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Abstract

The differences in the inflow of radiant energy at two stations in the Tatra Mountains were analysed,
as well as the role of cloud cover in shaping of radiation conditions (using nephological characteristic days).
The average increase in the annual sum of total radiation from Zakopane to Kasprowy Wierch is 193 MJ-m?
per 1000 m (5.3%). The influence of cloudiness on the inflow of radiant energy to these stations manifests
itself i.e. in significantly smaller daily sums of total radiation from mid-May to the end of August at the peak
station than at the station lying at the foot of the mountains. For the period 1986-2015, there was an increase
of 0.03 MJ-m%day’year' in the annual average daily sums of total radiation in Zakopane, despite
a significant increase in the amount of cloud cover in the warm half of the year.
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Introduction kind of research, but this data is character-
ized by a degree of imperfection, especially
in areas with varied relief (Pfeifroth et al.
2017). For this reason, research based on acti-
nometric measurements taken at ground sta-

tions is extremely valuable. In Europe, such

The inflow of solar radiation is the most
important  factor shaping the climate
on Earth and the main element in the thermal
balance of the active surface. Therefore, it is

extremely important to research the tempo-
ral variability and spatial diversity of solar
radiation on the Earth and to identify the
causes of these variations. Nowadays, satel-
lite data is used more and more often in this

studies have been conducted mainly in the
Alps (e.g., Reiter et al. 1982; Blumthaler et al.
1994; Heimo et al. 1998; Marty et al. 2002),
while there have been relatively few stud-
ies on the Carpathians, including the Tatra
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Mountains (Koncek 1974; Hess & Olecki
1984; Olecki 1989; Wojkowski 2015). Pio-
neers of actinometric research in the area
of the Tatra Mountains and Podhale were
Fedorowicz (Fedorowicz 1926; Skibinski &
Fedorowicz 1938) and Stenz (1933q,b), who
during the interwar period conducted the
first measurements of solar radiation, e.g.
in Zakopane and Hala Gasienicowa. The
average increase in total radiation in the Car-
pathians is 425 MJ:-m? per 1000 m (about
11%). An increase in total radiation from
October to April has been found in the entire
vertical profile. In the warm season - from
May to September - sums of total radiation
decrease from the foothills of the mountains
up to a level of 1,500-1,800 m, while above
this level the sums increase (Olecki 1989;
Obrebska-Starklowa et al. 1995). Similar
relationships have been found in the Alps,
where the increase in radiation with altitude
is about 7-10% for every 1000 m (Sauberer
& Dirmhirn 1958, after Barry 2008).

The amount of solar radiation reaching
the surface of an area with varied relief
depends not only on the latitude, but also
on the sky view factor, optical airmass of the
atmosphere which changes with the height
and the composition of the atmosphere. Also
important is the role of cloud cover, which
in the mountains is characterized by spe-
cific features resulting from the thermal and
dynamic influence of areas elevated above
sea level and of varied relief. Therefore, mod-
ern research focuses mainly on developing
models that allow for the best estimation
of irradiance during clear sky conditions
and relating the clear sky module to the
cloudy sky module (e.g., Mueller et al. 2004).
The relationship between total solar radio-
tion and cloud cover has been the subject
of research by many authors (Kimball 1928;
Kasten & Czeplak 1980; Matuszko 2009).
The main aim of these analyses was to deter-
mine the dependence of the amount of radio-
tion reaching the Earth’s surface on various
cloud features, mainly the amount and com-
position type of the clouds (Haurwitz 1945;
Lumb 1964; Rimdczi-Padl 1985; Padl 1987).
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The non-linear relationship between total
radiation and the amount of cloud cover
has been defined, among others, by Mateer
(1963) and Méser and Raschke (1983). Mon-
teith and Unsworth (1988) showed that thick,
low-level layered clouds can reduce the inten-
sity of solar radiation by 80-90%. They also
found that, under certain conditions, con-
vective clouds can contribute to an increase
in the instantaneous value of radiation inten-
sity by 10-15% in relation to cloudless weath-
er. The possibility of an increase in irradiance
associated with the presence of clouds was
also confirmed by Feister et al. (2015) on the
basis of research conducted in the Andes.

Studies of multiannual variability in the
amount of solar radiation reaching the
Earth’s surface have shown that, up until
the end of the 1980s, there was a negative
trend of changes in solar radiation (Russak
1990; Liepert 2002; Podogrocki 2002; Ohm-
ura 2006). However, after 1990, an increase
was detected in the amount of radiation
reaching the Earth’s surface (Bogdanska
& Podogrocki 2000; Sanchez-Lorenzo et al.
2008). The main reasons for the changes
in trend direction are changes in the cloud
cover regime, which are a consequence
of changing circulation conditions (Russak
1990; Zmudzka 2007; Sidorenkov & Orlov
2008), as well as changes in the transparen-
cy of the atmosphere as a result of a reduc-
tion in the amount of pollutants in the
atmosphere (Chiacchio et al. 2011).

The main objective of this research is to
determine the differences in the inflow
of radiant energy and the characteristics
of the distribution of daily sums of total solar
radiation over the course of the year in Zako-
pane and at Kasprowy Wierch, located at the
foot and peak of the Tatras, respectively.
The question of the role of amount of cloud
cover in the shaping of radiation conditions
is also addressed. In addition to its amount,
cloud cover was also described using nepho-
logical characteristic days. Furthermore,
multiannual trends of changes in the daily
sums of total radiation and the amount
of cloud cover were defined.



