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Janusz Filipiak

Abstract Cloudiness is an important element of the climate system as it strongly
influences the global energy balance. On the basis of data from 57 stations, the most
important features of spatial diversity and temporal variability of cloudiness, i.e.
annual and seasonal mean and extreme values, number of clear and cloudy days and
cloud type, were analysed. The mean annual cloud cover in Poland in the years 1951—
2018 was 68.2%. The maximum value, equal to 73%, was recorded in 1966, whereas
the minimum value of nearly 61% occurred in 1982. The lowest level of cloudiness
occurs in summer, while the largest in winter. Generally, cloudiness in spring is
lower than in autumn. In spring and summer, cloudiness decreases eastwards, while
in autumn and winter it increases towards the north of the country. Additionally,
the western part of Poland is cloudier than the east of the country. In the north,
a negative tendency in annual cloudiness in the period 1951-2018 prevails, while
in the south positive statistically significant changes occur. The amount of cloudi-
ness in particular seasons also changes, however, stronger trends can be observed in
subperiods: 1951-1984 and 1985-2018. In winter, in the later period, a statistically
significant increase in cloudiness occurs with the coefficient increasing towards the
south. Strong positive trends in spring were in the period of 1951-1984. In both
remaining seasons, recorded changes of cloudiness are smaller, and, in the period
of 1985-2018, a decrease of cloudiness was observed across the country. Overall,
the frequency of cloudy days is much higher in Poland than clear ones. The number
of clear days is decreasing considerably across the country, and, in case of cloudy
days, negative changes concern only some regions. Atmospheric circulation plays a
key role in shaping nephological conditions, however, processes of a local scale are
also important. Stratocumulus, Altocumulus and Cirrus are the most frequent clouds
among the low-level, middle-level and high-level clouds, respectively, in Poland, but
its percentage ranges significantly in various regions. Coastlands are most favourable
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in the country for the occurrence of both convective clouds and Stratus clouds. Stra-
tocumulus clouds are most common in the whole country, particularly in areas with
a diverse relief, and Alrocumulus clouds are most observed in southwestern Poland.
The frequency of occurrence of Alfostratus decreases slightly from west to east.
Cirrostratus clouds are the most frequent in western Poland, while Cirrocumulus
clouds are very rare. In case of low-level clouds, excluding Stratus, a strong, statisti-
cally significant positive trend occurs. In addition, the number of Stratus observations
is declining substantially. The frequency of occurrence of Alfostratus and Nimbo-
stratus is systematically decreasing, while in the case of Altocumulus, an increase
may be observed. On the whole, high-level clouds can be observed more and more
frequently in Poland.

Introduction

Cloudiness seems to be one of the most interesting among the meteorological
elements. Clouds strongly influence the global energy balance: on the one hand,
reflecting a large part of shortwave radiation, and, on the other, absorbing long-wave
radiation and emitting the additional considerable own flux of energy (Norris and
Slingo 2009; Siebesma et al. 2009; Boucher et al. 2013; Zhou et al. 2016). What is
crucial is that their role in many regions of the Earth, particularly the most fragile
ones, is still increasing—e.g. Vavrus etal. (201 1) reported on the growing feedback on
climate driven by clouds observed in the Arctic, and Schneider et al. (2019) presented
the mechanism concerning how clouds can respond to greenhouse warming in the
subtropical region.

Moreover, clouds greatly interact with other meteorological variables. There is a
relation between the observed worldwide, long-term decrease in daily temperature
range and the changes in cloud cover (Henderson-Sellers 1986), seasonal and regional
variability of relative humidity and cloud cover (Cox et al. 2015), and sea ice and
cloudiness (Jun et al. 2016).

Though visual observations at synoptic and climatological stations still remain
the main source of information on the spatial and temporal variability of cloud cover
and cloud type, the role of new methods, such as satellite observations (Hollmann
et al. 2013) detecting clouds from a position above the atmosphere, is increasing.
Such developments help in the discovery of new patterns of cloud changes as, e.g.
increasing height of the highest cloud tops at all latitudes or poleward retreat of mid-
latitude storm tracks (Norris et al. 2016). The drivers of all current changes in cloud
amount and type appear to be related mostly to anthropogenic activity, specifically
increasing greenhouse gas concentrations or human-induced aerosol optical depth
(Charlson et al. 1992; Boers et al. 2017). The increasing analytical possibilities and
growing volume of data constitute an important contribution to the enhanced analyses
of long-term variability of cloud cover and cloud type (Eastman et al. 2011; Eastman
and Warren 2013) as well as climate model simulations (Webb et al. 2017).
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The increase in the spatial resolution of research brought to light important features
of cloudiness variability in the smaller areas of special interest, as is presented in the
analysis below.

Data and Methods

The structure of spatial and temporal variability of cloudiness in Poland was analysed
for the period 1951-2018 using data derived from 57 observation stations located
throughout Poland. The varied locations of the stations presents the variability of
cloudiness in all geomorphological types of Polish landscapes (shores, lowlands,
uplands, mountain foothill basins and mountains—Ilow and high) (Solon et al. 2018).

The research material was derived mainly from manned synoptic stations, where
measurements of cloud characteristics were made by visual observation. Initially,
it included data on total cloud cover gathered during eight main and intermediate
standard times (starting from 00 to 21 UTC).

Taking the specificity of the materials provided by the Polish National Hydrolog-
ical and Meteorological Service IMGW-PIB), the majority of data was available for
the periods starting not earlier than in 1966. As for the period 1951-1965, the data
available covers only three climatological times—morning, afternoon and evening.
Moreover, during the 1990s, at some stations, 24/7 observation shifts were changed
into a 12-h system of work, starting at 6 and finishing at 18 UTC. In 2000, some of
the synoptic stations (more precisely the changes affected five stations) were fully
automated. It was decided to delete these stations from the analysis due to insufficient
temporal data coverage. In 2014, some more changes to the IMGW-PIB observation
network were introduced, resulting in withdrawal of cloud observations from the
observing practices at almost 20 stations (of total number of 63 synoptic stations in
Poland). At the beginning of 2018, cloud observations were brought back in practice
at approximately half of them. Currently (the end of 2019), observations of clouds
are made at 48 Polish synoptic stations.

Additionally, three climatological stations were also added to the list of those
analysed. The data on total cloud cover enriched the analysis concerning several
physico-geographical regions. In Poland, climatological observations are carried out
at times corresponding to the main morning, afternoon and evening synoptic obser-
vation times (i.e. 6, 12 and 18 UTC). Until 1970, meteorological observations in
Poland had been made at 7, 13 and 21 of the local solar time.

As the analysis covered data obtained from the stations of different order (synoptic
and climatological) and taking the above-mentioned changes in the observing prac-
tices under consideration, it was decided to use only the data gathered at three main
standard times (06, 12 and 18 UTC), referring to the climatological ones.

Subsequently, it was necessary to standardise the unit used when assessing the
total cloud cover. The one currently used—okta (covering the figures from O to 8
and, additionally 9 for an obscured sky), was introduced into observation practice
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on 1 January 1966 at the synoptic stations and on 1 January 1989 at the climatolog-
ical ones. Before that time, cloud amount had been recorded in deciles (on a scale
0-10). Both units were converted into percentages in accordance with the WMO
guidelines (WMO 2018). The cases with 9 oktas have been classified as situations
of overcast sky (8/8). The number of such observations was very small and they
constituted approximately 1% of all analysed cases. Exceptionally, at some stations
located in the lakelands (Ketrzyn, Resko, Chojnice and Gorzéw WIkp.) and in the
mountain regions (Zakopane—intramountain basin, Lesko—low mountains) such
observations reached the value of approximately 2%. However, at two Polish high-
mountain observatories, the percentage of full cloudiness cases was relatively high
(Kasprowy Wierch—34%, Sniezka—40%).

On the basis of the observation data, the mean daily total cloud cover was calcu-
lated for each analysed station. Then, the most important features of spatial diversity
of mean annual and seasonal values of the element in the period 1951-2018 were
determined. The aspects of temporal variability were analysed for the whole selected
research period as well as its two subperiods: 1951-1984 and 1985-2018. Next, the
annual frequency of clear and cloudy days was calculated. A clear day is one with a
daily mean cloudiness lower than 20% of the cloud amount. Analogically, a cloudy
day is the one with the daily mean cloudiness of more than 80% of the cloud amount.

Additionally, cloud type, i.e. estimate of sky fraction covered by a variety of ten
cloud genera in the period of 1966—2018 for several dozen stations was analysed. The
stations were selected using the criteria of observation material completeness, i.e.
only from series with eight daily observations at main and intermediate standard times
of cloud genera at all three levels were taken into account, which finally resulted in
the number of 23 series. According to the regulations of FM-12 synoptic code (WMO
2018), results of cloud type observations are classified using a scale given in synoptic
code: Cr, Cy or Cy. However, this specific way of coding does not always enable
the assignment of a single genus of cloud to a particular code element, as Matuszko
and Weglarczyk (2018) mentioned in their analysis. The regulations concerning the
coding of Cr, Cy or Cy clouds in a situation when there is more than one genus of
clouds in the sky which correspond to more than one code of clouds at particular
level, put an obligation to select a proper code in accordance with the fixed priority
hierarchy.

An easily noticeable example concerns low clouds—the appearance of the sky
coded Cr, = 3 and 9 means that Cumulonimbus is present, yet it may be accompanied
by Cumulus, Stratocumulus or Stratus. Thus, it can be assumed that the accompanying
clouds appeared in the sky in some part of the cases; in the remaining cases a huge
Cumulonimbus completely obscured the other genera of clouds. A code of Cp, =
8 means coappearance of Cumulus and Stratocumulus, with their bases at different
heights. Thus, all the cases were assigned to both clouds. In the case of middle clouds,
a code of Cy; = 2 means Nimbostratus or Altostratus sufficiently dense to hide the
sun. The ratio of the occurrence of both clouds has to be, however, assigned. A
code of Cy; = 7 concerns both Altocumulus and Altostratus/Nimbostratus. Usually,
observers code two genera of clouds—Ac As or Ac Ns. That is why, all observations
coded that way were added to the number of Alfocumulus cases, but part of them
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have to be added to the number of Alfostratus and Nimbostratus ones. In the case
of high clouds, a similar approach was implemented. The numbers 5 and 6 added to
code of Cy mean not only Cirrostratus, but also the possibility of coappearance of
Cirrus clouds. Similarly, in the case of Cy = 9, domination of Cirrocumulus does
not exclude the existence of Cirrus and Cirrostratus clouds in the sky.

The above-mentioned short description explains why analysis of cloud type shall
always be preceded by a detailed comparative analysis of data contained in synoptic
reports and journal of synoptic observations. Nonetheless, the results of methodolog-
ical analyses initially begun by the Polish National Meteorological and Hydrological
Service, with the use of observation practices implemented at the Polish synoptic
stations (IMGW-PIB 2013), further developed by the author for the purposes of the
current paper, helped to indicate a simplified method of assigning a particular genus
or genera of clouds to the code of Cr, Cy or Cy. The observation material for the
years 2000-2018 collected for the current analysis helped to justify and improve the
methodology. Its updated results are displayed in Table 10.1.

It is also worth emphasising that when analysing observation data concerning
genera of clouds at levels higher than the low level it is important to keep in mind
the fact that in some cases, the sky was completely obscured by the lower level
clouds. As for the middle clouds, such a situation concerned approximately 30-40%
of cases. However, the high clouds were not visible during approximately 50% of
the observations. At the stations located in the north and in the mountain areas, this
percentage was even higher.

