of ice (in Polish Historja
naturalna lodu) devoting two chapters to physical
properties and description of snow cover. Soon
Kosinska-Bartnicka (1924, 1925) followed and
she characterised snow cover in Poland during
a frosty and snowfall-rich winter of 1923/1924.
Variability of snow cover in Poland during an
exceptionally frosty, but also snowy, winter of
1928/1929 was analysed by Gumiriski (1931).

An attempt at classification of the process of
disappearance of snow cover and analysis of
causes of uneven snowmelt was published by
Ormicki (1929). In 1929, a geographical centre in
Cracow started research, i.a. on snow cover in
the Tatras (Smoleniski 1932). In 1929, field meas-
urements of variability of depth of snow cov-
er in Roztochia and Volhynia were carried out
(Czyzewski 1929).

Milata (1937b), using data from 306 stations,
published a characteristic of snow cover in the
Carpathians. This author stressed the impact the
foehn on snow cover. In 1938, the Carpathian
Commission on Snow and Avalanches was estab-
lished in Cracow whose purpose was i.a. investi-
gation of the amount of snow in the Carpathians,
physical features of snow and impact of the to-
pography, wind conditions and vegetation on
snow cover (Milata 1938).

Directions of research on snow cover
after the Second World War

Basic characteristics of snow cover and
research methodology

Daily observations of snow cover consist
mainly in measuring the depth with an accuracy
of 1 cm once a day at 6:00 UTC; achievement of a
depth of > 1 cm for at least 50% of the observed
area means a day with snow cover.

Satellite images are a source of information on
snow cover (Feleksy-Bielak 1978). The area of a
country or continent, where snow cover persists, is
determined on their basis. Kotarba, on the Centre
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for Space Research portal, presents maps with the
current extent of snow cover both in Poland and
in Europe as well as graphs showing the percent-
age of the area of selected countries covered with
snow on individual days of specific winters from
the winter of 2004/2005 onwards (Kotarba 2017).

Nevertheless, values obtained from measure-
ments at meteorological stations and posts still
constitute the basis for calculation of the major-
ity of statistics characterising the appearance of
snow cover. The simplest one of them and, at the
same time, the most frequently employed one is
the number of days with snow cover in the win-
ter season (Chrzanowski 1988). In the temperate
zone, snow can be observed for a few months
every year, but it is never a permanent winter
phenomenon. Therefore, in the Polish studies,
apart from the number of days with snow cov-
er, which reflects its real duration, the potential
snow cover persistence is often provided. This
term was defined by Les$niak (1973) as the num-
ber of days between the first and the last occur-
rence of snow cover in the winter season, i.e.
between the first and the last day with weather
conditions allowing the formation or occurrence
of snow cover. Falarz (2013) analysed the season-
al stability of snow cover which was defined as
a percentage ratio of the real and the potential
snow cover persistence in the winter season (an
index firstly used by Lesniak (1981)). The num-
ber of days with snow cover exceeding arbitrar-
ily accepted depth thresholds or the probability
of exceeding selected measures of depth are also
frequently analysed (e.g. Paczos 1982, Bednorz
2004, Falarz 2008, Kasprowicz 2010, Czarnecka
2012). The second group of measures of snow-
iness are parameters describing the depth of
snow cover. The snowiness of a winter season is
characterised most often by the mean and maxi-
mum depth of snow cover achieved during a giv-
en winter (e.g. Bednorz 2001, 2009, Falarz 2004,
2007b, Kasprowicz 2010). Furthermore, changes
in snow cover depth from day to day were cal-
culated as well (Nowosad 1992a; Bednorz 2006).
As far as hydrological research is concerned, the
key is the water content in snow, i.e. the amount
of water obtained from melting a unit of volume
of snow (e.g. Kwiatkowski 1978, Sadowski 1980).

The variety of purposes of research on snow
cover conducted by Poles makes the range of
methods employed very broad. Only some of

them were mentioned in this article. Cartographic
descriptions of snow cover were drawn up as ear-
ly as in the first half of the 20" century. Isolines,
showing the average values of individual charac-
teristics, were being gradually drawn up on the
basis of ever longer observation series (e.g. in-
cluding 30 winters - Paczos 1985; Bednorz 2001,
2002). Currently, maps are drawn up using GIS
techniques (e.g. Kozyra 2005).