Total solar radiation in Zakopane and at Mount Kasprowy Wierch ... 213

Source material
and research methods

The research was based on the daily sums
of total radiation and the average daily cloud
cover during the period 1986-2015 from the
Institute of Meteorology and Water Manage-
ment station in Zakopane (h = 857 m above
sea level, 49.293751N, 19.962834E) and from
the high-altitude meteorological observatory
at Kasprowy Wierch (h = 1,991 m above sea
level, 49.231833N, 19.981556E). The former
is an urban station located on a slope with
a broad concave form (Réw Podtarzanski);
the latter is a peak station located in a dip
of the main ridge of the Western Tatras

(Fig. 1).
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Figure 1. Location of stations used in the
research

Complete data was available for cloud
cover and radiation in Zakopane. The few
(less than 1%) deficiencies in the radiation
data for Kasprowy Wierch were supplement-
ed based on the data from Zakopane (the cor-
relation coefficient of daily sums of radiation
at Kasprowy Wierch and in Zakopane was
over 0.8).

The data was subjected to homogeneity
checks using the Alexandersson homogeneity
test (Alexandersson & Moberg 1997). Stations
in Warsaw and Kotobrzeg were used as refer-
ence stations (Sanchez-Lorenzo et al. 2013).
The critical value of the test at the level of
o= 0.05 for a thirty-year period was obtained
from the work of Khalig and Ouarda (2007).
The conducted tests showed that the poten-
tial breaking of homogeneity at the stations

in Zakopane and at Kasprowy Wierch is not
statistically significant in any year (Fig. 2).

The annual course of the average daily
sum of radiation in the period 1986-2015
for the analysed stations was investigated.
In addition, the average daily radiation
sums were calculated on characteristic days
in terms of amount of cloud cover: sunny
(N, <20%)including cloudless(N_ =0%), and
overcast (N_ >80%) including full cloud cover
(N,, = 100%), and their annual course was
determined. The method of delimitation
of nephological characteristic days adopted
in the research is one of the more frequent-
ly used methods in climatological studies
in Poland (Zmudzka 2012). The average dai-
ly cloud cover was calculated on the basis
of data from 8 periods. The main features
of the distribution of the daily sums of total
solar radiation (median, interquartile range,
extreme values) were determined. In addition,
the following coefficients were calculated:
variability V, skewness A and flatness Ku for
daily sums of solar radiation and average
daily cloud cover. The analysis was carried
out for seasonal (hereinafter spring stands
for March, April, May - i.e, lll, IV, V, summer
for June, July, August - VI, VII, VIII, autumn
for September, October, November - IX, X,
X! and winter for December, January, Febru-
ary - XII, I, 1) and annual periods.

In each case, the differences in daily
sums of total radiation at Kasprowy Wierch
and in Zakopane were analysed. The sta-
tistical significance of the differences
was determined using the Mann-Whitney
U test at the level of o = 0.05. The percent-
age share of characteristic days in terms
of nephology on days with extremely large
sums of total solar radiation (> 95th percen-
tile) was also calculated. In these calcula-
tions, cloudy days were also distinguished
(20% < N_, < 80%). Furthermore, the multi-
annual trends of changes in the daily radia-
tion sums and the amount of cloud cover
were determined in monthly, seasonal and
annual terms. The linear regression method
and the Mann-Kendall trend rank method
were used (Mitchell 1966) (the daily sums
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ersson’s T test at Kasprowy Wierch and in Zakopane

(1986-2015). The critical value of the test at the significance level o = 0.05 is shown by the blue line

of total solar radiation and the sums aggre-
gated to monthly values have a distribution
similar to log-normal).

Results

Astronomical conditions of the inflow
of solar energy to the Earth’s surface
at Kasprowy Wierch and in Zakopane

The location of the analysed stations at 49°N
means that the shortest day of the year
(21/22 December) lasts 8 hours and 11 min-
utes, and the longest (20/21 June) nearly
twice as long - 16 hours and 15 minutes. The
small distance between the analysed stations
means that days are virtually the same length
throughout the year. The altitude of the sun
at high noon is about 0.06° higher at the
high-altitude station (Tab. 1). On the shortest
day at high noon, the sun’s altitude is 17.38°
at Kasprowy Wierch and 17.32° in Zakopane;
on the longest day, these values are 64.2°
and 64.15° respectively.
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The annual total radiation at Kasprowy
Wierch is 42% of the annual radiation in the
upper atmosphere, while in Zakopane it is
just 39%. The sun-diminishing impact of the
atmosphere in Zakopane is greater than
at Kasprowy Wierch throughout the year,
apart from in summer, when the transmission
coefficient at Kasprowy Wierch is the low-
est during the year (Tab. 2). In Zakopane, the
greatest diminution in radiation during the
year falls in winter. For both stations, the high-
est percentage of non-atmospheric radiation
reaches the Earth’s surface in spring.