Results

Total Cloudiness

The average annual total cloud cover in Poland during the period of 1951-2018 is
68.2%. The value of the variable recorded at particular stations varies from nearly
65% to more than 75% (Fig. 10.1a). Western and eastern peripheries of the Southern
Baltic Coastlands belt (Swinoujscie, Hel and Gdynia stations: 64, 65 and 65%, respec-
tively) as well as the area of the Northern Subcarpathians (with value recorded at
the Sandomierz station—64%) are the least clouded are in the country. The largest
degree of cloud coverage is observed in the mountainous areas—the Sudety Mts.
and the Carpathians, yet the average annual total cloud cover in the Karkonosze Mts.
(the highest range in Sudety Mts.) is higher than in the Tatra Mts. (culmination of
the Carpathians). The average annual total cloud cover at the top of Sniezka Moun-
tain in the Karkonosze Mts. reached almost 76%, while at Kasprowy Wierch it was
73%. Although cloudiness is predominantly dependent on the macro-scale situation
(Ustrnul and NiedZwiedZ 1994), there are a number of local factors affecting the
forming clouds in the mountains (Trepifiska 2002; Szyga-Pluta 2017). Among these,
intensive dynamic and thermal turbulence can be listed as well the local convection
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Table 10.1 Relation between coding of CL, CM or CH clouds as reported in synoptic reports and
corresponding cloud genera reported in journals of synoptic observations®

Code of
cloud
reported in
synoptic
report

Corresponding cloud genus reported in journal of synoptic observations

CL

Cumulus

Cumulus, Stratocumulus (20% of cases)

(O8]

Cumulonimbus, Cumulus (75% of cases), Stratocumulus (50% of cases), Stratus
(20% of cases)

Stratocumulus

Stratocumulus, Stratus (25% of cases)

Stratus

Stratus

Cumulus, Stratocumulus

O || Q|||

Cumulonimbus, Cumulus (50% of cases), Stratocumulus (50% of cases), Stratus
(10% of cases)

Cm

Altostratus

Nimbostratus (80% of cases), Altostratus (20% of cases)

Altocumulus

Altocumulus

Altocumulus

Altocumulus

Altocumulus, Altostratus (90% of cases)

Altocumulus

Altocumulus

Cu

Cirrus

Cirrus

Cirrus

Cirrus

Cirrostratus, Cirrus (75% of cases)

Cirrostratus, Cirrus (75% of cases)

Cirrostratus

OV AN N R WIN| =[O0 || NN W N =

Cirrostratus, Cirrus (50% of cases), Cirrocumulus (10% of cases)

o

Cirrocumulus, Cirrostratus (25% of cases), Cirrus (25% of cases)

4Numbers in parentheses indicate the percentage of cases when particular genera of clouds occur in
relevant situation of coding. Lack of information in parentheses means that particular cloud occurs
in each individual case
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Fig. 10.1 Variability and change of annual total cloudiness: mean values (1951-2018; %; a),
coefficient of variability (%; b), absolute trend for the whole period (1951-2018; %/10y; ¢), relative
trend for the whole period (%/10y; d), absolute trend for the first half of the period (1951-1984;
%/10y; e), relative trend for the first half of the period (%/10y; f), absolute trend for the second
half of the period (1985-2018; %/10y; g), relative trend for the second half of the period (%/10y;
h). Statistically significant (0.05) trends were shown in (c, e, g) as circles
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movements. Cloud condensation level depends also on the vertical profile of water
vapour.

Overall, total cloud cover in western Poland is greater than in the central and
eastern parts of the country. A slightly higher level of cloudiness is also observed
within the longitudinal belt stretching from the Sudety Mts., through the eastern part
of the Central Poland Lowlands and Southern Baltic Lake Districts, and reaching the
central part of the Southern Baltic Coastlands region. In the Lakelands, cloud cover
exceeds 70% (at Chojnice station, it is 72%). Western Poland is more frequently, in
comparison with other parts of the country, affected by the humid polar maritime air
masses from the Atlantic Ocean. Their advection results in an increase in cloudiness,
no matter the season.

It is also worth emphasising that the eastern part of the Lakelands region is char-
acterised by higher degree of cloudiness than the neighbouring areas (slightly above
70% at Mtawa station or nearly 70% in Suwalki). The increased total cloud cover
over the Polish lake districts correspond with the varied relief of this part of Poland,
which in turn may be considered as an important factor fostering development of
cloud coverage.

In the Polish Uplands region and in the eastern part of the Lowlands, cloud levels
are below 70%, usually between 67 and 68%.

The average annual cloudiness in the Lakelands varies the least—the coefficient
of variation at some stations does not exceed 4% (Fig. 10.1b). A similar stable
situation is observed in the Tatra Mts. In the Uplands, the values of the coefficient
reaches approximately 5%, and it systematically increases towards the west, finally
exceeding 5%. Within the Coastlands, where the average annual total cloud cover is
the lowest, the coefficient of variation comes to nearly 6%.

In a substantial part of the territory of Poland during the period of 1951-2018,
there were no significant variations in cloudiness observed (Fig. 10.1c). However, in
the north, a negative tendency in cloudiness predominates, while in the south—it is
positive, with the exception of the Subcarpathians and Carpathians and excluding the
Tatra Mts. Some statistically significant changes in total cloud cover were recorded
in several dozen cases with domination of series presenting the positive trend in case
of stations located in the southern part of Poland. Kalisz is the station at which the
cloud cover develops at the fastest pace of 0.7%/10y. All in all, cloudiness decreased
significantly only at three Polish stations (Kotobrzeg in the Coastlands, Suwatki in
the Lakelands and Tarnéw in Subcarpathians). The location of these stations seems
to be random, therefore it suggests the impact of local factors. Spatial diversity in
the relative trend (Fig. 10.1d) confirms the domination of positive tendencies in the
development of annual total cloud cover in Poland.

The maximum of the average annual total cloud cover in Poland equalled 73%
and was observed in 1966 (Table 10.2). At particular stations, the occurrence of
maximum values was differentiated. It was observed most frequently in 1966 (11
stations, mostly in the northern part of Poland), 1980 (8 stations in eastern and
southeastern Poland), 2013 (9 stations in central, southern and western parts of the
country) and 2017 (6 stations located in central Poland). The cloudiest sky was in
2001 on Sniezka Mt. (81%).
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Table 10.2 Highest and lowest values of mean annual cloudiness [%] at stations taken into

consideration (1951-2018)

Station Highest Lowest

Value Year Value Year
Biatystok 76.1 1980 62.3 1969
Bielsko-Biata 73.4 1952 59.8 1982
Chojnice 78.5 1966 65.8 1982
Czgstochowa?® 72.9 1952 55.8 1982
Elblag 76.6 1962 60.7 1992
Gdynia?® 73.3 1977 56.3 1982
Gorzéw Wlkp. 774 1966 61.0 1982
Hel 71.9 1966 57.8 1989
Jabtonka?® 72.6 1970 60.1 1982
Jelenia Géra 77.6 2013 62.6 1953
Kalisz 75.9 2013 60.8 1982
Kasprowy Wierch 78.8 2004 62.4 1953
Katowice 734 2016 58.6 1982
Ketrzyn® 72.8 2013 59.1 1982
Kielce 74.9 2013 59.0 1982
Ktodzko 76.5 2013 60.7 1982
Koto? 73.7 2013 57.8 1982
Kotobrzeg 74.6 1966 60.6 2018
Koszalin 76.8 1966 61.4 1982
Krakéw Balice 71.0 1980 58.3 1982
Krosno? 77.7 1966 60.2 1982
Legnica?® 78.9 2001 58.2 1953
Lesko?® 74.8 1970 58.8 1982
Leszno? 76.8 2001 59.3 1982
Lublin 77.3 1980 59.0 1982
Leba 74.3 1977 59.9 1953
Lodz 74.8 2017 59.1 1982
Mikotajki? 74.4 2017 60.6 1953
Mtawa?® 754 2017 64.1 1964
Nowy Sacz? 72.8 1958 59.8 1982
Olsztyn? 73.1 1966 61.4 1982
Opole 74.5 2001 59.9 1982
Pita? 73.8 2001 61.4 1982
Ptock?® 74.1 1952 61.8 1956

(continued)
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Station Highest Lowest

Value Year Value Year
Poznan 74.0 2017 56.7 1982
Putawy 76.9 1980 58.4 1953
Racib6rz? 71.9 2010 56.8 1982
Resko?® 77.3 1977 61.9 2003
Rzeszéw? 72.3 1980 56.8 1982
Sandomierz? 70.9 1980 56.1 1982
Siedlce 74.3 1980 62.1 1964
Stubice? 75.9 2013 59.8 1982
Sulejow? 75.0 2013 60.3 1982
Suwatki 76.6 1966 63.5 1951
Szczecin 74.2 1966 58.8 1992
Sniezka 81.0 2001 66.0 1959
Swinoujscie 72.7 1966 55.7 1982
Tarnéw? 71.2 1958 56.4 1982
Terespol® 74.7 2017 61.8 1982
Toruii 74.3 1952 62.7 1982
Ustka 72.5 1966 59.3 1982
Warszawa 70.9 2017 57.8 1982
Wielui® 75.1 1981 60.0 1953
Wiodawa 76.5 1980 59.0 1953
Wroctaw 75.1 2013 55.5 1982
Zakopane 74.6 2014 63.0 1982
Zielona Gora 75.9 1981 61.4 1953
Poland 73.0 1966 60.7 1982

2Period shorter than 1951-2018 (see details in Chap. 3 Data and Methods of investigation)

The minimum annual cloudiness, equalling 60.7%, was recorded in Poland in
1982 (Table 10.2). This year was characterised by very low value of cloud cover in
the majority of stations in the country (37 stations of 56 analysed). In addition, very
low value of cloud cover occurred also in 1953. The least cloudy sky was in 1982 in

Wroctaw (55.5%).

Periods of lower cloudiness levels were observed during the first half of the 1970s
and at the turn of the 1980s and 1990s (Fig. 10.2). In fact, in the Coastlands, the
minimum recorded at the turn of the 1980s and 1990s was even lower than in 1982.
The sky over Poland was covered with the thickest layer of clouds at the beginning
of the 1960s, in the second half of the 1970s and at the end of the twentieth century.
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Fig. 10.2 Long-term variability of annual total cloudiness in the selected stations of: northern
Poland (station Hel; 1951-2018; a), western Poland (station Gorzoéw Wlkp.; 1951-2018; b), eastern
Poland (station Lublin; 1951-2018; ¢), southern Poland (station Zakopane; 1951-2018; d) and in
Poland as a whole (the average, e). Mean annual value (blue), 10-year consecutive average (red) and
line trend (black) are shown. The trend is statistically significant (0.05, in bold) in (d) and not
significant in (a—c)

The last period of increased cloudiness began at the end of the first decade of the
twenty-first century.

Temporal variability of cloudiness in Poland underwent a noticeable change in
the analysed period. During the subperiod of 1951-1984, a statistically significant
increase in cloudiness was observed at a relatively small number of stations (seven
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stations), mainly in the peripheral areas of the country (Fig. 10.1e). The increase of
cloud cover was observed particularly in two pairs of stations—one located in western
Poland (Legnica and Zielona Goéra) and the second one in eastern Poland (Putawy
and Lublin). During the later subperiod—in the years 1985-2018—the increase in
cloudiness was already observed at a greater number of stations and, what is the
most important, intensified and emerged as statistically significant at twice as many
stations than in the previous subperiod (Fig. 10.1g). Positive trends are noticeable
particularly at the stations located in the central and southern parts of the country.
The values of relative trends revealed that cloudiness developed most intensively in
Elblag, Koto, Wroctaw and Czgstochowa, while areas with decreasing cloud cover
were still in decline during the period of 1985-2018. Therefore, it can be stated
that atmospheric conditions fostering cloudiness development were observed over
the majority of Poland’s territory. However, though the negative trends were not
observed during the first subperiod, in the second they were recorded at one station
(Zielona Goéra, where in the years 1951-1984 cloudiness increased).

Winter is the season characterised by the highest value of total cloud cover
(Fig. 10.3a). The average winter cloudiness in Poland reaches 75.7%. The values
of total cloud cover decrease from north and northeast to the south. An exceptionally
high level of cloudiness is observed over the Lakelands, especially those located
in northeastern Poland. There, the level of cloudiness reaches approximately 80%.
The lowest level of cloudiness, approximately 70%, is observed over the Carpathian
Foreland and Carpathian basins (Zakopane, Nowy Sacz). Similarly, a relatively low
level of cloudiness is observed in the Karkonosze Mountain Basins (Jelenia Goéra
station, located in a basin).

The coefficient of variation in winter is higher than the annual one. Its values
increase towards the south, running almost parallel in the southern part of the country
(Fig. 10.3b). The cloudiness varies the least in the lakeland areas of western Poland
and in the central coast. In the Tatra Mts. the coefficient of variation is almost twice
as high.

Largely, winter cloudiness gradually increases at the majority of considered
stations (Fig. 10.3c, d). It is statistically significant at five stations located mostly in
the southern part of the country (the western part of the Lowlands and the Uplands).
Negative tendencies characterise the coastal region, the Lakelands in the northeastern
part of Poland and the Subcarpathians. However, a statistically important decrease
in cloudiness was recorded only in Kotobrzeg in the Coastlands.

While analysing the long-term variability of values of average winter cloudiness,
a minimum is clearly visible in all data series recorded at the beginning of the
1990s (selected examples presented in Fig. 10.4). At particular stations it was 1990—
1991 or 1993. In some cases, especially at stations located in the Lakelands, the
reduced cloudiness was observed until the end of the twentieth century and at the very
beginning of the twenty-first century as well. Lower levels of cloudiness were also
observed in the 1970s, yet this anomaly was visible mainly at the southern stations. At
the upland stations deep minimums and periods with high levels of cloudiness were
observed alternately in the 1960s. At the Lakeland stations, the lowest cloudiness
level was observed during the winters of 1954 and 2003. The level of cloudiness
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Fig. 10.3 Variability and change of total winter cloudiness: mean values (1951-2018; %; a),
coefficient of variability (%; b), absolute trend for the whole period (1951-2018; %/10y; ¢), relative
trend for the whole period (%/10y; d), absolute trend for the first half of the period (1951-1984;
%/10y; e), relative trend for the first half of the period (%/10y; f), absolute trend for the second
half of the period (1985-2018; %/10y; g), relative trend for the second half of the period (%/10y;

h). Statistically significant (0.05) trends were shown in (c, e, g) as circles
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Fig. 10.4 Long-term variability of total winter cloudiness in the selected stations of: northern
Poland (station Hel; 1951-2018; a), western Poland (station Gorzéw Wlkp.; 1951-2018; b), eastern
Poland (station Lublin; 1951-2018; ¢), southern Poland (station Zakopane; 1951-2018; d) and
in Poland as a whole (the average, e). Mean seasonal value (blue), 10-year consecutive average
(red) and line trend (black) were shown. The trend is statistically not significant (0.05) in (a—d)

visibly increased in the 1960s and this positive anomaly lasted for a decade. Another
period of increased cloudiness started at the beginning of the present century and
lasted until the end of the research period.