Formulae were created describing the de-
pendence (usually linear) of various character-
istics of snow cover on altitude. The most fre-
quently calculated characteristic was the average
number of days with snow cover during the
winter (Kosiba 1948/49; Chomicz 1953; Madany
1961, Hess 1968; Lesniak 1973, 1980; Michna and
Paczos 1976, Paczos 1977, 1985; Nowosad 1994).

Studies on snow cover employed various
statistical methods - correlation (e.g. between
snow density and selected meteorological ele-
ments - Klapowa 1980; between characteristics
of snow cover and both temperature and precip-
itation - Bednorz 2004), regressive relationships
using the Fourier coefficients (Kozyra 2005) and
the principal component analysis (Bednorz 2009;
Falarz 2013). The Alexandersson test was used
when checking the homogeneity snow cover se-
ries (Falarz 2000/2001, 2007, 2008). Furthermore,
taxonomic methods were used when dividing
an area into regions of occurrence of snow cover
(Bednorz 2001, 2009). To determine exception-
ally snowy winters or winters with little snow,
the 90" and the 10" percentiles were used (Falarz
2008). Distributions of the maximum probability
of water reserve in snow were determined and
correlation functions of water reserve in snow
cover were designed and used to determine the
decreasing of correlations of water reserve be-
tween various points as a function of growing
distance between them (Sadowski 1980).

Karzynski and Nodzynski (2005) created nu-
merical models forecasting the level of avalanche
hazard in mountainous areas. Chrustek et al.
(2013) used LIDAR for obtaining snow avalanche
information.

Long-term changes and variability of snow
cover

Research on long-term changes and variabil-
ity of snow cover started to develop in the last
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decade of the 20" century. Most often, it concerned
multiannual trends, but fluctuations and perio-
dicity of changes were also studied. A downward
trend of various characteristics of snow cover
was detected, i.a. in northern Germany (Bednorz
2007), Eastern Europe (Bednorz, Kossowski 2004)
and in most of Poland (Falarz 2004, Nowosad,
Bartoszek 2007). A negative trend of snow cov-
er conditions deepened considerably in the last
three decades of the 20" century and usually
showed statistical significance in that period
(Falarz et al. 1998, Falarz 2002b).

In Spitsbergen, a negative trend of the average
depth of snow cover in 1979-2009 was observed;
it was statistically significant in May and June
(Niedzwiedz, Styszyniska 2013). Bednorz (2006)
identified a downward trend of depth of snow
cover in the lowlands of Germany and Poland in
the third decade of December in 1971-2000. In the
second half of the 20" century, in entire Poland, ex-
cept for the highest parts of the Sudety Mountains,
persistence of snow cover was characterised by a
small, negative trend, statistically significant in
southern Poland only (Falarz 2010). Research on
the impact of urban climate (with Cracow as an
example) on the strength of the trend of snow cov-
er indicated a larger decrease in values of snow-re-
lated characteristics in the city center compared
with rural areas (Falarz 1998c). In periods longer
than 50 years no significant trends of snow condi-
tions were distinguished (Falarz 2002b, 2003).

A positive trend of snow-related conditions
was observed in Poland in the second half of the
20* century in areas with abundant snow cover,
i.e. in the northeastern part of the country (in re-
lation to the maximum snow cover depth) and in
certain mountainous areas (in relation to the snow
cover duration; Falarz 2004). In the same period,
a positive trend of potential period of snow cover
duration in most of Poland was detected as well.
It was connected primarily with the ever earlier
appearance of snow cover in the autumn (Falarz
2007c). A small, positive trend of the number of
days with snow cover and the potential period of
its presence in the whole high-altitude profile of
Tatras in the second half of the 20* century was
found (Falarz 2000-2001).

In the first years of the 21 century, the IPCC
hypothesis concerning an increase in the fre-
quency of extreme meteorological phenomena
was examined in relation to the snow cover in

Poland (Falarz 2008). There was detected a slight
decrease in the frequency of appearance of an
extremely thick and long-persistent snow cover
with concurrent increase in the frequency of oc-
currence of poor snow-related conditions since
the early 1970s.

Interseasonal variability of snow cover in-
creases in most of Poland in the second half of the
20™ century (Falarz 2004). There was pointed an
approximately 8-year periodicity in non-moun-
tainous areas of Poland (Falarz 2004) and a 3-4-
year periodicity in the Tatras (Falarz 2000-2001).