Annual course of total radiation
at Kasprowy Wierch and in Zakopane

The increase in the daily sums of total solar
radiation, starting from the winter solstice,
conditioned mainly by astronomical factors
- especially the increase in the altitude of the
Sun above the horizon - is inhibited during
the summer, which is related to increasing
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Table 1. Astronomical factors of the inflow
of solar radiation at Kasprowy Wierch and
in Zakopane in selected months (data for 2000,
15th day of the month, local time) (calculations
according to the NOAA Solar Calculator, https://
www.esrl.noaa.gov/gmd,/grad/solcalc/)

Kasprowy Wierch

sun’s
Month time time length | altitude
of sunrise | of sunset | of day | athigh

noon

1 5:53 17:45 11h 52" | 38.87°
Vi 3:34 19:47 16h 13" | 64.10°
IX 517 17:53 | 12h 36" | 43.61°
Xl 7:29 15:42 8h 13 17.53°

Zakopane

sun’s
Month time time length | altitude
of sunrise | of sunset | of day | at high

noon

Ml 5:53 17:46 | 11h 53 | 38.80°
Vi 3:34 19:48 16 h 14’ | 64.04°
IX 517 17:53 12h 36" | 43.55°
Xl 7:29 15:42 8h 13" | 17.47°

Table 2. Conditions for the inflow of total solar
radiation at Kasprowy Wierch (KW) and in Zako-
pane (Z) in selected months (1986-2015)

Transmission factor *
Month/year

KW Z
I 0.50 0.42
VI 0.36 0.38
IX 0.40 0.38
Xl 0.43 0.31
I-XII 0.42 0.39

*Transmission factor - quotient of total radio-
tion reaching the Earth’s surface via the actual
atmosphere and radiation reaching the upper
atmosphere

cloud cover, among other things (Fig. 3, 4).
This inhibition is particularly notable in the
high Tatras. The difference in the amount

of cloud cover between the analysed stations
is at its highest between June and August
- a difference of 7% on average (Fig. 5).

The annual course of cloud cover at both
stations, despite some similarity, is charac-
terized by certain distinct features. In both
cases it is complex in nature. At the high-
altitude observatory, the main maximum
amount of cloud cover falls in June, with the
secondary maximum in November. In Zako-
pane, the highest cloud cover falls at the
turn of autumn and winter (November), while
the secondary maximum occurs in June
and is less pronounced than in the high
Tatras. Over the whole year, the cloud cover
at Kasprowy Wierch is greater than in Zako-
pane. The exception is December. The con-
sequence of the effect of cloud cover on the
inflow of radiant energy is the incompatibil-
ity between the period of occurrence of the
annual highest daily sums of total radiation,
and the period of occurrence of the long-
est day and the highest altitude of the sun
above the horizon. The annual highest aver-
age daily sums of total radiation at Kasprowy
Wierch occur in May (16.36 MJ-mZday’),
in Zakopane in July (16.30 MJ-mZday?),
and the lowest in December (Kasprowy
Wierch - 3.60 MJm?day’, Zakopane
- 2.63 MJ-mZday?).

For the majority of the year - from Sep-
tember to mid-May - the daily sums of total
radiation at Kasprowy Wierch are higher
than in Zakopane. The biggest differences,
exceeding 2 MJ-m2day”, occur in the period
from the end of March to the middle of April
(Fig. 6). On individual days the differences
exceed 3.0 MJ-m™. The development of cloud
cover in the summer, especially in the high
Tatras, means that from mid-May to the end
of August the daily sums of total radiation
at Kasprowy Wierch are lower than in Zako-
pane. Differences on individual days exceed
2.5 MJ-m?, with maximum average monthly
differences of 1.53 MJ-m?(15.06 - 15.07).

In seasonal terms, the differences between
the average daily sums of total solar radia-
tion at Kasprowy Wierch and in Zakopane
are significant throughout the year, with

Geographia Polonica 2019, 92, 2, pp. 211-231
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Figure 4. Annual course of the average daily sum of total radiation (MJ-m?-day ) and the average daily
cloud cover (%) at Kasprowy Wierch and in Zakopane (1986-2015)

values from -0.8 MJ-m2day”’ in summer to
1.6 MJ:m?day’ in spring. Throughout the
year, the average daily inflow of total solar
radiation is higher at Kasprowy Wierch by
0.6 MJ-m?(Tab. 3).

Over the whole year, in seasonal terms,
the maximum, minimum and first and third
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quartile values of the daily sums of radia-
tion are higher at Kasprowy Wierch (Fig. 7).
Only in summer are the average daily sum
of total radiation, the median and the inter-
quartile range values higher at the foot of the
mountains. The differences between the
maximum values of total radiation at the two
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Figure 6. Average differences in the daily sums of total solar radiation (MJ-m?-day ") at Kasprowy Wierch
and in Zakopane (1986-2015). Black line - 31-day moving average

stations are greater than for the minimum atthe high-altitude station. The annual highest
values, which indicates the higher annual daily sums of total radiation, reaching a value
amplitude of the daily sums of radiation of 35.8 MJ:-m?day” at Kasprowy Wierch and
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Table 3. Average daily sum of total solar radiation (MJ-m?-day) at Kasprowy Wierch and in Zakopane
and average difference between the two stations (1986-2015). Statistically significant differences at the
level of o = 0.05 are shown in bold

Station -V VI-VII IXXI XU [-XII

Kasprowy Wierch 14.6 14.8 7.9 51 10.6
Zakopane 13.0 15.6 7.1 4.0 10.0
Difference 1.6 -0.8 0.8 1.1 0.6

40

v VIV
% Kasprowy Wierch

IXXI XI-I

% Zakopane

Figure 7. Distribution of the daily sums of total solar radiation (MJ-m?day”) in different seasons
at Kasprowy Wierch and in Zakopane (1986-2015). Central line - median; box - | and Ill quartiles;

whiskers - minimum and maximum values

31.7 MJmZday” in Zakopane, occur in sum-
mer, and the lowest - 0.36 MJ-mZday’
at Kasprowy Wierch and 0.04 MJ-m2day’
in Zakopane - in autumn.

