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Abstract: This article presents the results of observations of selected fluxes of the
radiation balance in north-western Spitsbergen in the years from 2010 to 2014. Meas-
urements were taken in Ny-Alesund and in the area of Kaffigyra, on different surface
types occurring in the Polar zone: moraine, tundra, snow and ice. Substantial differ-
ences in the radiation balance among the various types of surface were observed. The
observations carried out in the summer seasons of 2010-2014 in the area of Kaffigyra
demonstrated that the considerable reflection of solar radiation on the Waldemar Gla-
cier (albedo 55%) resulted in a smaller solar energy net income. During the polar day,
a diurnal course of the components of the radiation balance was apparently related to
the solar elevation angle. When the sun was low over the horizon, the radiation balance
became negative, especially on the glacier. Diurnal, annual and multi-annual variations
in the radiation balance have a significant influence on the functioning of the environ-
ment in polar conditions.
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Introduction

Solar radiation is the main source of energy for numerous processes taking place
on Earth. The solar radiation balance of the Earth’s surface (Q*) determines the
gains and losses of energy in the form of long- and shortwave radiation. It consists
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of a shortwave radiation balance (K*) and a longwave radiation balance (L*),
and is described by the following equations in the whole spectrum range (Oke
1987):

Q* = K* + L*;
K* = K| - K1;
L*=L| - L{;

Q*= (K| - KN + (L{ -LD

where:

Q* — net radiation balance,

K* — net shortwave solar radiation,

L* — net longwave solar radiation,

K| — incoming shortwave solar radiation (direct and diffuse),

K1 — outgoing shortwave solar radiation, reflected by the active surface,
L| - incoming longwave radiation,

LT - outgoing longwave radiation, emitted by the active surface.

In polar regions there are specific lighting and climate conditions (Przybylak
2016). The all-day solar radiation during the polar day, or its total lack during
the polar night affect the state and functions of the environment.

There are a number of positive feedback mechanisms in the Arctic, enhancing
global warming, the so-called ‘Arctic amplification’ (Serreze and Barry 2011). In
the area of Svalbard the annual mean temperature of air in the period 1892 to
2012 increased by 2.6°C/100 years (Nordli et al. 2014). One of the amplification
mechanisms is the snow/ice-albedo feedback which affects the radiation and
heat balance of the Arctic Ocean by reduction of the sea ice cover (Screen
and Simmonds 2010; Iskasen et al. 2016). Quicker melting snow cover on
the land also favours absorption of solar radiation due to a decreased albedo
(Maturilli er al. 2015). Ablation increases and a negative glacier mass balance
is manifested by retreating glacier fronts and an overall deglaciation of the area.
On Svalbard, the glaciated area has decreased by an average of 80 km? over
the past 30 years, representing a reduction of 7% (Nuth et al. 2013) and about
42% in the Kaffigyra region (Sobota 2013). The permafrost is also degrading
(Etzelmiiller et al. 2011), including the one in NW Spitsbergen (Sobota and
Nowak 2014; Arazny et al. 2016).

Higher air temperature in the Arctic is also connected with an increased
interzone air circulation which brings in warmer air masses with an extra water
vapour content (Curry et al. 1996; Isaksen et al. 2016). At the same time,
the sky is more covered with clouds in all seasons of the year (Eastman and
Warren 2010). The increase in cloud amount affects the radiation balance, both
negatively (shortwave radiation) and positively (longwave radiation), which
results in a global augmentation of heat resource in the polar environment



www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

Radiation balance diversity on NW Spitsbergen in 2010-2014 63

(Nardino and Georgiadis 2003; Shupe and Intieri 2004; Zygmuntowska et al.
2012). The measurements of radiation balance conducted at Ny—Alesund (NW
Spitsbergen, 78.92°N, 11.92°E) in 1992-2013 as a part of the Baseline Surface
Radiation Network (BSRN) revealed its increase by 4.9+2.9 Wm2 per decade.
In particular, the longwave downward atmospheric radiation increased in the
winter season by 15.6 W m?2 per decade, and a smaller increase was noted
in the case of shortwave radiation in the summer season (+4.9 Wm-2/decade)
(Maturilli et al. 2015).