Some studies of multiannual changes in snow
cover were inconclusive. Szwed et al. (2016, 2017)
concluded that the obtained picture of changes
for Poland and Potsdam was complex and diffi-
cult to interpret. The complexity of results is as-
sociated with the fact that Poland is located in the
zone of the transitional temperate climate, where
a large variability of climatic conditions is noted.

Polish snow researchers have contributed to
international efforts too. In research on the vari-
ability of snow cover for 8 pairs of stations locat-
ed at a similar altitude on the Polish and Slovak
side of the Western Carpathians, statistically sig-
nificant, positive correlation coefficients of long-
term run of snow cover duration on the northern
and southern slope of the Carpathians were ob-
tained (Falarz et al. 1998). Two recent reports of
the Baltic Assessment of Climate Change aimed
at reviewing the state of knowledge concerning
climate change and climate impacts within the
Baltic Sea drainage basin. The report concluded
that a recent decrease has been seen in snow cover
duration, snow water equivalent and snow depth
in the southwestern regions of the drainage basin,
but an increase in the northeastern regions (Heino
et al. 2008). Terrestrial cryosphere was discussed
also in the BACC II - report, as part of a larger
unit of climate change. In the chapter, recent and
present changes in glacier extent and mass bal-
ance as well as in frozen ground were considered,
but the majority of the reviewed research was on
changes in the seasonal snow cover. The report
concluded that a decrease in snow cover extent,
duration and amount is seen observed within the
drainage basin, although there is interannual and
regional variations (Rasmus et al. 2015).

Gadek et al. (2016) analysed variability of the
snow avalanche danger in the Tatra Mountains
during the past nine decades.
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Relationships between snow cover and
atmospheric circulation

The occurrence of snow cover in the temper-
ate climatic zone is characterised by multiple ep-
isodes of its formation and disappearance which
are associated with snowfall (sometimes heavy)
and melting during the thaw. The dynamics of
occurrence of snow cover in the winter is always
connected with a change in atmospheric condi-
tions, mainly temperature and precipitations,
which are shaped primarily by the atmospheric
circulation during the winter season. Thus, the
question of the impact of macroscale and re-
gional types of circulation on the occurrence of
snow cover is one of the main aspects of research
on this subject in the international climatology.
Furthermore, it has also long been the subject
of inquiries of Polish researchers. Milata (1938)
analysed the quality of winters, including the
intensity of snowfall in terms of pressure pat-
terns over Europe. Niedzwiedz (1981) studied
the influence of synoptic situations on the dy-
namics of snow cover in the upper Vistula riv-
er basin. Since then, it has become obvious that
snowy winters in Poland are usually connected
with high frequency of the northern and eastern
airflows, while the western and southern advec-
tion contributes to mild and less snowy winters.
The variability between cyclonic or anticyclon-
ic character of pressure patterns seems to have
less impact on snow cover occurrence (Paczos
1982, Chrzanowski 1989). Different results were
obtained by Nowosad (1992) who had analysed
the daily changes in the snow cover depth as a
function of atmospheric circulation types in the
Bieszczady Mountains. He found out that in the
mountainous southeastern Poland the western
and northwestern cyclonic types of circulation
cause snowfall most frequently, while eastern
anticyclonic types are favorable to snow cover
persistence.

The North Atlantic Oscillation (NAO) is a
macroscale circulation pattern most often used to
explain the variability of different meteorological
factors in Europe, including snow cover. Falarz
(2007b) found out that the NAO determines snow
cover duration in winter (December-March) in
45-55% over the vast area of the Polish lowlands.
Bednorz (2004, 2008b, 2009a) delimited the spatial
extent of the NAO influence on winter snowiness