The dispersion of the daily sums of total
solar radiation at the analysed stations
is higher in the colder than the warmer part
of the year:itis highestin autumn at Kasprowy
Wierch, and in winter in Zakopane. The
standard deviation is 65% and 69% percent,
respectively, of the average daily sum (Tab. 4).
The winter period also sees the largest varia-
tion in the average daily cloud cover at the
two stations. The lowest values of the coef-
ficient of variability in the daily sums of total
solar radiation occur at Kasprowy Wierch
in summer, and in Zakopane in spring. Sum-
mer is also characterized by the smallest vari-
ability in average daily cloud cover. The dis-
tribution of the daily sums of total radiation
at the two stations, regardless of the season
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(except for the summer period in Zakopane),
is characterized by a positive asymmetry, and
the average daily cloud cover by a negative
asymmetry.

The value of the 95th percentile of the
daily sums of total radiation changes through-
out the year at Kasprowy Wierch from
11.8 MJ:-m2day” in winter to 27.7 MJ-m?-day’
in summer, and in Zakopane from
9.5 MJ:-mZday” in winter to 27.2 MJ-mZday’
in summer (Tab. 5). In the spring, the val-
ues of the 95th percentile of the daily sums
of total radiation are about 1.5 times higher
than in the autumn.,

On days with an extremely high inflow
of radiant energy (> 95th percentile), the struc-
ture of characteristic days in terms of neph-
rology is similar at both stations. Most com-
mon (over 70% of days) are cloudy days (20%
< N_, < 80%), and least common are over-
cast days (N_ > 80%) (Tab. 6). This structure
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Table 4. Values of coefficients of variability V, skewness A and flatness Ku of the daily sums of total solar
radiation and average daily cloud cover, by season and by year, at Kasprowy Wierch (KW) and in Zako-
pane () (1986-2015)

Daily sums of total solar radiation

Coeff. station -V VI-VIII IXXI X1t 1-XII
KW 0.44 0.48 0.65 0.63 0.66

Y z 0.51 0.46 0.66 0.69 0.72
Kw 0.38 0.31 0.67 0.47 0.68

g z 0.16 -0.02 0.65 0.50 0.74
KW -0.41 -0.53 0.16 5.60 -0.01

. z -0.72 -0.86 -0.13 6.88 -0.41

Average daily cloud cover

Coeff. station -V VIV IX-XI XII-11 X1
Kw 0.35 0.32 0.41 0.45 0.39

Y z 0.38 0.38 0.42 0.43 0.40
KW -0.92 -0.63 -1.04 -1.01 -0.79

: z -0.61 -0.50 -0.77 -0.96 -0.72
Kw 0.04 -0.17 -0.40 -0.46 -0.15

. z -0.17 -0.52 -0.43 -0.17 -0.32

Table 5. 95th percentile of the daily sums of total radiation (MJ-m?-day”) at Kasprowy Wierch and
in Zakopane (1986-2015)

Station -V VIVII IX-XI XII-11 I-XII
Kasprowy Wierch 26.8 27.7 18.3 11.8 246
Zakopane 25.0 27.2 16.3 9.5 24.0

Table 6. Percentage of characteristic days in terms of the amount of cloud cover on days with extremely
large sums of total radiation (> 95th percentile) and on all days at Kasprowy Wierch (KW) and in Zako-
pane (Z) (1986-2015)

Days with extreme!y large sums All days
of radiation
Days
KW z KW z
Sunny (including cloudless) 20.9(0.4) 27.1(1.6) 7.4(0.9) 8.0(1.7)
Cloudy 76.0 72.4 44.6 51.9
Overcast (including full cloud cover) 31(+) 0.5(-) 48.0(11.7) 40.1(5.3)

Geographia Polonica 2019, 92, 2, pp. 211-231
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differs from the structure calculated on the
basis of all days when overcast and cloudy
days occur with a similar frequency, which
constitute from over 40% to 52% of days.
In the multiannual perspective, there are
about three times fewer sunny days com-
pared to days with extremely large sums
of total radiation. On average, at both sta-
tions - especially at Kasprowy Wierch - there
are many days with full cloud cover, whereas
on days with extremely large sums of radia-
tion, such days did not occur.

The maximum amount of cloud cover
on days with extremely high sums of total
radiation was 90.6% at Kasprowy Wierch and
87.5% in Zakopane. The days with the highest
sum of total radiation - 35.83 MJ-mZday’
at Kasprowy Wierch (04.06.1988) and
31.68 MJ-m2day’ in Zakopane (24.06.2007)
were cloudy days (the average daily amount
of cloud cover was 45.3% and 31.3%,
respectively).

Variability of daily sums of total
radiation in the annual cycle on sunny
days (N_, < 20%) at Kasprowy Wierch
and in Zakopane

The annual course of the daily sums of total
solar radiation on sunny days is similar
to the course on all days (Tab. 7). However,
low cloud cover affects the relative increase
in sums of radiation, with average values from
23 MJm?*day' in  autumn up to
10-13 MJ:m2day” in summer. Throughout
the year, this value is larger in the high Tatras
than in the foothills. A particularly large dif-
ference in the size of the increase in the daily
sums of radiation on sunny days between the
stations was found in summer. Throughout
the year, the average daily sum of total solar
radiation on sunny days in the high Tatras
is significantly higher than in the foothills
(Tab. 7). It is worth noting that the number
of sunny days at Kasprowy Wierch in the sum-
mer is almost half that in Zakopane (Tab. 8).
A special case of sunny days are cloud-
less days (N_ = 0%). The average daily sums
of total radiation, calculated on the basis

Geographia Polonica 2019, 92, 2, pp. 211-231
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of all days, constitute from 43% in summer
to 73% in spring of the average daily sum
of radiation on cloudless days at Kasprowy
Wierch, and from 51% in summer to 76%
in spring in Zakopane. In autumn and winter,
they constitute from 59% to 68% of the sum
of radiation on cloudless days. During the
whole year on cloudless days, the average
daily sums of total solar radiation are higher
at the high-altitude station than in Zakopane.
The differences are statistically significant
in autumn and winter (Tab. 7).