On Spitsbergen, measurements of solar radiation and radiation balance
components have been carried out in several areas. Near the Polish Polar Station
at Hornsund, for example, observations were started by Kosiba (1960) and were
later continued on multiple occassions (Glowicki 1985; Prosek and Brazdil 1994;
Styszyfiska 1997; Marsz and Styszyfiska 2007; Budzik et al. 2009). Since 1974, an
actinometric station has been in operation at Ny-Alesund by the Norwegian Polar
Institute and relevant results of the observations can be found in the following
publications: Vinje (1974-82); Hisdal (1986); Hisdal er al. (1992); Orbaek et al.
(1999); Budzik (2004). From 1992, the Alfred Wegener Institute operates surface
radiation measurements in Ny-Alesund contributing to BSRN (Kupfer er al. 2006;
Maturilli er al. 2015). Regular observations of the radiation and heat balance
have also been carried out at the nearby Kongsvegen Glacier and the results for
2001-2010 can be found in an article by Karner ef al. (2013). In the area of
Kaffigyra, actinometric measurements have been performed since 1978 (W¢jcik
1989; Wéjcik and Marciniak 1993, 2002; Kejna 2000; Caputa et al. 2002; Budzik
2003; Kejna et al. 2011, 2012 and others). Topoclimatic studies of solar radiation
and radiation balance have also been conducted on Spitsbergen, demonstrating
a considerable diversity of the radiation balance, depending on the type of surface
(albedo) and exposure of the terrain (Gluza and Siwek 2005; Arnold and Rees
2009; Budzik et al. 2009; Kryza et al. 2010; Kejna et al. 2011, 2012).

Here, we analyse the spatial diversity of the radiation balance components
in the north-west part of Spitsbergen in an annual course on the basis of data
from 2013-2014 and in a diurnal course on the basis of summer season data
from 2010-2014. The spatial diversity of energy absorbed by the ground will
provide more insight into the understanding of the way the climate system
functions in a polar environment.

Research area

The observations were carried out in two relatively near areas of NW
Spitsbergen: Ny-Alesund (NYA) and the area of the Nicolaus Copernicus
University Polar Station at Kaffigyra-Heggodden (KH), that have a distance
of approx. 30 km. The measurement data for Ny-Alesund were sourced from
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the AWIPEV Research Base, whereas for Kaffigyra data derived from the
Department of Meteorology and Climatology and NCU Polar Station of the
Nicolaus Copernicus University in Torun (Poland).

In this analysis, the total solar radiation at NYA and KH was compared for
the period from August 2013 to August 2014, as well as the individual radiation
balance fluxes in the summer seasons of 2010-2014 (21 July-31 August). The
measurements of radiation balance are conducted on tundra. In the area of
Kaffigyra, the radiation balance was additionally measured on other typical Arctic
surfaces: the moraines of the Aavatsmark Glacier (KH) and of the Waldemar
Glacier (LW1), in the tundra (KT) and on snow- and ice-covered surfaces of
the Waldemar Glacier’s firn field (LW?2). The basic information concerning the
measurement sites is provided in Table 1 and their locations in Figure 1.

The locations of the measurement sites were not substantially different from
the astronomical point of view. The polar day at NYA lasts from 18 April to
24 August, and the polar night begins on 24 October and ends on 18 February.
On the KH, polar day and polar night are 1 day shorter, respectively. However,
the orography of the nearby landforms, limiting the amount of incoming direct
solar radiation, is an important diversifying factor. At NYA, because of the
shadows from the nearby Zeppelin Mountains, the rays of sunlight reach the
measurement site between 8 March and 8 October (Maturilli et al. 2015).