The highest winter cloudiness level in Poland occurred in 2013, when its value
reached 86.5% (Table 10.3). At particular analysed stations it was most frequently
also in 2013 (35 stations), 1953 (eight stations) and 1977 (four stations). At the
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remaining stations, the cloudiest sky in winter was observed in other years, i.e. in
1955, 1966 and 1967, 1970, 1988, 1994 and 2018. The highest total cloud cover at
particular stations equalling 90.7% occurred in Gorzéw Wlkp. in 2013.

The lowest total cloud cover in winter, 66.6%, in Poland occurred in 1976
(Table 10.3). At particular stations the years with the lowest cloudiness level in
winter were: mentioned 1976 (23 stations), 1954 (17 stations) and 1990 (10 stations
in the southern and southeastern part of the country). Furthermore, there were some
additional years marked with very low levels of cloudiness: 1964 (minimum at five
stations), 1984, 1993 and 1996. The clearest sky in winter occurred in 1964 at
Kasprowy Wierch in the Tatra Mts; its value did not exceed 54% (53.7%). It should
be underlined that the minima occurring in winter at stations located in mountains or
mountain forelands were characterised by exceptionally low values, not exceeding
60% (e.g. Jabtonka and Zakopane—54.3 and 55%, respectively in 1990, Sniezka
Mt.—57% in 1964, Nowy Sacz—>56.3% and Bielsko-Biata—58.3%, also in 1990,
Jelenia G6ra—>58.7% in 1993). The minima recorded at the remaining stations did
not drop below 60%, in the case of stations located in northern Poland these values
were even close to 70%.

Both selected subperiods differ from each other in terms of sign of trend coef-
ficients of cloudiness occurring in the country. During the first one, 1951-1984,
decreases in the average seasonal cloudiness were common at stations all over Poland
(Fig. 10.3e, f). The pace of decrease was higher than —1.5%/10y, and the value of
the relative trend was even higher.

In the second analysed subperiod, 1985-2018, the trend completely reversed.
At most stations, a strong, statistically significant increase in cloudiness was
observed. The value of the trend increased towards the south, reaching 3%/10y at the
Subcarpathian stations. The weakest observed changes were at the stations located
along the western part of the Coastlands.

In spring, mean seasonal total cloud cover equals 65.7%, and cloudiness visibly
decreases after the winter season, which is characterised by very high cloudiness
levels (Fig. 10.5a). This change is the most apparent in the northern part of the
country, where the cloudiness decreases from approximately 80% in winter to 65—
67% in spring and even less in the coastal areas (Swinoujscie and Hel—less than 60%,
Ustka—61%, Leba and Kolobrzeg—62%). In the Lakelands of northeastern Poland,
which is usually mostly covered with a layer of clouds in winter in comparison with
the rest of the country, clouds cover less than 65% of the sky in spring. Springs are
also quite sunny in the Lowland area of central Poland. There the level of cloudiness
is also less than 65% in spring. Both the Lowlands and Lakelands, located in the west,
are characterised by the cloudiness reaching approximately 66—68%. In the Uplands,
the total cloud cover is similar. In the Subcarpathian region, cloudiness drops to less
than 65%, while in the mountains it is considerably higher. In the highest parts of
the mountains—the Karkonosze Mts. and the Tatra Mts.—clouds cover more than
75% of the sky.

Spring variation of the cloudiness is also higher than in the winter (Fig. 10.5b). In
the coastal areas and in the Lakelands of northeastern Poland, values of the coefficient
of variation reach 9-10% and then slightly drop towards the south. The variability
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Fig. 10.5 Variability and change of total spring cloudiness: mean values (1951-2018; %:; a), coef-
ficient of variability (%; b), absolute trend for the whole period (1951-2018; %/10y; c), relative
trend for the whole period (%/10y; d), absolute trend for the first half of the period (1951-1984;
%/10y; e), relative trend for the first half of the period (%/10y; f), absolute trend for the second
half of the period (1985-2018; %/10y; g), relative trend for the second half of the period (%/10y;
h). Statistically significant (0.05) trends were shown in (c, e, g) as circles
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is higher in the Lakelands and Lowlands of the western part of Poland and in the
Upland areas in the east. In the submountainous areas and in the mountains, the cloud
cover again varies slightly less.

By and large, there are not many stations in Poland which experienced statistically
significant changes in spring cloudiness in the period 1951-2018 (Fig. 10.5¢). In the
Lowland areas of western Poland, the value of cloudiness rose; statistically significant
values were recorded in Legnica and Kalisz. In the Subcarpathian region and in the
Outer Western Carpathians (Beskidy Mts.), the cloudiness systematically decreased,
which has been proved by the negatives values of the trend coefficient for stations in
Tarnéw and Nowy Sacz. In the remaining area of Poland—in the central and northern
parts of the country—changes were insignificant, mostly negative and do not exceed
0.5%/10y. The strongest relative trend characterised the previously mentioned data
series recorded in Nowy Sacz (approx. —1.5%) (Fig. 10.5d).

The beginning of the 1950s was particularly clear, especially the spring of 1953
when the absolute minimum cloudiness was recorded across the country (Fig. 10.6).
After that, the value of total cloud cover gradually began increasing. From the 1960s
to the very beginning of the 1980s, a clear positive anomaly in spring cloudiness was
observed. At the turn of the 1980s and 1990s, the cloud coverage level did not change
considerably. Then, in the north, a decrease in the average seasonal cloudiness was
recorded. Subsequently, at the end of the last century, its value started to grow, and
during the first decade of the twenty-first century, the average seasonal cloudiness
dropped again. In the south, the turn of the centuries brought a negative anomaly of
the element value, and, in the last few years of the research period, a slight increase
in the cloud coverage was observed.

The cloudiest sky in spring in Poland, amounting to 75.1%, occurred in 1970
(Table 10.3). The minimum at particular stations was observed irregularly, however
at many of them (23 stations) it was recorded in 1970. At nine stations, the minimum
of spring cloudiness was observed in 1958, at another four in 1962 and at five in 1966.
Additionally, the very low values of cloudiness were also recorded at the remaining
stations in 1977, 1983, 1991, 2013 and 2017. The aforementioned minimum in
spring cloudiness in Poland in 1953 was only 50.4% (Table 10.3). This absolute
minimum was reflected in the course of series of 40 stations. The lowest cloudiness
among all stations, equalling 44.8%, was then observed in Gdynia. At other stations
the minimum cloudiness occurred in 1959, 1963 and 1974. In the Bieszczady Mts.
(southeastern Poland), the lowest level of cloudiness was observed in 1982. At several
individual stations, minima occurred at the turn of the century (at two stations in 2000)
and in the twenty-first century (2007 and 2011).

Positive oscillation in the cloudiness of the 1960s resulted in the existence of
strong positive trends throughout the country (Fig. 10.5e, f). More than ten stations
recorded a statistically significant change in cloudiness in the period of 1951-1984,
including the highest growths—approx. 3%/10y—recorded in the eastern Uplands.
Although the observed trends in the south were stronger than in the north, there were
a few stations in the Subcarpathian region at which slight decreases in the cloudiness
were observed.
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Fig.10.6 Long-term variability of total spring cloudiness in the selected stations of: northern Poland
(station Hel; 1951-2018; a), western Poland (station Gorzéw Wilkp.; 1951-2018; b), eastern Poland
(station Lublin; 1951-2018; ¢), southern Poland (station Zakopane; 1951-2018; d) and in Poland
as a whole (the average, e). Mean seasonal value (blue), 10-year consecutive average (red) and line
trend (black) were shown. The trend is not statistically significant (0.05) in (a—d)

In the subperiod of 1985-2018, the cloud coverage underwent changes in the
opposite direction (Fig. 10.5g, h). In the northern and western regions, the cloudi-
ness started to decrease and the station in Ketrzyn recorded statistically significant
growth. A higher drop was observed in the whole Carpathian region along with the
submountainous areas, and the decrease in cloudiness was even higher in Krosno
than in the north. Some insignificant increases were observed in the central areas of
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Lowlands. At the station located in Elblag (northern Poland) the increase in cloudi-
ness was extremely high during the analysed period, possibly due to the relocation
of the station in the beginning of the second decade of the current century (the expo-
sure of the station rose more than 100 m above sea level compared with the former
location).

In comparison to spring, cloudiness in Poland continues to decrease in summer
(Fig. 10.7a), even in the mountains where it has reduced by 2-3%. Less than 60% of
the summer sky over the coastal areas is covered by clouds: 55% in Swinoujscie, 56%
in Hel and 58% in Gdynia and Ustka. There is a visible difference between the value
of total summer cloud cover over the east and west parts of Poland; usually it is higher
by 5% in the west. There is also a belt of low cloudiness across the Subcarpathian
region and the Uplands of eastern Poland, along the Vistula River—the average
cloudiness does not exceed 60% there; in Sandomierz it drops to 58%.

Summer is the season with the least average cloudiness, equalling 62.1%, and
with the highest total cloudiness variability (Fig. 10.7b) when comparing to the
other seasons. The coefficient of variation in the north exceeds 10%, which indicates
great dynamics of cloud conditions. However, the value decreases towards the south
reaching 6-7% in the submountainous areas and less than 6% at Zakopane station,
located at the foot of the Tatra Mts. High values of the coefficient of variation were
also observed in Uplands of the eastern areas of the country.

The only statistically significant changes in the summer cloudiness during the
period of 1951-2018 were observed at a few stations in the south of Poland
(Fig. 10.7¢). An interesting situation can be observed in the mountains. In the Tatra
Mts. and the Sudety Mts., cloudiness increased systematically, while at stations
located in the lower parts of the mountains, in the Outer Western Carpathians
(Beskidy Mts.), the cloudiness gradually decreased. However, when compared to
the previously described season, in summer there are more regions where a positive
tendency in cloudiness development over the long-term period of research can be
observed. Taking the decrease of the average seasonal cloudiness into consideration,
the relative trend is higher in summer than in spring; it exceeds 1% in the southern
belt and in the northernmost edge of the country (Fig. 10.7d).

When analysing the whole long-term period 1951-2018, some significant year-
to-year anomalies in total summer cloudiness are observed (Fig. 10.8). Most of
the analysed data series are characterised by the existence of alternate positive and
negative anomalies of cloudiness value. Total cloud cover increased at the turn of
the 1950s and 1960s as well as at the turn of the 1970s and 1980s, at the end of the
last century and the beginning of the present one. In 1980, clearly visible cloudiness
maximums were observed at most of the stations throughout the country. However, it
is noticeable that it is not observed for the data series gathered at the stations located
in the north. In the case of coastal stations, the highest cloudiness was recorded in
1987 as well as in 1961 and 1963. A period of decreased cloudiness was observed
in the whole country in the last decade of the twentieth century. This was the period
when most stations recorded minimum cloudiness levels (1992). The former negative
oscillation of cloudiness in northern Poland was observed at the turn of the 1960s and
1970s, while in the south it had been observed a few years earlier. The last several
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Fig. 10.7 Variability and change of summer total cloudiness: mean values (1951-2018; %; a),
coefficient of variability (%; b), absolute trend for the whole period (1951-2018; %/10y; ¢), relative
trend for the whole period (%/10y; d), absolute trend for the first half of the period (1951-1984;
%/10y; e), relative trend for the first half of the period (%/10y; f), absolute trend for the second
half of the period (1985-2018; %/10y; g), relative trend for the second half of the period (%/10y;
h). Statistically significant (0.05) trends were shown in (c, e, g) as circles
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Fig. 10.8 Long-term variability of total summer cloudiness in the selected stations of: northern
Poland (station Hel; 1951-2018; a), western Poland (station Gorzoéw Wlkp.; 1951-2018; b), eastern
Poland (station Lublin; 1951-2018; c¢), southern Poland (station Zakopane; 1951-2018; d) and
in Poland as a whole (the average, e). Mean seasonal value (blue), 10-year consecutive average
(red) and line trend (black) were shown. The trend is statistically significant (0.05, in bold) in
(d) and not significant in (a—c)

dozen years of the analysed period were characterised by a slight, yet continuous,
drop in cloudiness.

The cloudiest sky in summer in Poland was observed in 1980, with a mean total
cloud cover equal to 73.8% (Table 10.3). The indicated year was also marked with
the occurrence of maximum value at 43 stations. However, particularly at coastal
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stations, the highest values did not occur in summer of said year. This is the region
where maxima occurred irregularly, depending on the station. In western part of the
Coastlands (from Swinoujécie and Szczecin to Ustka) the highest level of cloudiness
was observed in 1987. In Leba and Koszalin, it was in 1961, and in Gdynia, located
in western part of the Coastlands, in 1981. In Hel, the maximum occurred in 1998. At
a few stations located in interior of the country, the highest values of cloudiness were
also recorded irregularly—in 1961 (Olsztyn in Masurian Lakeland), 1974 (Ktodzko
in the Sudety Mts.), 1977 (Stubice am Oder in the western part of Lakelands and
Putawy in the Masovian Lowland), 1982 (Legnica in the Silesian Lowland) and 2012
(Ketrzyn in the Masurian Lakeland). The absolute maximum cloudiness in summer
in Poland occurred on Kasprowy Wierch Mt. in 1980 and equalled 84%, at Sniezka
Mt. it was only slightly smaller and amounted to 83.3%.