The average and extreme (> 95th per-
centile) daily sums of total solar radiation
on clear days in spring and autumn, and
throughout the year, are smaller than their
corresponding values calculated on the basis
of data from sunny days (Tab. 7, 9). However,
it should be noted that statistical inference
was carried out with regard to samples of dif-
ferent sizes (Tab. 8). There are very few cloud-
less days - in the summer there was only one
cloudless day at both stations at the same
time, and in the spring there were nine such
days.

On sunny days, the smallest daily sums
of total radiation range from 3.2 MJ-m2day’
in Zakopane and 3.4 MJ-m2day in Kasprowy
Wierch in winter to 15.4 MJ-m?.day” in Zako-
pane and 151 MJm?Zday’ at Kasprowy
Wierch in summer. In the high Tatras, the
smallest daily sums of radiation during
sunny days throughout the year are higher
than in Zakopane (Fig. 8). Only in summer
is the minimum value of daily sums of total
radiation higher in Zakopane.

Variability of daily sums of total
radiation in the annual cycle

on overcast days (N_ > 80%)

at Kasprowy Wierch and in Zakopane

The average daily sum of total solar radia-
tion on overcast days (N_ > 80%) is highest
at Kasprowy Wierch during the spring, and
in Zakopane in summer (Tab. 10). At both sta-
tions, the smallest average sums throughout
the year fall in winter. During the summer
on overcast days, the average daily inflow
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Table 7. The average daily sum of total solar radiation (MJ-m?-day) on sunny days (N_ < 20%) (A) and
cloudless days (N_ = 0%) (B) at Kasprowy Wierch and in Zakopane, and the average difference between
the two stations (1986-2015). Statistically significant differences at the level of o = 0.05 are shown

in bold

-V VI-VII

IXXI XU 1-XI1

Station
A B A B

A B A B A B

Kasprowy Wierch 22.4 20.0 27.3 343
Zakopane 20.1 17.2 25.2 30.6

13.8 12.6 8.3 8.7 15.0 1.4
1.7 10.5 6.4 6.6 13.0 9.2

Difference 2.3 2.8 21 37

21 21 1.9 21 2.0 2.2

Table 8. Percentage of sunny days (N_ < 20%) (A) and cloudless days (N_ = 0%) (B) out of the total
number of days at Kasprowy Wierch and in Zakopane, and at both stations simultaneously (1986-2015)

1-v VI-VIII

IXXI XII-11 I-XI1

Station
A B A B

A B A B A B

Kasprowy Wierch 53 0.3 3.0 0.0
Zakopane 7.0 1.1 54 0.2

9.2 0.8 12.2 2.4 7.4 0.9
9.2 1.8 10.4 3.7 8.0 1.7

Concurrently 4.5 0.3 2.7 0.0

6.9 0.5 8.9 1.6 57 0.6

Table 9. 95th percentile of daily sums of total radiation (MJ-m?-day™) on sunny days (N < 20%) (A) and
cloudless days (N_ = 0%) (B) at Kasprowy Wierch and in Zakopane (1986-2015)

-V VI-VIII

IXXI XII-11 I-XI1

Station
A B A B

A B A B A B

Kasprowy Wierch 30.4 26.0 33.1 -
Zakopane 28.2 22.1 29.8 -

20.7 17.2 14.0 14.4 28.3 18.0
18.5 13.6 11.8 1.7 25.5 21.0

of total radiation is the same at both stations.
For the rest of the year, the daily sums of total
radiation on overcast days are significantly
higher in the high Tatras.

The greatest number of overcast days
at Kasprowy Wierch occur in spring (51.0%
of all days), and in Zakopane in winter (47.4%
of days) (Tab. 11). The biggest difference
in the number of overcast days between the
stations occurs in summer.

On overcast days, the median of the daily
sums of total solar radiation at Kasprowy
Wierch and in Zakopane is about 2.5 times

higher than on sunny days in winter and
spring, and about 3.5 times higher in sum-
mer and autumn. At the high-altitude station,
the highest median during the year occurs
in spring, and in Zakopane in summer (Fig. 9).
During the whole year, the maximum and
minimum daily sums of total solar radiation
are higher at Kasprowy Wierch than in Zako-
pane. The exception occurs in the summer
period, when the highest sum and the 75th
and 95th percentile of daily sums of total
solar radiation are higher in Zakopane than
at the peak station (Fig. 9, Tab. 12).
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Figure 8. Distribution of daily sums of total solar radiation (MJ-m?-day”) on characteristic days in terms
of amount of cloud cover: sunny days (N < 20%) and cloudless days (N, = 0%) at Kasprowy Wierch
and in Zakopane (1986-2015). Central line - median; box - | and Il quartiles; whiskers - minimum and

maximum values

Table 10. The average daily sum of total solar radiation (MJ-m?-day) on overcast days (N, > 80%)
(A) and days with full cloud cover (N_ = 100%) (B) at Kasprowy Wierch and in Zakopane, and the aver-
age difference between the two stations (1986-2015). Statistically significant differences at the level