Table 1
Location of meteorological sites in NW Spitsbergen from which data were used.
Symbol Site Latitude Lt(l)] r(li‘(’:_ altitude | Surface SS::;(I;[E:;
NYA Ny—Alesund 78°56° N | 11°57" E 8 Tundra | 2010-2014
KH Kaffigyra-Heggodden 78°41° N | 11°50" E 11 Moraine | 2010-2014
KT Tundra 78°40° N | 11°52" E 90 Tundra | 2011-2012
LWI1 Waldemar Glacier-front | 78°41° N | 12°00° E 130 Moraine 2010
LW2 | Waldemar Glacier-firn field | 78°41° N | 12°05° E | 375 aig"i‘ze 2010-2014

In the area of Kaffigyra (KH and KT), the horizon of the measurement
site is more favourable as any higher terrain obstacles are only situated in
the north and east, therefore the sun is obstructed in its lower culmination, in
particular at the end of the polar day. Substantial orographic limitations occur at
the front (LW1) and the firn field (LW2) of the Waldemar Glacier, surrounded
by mountains from three sides and free from obstacles only in the south west,
along the glacial tongue (Kejna 2012).

Despite the short distance, considerably different weather conditions may
occur in the two compared areas. The climatological situation of NYA has
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Fig. 1. Location of meteorological sites in NW Spitsbergen from which data were used in the study.

been described by Maturilli et al. (2014). The cloudiness in the area of NYA
is lesser than at Hornsund (SW Spitsbergen); in 1975-2000 the average degree
of cloudiness was 6.6 and 7.2, respectively, on a scale of 0-8 (82-90%). It is
an effect of the local orography and katabatic winds reaching the NYA site. In
summer, at NYA is less cloudy than at KH, reaching 79% and 84%, respectively
(Przybylak and Arazny 2006). At KH, clouds of the Stratus are formed and
move along the Forlandsundet (Przybylak et al. 2012). On the Waldemar Glacier,
on the other hand, the degree of cloudiness is higher but sometimes sunny
spells occur, typical of glacial areas and the interior of Spitsbergen, e.g. on the
Kongsvegen Glacier (Kupfer et al. 2006).

Methods

The Ny-Alesund data were retrieved from measurements with pyranometers
(Kipp&Zonen CM11 and CMP22) for diffuse radiation, a pyrheliometer (Eppley
NIP) for direct radiation, and pyrgeometers (Eppley PIR) for longwave radiation
(Maturilli et al. 2015).

In the area of Kaffigyra, registration of all components of the solar radiation
balance was started using Kipp&Zonen CNR4 net radiometers in the summer
of 2010 (Kejna et al. 2011) — Fig. 2. In August 2013, an automatic weather
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Fig. 2. Measurement stands in Ny-Alesund (photo Jiirgen Graeser) and in the Kaffioyra region
(photo M. Kejna). Explanation of symbol in Table 1.

station, equipped with a HOBO Silicon Pyranometer Smart Sensor was installed
at KH to record solar radiation data all year round.

The sensors at all sites were placed about 2 m above ground level. The sites
were selected to represent the typical surfaces in that area: moraine, tundra and
glacier. The instruments were inspected and cleaned on regular basis. At the
KH site, during the automatic observations carried out all year round (HOBO
automatic weather station), there was no supervision, however the design of the
equipment and the prevailing high winds prevented accumulation of snow. The
measurements were taken using the local time zone.

Results and interpretation

Annual course of radiation balance. — The incoming solar radiation K|
is determined by astronomical factors connected with variable declination of the
sun, geographical location of the area (latitude), local obscuring of the horizon
and exposure, as well as by atmospheric factors: cloudiness and water vapour
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Fig. 3. Course of solar global radiation at Ny-Alesund (NYA) and Kaffieyra (KH; upper graph)
and albedo (NYA; lower graph) in the period 15 July 2013 to 31 August 2014.

and aerosol content in the atmosphere. Solar radiation reaches the ground in
a direct or diffuse form. In Arctic conditions, with ample cloudiness, the share
of direct radiation is small and diffuse radiation prevails (Hisdal 1986).

Parallel observations carried out at NYA and KH from 15 July 2013 to
31 August 2014 revealed a substantially comparable course of K| (Fig. 3). The
Pearson linear correlation coefficient was 0.95.

An average rate of K| at NYA reached 73.6 Wm2, and sum of K| was
determined at 2322.6 MJ m2, on the basis of an annual series of observations
(August 2013 — July 2014), whereas at the same time at KH the recorded solar
radiation was 66.3 Wm=2 (2089.4 MJ m2) — Table 2.