The least cloudy sky in summer in Poland occurred in 1992, with the value
amounting to 50.5% (Table 10.3). This absolute minimum was marked also in the
course of cloudiness series of 30 stations. In the Lakelands and Lowlands of western
Poland and in the Sudety Mts., the lowest level of cloudiness in summer was recorded
in 1983. In addition, there are a few stations where the minimum occurred at another
time, e.g. in Legnica and in the Tatra Mts. in 1952, in Lebain 1959, in Gdyniain 1969,
in Krosno (Outer Western Carpathians) and Sandomierz (Northern Subcarpathians)
in 1971, in Opole (Silesian Lowland) in 1973, in Lesko (Outer Western Carpathians)
in 2015 and in Kotobrzeg and Swinoujscie in 2018. Exceptionally low total cloud
cover of only 42.3% occurred in Cracow in the summer of 1992, and in Gdynia in
1969, the value of mean summer cloudiness was only higher by 0.2%.

During both subperiods, only a few stations recorded statistically significant
changes of cloudiness. In the case of the first subperiod, beginning in 1951 and
ending in 1984, there were more such stations (nearly ten) than in the latter one and
all the data regard cases of increases in total cloudiness (Fig. 10.7e, f). Those stations
are most often located in eastern Poland and in the highest parts of the Beskidy Mts.
and Tatra Mts. For those stations the value of the relative trend reached 5%. On the
whole, some drops in cloudiness were recorded only in the central part of the country.

The decrease in cloudiness dominated in the period from 1985 to 2018 (Fig. 10.7g,
h). Yet, there are only four cases of statistically significant cloudiness changes—at
three stations (Legnica, Mikotajki and Krosno) the cloud cover showed a tendency to
decline, while in Elblag the value of total cloud cover increased—this is the second
time this station has stood out in comparison to other stations located in the same
region. However, it is worth mentioning that some weak positive tendencies were
also observed in Hel and Leba in the coastal region. All in all, the values of the
relative trends usually do not exceed £1.5%.

The mean seasonal total cloud cover in autumn amounts to 69.2%, and the cloud
cover over Poland visibly transforms (Fig. 10.9a) comparing to spring and summer.
Clouds cover more than 70% of the sky over the northern part of the country,
with culmination reaching 74% over the Lakelands (Chojnice station). However,
the highest level of autumn cloudiness is observed in the high-mountain ranges: the
Karkonosze Mts. and Tatra Mts., reaching approximately 76%. In general, the central
areas of the country are not particularly cloudy as of yet. Within the region as a whole,
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Fig. 10.9 Variability and change of autumn total cloudiness: mean values (1951-2018; %; a),
coefficient of variability (%; b), absolute trend for the whole period (1951-2018; %/10y; ¢), relative
trend for the whole period (%/10y; d), absolute trend for the first half of the period (1951-1984;
%/10y; e), relative trend for the first half of the period (%/10y; f), absolute trend for the second
half of the period (1985-2018; %/10y; g), relative trend for the second half of the period (%/10y;
h). Statistically significant (0.05) trends were shown in (c, e, g) as circles
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an increase in cloudiness is observed towards the west, just as during the rest of the
seasons. The lowest cloudiness level in autumn is observed in the Subcarpathian
region, where less than 65% of the sky is covered with clouds. Transformations of
cloud cover towards the structure typical for the cold half of the year also include
a decrease in variation of the element, visible especially in the north (Fig. 10.9b).
Only in the region with the lowest cloudiness, i.e. the Northern Subcarpathians, the
coefficient of variation reaches approximately 10%, in the remaining areas of the
country it oscillates around 7-9%.

The country is visibly divided into areas opposite in signs of the long-term
tendency of total cloudiness during the period from 1951 to 2018. This division
is more or less latitudinal (Fig. 10.9c). Generally, total cloud cover systematically
decreased in the north but increased in the south; statistically significant data series
were gathered at ten stations. As for the decline of cloudiness in autumn, the trend
was statistically significant only for three stations: Hel and Kotobrzeg in the coastal
region and Suwalki in the northeastern Lakelands. Values of the relative trend rarely
reach 1%, even at stations where significant changes are observed.

The positive and negative phases of total autumn cloudiness in Poland were consis-
tently observed in series of almost all analysed stations during the period of 1951—
2018 (Fig. 10.10). After two decades of a relatively stable year-to-year values of
autumn cloud cover, a period of increased cloudiness started in the 1970s. However, it
should be emphasised that there were three consecutive years (1951-1953) with alter-
nate very high and low cloudiness seasons (at most stations the absolute maximum
of average autumn cloudiness was observed in 1952). During the 1980s, a nega-
tive anomaly of cloudiness was recorded with a minimum in 1982. It is also worth
mentioning that at some coastal stations the least cloudy sky was observed in 1988.
Generally, in the 1990s the cloudiness was higher than usual and then during the next
decade it dropped again. The last few years of the research period were characterised
by relatively high year-to-year cloudiness variability.

As mentioned above, the highest autumn cloudiness level was observed in Poland
in 1952. Its value amounted to 83.6%. That year the absolute maximum was recorded
at a majority of stations. At the stations found along the coast, the maximum typically
occurred in 1978. In the case of stations with observations beginning after 1952,
the culmination of autumn cloudiness was observed, respectively: in 1996 (Sulejéw,
Nowy Sacz and Krosno), 1998 (Leszno and Legnica), 2002 (Lesko) and 2017 (Mtawa
and Terespol). The highest cloudiness in autumn, amounting to 90.3%, was recorded
on Sniezka Mt. in 1952.

The least cloudy sky in autumn was observed in Poland in 1982, when total cloud
cover amounted to 57.2%. At particular stations, the occurrence of minimum values
was differentiated. Most frequently it was observed in 1982 (17 stations, mostly in
central and southern Poland) and 2005 (16 stations in northern and western Poland).
There was also a number of stations where the least cloudy sky in the described season
was observed in 1950s (1951, 1953 and 1959, summarising 13 stations) and in 2005
(six stations in southern and southeastern Poland). The remaining cases concerned
the singular stations with minima in other years. The least cloudy sky was in 1982
in Tarnéw in the Northern Carpathians, where it was recorded as 45.1%.
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Fig. 10.10 Long-term variability of total autumn cloudiness in the selected stations of: northern
Poland (station Hel; 1951-2018; a), western Poland (station Gorzoéw Wlkp.; 1951-2018; b), eastern
Poland (station Lublin; 1951-2018; c¢), southern Poland (station Zakopane; 1951-2018; d) and
in Poland as a whole (the average, e). Mean seasonal value (blue), 10-year consecutive average
(red) and line trend (black) were shown. The trend is statistically significant (0.05, in bold) in
(a) and not significant in (b—d)

Overall, there were very few significant changes in cloudiness during both subpe-
riods. In the years 1951-1984, cloudiness slightly increased on the western edges of
the country as well as in the central and northeastern parts of Poland (Fig. 10.9¢, f).
The region with the most intensively developing cloud cover was the Carpathians.
however, statistically significant variability of the element was observed only at three
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stations located in this region: Jabtonka (Beskidy Mts.), Zakopane and Kasprowy
Wierch Mt. in the Tatra Mts. Some insignificant declines in cloudiness were observed
at less than half of the stations. The relative trend reached approximately 2% at a
few stations (in western Poland).

After 1985, the structure of long-term autumn cloudiness variability significantly
changed (Fig. 10.9g, h). At a greater part of the stations, increases in cloudiness were
observed, but statistically significant data series come from only one station located
in Elblag. In western and central Poland, a decrease in cloudiness is observed as well
as in the Karpaty Mts., while in the northern and eastern parts of the country values
of the element increased.

Clear Days

Certainly the sky over Poland is more often cloudy than cloudless, as confirmed by
data on the number of clear and cloudy days.

In Poland, clear days were recorded at least several dozen times a year during the
period of 1951-2018 (Fig. 10.11a). On average, the number of clear days in Poland
amounts to 32 days. The highest number of clear days occurred in the Subcarpathian
region: in Tarnéw there were 43 such days a year and a slightly lower result was
noted in Sandomierz—nearly 40. Both the Polish Uplands and the Carpathians Mts.
are also regions where the sky without clouds or with low levels of cloudiness can
often be observed: 32-34 clear days a year, on average. More than 30 such days
are recorded in the western part of the Lakelands and Coastlands (Swinoujscie and
Stubice: 33-34 clear days annually) as well as in the central part of the Lowlands
(Wielun—35 cases, Opole—32 cases). Generally, western Poland, except for the
aforementioned regions, is characterised by a lower average annual number of clear
days (less than 30 cases a year) than the rest of the country. The Karkonosze Mts. is
the region with the lowest annual number of clear days—25, on average.

On the whole, the sky over Poland usually becomes clear in spring. However,
this is true especially for areas by the Baltic Sea and at lower altitudes, in general.
In the Uplands and in the upper part of Odra River basin, the maximum number of
clear days is usually recorded in autumn. In the Subcarpathians, the number of clear
spring days equals the number of such days observed in autumn. In the high-mountain
regions, the highest number of clear days is recorded in winter.

In spring, the number of clear days amounts to 9, on average. Clear days are
usually the most frequently noted in the coastal region (from 10 days in Kotobrzeg to
12 days in Hel and Swinoujscie). The eastern part of the Lakelands is also clear—on
average 10 such days a year are recorded there in spring. From 9 to 10 clear days occur
in the Uplands and Lowlands of eastern Poland while in the Subcarpathians—11. In
the low-mountain regions (the Beskidy and Sudety Mts.; excluding the Karkonosze
Mts.) from 6 to 8 clear days are noted in spring, while in the highest mountains (the
Tatra Mts. and above-mentioned Karkonosze Mts) only 5.
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Fig.10.11 Variability and change of annual number of clear days: mean values (1951-2018; %; a),
coefficient of variability (%; b), absolute trend for the whole period (1951-2018; %/10y; ¢), relative
trend for the whole period (%/10y; d), absolute trend for the first half of the period (1951-1984;
%/10y; e), relative trend for the first half of the period (%/10y; f), absolute trend for the second
half of the period (1985-2018; %/10y; g), relative trend for the second half of the period (%/10y;
h). Statistically significant (0.05) trends were shown in (c, e, g) as circles
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The Subcarpathian region is the one where the largest number of clear days is
recorded in summer: 11-12 cases on average in Tarnéw and Sandomierz. In the
coastal areas, at least 9 clear days occur in summer and this number reaches up to 12
in Hel. In most of the country, approximately 8-9 clear days are recorded in summer,
yet in the Lakelands there are usually only 6-—8 such days (for instance, only 6 clear
days in summer are observed in Pita and Chojnice). The lowest number of clear
days are noted in the mountains (approx. 5 cases in the Tatra Mts., 3 cases in the
Karkonosze Mts.). The mean seasonal number of clear days amounts to 8 days.

The numbers of clear days in autumn and winter amount to 8 and 6, respectively.
In autumn, the lowest number of clear days is recorded in northern Poland, especially
in the coastal areas—only 6 cases by the Gdansk Bay (Gdynia and Hel), 67 cases in
the remaining coastal areas, with the exception of Swinoujscie, where 8 clear days are
recorded. In the Lakelands, the number of clear days in autumn is also low, no more
than 7-8 days, and, in the case of stations located at higher altitudes (Chojnice), only
6 clear days are noted. In the Lowlands, at least 8 such days are recorded in autumn
and in the Uplands at least 9-10. In the Subcarpathian region, around 11-12 clear
days occur in autumn. However, this number is slightly lower in the Karpaty Mts. In
the Sudety Mts., only 7-8 autumn clear days are recorded and 6 in the Karkonosze
Mts.

Furthermore, only 3 clear days are noted in winter in areas by the Gulf of Gdarsk.
In the remaining coastal regions, about 4—6 cases are usually recorded. In the Lake-
lands, 5-6 clear days occur in winter. Further to the south, this number increases—in
the Lowlands of western Poland and in the Uplands from 6 and 7 cases are noted.
In the Lowlands of eastern Poland, only 5-6 clear days are noted in winter. The
Carpathians can be divided into several parts: in the eastern one, 7 clear days are
recorded. There are 9 cases in the western part and 12 in the Tatra Mts. In the
Karkonosze Mts., 9 winter clear days are usually recorded.