of a.=0.05 are shown in bold

1-v VIV

IX-XI XI-11 1-XI1

Station
A B A B

A B A B A B

Kasprowy Wierch 9.9 9.1 8.3 59
Zakopane 7.8 3.4 8.3 3.1

4.6 3.9 3.4 3.2 6.5 57
3.8 1.7 2.6 1.5 5.5 2.5

Difference 2.2 5.7 0.0 2.8

0.8 2.2 0.8 17 1.0 3.2

On days with full cloud cover (N_ = 100%)
the daily sums of total radiation are higher
in spring and summer than in autumn and
winter, with the highest values occurring
in spring (Tab. 10). Throughout the year, the
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difference in the amount of inflowing radiant
energy to Kasprowy Wierch and Zakopane
on these days is statistically significant, and
the individual characteristics of the distribu-
tion of daily sums of solar radiation assume
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Table 11. Percentage of overcast days (N > 80%) (A) and days with full cloud cover (N = 100%) (B) out
of the total number of days at Kasprowy Wierch and in Zakopane, and at both stations simultaneously

(1986-2015)

-V VI-VIII

IXXI XII-11 [-XI1

Station

Kasprowy Wierch 51.0 12.7 43.5 8.4
Zakopane 416 5.5 31.3 3.6

47.8 12.6 49.7 13.0 48.0 1.7
40.5 6.2 47.3 58 40.1 5.3

Concurrently 38.7 3.7 29.9 2.8

34.2 3.8 39.1 2.8 355 33

40
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35
30
25

20

MJ-m2.day!
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40
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Figure 9. Distribution of daily sums of total solar radiation (MJ-m?-day”) on characteristic days in terms
of amount of cloud cover: overcast days (N, > 80%) and days with full cloud cover (N = 100%)
at Kasprowy Wierch and in Zakopane (1986-2015). Central line - median; box - | and Il quartiles;

whiskers - minimum and maximum values

higher values at Kasprowy Wierch than
in Zakopane (Fig. 9, Tab. 12). Spring also
stands out in terms of nephological condi-
tions. At Kasprowy Wierch, this is the season
with the greatest cloud cover during the year
and it is characterized by a large number

of days with full cloud cover in the Tatra pro-
file (Tab. 11).

During the whole year, the lowest medians
and first and third quartiles of the daily sums
of total solar radiation occurred on days with
full cloud cover (except for the third quartile
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Table 12. 95th percentile of daily sums of total radiation (MJ-m?-day') on overcast days (N_ > 80%) (A)
and days with full cloud cover (N = 100%) (B) at Kasprowy Wierch and in Zakopane (1986-2015)

-V VIV IX-XI XI-11 I-X11
Station
A B A B A B A B A B
Kasprowy Wierch 16.8 15.5 151 1.2 9.7 8.2 7.3 6.5 14.5 11.9
Zakopane 16.0 6.5 15.7 5.7 9.3 3.6 6.1 3.6 13.9 5.5

in winter at Kasprowy Wierch). In summer
and winter, and in the case of the first quar-
tile in autumn, the highest values occurred
on cloudless days. In the transitional seasons,
spring and autumn, they occurred on sunny
days.

Multiannual variability of daily sums
of total solar radiation and average
daily cloud cover at Kasprowy Wierch
and in Zakopane

In  the multiannual analysis, irregular
changes in the values of both climate ele-
ments are observable from year to year.
Linear trends explain a small percentage

of variability in both the daily sums of total
solar radiation and the average daily cloud
cover (Fig. 10, 11). The annual average daily
sums of total radiation in Zakopane saw sig-
nificant increases (Tab. 13). This was mainly
a consequence of the significant increase
in the amount of radiation in the warm half
of the year (in monthly terms: in April and
August). This occurred despite the significant
increase in cloud cover in Zakopane in this
part of the year. There was also a significant
increase in cloud cover at the foot of the
mountains in winter. In the remaining seasons,
no trend was identified for changes in the
analysed climate elements. In monthly terms,
a significant increase in the amount of cloud

Table 13. Direction coefficients of the trend of changes in daily sums of total radiation (MJ-m?2-day-year")
and the average daily amount of cloud cover (%-year”) at Kasprowy Wierch and in Zakopane (1986-2015).
Statistically significant coefficients at the level of o = 0.05 are shown in bold

| Il 1l vV V \ i VI IX X Xl il
Station
Total solar radiation
Kasprowy Wierch | -0.03 | -0.02 | 0.01 | 0.05 | -0.05 | 0.01 |-0.04 | 0.01 | 0.01 |-0.02 | 0.00 | 0.02
Zakopane -0.01|-0.01 | 0.03 | 0.08 | 0.02 | 0.04 | 0.03 | 0.06 | 0.03 | 0.01 | 0.02 | 0.02
Cloud cover
Kasprowy Wierch 0.60 | 0.25 | -0.10 | -0.24 | 0.03 | -0.04 | 0.05 | -0.07 | -0.12 | 0.20 | -0.12 | 0.06
Zakopane 0.59 | 0.40 | -0.10 | -0.19 | 0.07 | 0.04 | 0.07 |-0.05|-0.05 | 0.28 | -0.15 | 0.07
-V VI-VII IX-XI XII-11 IV-IX X |-XI1
Station
Total solar radiation
Kasprowy Wierch 0.00 -0.01 -0.00 -0.01 -0.00 -0.01 -0.00
Zakopane 0.04 0.05 0.02 -0.00 0.05 0.01 0.03
Cloud cover
Kasprowy Wierch -0.10 -0.02 -0.01 0.31 0.15 -0.06 0.04
Zakopane -0.07 0.02 0.03 0.35 0.18 -0.02 0.08
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Figure 10. Multiannual course of the average daily sum of total radiation (MJ-m?-day) at Kasprowy
Wierch and in Zakopane (1986-2015). The graphs show trend lines, their equations and determination
coefficients R?
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Figure 11. Multiannual course of the average cloud cover (%) at Kasprowy Wierch and in Zakopane
(1986-2015). The graphs show trend lines, their equations and determination coefficients R?
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cover in the analysed multiannual period was
found at both stations in January. This corre-
sponded to a significant decrease in the daily
sums of radiation at Kasprowy Wierch, and
an insignificant decrease in Zakopane.