The highest K| occurred in June 2014 at the NYA 239.5 Wm2 (597.4 MJ
m2) and at the KH 216.9 Wm2 (560.0 MJ m2), when diurnal sums exceeded
30 MJ m2 (NYA: 34.1 MJ m2 and KH: 31.8 MJ m2). Higher K| in most
months were observed at the NYA site, situated further to the north. This is
due to a smaller cloudiness amount at the NYA (Przybylak and Arazny 2006).

Most of the solar radiation is reflected from the surface (K1), particularly
in spring when the snow cover still persists. For example, in May 2013 at
NYA 159.5 Wm2 (427.9 MJ m2) was reflected, and the albedo reached 79.6%.
When the snow melted, the albedo dropped to 13—17% (Fig. 3). The shortwave
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radiation balance (K*) at NYA was 32.1 Wm=2 (1011.8 MJ m-2), 65% of which
fell on July and August (e.g. in 2014 it was 362.3 MJ m? and 296.2 MJ m2,
respectively).

Table 2

Monthly values of radiation balance fluxes at Ny-Alesund (NYA) and global solar
radiation at Kaffigyra (KH) in MJ m2 in the period July 2013 to August 2014
(- represents no data).

Month K| Kt | A@®%) | Lt L| K* L* Q*
ont

NYA | KH | NYA | NYA | NYA | NYA | NYA | NYA | NYA
Jul 2013 | 388.0 496 | 13.1 | 9216 | 8164 | 3384 | -105.1 | 2332

Aug 2013 | 2443 | 2289 32.8 13.8 9158 | 8304 | 2115 -85.4 126.1
Sep 2013 | 944 92.7 13.2 14.8 841.1 | 7552 81.1 -85.9 -4.8

Oct 2013 | 9.6 135 7.7 - 7351 | 6429 19 -923 -90.4
Nov 2013 - - - - 680.1 | 599.6 - -80.4 -80.4
Dec 2013 - - - - 699.2 | 587.6 - -111.6 | -111.6
Jan 2014 - - - - 7525 | 6884 - -64.1 -64.1
Feb 2014 | 22 24 1.7 - 6962 | 631.8 0.5 -64.4 -63.9

Mar 2014 | 69.8 75.5 56.6 81.5 695.7 | 606.1 13.2 -89.6 -76.4
Apr 2014 | 332.7 | 289.1 | 267.8 80.6 666.8 | 560.6 649 | -106.1 | -412
May 2014 | 537.7 | 484.8 | 4279 79.6 783.8 | 7023 | 109.8 | -81.5 28.3
Jun 2014 | 5974 | 5600 | 430.9 72.1 8113 | 7474 | 1664 | -639 102.5
Jul 2014 | 434.6 | 342.6 722 16.8 9277 | 8379 | 3623 | -89.8 | 2725
Aug 2014 | 3443 | 3483 48.1 14.1 9233 | 7781 | 2962 | -1452 | 151.1

Aug 2013
_Jul 2014

2322.6| 20894 | 13109 | 56.4 | 92052 | 8190.0 | 1011.8 | -10152 | -34

Explanation of symbols — see text on page 62.

The ground surface becomes a source of longwave terrestrial radiation L1,
which at NYA amounted to 291.9 Wm-2 (9205.2 MJ m-2). The highest LT was
observed, in July 2014 (346.4 Wm=2, 927.7 MJ m2) which is the time when
the surface ground temperature was the highest. In the cold half of the year,
L1 was markedly lower (257.3 Wm2, 666.8 MJ m-2 in April 2014). This kind
of radiation largely returns from the atmosphere, which becomes an important
source of energy for the surface. In the analysed year, the overall amount of
L| at NYA was 259.7 Wm2 (8190.0 MJ m'2). The longwave radiation balance
(L*) at NYA was negative, -32,2 Wm=2 (-1015.2 MJ m2).