in Europe and found out that the correlation be-
tween the duration of snow cover and the NAO
index was strong and statistically significant only
in central Europe, but it disappears to the east of
30° E. Other than NAO macroscale circulation
patterns of lower frequency do not influence sig-
nificantly winter snowiness in central Europe,
however they govern fluctuations in snow cover
depth in eastern and northeastern part of the con-
tinent. In reference to NAO influence on winter
and weather conditions in Poland Falarz (2009)
performed the detail analysis of the strength and
position of the NAO centers of action, and she
discovered that changes of sea level pressure in
the Icelandic Low and the longitude of the Azores
High in January explain about 40% of the temper-
ature and snow cover variability in Poland.
Concerning the intra-annual variability of
snow cover occurrence in central Europe which
is always governed by synoptic conditions, nu-
merous studies pertained to daily-time scale
analysis of weather patterns related to occur-
rence of snowfall and snowmelt in Europe.
Bednorz (2011) proved that the negative anom-
alies of sea level pressure and the 500 hPa ge-
opotential height were responsible for heavy
snowfalls in the central European lowlands. On
the other hand, the preservation of snow cover
in the central European lowlands is possible un-
der the positive pressure anomalies over most of
the continent. The last stages of the intra-annual
cycles of snow cover occurrence, which may re-
cur several times during the cold season, are the
thaws. Numerous studies of Polish researches
addressed atmospheric conditions of mid-win-
ter and spring snowmelt and its hydrological
implications (i.e. Mrugata 1987, Kupczyk 1997,
Bednorz 2006, 2009b). Similar studies, concerning
synoptic conditions of the annual cycle of snow
cover formation, persistence and disappearance,
were performed for vast areas of the Antarctic
(Zwolinski 2007), the Arctic (Luks et al. 2011) and
Siberia (Bednorz 2016, Bednorz, Wibig 2016).

Relationships between snow cover and other
climatic elements

After the Second World War developed the
research on the ‘snow cover - other climate el-
ements’ interactions. There was investigat-
ed among others the strength of relationships
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between snow cover and solar radiation (Hess
1962), air temperature (e.g. Lesniak 1986), ground
temperature (Gadek, Leszkiewicz 2010) and
ocean surface temperature (Falarz, Marsz 2005),
precipitation, including the total precipitation
(e.g. Bednorz 2004) as well as division into solid
(e.g. Piotrowicz 1996) and liquid (e.g. Nowosad
1993b) precipitation.

In his research on the Fedchenko Glacier in
1962, Hess analysed thoroughly the differenc-
es in radiation balance over the snow cover and
ground not covered with snow as a function of
the extent of cloud cover.

The most extensive research was conducted
within the scope of the ‘snow cover - air tem-
perature’ relationship. Hess (1962) determined
the magnitude of the cooling influence of snow
cover on the temperature of air lingering above
it, proving that the air temperature over the area
covered with snow was lower by 7°C than that
over the area without snow. He also found a
very close relationship between the mean annual
number of days with snow cover and the average
annual temperature in the Western Carpathians,
concluding that a decrease in the annual temper-
ature by 1°C was accompanied by 20 more days
with snow cover per year (Hess 1965). In research
conducted across Poland, Paczos (1982) calculat-
ed the correlation coefficient between the average
snowiness index of winters for the whole coun-
try and the average thermal severity index of
winters, proving that winters of low air temper-
ature are usually very snowy. In 1986, Lesniak
examined the impact of air temperature below
threshold values of 0°C and 5°C on the frequen-
cy of occurrence of snow cover in the Western
Carpathians. According her results the end of oc-
currence of snow cover in the winter season was
associated with passage of the daily maximum
temperature above a threshold of 5°C; this thresh-
old determining the end of the snowfall season at
the same time. Piotrowicz (1996) demonstrated a
strong correlation between the number of days
with snow cover in Krakéw and the number of
winter days and frosty days. The dependence of
snow cover duration on air temperature for in-
dividual months of the winter season in Poznan
was examined by Bednorz (2000), indicating the
closest relationship in February.

Gadek and Leszkiewicz (2010) investigated
the relationship between air temperature, snow

cover and its basal temperature in the Tatras.
Interseasonal changes of ground surface temper-
ature in the winter may be related to changes in
snow cover depth and air temperature both in
the period with and without snow cover. The
contemporary cryosphere in the Tatras is very
sensitive to the air temperature changes in win-
ter (Gadek 2014).

Snow cover in Poland turns out to be also sig-
nificantly correlated with the temperature of sur-
face of certain areas of the Atlantic (Falarz, Marsz
2005). The duration of snow cover in Poland is a
reaction to the surface temperature of the Atlantic
observed a few months before a winter season.