Discussion

The obtained results highlight the strong
impact of cloud cover on the formation
of radiation conditions at the Earth’s surface.
Although in June the sum of solar radiation
in the upper atmosphere is higher than in July,
the values are lower at the Earth’s surface,
at the analysed Tatra stations. This is due
to an increase in cloud cover of about 5%.

The development of cloud cover has
a modifying effect on the annual course
of daily sums of total solar radiation. The
annual cycle of daily sums of total radia-
tion at Kasprowy Wierch and in Zakopane,
resulting from the impact of astronomical
factors, is not a sinusoid - it is character-
ized by a summer flattening, which is espe-
cially visible at the peak station. The annual
maximum of the daily sums of total radiation
is shifted towards May at the high-altitude
station and towards July in Zakopane. These
characteristics of the annual course of the
daily sums of total radiation at the analysed
stations can be considered as a repeated
pattern, occurring regardless of the research
period (Bogdarska & Podogrocki 2000).

The average increase in the annual sum
of total radiation from Zakopane to Kasprowy
Wierch is 193 MJ:-m? per 1000 m (about
5.3%). The highest increase during the year
occurs in spring (10.8% for every 1000 m)
and in winter (24.5% for every 1000 m). Simi-
lar relationships have been found in the Alps,
where the increase in radiation with altitude
is about 9-11% for every 1000 m (Sauberer
& Dirmhirn 1958, after Barry 2008).

The average daily sums of total solar radio-
tion at Kasprowy Wierch and in Zakopane are
highest with partial cloud cover (sunny days),
and not with cloudless skies. In seasonal terms,
this pattern applies in spring and autumn. It is
often mentioned in the literature that, on days
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where the sky is partially covered by cumulus
clouds, temporary values of radiation intensity
may be higher than under the same condi-
tions on cloudless days (e.g., Robinson 1977,
Padl 1987; Monteith & Unsworth 1988; Segal
& Davis 1992; Matuszko 2009). However, the
reason for the observed pattern in this case
is the very small number of days from which
average values are calculated in the indi-
vidual seasons. In the autumn, at both sta-
tions simultaneously, there were 15 cloudless
days; there were only 9 in spring, and none
of these days occurred in May. Thus, the aver-
age daily sum is lower than the corresponding
sum on sunny days. The average daily sums
of total solar radiation in summer and winter
were highest on cloudless days. The average
daily inflow of radiant energy and the maxi-
mum daily sums of total solar radiation were
lowest on days with full cloud cover. Maximum
sums occurred on cloudy days. This situation
occurred in the summer, and on average over
the year. In autumn and winter at Kasprowy
Wierch, and in spring in Zakopane, the larg-
est daily sums of total solar radiation, as well
as the averages, occurred on sunny days.
In terms of minimum sums, the highest values
occurred throughout the year at both stations
on cloudless days. The smallest daily sum
of total radiation from spring to autumn, and
on average throughout the year, was found
at Kasprowy Wierch on overcast days, and
in Zakopane on days with full cloud cover.
Only in winter did the minimum value occur
at Kasprowy Wierch on a cloudy day, and
in Zakopane on an overcast day.

At Kasprowy Wierch, the lowest daily sums
of total radiation in the period from September
to February decreased to below 0.5 MJ-m?2.
The smallest sum of radiation in the analysed
30-year period at Kasprowy Wierch, at just
0.36 MJ-m?, was 100 times smaller than the
maximum daily sum at this station. In Zako-
pane, the lowest daily sum, in November
and December, had a value of hundredths
of a MJ:m? On a day with full cloud cover
on 15 November 1988, the daily sum of solar
radiation was 0.04 MJ-m?, which was nearly
800 times smaller than the maximum sum.
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The increase in the amount of cloud cover
over Poland in early summer is associated with
a change in the circulation conditions. At the
turn of May and June, the direction of geo-
strophic wind from SE to NW changes over
Poland (Kozuchowski & Zmudzka 2002). This
change in the wind signals the arrival of the
summer ‘European monsoon’ (Kossowska-
Cezak 1994). The advection of cool and humid
air masses from the north-west causes a sig-
nificant increase in the amount of cloud cover
over Poland (Zmudzka 2007). This increase
is particularly high on the northern slope
of the Carpathians, which force air to rise over
the windward slopes. In autumn, the sums
of radiation are lower than in spring, not only
because of the smaller sums of non-atmos-
pheric radiation, but also due to the significant
increase in cloud cover, mainly layered.