In 2014, the radiation balance (Q*) at NYA was found to be negative
-0.11 Wm=2 (-3.4 MJ m2), however some energy surplus was observed from
May to August that year, e.g. in July 101.7 Wm2 (272.5 MJ m2). In all the
other months energy losses prevail.
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Dependence of radiation balance fluxes on atmospheric factors. —
The optical state of atmosphere (aerosol, clouds and water vapour content)
has a substantial influence on individual components of Q*. The transmittance
characteristics of the atmosphere were determined by comparing measured values
of K| with the calculated radiation sum at the top of the atmosphere Krp,.

Potential irradiance changes with the declination of the sun, which affects
the sun’s apparent position over the horizon and the length of the day. The
amount of solar radiation at the upper boundary of the atmosphere on the NW
Spitsbergen was determined using the following formula (Hartmann 1994):

Eolq- -
Kron = %g (hosin@sind + cospcosdsiniyy)

where:

Kros — diurnal sum of radiant energy reaching a horizontal surface at the top
of atmosphere (MJm-2).

Eylsc — solar constant calculated for each day of the year (Isc=1367 Wm2).

c — number of seconds in 24 hours (86 400).
hy — solar hour angle (rad).

[0} — latitude at the point of observation (rad).

) — declination of the sun on a given day (rad).

A detailed methodology has been described by Kejna et al. (2014).

As much as 4739.7 MJ m2 of solar energy reached the upper limit of the
atmosphere at NYA, and the annual sum of K| was 2322.6 MJ m2 (Table 3).
Hence, the annual average transmittance of K| was determined at 49.0%. During
the year, the months of the greatest transmittance were April (57.7%). This
indicates a smaller degree of cloudiness and a greater atmospheric transparency.
In April the mean cloudiness at NYA was only 5.7 (in the 0-8 scale) in the
period 1975-2000 (Przybylak and Arazny 2010). At KH, out of the total sum
of radiation, 4807.3 MJ m2 at the upper limit of the atmosphere, only 43.5%
of solar energy reached the ground. May and June were the only two months
of 2014 when the transmittance of K| exceeded 50%.

The influence of individual meteorological elements on the fluxes of Q* were
analysed for the KH station taking into account diurnal values of cloudiness,
sunshine duration and relative humidity of the air from 21 July to 31 August
of the years 2010-2014 (210 days altogether). Substantial correlations of the
fluxes of Q* with selected meteorological elements were found on the basis of
a linear correlation analysis (Table 4).

Increased cloudiness had a significant influence on a drop in K| and K7
(Pearson linear correlation coefficient, r = -0.71). When the sky is cloudy
(overcast), only diffuse radiation reaches the ground. The K* revealed a similar
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Table 3
Monthly sums of oglobal solar radiation (K|) at the top of atmosphere
and at Ny-Alesund (NYA) and Kaffigyra (KH) in MJ m-2
in the period July 2013 to August 2014.
K| at the top of atmosphere | K| at the surface Transmittance K|
Month (MJ m-2) (MJ m2) (%)
NYA KH NYA KH NYA KH
Jul 2013 979.1 993.5 388.0 39.6
Aug 2013 736.7 745.6 2443 2289 332 30.7
Sep 2013 311.2 314.9 94 4 92.7 30.3 294
Oct 2013 36.6 38.8 9.6 13.5 26.2 34.7
Nov 2013 - - - - - -
Dec 2013 - - - - - -
Jan 2014 - - - - - -
Feb 2014 32 3.8 22 2.4 - -
Mar 2014 177.1 181.2 69.8 75.5 394 41.7
Apr 2014 576.4 581.9 332.7 289.1 57.7 49.7
May 2014 902.1 9154 537.7 484.8 59.6 530
Jun 2014 1011.9 1026.8 597.4 560.0 59.0 54.5
Jul 2014 984.5 998.9 434.6 342.6 441 343
Aug 2014 747.5 756.7 3443 348.3 46.1 46.0
AJ‘L% 583‘ 4739.7 4807.3 23226 | 20894 | 490 435
Table 4

Pearson linear correlation coefficients between cloudiness (C), sunshine duration
(SS), relative air humidity (f), water vapour pressure (e) and mean daily solar
radiation fluxes at Kaffigyra in the period 21.07-31.08 in the years 2010-2014.