In certain studies, the magnitude of impact of
temperature and snowfall or total precipitation
on snow cover was compared. Falarz (2002a)
pointed out that a long-term variability of snow
cover was most sensitive to snowfall chang-
es across the entire vertical profile of the Polish
Tatras. The second factor influencing snow-relat-
ed conditions in that area was the air tempera-
ture. Bednorz (2004) investigated snow cover oc-
currence in Eastern Europe, discovering a strong,
positive correlation between the annual number
of days with snow cover and the number of days
with mean temperature < 0°C for most parts of
the study area. However, a positive correlation
between snow depth and precipitation was sig-
nificant only in southern areas of Eastern Europe
and in areas with permanent snow cover.

In studies of relationships of snow cover with
snowfall, Nowosad (1993a) concluded that days
with solid precipitation were accompanied by an
increase in snow cover depth in 50% of the cas-
es only. On the other hand, there was a decrease
in snow cover depth in 83% days with rainfall
(Nowosad 1993b).

Zwolinski (2007) used the thickness of the
snow cover to classify weather types and by
grouping them, determined seasons of mineral
matter mobility in paraglacial areas of the King
George Island in South Shetland Islands.

Physical and chemical properties of snow
cover

Since the beginning of snow cover investiga-
tions researchers have been interested in phys-
ical properties of snow. Hence, they studied
the following: temperature of snow cover (e.g.
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Bednarek et al. 1979), the snow water equivalent
(e.g. Glowacki, Pulina 2000), thermal conductiv-
ity (e.g. Ktapowa 1980b), density of snow (e.g.
Kwiatkowski 1978), water reserve in snow cover
(e.g. Lewiniska 1963), evaporation and sublima-
tion of snow cover (e.g. Szkutnicki 1978), thaw-
ing (e.g. Klapowie 1967, Klapa 1968) and snow
albedo (e.g. Sztyler 1989).

The distribution of temperature in vertical
profile of snow cover in various areas was ana-
lysed by, among others, Hess (1962) and Klapowa
(1980a, b). Hess (1962), conducting research on
the Fedchenko Glacier in the Pamirs, determined
the differences between snow surface tempera-
ture and air temperature as well as between snow
surface temperature and temperature of ground
without snow cover. Kltapowa (1980a) proved a
delayed reaction of the thermal conditions deep
in snow cover to changes in the thermal condi-
tions of air. In the same year (1980b), she pub-
lished the results of large-scale research in Hala
Gasienicowa in the Tatras on metamorphosis of
snow as a function of atmospheric conditions
and land relief. As a result, she determined, i.a.
the relationships between snow temperature/
depth and air temperature. Baranowski (1977,
1979) described mass movements and downhill
creep of snow cover.

Gadek and Kedzia (2006, 2009) as well as
Gadek and Leszkiewicz (2010) carried out meas-
urements of temperature at the bottom of snow
cover in order to examine the features of the per-
mafrost in the Tatras. They demonstrated that
the contemporary perennial permafrost in the
alpine zone of the Tatras was developing both
under thin and thick snow cover, and its exist-
ence may have been connected with the local air
circulation.

Snow density differentiation as a function of
action of other climatic elements on slopes of var-
ious exposure was investigated by Rajwa (1965)
on Kasprowy Wierch, concluding that the largest
role in snow density variability was played by
wind in the first half of the winter season, and
sunshine in the second one. Kwiatkowski (1978)
examined the amount of water reserve in the
snow cover in hypsometric zones of the Polish
Sudety Mountains. Sadowski (1980), taking into
account selected characteristics of water reserve
in snow cover, distinguished 9 snow regions in
Poland. Moreover, he questioned the standard

of snow loads in Poland, which was prevailing
at the time, as underestimated in relation to the
actually occurring loads. On the other hand,
Sztyler (1989) examined the impact of air pollu-
tion on snow cover albedo in an industrialised
area (Katowice).

Research on chemical properties of snow
cover was conducted as early as in the 1980s
(e.g. Lenart, Nowicki 1984), but its considerable
development took place in the 21 century. The
most frequently was analysed pH of snow cover
(e.g. Nawrot et al. 2016), snow conductivity (e.g.
Zwolinski 2007, Kasina 2008) as well as positive
and negative ion content (e.g. Glowacki, Pulina
2000, Zwoliniski 2007). Many of those studies
were carried out in polar areas: in the vertical
profile of the Hans Glacier (Spitsbergen; Nawrot
et al. 2016), on the Obruchev Glacier (the Ural
Mountains, Russia; Stachnik and Uzarowicz
2011) and on King George Island (the Antarctic;
Zwolinski 2007).