In addition to astronomical conditions,
the condition of the atmosphere is impor-
tant in the formation of radiation condi-
tions, including the amount of inflowing
total radiation. This condition is dependent
on several other factors, in addition to the
amount of cloud cover, which were not taken
into account in the analysis, such as turbidity
and air pollution. The sun-diminishing impact
of the atmosphere in Zakopane is greater
than at Kasprowy Wierch throughout the
year, apart from summer, despite the fact
that cloud cover is greater at the peak station
throughout the year. In Zakopane, a particu-
lar weakening of non-atmospheric radiation
occurs during the cold part of the year, when
the difference in the amount of cloud cover
between the analysed stations is relatively
small. On cloudless days in autumn and win-
ter in Zakopane, the daily sums of total radia-
tion are significantly lower than at Kasprowy
Wierch. This situation may be caused, among
other things, by air pollution, which is boost-
ed by numerous emission sources, as well
as frequent inversions of air temperature
covering the lower part of the vertical profile
of the Tatra chain. It may also be affected by
the obstruction of the horizon at the Zako-
pane station, which is conditioned by its loca-
tion on a concave slope.

In periods of high-pressure weather, with
the settling of the air, it happens that a com-
pact cover of layered clouds lies below the
station at Kasprowy Wierch. On 57 days over
the analysed multiannual period (0.5% of all
days), the average daily amount of cloud cov-
erin Zakopane was 100%, while at Kasprowy
Wierch it was no more than 80%.

For both stations, the highest percentage
of non-atmospheric radiation reaches the
Earth’s surface in spring. This is the period dur-
ing the year in which there is a relatively high
frequency of Arctic air masses with high trans-
parency over southern Poland (NiedZwiedz
2003). However, at the foot of the Tatras, the
transmission coefficient is much lower than
at Kasprowy Wierch, which may result from
an extended heating season and the emis-
sion of pollutants from household furnaces
(although lower than in the autumn/ winter
season). In winter, at Kasprowy Wierch, the
daily sums of solar radiation are the highest
in the whole of Poland.

As the research has shown, the amount
of the sky covered by clouds is an important
feature of cloud cover - though not the only
one - which has a significant impact on the
amount of inflowing radiant energy. The com-
position type of the clouds and their position
relative to the sun have a significant but not
yet sufficiently explained effect (e.g., Monteith
& Unsworth 1988; Robinson 1977; Kuchinke
& Nunez 1999). These factors affect the
amount of radiation by modifying the pro-
portions of the components of total radiation
(direct and scattered radiation). This aspect
will be further researched in the Tatra region.

There is a positive trend in changes in the
annual average daily sums of total radia-
tion in Zakopane during the analysed multi-
annual period, which indicates a change
of direction in the amount of inflowing radi-
ant energy in relation to earlier periods (e.g.,
Bogdanska & Podogrocki 2000). Negative
trends in changes in the amount of radiation
in the second half of the twentieth century
(up to the 1990s) occurred over a large area
of Central Europe (Russak 1990). The increase
in the annual average daily sums of total
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radiation in Zakopane was mainly a con-
sequence of a significant increase in the
amount of radiation in the warm half of the
year (in monthly terms: in April and August).
This occurred despite the significant increase
in cloud cover in Zakopane in this part of the
year.

In this study, cloud cover was described
using nephological characteristic days, which
is one of the methods for describing the amount
of cloud cover. The average daily cloud cover
used to detect these days was calculated using
eight synoptic terms, which means that, for the
majority of the year, observations before and
after sunset were used in the calculations, with
the number of these observations changing
throughout the year. The generally accepted
methodology for determining characteristic
days based on the amount of cloud cover may
affect the obtained results, which is also relat-
ed to the different daily course of the amount
of cloud cover in the hot and cold parts of the
year, and thus to the impact on the amount
of cloud cover during the solar radiation inflow
period. Behind these methodological consid-
erations lies a probable lack of strict depend-
ency of the daily sums of total solar radiation
on the average daily amount of cloud cover
(the correlation coefficient between these
variables was -0.48 at Kasprowy Wierch, and
-0.52 in Zakopane).

Conclusion

The main objective of the research was
to determine the differences in inflow of solar
energy to the Earth’s surface between two
stations located in the foothills and in the
Tatras, as well as to examine the role of cloud
cover in shaping radiation conditions. In addi-
tion, the study defined long-term change
trends in daily sums of total radiation and
in cloud cover. The study used daily data
provided by the Institute of Meteorology and
Water Management, concerning Zakopane
and Kasprowy Wierch stations in the thirty-
year period 1986-2015. The cloud cover was
described in terms of its size as well as the
number of characteristic nephological days.
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The influence of cloudiness on the inflow
of radiant energy to the stations located
at the foot and the peak of the Tatras mani-
fests itself in:

« slowdown in the increase in daily sums
of total radiation during summer; these
daily sums start increasing from the winter
solstice and the slowdown is particularly
big in the high Tatras,

« the fact that the period with the biggest
daily sums of total radiation in the year
does not match the period when the long-
est day and the highest altitude of the Sun
above the horizon are observed,
significantly smaller daily sums of total
radiation from mid-May to the end
of August at the peak station than at the
station lying at the foot of the mountains,
bigger differences in daily sums of total
radiation at the analysed stations occur-
ring during the cold half of the year than
during the warm half,

« daily sums of total radiation increasing
more with altitude on sunny days than
on all days on average. The difference
between the stations in the size of the
increase in average daily sums was par-
ticularly big on sunny days in summer.
On overcast summer days, the average
daily inflow of total radiation was the
same at both stations.

A substantial increase in the amount
of radiation was observed in the warm half
of the year in Zakopane, despite a significant
increase in cloud cover at the same time.
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