Fluxes C SS f e
K| -0.71 0.79 -0.32 -0.14
K1t -0.71 0.76 -0.34 -0.14
L] 0.55 -0.55 0.34 047
Lt -0.09 0.15 0.01 0.52
K* -0.70 0.79 -0.32 -0.14
L* 0.61 -0.63 0.34 0.23
Q* -0.50 0.59 -0.19 -0.04

Bold values are given at the level of significance of 0.05.
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correlation (r = -0.70), whereas longwave components of the radiation balance
(Q*) revealed a positive correlation with cloudiness. At a higher degree of
cloudiness, a large portion of L| returns to the ground (r = 0.55), therefore the
longwave radiation balance was more favourable (for L* r = 0.61).

The sunshine duration, being a measure of the amount of direct solar radiation
reaching the ground, was positively correlated with the shortwave components
of Q*. Both K| and K1 were positively dependent (with r = 0.79 and 0.76,
respectively), and K* was positively correlated, as well (r = 0.79). On the other
hand, the flux of L| and the longwave radiation balance, L*, revealed negative
relationships (r = -0.55 and -0.63 respectively). With clear sky, L| became
noticeably lower. A higher water vapour content in the air has a negative effect
on the shortwave radiation balance (r = -0.32 for the relative humidity measured
on 2 meters over the surface) and positive on longwave fluxes of L1 and L|
(r =047 and 0.52 for the water vapour pressure).

The solar radiation balance in the summer season at KH was significantly
correlated with cloudiness (r = -0.50). A reduction in the amount of incoming
shortwave radiation, K|, caused by clouds, leads to a decrease in Q*, which
indicates a dominant role of incoming solar energy in the determination of
summer radiation balance.

Surface-dependent radiation balance variability in the summer season. —
Summer months are of utmost importance for the radiation balance on Spitsbergen.
That is when the amount of incoming solar radiation increases and when the
surface albedo is reduced on non-glaciated land, after the snow cover melts
away. However, on glaciers a high albedo is maintained throughout the year
(in summer in their upper parts, covered with snow). On uncovered surfaces
the albedo depends on the type of surface and vegetation.

Due to the relatively short distance between the observation sites, the key
elements influencing the amount of incoming solar radiation are cloudiness and
atmospheric transparency (particularly aerosol and water vapour content). On the
basis of data from 2010-2014, slight differences were noted between the sites
during the common period of observations, 21 July—31 August (Table 5, Fig. 4).
In August, at NYA the K| was 81.8 Wm2 (297.0 MJ m2), whereas at KH it
was 83.3 Wm2 (302.1 MJ m2) and at LW2 only 77.1 Wm<2 (279.7 MJ m2).

On the other hand, the reflected K1 depends on the type of active surface
and, in particular, on whether or not it is covered with snow. Therefore, some
reflections of solar radiation occurred on tundra ground (NYA, KT) and on
moraines (KH, LW1), while the snow/ice surface of the Waldemar Glacier (LW2)
the amount of reflected radiation was a few times greater. In 2010-2014, in
August, the mean sum of K1 was 16.7 Wm?2 (44.6 MJ m2) at NYA. It was
similar at KH, but at LW2 it reached as much as 56.2 Wm-=2 (150.5 MJ m2).
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Table 5
Mean values of radiation balance fluxes at Ny-Alesund (NYA), Kaffigyra (KH)
and Waldemar Glacier (LW) in summer seasons 2010-2014.
Symbol expanations on page 62.