However, the chemical properties of snow
cover in terms of its changes associated with
anthropogenic activity were often investigat-
ed (e.g. Polkowska et al. 2010, Kozlowski et al.
2012). Results of all studies demonstrate changes
in natural features of snow cover under the in-
fluence of various human activities, reflected by
an increase in the amount of anthropogenic sub-
stances: suspended solids, hydrocarbons, heavy
metals, biogenic compounds, bacteriological con-
tamination and others (Kasina 2008, Ociepa et al.
2015, Siudek et al. 2015).

Impact of snow cover on environmental
conditions and human activity

Snow cover is an important factor responsi-
ble for shaping water resources in the ground
(Kosiba 1957). Kupczyk (1980) proposed a way
of forecasting the thaw-related supply of a river
drainage basin and applied it to a simulation of
drainage in the upper part of the drainage basin
of the Dunajec River.

Teisseyre (1979) noticed that sliding snow-
drifts damage the ground, especially when the
terrain is considerably inclined. A generalisation
may be found in the results of work of Kiapa
(1980) who wrote that a thick snow cover gener-
ally decreased the activity of morphological pro-
cesses of the ground. Snow cover interacts with
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the anthropogenic changes in the environment
(increased erosion, degradation of plant cover,
levelling of slope gradients). This applies to ar-
eas intended to be pistes. Research carried out
by Lajczak (2006) showed a relationship accord-
ing which the magnitude of these changes was
a function of snow cover depth. Krzesiwo (2015)
gave information that snowmaking “contributes
to shortening of the vegetation period, quantita-
tive and qualitative changes in the composition of
the flora of mountainous meadows and pastures,
disturbance of water balance and soil contamina-
tion as a result of the use of chemical agents”.

Despite that snow cover hinders deep soil
freezing, a negative effect of a thick and long-last-
ing snow cover on vegetation of winter crop
and efficiency of sowing was pointed out (e.g.
Kosiniska-Bartnicka 1924, 1925, Guminski 1947,
Molga 1949). Among others, Michalowski (1962),
Klein (1967) and Jurzecki (1969) also wrote about
the impact of snow cover on plants. Mutual re-
lationships between snow cover and vegeta-
tion in broadleaved forests in the Bialowieski
National Park were the subject of a dissertation
by Zarnowiecki (2008). Kepski et al. (2017) cor-
related spatial information on tundra vegeta-
tion and snow cover in southern Svalbard using
images collected from camera. Kozlowska and
Raczkowska (2006) investigated influence of
depth and duration of snow patches in Tatras on
different plant species.

Sadowski (1980) wrote about the negative im-
pact of snow cover on the construction industry.
Interruptions in railway services caused by snow
cover were analysed by Rajca (1964). Among
others, Dylewska (1964) as well as Lopata and
Warakomski (1977) focused on the occurrence of
snowstorms and blizzards.

Research was carried out on the life of hoofed
mammals during persistence of snow cov-
er and its impact on their survival in Puszcza
Biatowieska (Jedrzejewski et al. 1992; Okarma et
al. 1995). Research on the impact of snow cover
on populations of wild boars (Kanzaki et al. 1998)
and wolves (Gula 2004) were also conducted in
the Bieszczady Mountains.

Attention was focused on the beneficial in-
fluence of persistent snow cover in terms of the
impact on the state of health and mental sphere
of a human (e.g. Bogucki et al. 1972). A natural
snow cover was necessary for skiing before the

introduction of “snow cannons”. Snow cover
in terms of skiing was analysed as early as in
the 1930s (Milata 1937). To assess snow-relat-
ed conditions, it was often the case that charac-
teristics of snow cover with height exceeding a
certain threshold were taken into account, e.g.
Y.obozewicz 1970, 1979; Michna and Paczos 1971a,
b, 1976; Bogucki et al. 1972; Kwiatkowski and
Lucerski 1979a, b; Nowosad 1980; Kwiatkowski
1983; Sarna 2000). When assessing skiing condi-
tions in the individual parts of winters, a key role
was attributed to snow cover (e.g. Kwiatkowski,
Lucerski 1979b, Nowosad 1980/1981). Quality
classifications of snow conditions were proposed
(Michna and Paczos 1976) as well as classifica-
tions of meteorological conditions focusing on
snow cover depth (Nowosad 1980), in terms of
skiing needs. Krzesiwo (2015), analysing eco-
nomic aspects of ski resorts, noticed that the so-
called ‘snow reliability” was needed, i.e. mainte-
nance of snow cover with a depth of > 30 cm for
at least a 100 days a season.