Both large year-to-year fluctuations and long-term decreases in the number of clear
days are common phenomena in Poland (Fig. 10.11b, c¢). The coefficient of variation
is between 30 and 40% and it increases from east to west, which is especially visible
in the Sudety Mts., where the value of this coefficient is the highest. This value is the
lowest in the Subcarpathians and in the Lakelands of eastern Poland. In the country
as a whole, with the exception of three small regions, the number of clear days is
decreasing considerably. A vast majority of the analysed data series are characterised
by statistically significant decreases. The pace of decline is 3 days/10y, and the
Uplands is the region with the highest value of this rate. The only exceptions include
data series taken from the stations in Kotobrzeg, Suwatki and Tarnéw. In the case
of Kotobrzeg and Suwalki, statistically significant increases in the number of clear
days can be observed. Taking the relative scale into consideration, the reductions
reach up to a dozen or so percentage points (Fig. 10.11d). The frequency of clear
days decreased at majority of the analysed stations during the earlier of the two
established subperiods (Fig. 10.11e, f). Statistically significant drops in the variable
were a distinctive feature of the data series collected from the stations located in
the central and northern parts of the country. The relative drops in the number of
clear days were also considerable, reaching more than 20%. During the subperiod
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of 1985-2018, statistically significant decreases in the number of clear days were
recorded for the data series obtained from the stations located in the central and
southern parts of Poland (Fig. 10.11g, h). However, in this case, the relative scale of
the decreases is smaller than the one for the earlier subperiod.

The largest annual number of clear days in the period 1951-2018 occurred in
Poland, on average, in 1953, as an effect of a spring with an exceptionally low
level of cloudiness (particularly in the south of the country) as it was mentioned in
preceding Section Total Cloudiness. It is worth noting that summer and autumn 1953
were also among seasons with low cloudiness levels. Other years characterised by
great number of clear days were 1964 and 1982, in northern Poland also 1959. The
absolute maximum number of clear days was 89 and occurred in 1964 in Sulejow
in the central part of Poland. In the same year, 79 clear days were recorded in
Sandomierz, and in 1959, another 79 clear days occurred in Swinouj Scie.

The fewest clear days in Poland were recorded, on average, in 1998. It was the
smallest value of the variable at 14 stations. Additionally, at particular stations,
minima also occurred in 2001, 1977 and 2008 at 9 stations, 5 stations and another
5 stations, respectively. The smallest annual number of clear days came to only 6
cases at Sniezka Mt. in 1998 and in Resko (Lakelands in western Poland) in 1978.

In the scale of seasons, the reduction in the number of clear days is strongly
visible in spring and summer. The spring maxima were most often recorded at the
analysed stations in 1953, 1959, 1982, 2007 and 2018. The most frequently clear days
in spring occurred in Swinoujscie in 1959 (31 cases) and Wiodawa and Putawy in
eastern Poland in 1953 (29 cases). Clear days were the least frequentin 1970 and 1983
(at five stations there were no clear days at all in this year). In the case of summer, the
following years were especially clear: 1959, 1964, 1982—1983 (particularly 1983 as a
summer season with the clearest sky in the analysed period 1951-2018) and 1992. In
the Coastlands, clear days were also frequent in 1969. In the Uplands in Czgstochowa,
in the summer of 1983, there were 31 clear days, which is the absolute maximum
value of the considered variable. Furthermore, in Putawy there were 30 such days
noted in the same season, and 28 clear days occurred in Hel in summer of 1968. It is
worth noting that at the same station 27 clear days were recorded also in 1959 and
1969, which underlines the exceptional position of Hel as the station with clearest
sky in the summer in Poland, most probably due to its location—at peninsula, in the
indirect vicinity of deep sea basin of Gulf of Gdansk, which effectively reduces the
likelihood of development of clouds in summer. At more than half the stations, at least
one summer season with a complete lack of clear days occurred in the period 1951-
2018. Among such seasons were the summers of 1980 and 2014, and in northern
Poland in 1998. At high-mountain stations: Kasprowy Wierch Mt. and Sniezka M.,
the number of such seasons reached 14 and 9 cases, respectively.

The number of clear days also decreases in autumn, yet the trend rate is lower.
This was mainly caused by the high frequency of autumn seasons with frequent clear
days in the beginning of the research period—in the 1950s (1951, 1953 and 1959)
and in 1961. What is more, a high frequency of clear days was noticeable in Poland
in 1982 and 2005-2006. The maximum numbers of clear days noted at particular
stations increases from 16 to 22 cases (in 1951 in Gdynia and in 2005 in Ustka) in
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the north to 25 cases or more in the south (27 cases in 1959 in Klodzko, 26 cases
in Zakopane and at Kasprowy Wierch Mt., both in 1962). Again, at all 30 stations,
at least one season with the lack of clear days occurred. This situation was most
frequently recorded in autumn 1997, when at 12 stations no clear days occurred. In
winter, the number of clear days remains relatively stable throughout the research
period. However, a strong positive anomaly was observed in the 1960s and 1970s.
The high numbers of clear days occurred, respectively in 1964 and 1969 and in 1973
and 1976. Other positive, but slightly weaker anomalies of the analysed variable
were noted in 1993 and 2003. The highest maxima of the number of clear days at
particular stations were recorded at high-mountain stations—at Kasprowy Wierch
Mt. and Sniezka Mt. In the Tatra Mts. in 1964, 30 clear days occurred during winter
and in the Karkonosze Mts. 26 clear days were noted in 1993. The lowest number
of clear days occurred in the winters of 1966 and 2013. In 1966, at 17 stations, there
were no clear days recorded. Some strictly local minima also occurred. In 1968, the
central area of the country experienced very small number of clear days, whereas in
2007 such situation occurred in the Lakelands of western part of Poland.

The presented long-term course of seasonal data series is partially reflected in
the course of annual values (Fig. 10.12). In the 1950s, there were numerous clear
days in Poland, and their annual number decreased over the next decade. Despite
the aforementioned significant increase in the frequency of winter clear days in the
1970s, a strong negative anomaly in the variable was a distinctive feature of this
decade across the country. Another visible increase in the annual number of clear
days took place in the late 1980s and early 1990s. Subsequently, the number of clear
days started to decrease systematically.

Cloudy Days

All in all, the mean number of cloudy days in Poland amounts to 157 days. Spatial
diversity of the annual number of cloudy days recorded at selected Polish stations
during the period of 1951-2018 was considerable (Fig. 10.13a). It can generally be
stated that the structure of the variable changes latitudinally. In the north, especially
in the coastal regions, the lowest values of this variable are usually recorded. In
Swinoujscie, only 110 cloudy days occur, which is the lowest value recorded in
Poland. At the remaining coastal stations, the frequency of cloudy days varies from
approx. 130 days in Hel and 140 days in Ustka and Leba to approx. 160 cloudy
days in Kotobrzeg. In the Lakelands, the number of cloudy days is higher, varying
usually from 155 to 165, with the culmination in the areas located at the highest
altitude: Chojnice—173 days and Suwatki—166 days. In the Lowlands of central
and eastern Poland, and in the areas of the Lakelands located at a lower altitude
and at a greater distance from the Baltic Sea coast, the number of cloudy days is
lower—150 cases or less. Moving south, the number of cloudy days increases again.
In the Lowlands of western Poland and in the Uplands, there are typically 160 cloudy
days a year or more. In the Subcarpathian region, the number of cloudy days is much
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Fig.10.12 Long-term variability of the annual number of clear days in selected stations of: northern
Poland (station Hel; 1951-2018; a), western Poland (station Gorzoéw Wlkp.; 1951-2018; b), eastern
Poland (station Lublin; 1951-2018; c¢), southern Poland (station Zakopane; 1951-2018; d) and
in Poland as a whole (the average, e). Mean seasonal value (blue), 10-year consecutive average
(red) and line trend (black) were shown. The trend is statistically significant (0.05, in bold) in all
cases

lower, reaching 140-145 cases. In the mountains, the variable value increases again
by a dozen cases or so. In the highest parts of the mountains, the number of cloudy
days reaches nearly 200 (Kasprowy Wierch—192 days) or even more (Sniezka—
207 days). The variability in the number of cloudy days in Poland during the period
1951-2018 is significantly smaller than the fluctuations in the number of clear days
(Fig. 10.13b). The coefficient of variation value is less than 10% in eastern Poland
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Fig. 10.13 Variability and change of annual number of overcast days: mean values (1951-2018;
%:; a), coefficient of variability (%; b), absolute trend for the whole period (1951-2018; %/10y;
¢), relative trend for the whole period (%/10y; d), absolute trend for the first half of the period
(1951-1984; %/10y; e), relative trend for the first half of the period (%/10y; f), absolute trend for
the second half of the period (1985-2018; %/10y; g), relative trend for the second half of the period
(%/10y; h). Statistically significant (0.05) trends were shown in (c, e, g) as circles
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and almost 20% in Swinoujscie. The rate for Swinoujscie is exceptionally high as a
typical range of values for this variable in Poland is between 10 and 13%.

The seasonal frequency of cloudy days follows a simple pattern: summer is the
season with the lowest number of cloudy days (28 cases), then spring (36 cases),
autumn (41 cases) and winter when the number is the highest (52 cases).

In summer, the number of cloudy days varies from almost 20 in Swinoujscie and
Hel, 21 in Ustka and Leba to more than 30 days in the lower mountains, e.g. the
Beskidy Mts. Generally, the number of cloudy days is higher in the western parts of
the country than in the eastern regions. In the highest mountains, there are approx.
47 cloudy days observed. Kasprowy Wierch is the only station where there are more
cloudy days in summer than in autumn.

While in summer the lowest frequency of cloudy days is observed (with the one
already-mentioned exception), an interesting relation has been discovered between
the number of cloudy days in spring and autumn.

In the north, especially in the coastal areas, there are far more cloudy days in
autumn than in spring—at least 20% (30-35 cases in spring and 8—10 cases more
in autumn). The greater the distance from the sea, the lower the disproportion: the
number of spring cloudy days starts to grow, while the number of autumn cloudy days
remains unchanged or only slightly increases. In the Lowlands of western Poland and
in the Uplands, the number of spring cloudy days (35-40 cases) is only slightly lower
than the number of cloudy days observed in autumn (38—42). Fewer cloudy days,
both in spring and autumn, are observed in the Subcarpathians: 30-35 and 35-37,
respectively. In the Carpathians and Sudety Mts. almost the same numbers of spring
and autumn cloudy days are recorded by all stations (38—41 in the Carpathians; 38—
42 in the Sudety Mts.); except for Sniezka—52 cloudy days in spring as well as in
autumn and Kasprowy Wierch—52 cloudy spring days and 45 cloudy autumn days.
At several stations located in the Carpathians the number of cloudy days in spring
is larger than the number in autumn. Thus, in autumn the Karkonosze Mts. are the
region with the largest number of cloudy days in Poland.

By and large, in winter the number of cloudy days in Poland is higher than in the
remaining seasons of the year. The lowest number of cloudy days (less than 50) is
recorded in the western part of the Coastlands and at some selected stations located
in western Poland in the Subcarpathians and the Carpathians. The highest number
of cloudy winter days is observed in the Lakelands: from 55 to almost 60 cases.

Similarly to the case of clear days, the annual number of cloudy days in Poland
during the period of 1951-2018 decreased at majority of the stations (Fig. 10.13c).
The decrease is especially visible in the north: in Suwalki the pace of the decrease
exceeds 7 cases/10y; in Swinoujscie it is even faster—12 cases/10y. The drops are
also observed in the Subcarpathians and in the lower ranges of the Carpathians
(the Beskidy Mts.) and the fastest pace of decrease is observed in Nowy Sacz—5
cases/10y. Yet, in many analysed stations located within this region, the negative
trend is statistically significant. However, there are two regions in Poland where
considerable increases are observed. The first one is the Lowlands of western Poland
and the Sudety Mts. and the second is the central and eastern parts of the Uplands.
The pace of increase reaches 4 cases/10y in Legnica. The number of cloudy days
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also increases in the Tatra Mts. The relative decreases or increases in the number of
cloudy days range from —10 to +3% (Fig. 10.13d).

There were a few years in the period 1951-2018 with very high annual numbers
of cloudy days. Its temporal distribution is somewhat interesting. First of all, a high
frequency of such cases was characteristic for the first three decades of the analysed
period (with maxima in years: 1952, 1958, 1962, 1966—the highest value in the
whole research period, 1970, 1977 and 1980—the second highest one). During the
next three decades, negative anomalies of the considered variable were recorded,
which means the occurrence of potentially more sunny years with relatively low
total cloud cover: 1982, 1989, 1992, 2003, 2006 and 2011. The minimum number of
cloudy days occurred in 1982. In the last decade of the analysed period, again years
with large amount of cloudy days occurred. The long-term course of the number
of days without sun (Chap. 6) confirms that 1980 was characterised by a very high
number of days without sun and, on the contrary, during 1982 the fewest number of
such days was noted.

The greatest numbers of cloudy days were noted at mountain stations: 243 days
at Sniezka Mt. in 2016 and 223 days at Kasprowy Wierch Mt. in 2003. The smallest
number of the considered days, equalling only 49, was recorded in Swinoujscie in
2003.

In winter, the drops in the number of cloudy days are observed only in the north,
yet some disparities were observed within the regions. The winter seasons of 1953,
1966, 2010, 2013 and 2018 were the ones with an exceptionally large number of
cloudy days. Particularly frequent cloudy days were in 2013, when, at greater part of
analysed stations, the maximum number of cases was recorded. In Leszno (Lowlands
in western areas of Poland) there was 76 cloudy days noted then. In Biatystok and
Suwalki, 74 and 73 cloudy days, respectively occurred in 1959—in north and north-
eastern Poland, an increase in winter cloudiness was observed that year. In 1954, 1976
and 1984, the number of cloudy days was extremely low. Furthermore, between 1990
and 2000, a considerable decrease in the number of cloudy days occurred in Poland
with minima in the years: 1990-1991, 1993, 1997 and 2000. The fewest cloudy days
(22 cases) were recorded in Swinoujscie in 2000. Overall, spring is the season when
the number of cloudy days usually considerably decreases in Poland and there are
only a few stations that do not match this pattern. Thus, the spring seasons excep-
tionally abundant in cloudy days in spring occurred in the first two decades of the
research period: 1958, 1962, 1970 and 1972. A strong maximum was recorded in
the Masurian Lakeland in the northeastern part of Poland in 1966, and the largest
amount of cloudy days was noted at mountain stations. At both locations, 71 such
days occurred—at Sniezka Mt. in 1958 and at Kasprowy Wierch Mt. in 2017. The
lowest minimum occurred in 1953 and the number of cloudy days noted at more than
20 stations did not decrease in the subsequent years. However, it is worth noting that
cloudy days were not frequent after the beginning of the current century. Minima
occurred in 2007, 2011 and 2018, which means that the spring seasons of the twenty-
first century have been rather sunny. Among the considered stations, the lowest values
of the variable are characteristic at coastal stations. The cold water of the Baltic Sea
in the spring effectively limits the development of clouds in this region. The minima
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recorded at coastal stations did not exceed 20 cases in spring: seven cloudy days in
Swinoujscie in 2011, 13 such days in Hel in 1990 and 14 days in Leba, also in 1990.
In Ustka in 1974, only 15 cloudy days occurred. In summer, the number of cloudy
days decreases in Poland. The coast and Lakelands are among the regions where the
drops are considerable. Thus, during the first half of the research period, the high
frequency of the seasons with a large number of cloudy days occurred in Poland:
1960-1961, 1974, 1980-1981 and 1985. In 1980, the lowest number of cloudy days
occurred at 34 stations. At Kasprowy Wierch Mt., 74 cloudy days were then recorded.
However, in the summer of 1974 at Sniezka Mt., an even larger amount of cloudy
days was noted—79 cases. Since the 1980s, the negative anomalies of the variable
frequently occurred: 1982-1983, 1992, 1994, 2003 and 2015. The summer of 1992
was characterised by a particularly low number of cloudy days at half the stations.
At stations located in the Coastlands and Lakelands of eastern Poland, less than 10
cloudy days were then noted. In 2003 in Swinoujscie, only four such days occurred.
In autumn, the number of cloudy days decreases only in northern Poland. The decade
of 1950s was characterised by a great multi-year variability in the number of cloudy
days in Poland. In 1951, 1953 and 1959 a very low number of cloudy days occurred in
Poland, whereas in 1952 and 1958 this number rose considerably. Absolute minima
and maxima occurred year by year—in 1951 (minimum) and in 1952 (maximum).
In autumn of 1952 at Sniezka Mt., 73 cloudy days, 69 such days in Ptock and 68
in Warsaw were recorded. Other negative anomalies in the amount of cloudy days
occurred in 1982, 2005-2006 and 2011. In autumn of 2003, only 8 cloudy days
occurred in Swinoujécie. On the whole, substantial increases were noted in 1978,
1996 and 2017. Additionally, in the Coastlands the autumn of 1993 was also very
cloudy.

The first subperiod (1951-1984) was characterised by a relatively low number
of drops in the variable (including some statistically significant changes recorded
at four stations) and by some more increases (statistically significant at 10 stations)
(Fig. 10.13e). The number of cloudy days decreased mainly in the south, including
the Subcarpathians. In turn, in western Poland and at several stations located in the
Uplands, the analysed variable increased. Nonetheless, the relative changes in the
variable were rather unnoticeable (Fig. 10.13f).

During the second subperiod (1985-2018), the pace of the increase in the number
of cloudy days was visibly faster in the whole country (Fig. 10.13g). At the majority
of stations, the number of cloudy days systematically increased. It is particularly
visible in the upper part of Odra River basin: more than 10 cases/10y. The number of
cloudy days also increased in the Subcarpathians and in Elblag in northern Poland. In
western Poland, the variable decreased, which was especially visible in Swinoujscie.
The range of relative changes strongly relates to the highly diversified absolute values
and it varies from —12 to 8% (Fig. 10.13h).

The long-term analysis of changes in the number of cloudy days recorded by the
selected stations in Poland showed that this variable is diversified (Fig. 10.14). In the
north, the number of cloudy days was rather high from the beginning of the research
period until the 1980s. However, there was a short-term drop in the variable recorded
at the stations located in the Lakelands in the late 1960s and early 1970s. In the central
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part of the country and in the south, there were short-term increases in the 1970s. In
the late 1980s and early 1990s a strong negative anomaly of the variable value was
observed. At the beginning of the twenty-first century, the number of cloudy days in
Poland increased again and now it is relatively stable at the majority of the stations.
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Cloud Type

While analysing spatial and temporal variability of cloud type, i.e. cloudiness divided
into 10 cloud genera, it is important to be aware of the fact that data series obtained
from visual observations conducted at synoptic stations are imperfect. Occurrence
frequency of a particular genera of clouds is largely affected by actual possibilities
of its observation. It is a significant hindrance in the case of medium- and high-
level clouds, as they may be obscured by some low-level clouds. Any clouds may
be obscured by a thick layer of fog. Moreover, the specific coding requirements
for synoptic observations, however, designed to give an optimum characteristic of
cloudiness, may partially limit the possibility to register all genera of clouds that are
present in the sky at a particular moment. Another impediment is the way the data are
coded at some stations. Although National Hydrological and Meteorological Services
provide trainings on proper methods of observing and recording cloudiness, there
are still cases when some observers use techniques learnt from their predecessors,
frequently their teachers. The above-mentioned situation does not apply to the way
particular genera of clouds are recognised, but rather to the way of their subdivision
into species and varieties, as well as classification in terms of coding them to report
the specific state of the sky.

The data series obtained from 25 stations were analysed according to the method-
ology described in Chap. 3. The analysis made it possible to calculate the frequency
of all ten cloud genera with a reference to the number of observations at particular
levels.

On the assumption that has already been mentioned, frequency (in per cent) of
low-level clouds was determined with regard to the number of their observations and
the fact that in some cases the weather conditions made it impossible to carry out
observations. The percentage of such cases varies from almost 0.4% in Ustka and
Warszawa, 0.6% in Hel, Swinouj Scie, Biatystok, Wroctaw, Lublin and Rzeszéw to
2% in Koszalin, Gorzéw Wielkopolski, Kielce and Zakopane. At two other stations—
in Zielona Géra and Chojnice, the weather conditions made it impossible to iden-
tify low-level clouds in 4% (Zielona Géra) and 5% (Chojnice) of all observations.
Typically, results of low-level clouds observations are unsatisfactory in 1.4% of cases.

Medium-level clouds are not visible in less than 30% of all observations made at
stations located in the Coastlands, Lowlands and Uplands (e.g. Ustka, §win0ujécie,
Warszawa, Wroctaw and Krakéw), while at the stations located in the Lakelands
(Suwatki and Chojnice) and in the Carpathians (Zakopane and Lesko) these genera
of clouds are invisible in more than 40% of all observations. The average for all the
stations is 35%.

Swinoujscie is a station where high-level clouds are well observable—in only
39% of cases these genera of clouds were not visible. At the remaining stations,
except for ones located near the large civil airports (Warszawa and Krakéw), the
percentage of observations during which it was impossible to record any high-level
clouds varies from 47 to 52%. In Warsaw and Krakdw, it was approximately 42%.
The average for all the station is 49%.
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Stratocumulus is the most frequently observed cloud in Poland (Fig. 10.15a),
especially at stations located in the regions with diverse orography and at high alti-
tudes (in the Lakelands, Uplands and in the mountains). There, the Stratocumulus
frequency exceeds 40% of all observed low-level clouds. On the coastline, this genus
of clouds is observed with a frequency lower than 33%. In the remaining regions
of the country, the frequency of Stratocumulus reaches approximately 33-35% or
more. By and large, the frequency of Stratocumulus in Poland is 40%.

Cumulus is the second most frequently observed low-level cloud in Poland
(Fig. 10.15b). On average, Cumulus is observed in one of every five observations of
the sky in Poland. The highest frequency is recorded in the Coastlands—from nearly
20% in Kotobrzeg to more than 30%, with a maximum in Hel (33%). However, at
several stations located inland (Gorzéw WIkp., Suwatki and Krakéw), the frequency
of Cumulus decreases to 15% of the observable low-level clouds and then towards
the south it increases again reaching 20% in Lesko (the Carpathians). In Zakopane,
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at the foot of the Tatra Mts., the frequency of Cumulus within the observations of
low-level clouds is 30%.

When it comes to the structure of low-level cloudiness, both aforementioned
stations share another distinctive feature—the lowest frequency of another low-level
cloud, Stratus, across Poland: only 8% in Zakopane and 12% in Lesko. At the stations
located at a lower altitude, this variable fluctuates between 13 and 17%, while in the
Coastlands it reaches nearly 20%. The average for Poland is 15%.

Cumulonimbus, characterised by extensive vertical development, is the last anal-
ysed genus of low-level clouds. Spatial distribution of Cumulonimbus occurrence
is highly diverse. In the Coastlands, it is observed in 6% of all cases in Hel and
11% in Ustka. In the Lakelands and Lowlands, the frequency varies from 5 to 7%
(Poznan, Warszawa, Wroctaw, Suwatki) to 13—14% (Olsztyn and Chojnice). In the
Uplands, Cumulonimbus is observed once in every 9—10 cases, yet its frequency in
Krakéw is only 4%. At the stations located in Subcarpathians and the Carpathians,
its frequency is highly diversified. In Rzeszéw, it is 7%, in Zakopane—4%, while in
Lesko it reaches 15%.

The analysis of long-term occurrence frequency of particular genera of low-level
clouds in Poland during the period of 1966-2018 revealed a strong, statistically
significant increase in the occurrence of Stratocumulus, Cumulus and Cumulonimbus
(Fig. 10.16). As for the first listed genus, the increase is relatively stable and evenly
spread over time. Both convective clouds were particularly often observed at the
end of the previous century and during the first decade of the twenty-first century.
Nowadays, the above-mentioned clouds are observed less frequently. The number
of Stratus observations in terms of the whole research period also declined and the
pace of this decline was rather uneven. After a period of a higher Stratus frequency
lasting until 1980, there was a fast decline observed with minima in the 1980s and
the 1990s. During the last few years, Stratus has been observed more frequently.

The average annual prevalence of mentioned genera of clouds in individual regions
is very consistent for the Cumulus cloud. In the case of other low-cloud genera,
some regional discrepancies can be observed. The reported dramatic increase in the
frequency of the Cumulonimbus in the late 1990s was particularly evident in the
coastal mountain foothill regions and in the mountains, whereas the other regions
were characterised by a more stable course of cloud occurrence. In the case of the
Stratocumulus, only a slight increase in its frequency was found at mountain stations.
At stations located in the Coastlands, the minimum frequency of Stratus was shifted
to the second half of the 1980s and the beginning of the 1990s, whereas at stations
located in the Lakelands, there was relative stabilisation of the occurrence of this
cloud.

The structure of medium-level cloudiness is dominated by Alfocumulus clouds.
They are observed in 21% of all cases, yet their frequency is substantially diver-
sified. Altocumulus is most frequently observed in the sky over stations located in
the Lowlands and in the south of Poland, with the exception of the Carpathians.
Thus, the maximum frequency was recorded in Wroctaw (36%), Zielona Géra and
Warszawa (31%), and Kielce (28%). At the remaining stations of those regions, the
frequency does not exceed 25%. In the mountain region, Altocumulus is usually
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Fig. 10.16 Long-term variability of annual average daily per cent of observations in Poland
(1966-2018) for low-cloud genera: Cumulus (Cu, a), Cumulonimbus (Cb, b), Stratocumulus (Sc,
¢) and Stratus (St, d). Mean annual value (blue), 10-year consecutive average (red) and line trend
(black) were shown. The trend is statistically significant (0.05, in bold) in all cases

observed less often (Zakopane—nearly 17% and Lesko—13%, howeyver, in Jelenia
Goéra in the foothills of the Karkonosze Mts., this value reaches 25%). In the Coast-
lands, Altocumulus represents from 11% (Hel) to 23% (Ustka) of all medium-level
clouds observations. However, the lowest frequency is observed in the Lakelands:
from almost 10% in Suwatki and 12% in Olsztyn to 20% in Torun and 24% in
Koszalin (located in the Lakeland region but very close to the coast).

The two remaining genera of medium-level clouds, Altostratus and Nimbostratus,
are not frequently observed in Poland (their aggregated frequency of occurrence does
not exceed the value for Ac).