Milata (1947) wrote about the avalanche haz-
ard and ways of conduct when faced with it.
Apart from danger to humans and animals, av-
alanches transform the vegetation (Lempa et al.
2014, 2016, Czajka et al. 2015, Spyt et al. 2016).
Myczkowski (1956, 1962) described the impact
of avalanches in the Tatras on dwarf mountain
pines and dense forest stands. The influence of
avalanches on terrain and vegetation was one of
the subjects of study by Raczkowska et al. (2015).
Examples of changes in the upper limit of forest
in the area around Biaty Zleb in the High Tatras
were described by Kaczka et al. (2015).

Summary

A wide scope of research on snow cover and
good achievements of Polish researchers in this
field ensure strong interest on them amongst
Polish and foreign climatologists. A commonly
used measure of scientific success are bibliomet-
ric parameters. There are 33 publications in the
Web of Science (access on July 2017) by Polish
authors with the phrase “snow cover” in the title
(16" place in the world, 10" in Europe), having
the h-index of 10, with the total number of cita-
tions of 413. Growing activity and importance
of Polish snow cover researchers internationally
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Fig. 2. Number of publications by Polish authors whose titles include the phrase “snow cover” (A) and number
of citations of these publications in each year (B) according to the Web of Science (access on 24 July 2017).

draws one’s attention, especially after 2000,
which is reflected in increasingly larger number
of publications and citations listed in internation-
al scientific databases (Fig. 2).

Out of 33 articles indexed in the Web of
Science, the oldest publications on the impact of
snow cover on environmental conditions enjoy
the highest interest, reflected in the largest num-
ber of citations (Jedrzejewski et al. 1992, Okarma
et al. 1995 - number of citations above 60). As
snow cover is both an indicator and a stimula-
tor of climate change, publications of purely
climatological nature concerning multiannual
changes in snow cover parameters and studies
taking into account the impact of macroscale cir-
culation conditions on snowiness of winters are
also frequently cited (Bednorz 2002, 2004, Falarz
2004 - number of citations of each one above 30).
Theses on snow cover, written to obtain an ac-
ademic degree from, i.a. the following univer-
sities: Maria Sklodowska-Curie University in
Lublin, Adam Mickiewicz University in Poznan,
the Jagiellonian University and the University of
Silesia, indicate large importance of issues con-
nected with snow cover and interests within the
Polish climatologic environment.

The most important achievements of Polish
researchers within the scope of snow-related in-
vestigations are as follows:

knowledge of the characteristics of tempera-
ture and density distribution in a vertical pro-
file of snow cover and examination of the im-
pact of human activity on chemical properties
of snow;

determination of multiannual trends of snow
cover in the Baltic Sea Basin and in the Car-
pathians as part of international cooperation;
determination of macroscale and regional
circulation conditions of the annual cycle of
snow cover formation, persistence and disap-
pearance, performed for the area of Poland,
central Europe and vast areas of Siberia and
the Arctic;

determination of the magnitude of air cooling
over snow cover, investigation of relation-
ships of snow cover with air temperature and
precipitation in Poland and Eastern Europe;
creation of models defining the role of snow
cover in drainage, conducting research on the
impact of snow cover on agriculture and con-
struction industry as well as determination of
temporal and spatial variability of snow-relat-
ed conditions in terms of skiing;

growing spatial extent of research on snow
cover conducted by Polish climatologists as-
sociated with ever easier access to databases
and use of modern techniques of data compi-
lation;
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- use of state of the art methods concerning
both collection of information on snow cover
and its subsequent statistical analysis;

- wide scope of research, growing activity and
ever greater importance of Polish snow cover
researchers internationally, reflected in increas-
ingly larger number of publications and cita-
tions listed in international scientific databases.
Internationally acclaimed, important achieve-

ments of Polish climatologists in research on

snow cover and dynamic development bode
well to the further progress of this dicipline in

Poland. Objectives and challenges in the domain

of research on snow cover are numerous and in-

volve, i.a. wider application of modern measur-
ing techniques and measurement data (e.g. glob-
al data from satellite images) as well as attempts
to carry out a synthetic analysis on a continental

(for Europe) and global scale, using the existing

methods and experience.
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