On the whole, the number of the Alfostratus observations seems to be declining
from west to east (Fig. 10.15¢). Nevertheless, its occurrence frequency is spatially
diversified. In most cases, in the west of the country, the frequency of Altostratus is at
least 7%, and in the east it is usually approx. 5—6%. Altostratus is often observable at
the coastal stations (nearly 11% in Ustka, more than 6% in Swinoujscie and Hel), but
there are other three stations where the frequency of Altostratus exceeds 10%. They
are: Koszalin, Wroctaw (located in the Lowlands of western Poland) and Kielce in the
Uplands. At a few stations located in the east, less than 7% of Altostratus frequency
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occurred, e.g. in Lesko and Suwalki it was less than 4%. The average value for the
whole country is 7%.

The last analysed medium-level cloud with extensive horizontal and vertical
development is Nimbostratus. Its frequency is even lower than the one calculated
for Altostratus—approximately 4%. When it comes to spatial diversification, the
Nimbostratus frequency varies from 2% in Zakopane and Jelenia Géra (both located
in the foothills of the highest mountain ranges in Poland: the Tatra Mountains and
Karkonosze Mountains) to almost 6% at some stations located in the north: Koszalin,
Bialystok and Suwalki. In the Coastlands, the frequency reaches 5% (Ustka and
Swinoujécie). The same value of this variable was recorded in the Lowlands, in
Warszawa and Opole. In the remaining regions, observations of this cloud genus
represent approx. 4—5% of all medium-level clouds observations and even less (3%)
in the Uplands.

The structure of medium-level cloudiness in Poland during the period of
1966-2018 was affected by some statistically significant, long-term changes. The
number of observed Alfostratus and Nimbostratus systematically decreased over-
time (Fig. 10.17a, b, respectively). They were observed much more often in the late
1970s and early 1980s, and then the number of observations dropped, though, since
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the beginning of the twenty-first century, this negative trend has not been as strong as
it used to be. Altocumulus was observed more frequently in the research period, but
not systematically (Fig. 10.17¢) and not during the first part of the analysed period.
Its frequency began increasing rapidly in the last decade of the twentieth century.

Regional trends do not usually follow the average pattern determined for the whole
country. In the case of Alfostratus, a positive trend was observed in the Coastlands
after a minimum had been recorded in the second half of the last decade of the
former century. Moreover, the frequency of the same cloud decreased much faster at
the stations located in the Subcarpathian region than at the others. In the mountains
and in the Subcarpathians, Alfocumulus formed differently than in the rest of the
country. The Altocumulus frequency in the mountains was almost the same at the
beginning and at the end of the analysed period. However, a clear minimum was
recorded in the 1980s and 1990s. At the stations located in the Subcarpathian region,
there was no strong positive trend observed. The regional frequency of Nimbostratus
more or less reflects the national pattern.

The most often observed high-level cloud in Poland is Cirrus, which represents
17% of all observations of high-level clouds in the country. Spatial diversification
of the Cirrus frequency does not present any distinctive features (Fig. 10.15d). In
central and eastern Poland, it is observed as often as the average for the whole country.
In the west and north, the variable is much more diversified, even at neighbouring
stations. The lowest frequency was recorded in Chojnice, the most elevated station in
the Lakelands, where Cirrus observations represented only 10% of all cases. Other
stations where this genus of cloud is observed relatively seldom (13-15% of all
observed high-level clouds) are as follows: Swinouj Scie (in the Coastlands), Gorzéow
Wikp. (in the Lakelands) and Jelenia Géra (foothills of Karkonosze Mts.), all of
which are located in western Poland. In Ustka (in the Coastlands), the frequency
reaches approx. 20%, and in Poznai and Wroclaw (the Lowlands in the west of
Poland), the Cirrus observations represent almost a quarter of all cases (22.5% in
Wroctaw).

Cirrostratus is the second most frequently observed high-level cloud with the
average frequency of almost 7% across the country, although this value decreases
from the west to the east of Poland. The frequency exceeds 10% at the stations located
more westward: in Koszalin, Chojnice, Kalisz and Jelenia Géra (e.g. in Zielona Géra
it reaches approx. 15%) whereas in the east there is only 2-4% (Warszawa—2%,
Biatystok and Suwatki—3%, Olsztyn—4%) However, in Kielce and Lublin, located
in the Uplands, this variable reaches the value of 11-12%. Cirrostratus is often
observed also in the mountains—11% of all observations of high-level clouds are
recorded in Zakopane. In Rzeszéw, in the Subcarpathians, it is a rarely observed
genus of clouds (0.7% of all cases).

Cirrocumulus is most certainly the rarest high-level cloud observed in Poland. Its
average frequency in Poland is less than 1% and it is the lowest on the coast; this
value increases at stations located at higher altitudes.

The occurrence frequency of all three genera of high-level clouds has been system-
atically increasing in Poland (Fig. 10.18). The analysis showed that the minimum
frequency of high-level clouds was recorded in the late 1980s and early 1990s (a bit
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faster in the case of Cirrus). Then, after 1995, both Cirrus and Cirrostratus started to
be observed more often. In the case of Cirrocumulus, the positive trend has slowed
down since the beginning of the current century.

The average annual frequency of Cirrus is more or less the same in all analysed
regions. In the case of Cirrostratus, its frequency different from the average is found
on the coast. At the stations located by the sea, the Cirrostratus frequency was in
line with the average only at the beginning of the analysed period, then the frequency
dropped (while it increased in other regions) and increased again until the late 1990s.
Afterwards, it continued to decrease during the last ten years of the analysed period.
As for the Cirrocumulus frequency, a substantial growth was recorded at the stations
located in the Lowlands in the 1990s. In the Lakelands, there was a stable increase
recorded, whereas in the mountains the variable was highly diversified.
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Discussion and Conclusions

The mean annual cloud cover in Poland in the years 1951-2018, calculated on the
basis of data from 57 stations distributed relatively evenly throughout the country, was
68.2%. The maximum value equal to 73% was recorded in 1966, while the minimum
value of nearly 61% occurred in 1982. There is a noticeable spatial variation in the
value of the element at individual stations and regions. For example, the mean annual
total cloudiness amount ranges from 64% in the Coastlands to 76% in the Karkonosze
Mts.

The course of cloud cover throughout the year in Poland is also varied. The lowest
level of cloudiness occurs in summer and the largest in winter. Between both seasons
there is a difference in cloud cover of about 15-20%. Cloudiness in spring is lower
than in autumn. In general, in spring and summer, cloudiness amount decreases
eastwards. In autumn and winter, the total cloudiness amount increases towards the
north of the country. However, the western part of Poland is more cloudy than the
east of the country.

Based on the results of this study, it can be concluded that at the greater part of
analysed stations the cloud cover did not change considerably and such observations
on the long-term cloudiness variability at least up to the year 2000 are consistent
with the results of other authors. In the analyses by Warren et al. (2007) and Eastman
and Warren (2013) covering the period from 1971 to the first decade of the twenty-
first century, Poland is an area of a continuing decline in cloudiness. Wibig (2008)
indicated a significant decrease in cloudiness in the city of £.6dZ in central Poland
in the second half of the twentieth century. Similar conclusions were reached by
Zmudzka (2005), also in relation to the cloudiness over Poland in the period 1951
2000, and Filipiak and Migtus (2009), characterising total cloud cover in Poland in
the years 1971-2000. However, in the most recent period, up to 2018, a decrease
in mean annual cloudiness is still proceeding, but only in the northern part of the
country. In the south, the increase of the cloudiness is observed and the process
has been advanced in the later part of subperiods analysed in this study, 1985—
2018. According to Matuszko (2003) and Lewik et al. (2010), cloudiness in Krakéw
increase from 1983 onwards.

Statistically significant changes in the cloudiness amount in particular seasons in
the period 1951-2018 are present only at a few stations in Poland, mostly located
in the southern and southwestern parts Poland. More extreme changes are found
by applying the analysis of the long-term variability of cloudiness in subperiods:
1951-1984 and 1985-2018. In case of winter, it can be observed the significant
differentiation of both periods in terms of signs of trend coefficients of cloudiness
in the country. While during the first subperiod cloudiness decreased, in the second,
the trend completely reversed and a substantial, statistically significant increase in
cloudiness was observed with the coefficient growing towards the south. More than
10 stations recorded a statistically significant change in cloudiness in spring in the
period of 1951-1984, and the observed trends in the south were stronger than in the
north. In the later subperiod, the observed trend is reversed. A few stations located
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in eastern Poland and in the highest parts of the Carpathians recorded statistically
significant changes of cloudiness in summer in the years 1951-1984. In the period of
1985-2018, the decrease in cloudiness dominated in the country. The cloudiness in
autumn slightly increased at the majority of stations in Poland in the years 1951-1984.
After 1985, at a majority of stations, increases in cloudiness were observed.

Another important feature of the cloudiness conditions in Poland is related to
the variability of the characteristic nephological days. In general, cloudy days are
much more frequent in Poland than clear ones. They are most often observed in
the Lakelands, where they constitute up to 160 days or more a year. There is a
particularly strong contrast between the Lakelands and the Coastlands, where the
discussed cases constitute on the average about 140 days or less. The number of clear
days is decreasing considerably across the country, while in case of cloudy days, such
negative changes concern only selected stations in the north, the Subcarpathians and
lower ranges of the Carpathians. According to Zmudzka (2012), the number of both
types of analysed characteristic nephological days declined in the period 1966—2000.
Moreover, the pace of the decrease in the annual number of cloudy days was greater
than in case of clear days, and this rate was particularly considerable in the case of
winter. Matuszko (2007) commented on the course of the number of characteristic
nephological days in Krakéw in the twentieth century, which is closely related to the
course of the cloud amount.

The above-mentioned situation is influenced by the fact that cloudiness is a mete-
orological element of complex origin and strongly related to other meteorological
variables. However, many authors underline the key role of atmospheric circula-
tion in shaping nephological conditions (Zmudzka 2003, 2004a, b, 2007; Matuszko
2003, 2009; Filipiak and Migtus 2009; Matuszko and Pluta 2012; Matuszko and
Weglarczyk 2018). As with other elements (such as temperature or precipitation,
Migtus and Filipiak 2001, 2002), its role increases in the cold season. As Filipiak
(2012) reported, the results of the analyses of the influence of regional atmospheric
circulation on the variability of the average monthly cloudiness demonstrated a strong
relationship between the development of clouds and the properties of the inflowing
air masses, as well as the characteristic weather features in baric systems. It was also
clearly proved that characteristic properties of cloudiness in the months of the cool
half of the year are largely determined by the character of the atmospheric circu-
lation. However, in the warm half of the year, a more important role is played by
the processes of thermal convection. Zmudzka (2004a, b, 2007, 2012) emphasised
that the decrease in cloudiness is caused by anticyclonic systems with meridional air
inflow—in the cold half of the year from the south, and in the warm mainly from the
north—while the high frequency of cyclonic systems is conducive to the increase in
cloudiness. Moreover, the trends of changes in the amount of cloudiness over Poland
correspond with changes in macro-scale circulation conditions (so-called circula-
tion epochs). Even up to 80% of changes resulting in variance in cloudiness results
directly from atmospheric circulation. Her findings were partially proved by Szyga-
Pluta (2015) in the study describing circulation influence on cloudiness in the city of
Poznan. According to Henderson-Sellers (1986) the mentioned long-term decrease
in cloudiness in Central Europe up to the beginning of 1980s was directly dependent
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on the circulational conditions and particularly in the higher than usual frequency of
radiative weather associated with baric highs. The evidence on the strong relation-
ship between cloudiness in Krakéw and North Atlantic Oscillation was presented by
Lewik et al. (2010).

The key role of regional atmospheric circulation in shaping the described element
means that the mean annual cloud amount in Poland does not differ significantly from
the values recorded in neighbouring European countries and in the entire Baltic Sea
basin (Henderson-Sellers 1986; Migtus 1998; Tuomenvirta et al. 2000; BACC 2008).
This regional climatic factor may also explain why relatively high amount of clouds
in Poland can be observed. It is perhaps related to the effect of the Atlantic Ocean,
the source of humid masses of maritime polar air, prevailing throughout almost the
whole year in Poland. When this type of air mass flows into the country, there is a
characteristic increase in cloudiness.

Despite this fact, it should be highlighted that regional atmospheric circulation is
not the only factor shaping the variability of the cloudiness in Poland. An important
role in this case is also played by processes on a local scale. The diverse relief of
the Lakelands of western Poland, situated on the route of the inflow of mentioned
humid maritime polar air masses into Poland, may be a good example of how the
local conditions may modify the level of cloudiness. It constitutes a factor favourable
for the development of cloudiness. Mountains are another example which illustrates
the influence of local factors affecting the formation of clouds. Orography greatly
influences the dynamic and thermal conditions in this area, causing the intensification
of turbulent fluxes and the development of local dynamic convective movements
(Trepiriska 2002). According to Szyga-Pluta (2017), who described the variability
of cloud cover in the Sudety Mts the increase of cloudiness is, in general, observed
with an altitude as it can be seen at Sniezka Mt. However, there are some specific
conditions related to the occurrence of anticyclonic circulation in autumn and winter,
when the thermal inversion may develop in the valleys, leading to the reverse of the
cloudiness field over the mountains and its foothills. Thus, cloud cover may develop
at a lower altitude, below high parts of the mountains, which remain very clear. This
situation, observed mostly in the cold half of the year, with the maximum in January
and least frequently from May to July, explains why mountain stations are the most
clouded places in Poland in summer and spring and not in winter. Moreover, the
number of clear days in winter recorded at Sniezka Mt., and especially at Kasprowy
Wierch Mt., are the greatest in Poland.

It is worth noting that observations of cloudiness are conducted at stations usually
located in cities. Thus, the variability of the analysed element is also influenced by
factors related to the development of the city—its territorial and industrial devel-
opment, anthropogenic heat emission, change in land use, or increased presence of
aerosols above the urban area. Morawska-Horawska (1985) and Matuszko (2003) in
the analyses of the variability of cloudiness over Krakéw, drew attention to the impact
of the urban environment in shaping the variability of nephological conditions. One
of the aspects of the city’s impact may be, in their opinion, the fact that economic
activity is conducive to, inter alia, drying the atmosphere over urban areas and the
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associated decrease in air humidity, which in turn hinders the development of cloud
cover.

Filipiak (2003) and Limanéwka et al. (2012) studied the character and rate of
changes of selected hygric elements at 10 selected stations in northwestern Poland in
the years 1951-2000 and more than 50 stations in Poland in 1966-2008. Both anal-
yses revealed that long-term relative air humidity decreases dominate both annually
and seasonally in the analysed periods. Overall, the air dried out the most in spring.
A less dynamic decrease in the value of the element is also observed in summer. In
autumn and winter, situations of long-term growth in the value of the element are
markedly more frequent than in the above discussed two seasons. In winter, in 10
series of more than the 50 analysed, the changes are statistically significant. In the
case of water vapour pressure, the value increases during 19662008, particularly in
winter. In spring and summer, the changes are not so dramatic, but above the majority
of the country, an increase in the value of the element can be observed. In autumn
the changes are the weakest, but positive trends also predominate in long-term water
vapour pressure changes. Therefore, long-term changes of hygric elements favour the
increase in precipitable water in the atmosphere, but the decreasing relative humidity
may limit the development of clouds.

Another interesting aspect of cloudiness analysis concerns cloud type. Its spatial
variability and temporal changes have been analysed by numerous Polish authors over
the last few decades. Warakomski (1962) found that the most frequently recorded
cloud genera in Poland are Stratocumulus and Altocumulus. Both clouds show the
largest regional differences in the frequency of occurrence. They are most frequent
in southwestern Poland, whereas convective clouds Cumulus and Cumulonimbus
occur most often over the northeastern part of Poland. Nowak (1971) compared the
incidence of Cumulus and Cumulonimbus clouds in Gdarnisk and Krakéw in 1961-
1965, finding convective clouds more frequent in Gdarisk due to the effect of breezes,
and in Krakdéw the relation of occurrence of both clouds to the thermal convection.
Szyga-Pluta (2002) concluded that Stratocumulus, Altocumulus and Cirrus clouds
were the most common in northwestern Poland in 1971-1990, while the other high-
level clouds were the rarest. A long-term increase in the number of cases of Cirrus,
Altocumulus and Cumulus clouds, and a decrease in the number of Cirrocumulus,
Cirrostratus and Cumulonimbus clouds was also detected. According to Migtus et al.
(2003), in Hel in the second half of the twentieth century, there is a rise in convective
clouds, accompanied by a decrease in the incidence of Stratocumulus, Stratus, Alto-
stratus and Nimbostratus clouds. Similar changes, expressed by a decrease in the
frequency of stratiform clouds Stratus and Nimbostratus, associated with a slightly
smaller decline of Stratocumulus and arapid increase in cloudiness by Cumulonimbus
and Cumulus clouds, also occur in L6dZ (Wibig 2008). Moreover, it is associated with
the more frequent occurrence of Alfocumulus and high-level clouds and the fall in
Altostratus. The study by Filipiak and Migtus (2009), related to the years 1971-2000,
confirmed that Stratocumulus, Altocumulus and Cirrus are the most frequent clouds
among, respectively the low-level, middle-level and high-level clouds in Poland, but
its percentage ranges considerably in various regions. Coastlands are more favourable
than the interior of the country for the occurrence of convective clouds and Stratus
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clouds. Stratocumulus clouds are the most frequent in areas with a diverse relief.
Essentially, the frequency of Altostratus and Nimbostratus clouds is similar all over
the country. On the whole, Cirrostratus clouds are the most frequent in western
Poland, while Cirrocumulus clouds are the rarest.

The observations made in this paper on the spatial cloud type variability and its
long-term changes are consistent with the findings of other authors presented above,
and constitute a logical extension of information on the variability of cloud genera
from the first decade of the twenty-first century. Some important discrepancies do
exist, however.

Stratocumulus is still the most frequently observed of all low-level clouds in
Poland, especially at stations located in the regions with diverse orography and at high
altitudes (in the Lakelands, Uplands and in the mountains). The highest frequency of
Cumulus is recorded in the Coastlands, while in case of Cumulonimbus, it is highly
diversified, from 4% in Zakopane at the foothills of the Tatra Mts. to 14% in Chojnice
in the Lakelands. Stratus occurs most frequently in the Coastlands. The first three
genera of low-level clouds were observed more and more frequently in Poland during
the period of 1966-2018. In the case of Stratocumulus, such a conclusion is distinct
from the findings related to the twentieth century by the mentioned authors, e.g.
Szyga-Pluta (2002), Migtus et al. (2003) and Wibig (2008). However, it is Matuszko
and Weglarczyk (2018), who, in their recent paper on the long-term variability of
amount and genera of clouds in Krakéw in the years 1906-2015, presented evidence
of the noteworthy increase of Stratocumulus since the 1960s. The finding on the
decrease in frequency of both convective clouds since the beginning of the current
century, after the earlier few decades of significant increase in their occurrence, is
also consistent with the conclusions presented by Matuszko and Weglarczyk (2018).
The number of Stratus observations also declined in the research period in Poland,
which was indicated by mentioned authors (Szyga-Pluta 2002; Migtus et al. 2003;
Wibig 2008; Matuszko and Weglarczyk 2018).

Altocumulus clouds dominate in the structure of medium-level cloudiness. As
Warakomski (1962) observed, it is mostly observed at the stations in the southwestern
partof Poland. Again, dependence on the diverse relief can be observed, like in case of
Stratocumulus. Altostratus and Nimbostratus, are not frequently observed in Poland.
The frequency of occurrence of Alfostratus slightly decreases from west to east.
The more rare Nimbostratus is observed in 5-6% of cases maximum. The number
of observed Altostratus and Nimbostratus systematically decreased, while in case
of Altocumulus, an increase in its occurrence can be observed. These conclusions
are consistent with the results related to the earlier periods in mentioned papers.
Matuszko and Weglarczyk (2018) also reported on the considerable increase in both
middle-level stratiform clouds, but it worth noting that, in contrast to this study, the
occurrence of Altocumulus in Krakéw has been declining since the beginning of the
twenty-first century.

Among high-level clouds, Cirrus is most frequently observed in Poland with a
frequency of occurrence between 10 and 22% at particular stations, but with quite
chaotic spatial distribution. Cirrostratus is observed with an average frequency of
almost 7% in the country, however this value decreases from the west to the east of
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Poland. The average frequency of Cirrocumulus in Poland is less than 1%, with the
lowest value in the Coastlands, increasing with altitude. The occurrence frequency
of all three genera of high-level clouds has been systematically increasing in Poland.
The positive trend is most pronounced in case of Cirrus. Wibig (2008) reported
on the proliferation of all genera of high-level clouds in £.6dZ in the second half
of the twentieth century. Alternatively, Matuszko and Weglarczyk (2018) found a
decreasing tendency for Cirrostratus in Krakow.

It is the matter of discussion why such diversified trends in the occurrence
of various genera of clouds are present in the analysed series. In the case of
Cirrus, one of the most probable explanations is related to the intensification
of the air traffic resulting in the increase in contrails transforming into Cirrus
clouds (Henderson-Sellers 1986). The occurrence of other cloud genera is asso-
ciated with the specific circulation conditions. According to Warakomski (1962) and
Matuszko and Weglarczyk (2018), the great frequency of occurrence of Stratocu-
mulus and Altocumulus clouds results from their linkage to maritime polar mass
inflow, prevailing throughout nearly the whole year in Poland, especially in the
cold half of the year. Though very high values of North Atlantic Oscillation index
occurred in the 1990s (Hurrell et al. 2003) resulting in the rise in advection of humid
maritime polar masses, a positive anomaly in the long-term variability of Stratocu-
mulus and Altocumulus occurrence corresponding to it can be observed. However,
in the course of Altocumulus occurrence, a positive anomaly can be observed in
the 2010s when very high values of NAO index occurred again (Deser et al. 2017).
Current global climate change manifested in the rise of surface temperature may
create conditions favourable to the more frequent occurrence of convective clouds.
On the contrary, a decrease in relative humidity may limit such development. It
may prove that the coupling between the occurrence of the particular cloud genera
and circulation patterns is non-linear. Additionally, the opinion by Matuszko and
Weglarczyk (2018) on the correctness of visual observations which constitute the
research material is sensible. For a group of observers, it is still challenging to differ-
entiate between some genera of clouds, which may result in misleading results of
any analyses of the occurrence of cloud type.

There is also an important question about the future long-term development of
cloud cover. The currently observed climate change, manifested in many ways, e.g.
in the ongoing warming of the troposphere, have significant implications for the
energy and mass fluxes between the atmosphere and the ground. Systematic changes
of the total cloud amount are associated with long-term declines or increases in the
values of a number of other climatic elements. For the area of Europe, and especially
the part located within the Baltic Sea basin, there is a positive correlation between
changes in air temperature and atmospheric precipitation (BACC 2008; BACC II
2015), at least for winter, spring and autumn. This phenomenon is consistent with
the Clausius-Clapeyron equation, whereby the mean air temperature increase of
1 °C entails about 7% increase in the potential quantity of water in the atmosphere,
including, in particular, water vapour content, the most crucial long-wave radiation
absorbent. The consistency of the nature of temperature and precipitation changes is
primarily of advection origin. In summer, the presence of water in the atmosphere
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is to a lesser degree determined by the advection factor in favour of local processes,
which also significantly influence cloudiness (Numaguti 1999). A decrease in daily
temperature amplitude, observed in the majority of areas on the planet, is connected
with an increase in total cloudiness degree (Karl et al. 1993; Zhou et al. 2016).
Changes in cloudiness are in turn the result of a number of meteorological processes
related to the quantity of water vapour, its condensability and thermal balance of the
atmosphere, and the associated development or inhibition of atmospheric instability
(Dai et al. 1999; Willett et al. 2010; Tobin et al. 2012). Hence, the question arises
to what extent the expected changes in cloudiness amount will be concurrent with
changes in other climatic elements.

Given the results the statistical empirical projections of climate elements of Poland
for the selected period of the twenty-first century obtained by Filipiak (2012) and
Migtus et al. (2012), it can be concluded that the most noticeable changes in cloudi-
ness, on the scale of the twenty-first century, reaching nearly 10% compared to the
years 1971-2000, will take place in summer. In light of the research of the above-
mentioned authors, it can be assumed that the progressive decrease in cloudiness will
also find its implications in the variability of other climatic elements. Although in
summer, the importance of local-scale processes, such as the effect of the ground,
or local convection, grows significantly in comparison to other seasons (Namaguti
1999), an increase in air temperature during this century, forecast by a majority of
climatologists, should be kept in mind (Boucher et al. 2013). The warming of the
lower troposphere is accompanied by changes in the value of evaporation resulting,
on the one hand, from the acceleration of the very evaporation rate, or on the other,
from ground desiccation. Sensible and latent heat fluxes intensify. Although the water
vapour pressure increases, relative humidity decreases quite rapidly, which means
less favourable conditions for the development of cloudiness. The decrease in cloudi-
ness during the day may lead to an increase in direct solar radiation. Considering also
strong negative correlation between cloudiness degree and maximum temperature,
an increase in the value of the thermal index should also be expected.

The expected increase in cloudiness in winter will also be conducive to systematic
warming projected by various simulations performed with selected RCMs (BACC
2008; Filipiak 2012; Migtus et al. 2012; BACC II 2015). The same simulations also
indicate an increase in precipitation totals in the coldest months of the year. The
probable reason for the changes is a combination of the process of the air warming
with the intensification of moisture flux from lower latitudes and the Atlantic Ocean
into the northern and central regions of the continent, where Poland is located. The
cloudiness increase will be consistent with the projected minimum air temperature
increase, and the presence of clouds due to the increased downward thermal radiation
will mitigate the nighttime cooling of the ground.

The reduction in cloudiness in spring is in contradiction with the increase in
temperature in the light of the suggested schemes. However, it is likely that a further
decline in stratiform cloudiness, with a simultaneous increase in convective cloudi-
ness, will continue (Wibig 2008; Migtus et al. 2003; Matuszko and Weglarczyk
2018), formed as a result of increasing insolation in spring when the sky is clear.
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The autumn changes in all the climatic elements, from temperature, to hygric indica-
tors, to cloudiness are, in turn, small enough that a certain stability of the situation,
characteristic of the described reference period, can be assumed.
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