Period 21 Jul-31 Aug (MJIm-2day-!) 1-31 Aug MJIm2)

Stands | NYA KH KT! LWI12 | LW23 | NYA KH KT! LWI2 | LW2
Kl 104 104 10.5 10.7 9.7 297.0 | 302.1 | 281.1 | 3248 | 279.7
K1 1.5 1.5 1.5 14 53 446 | 443 390 | 449 | 150.5

A (%) 15 15 14 13 55 15 15 14 14 54
L1 300 | 30.7 31.1 299 290 | 9224 | 9449 | 9545 | 921.8 | 9119
L] 262 | 273 280 | 273 275 | 8079 | 844.6 | 863.3 | 834.8 | 846.6

K* 8.9 8.9 9.1 93 44 | 2524 | 2578 | 242.1 | 2799 | 1292
L* -3.8 -3.3 -3.1 -2.6 -1.5 |-1145 |-1003 | 912 | -87.0 | -653
Q* 5.1 55 6.0 6.7 29 | 1380 | 1575 | 1509 | 1929 63.9

I — in the years 2011-2012, 2 — in 2010, 3 — in 2013 in the period 1-31 August.

This resulted from a substantial albedo, whose average value at LW2 in August
was 54%, compared to just 14% at NYA and KH. Similar values were registered
at KT and at LWI1. In the analysed years, the albedo at LW2 varied from
91% after snowfalls to 30% after the snow melted and with a large quantity
of rock material on the glacier. The shortwave radiation balance (K*) is the
most positive in the tundra areas (NYA, KT), where it reached 8 to 10 MJ m2
per day in some years (Table 5). A little lower values were recorded on the
moraines (KH, LW1) and on glacial surfaces (LW2) K* was definitely lower
(about 3 to 5 MJ m2 per day).

Longwave radiation fluxes depend on the temperature of the emitting surface.
In the summer season, considerable warming of the ground on Spitsbergen occurs
(Arazny 2012; Arazny et al. 2016) and only on glaciers the temperatures remain
below zero or raise to 0°C at the time of snow or ice thaw. The average upward
terrestrial radiation flux (L) during the common period of 21 July-31 August
was about 30 MJ m2 per day on the research area.

The downward atmospheric radiation (L]) in the analysed period in August
was 807.9 MJ m2 (NYA), 844.6 MJ m2 (KH) and 846.6 MJ m?2 (LW2). The
longwave radiation balance (L.*) was negative and the biggest radiative energy
losses occurred in the tundra (NYA, KT) and on the moraine (KH). On glacial
surfaces (LW?2), the balance was least negative, which resulted from a smaller
radiation emittance of the chilled surface.

The solar radiation balance, Q*, comprises all radiation fluxes. It is positive
in the summer season, when the incoming solar radiation is available 24 hours
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Fig. 4. Mean course of radiation balance fluxes on Ny-Alesund, Kaffigyra and Waldemar Glacier
in the period 21 July — 31 August in the years 2010-2014. Symbol explanations on page 62.

per day. From 21 July to 31 August, the mean diurnal radiation balance reached
from 5.8 MJ m2 at the NYA site (in 2014) to 6.7 MJ m2 at LW1 (in 2010). In
the firn field of the Waldemar Glacier (LW?2) it was substantially lower (between
1.5 MJ m=2 in 2010 and 4.4 MJ m-2 in 2011) — Table 5.

The monthly sums of Q* in August were the highest at the KH site

(156.8 MJ m=2) and lower at NYA (138.0 MJ m=2), but the lowest values
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were obtained for LW2 (71.1 MJ m2). There is a considerable year-on-year
variability of Q* in the firn field of the Waldemar Glacier (from 36.9 MJ m2 to
107.8 MJ m2), which is an effect of weather changes occurring in those summer
seasons. In certain years, the snow cover at the measurement site melted and
the albedo of thus uncovered glacier ice is lower. In some seasons, the snow
persisted throughout the season and there were frequent snowfalls, increasing
the local albedo.

Diversity of radiation balance components in diurnal course. — The
solar radiation balance Q* reveals some diversity which is dependent on the
time of day and the changing elevation of the sun. Comparing the two sites
at KH (morainal surface) and at LW?2 (snow/glacial surface), slight differences
in the course of K| were found in the period from 21 July to 31 August
2010-2014 (Fig. 4). At KH, the highest mean values exceeding 220 Wm2
were recorded at midday, whereas at the time of the lower culmination of
the sun these dropped to 25 Wm=2. Similar values were observed at LW2,
but the maximum occurred one hour later, as the site was overshadowed and
the southern horizon was obstructed by mountain ridges. Greater differences
were found in the case of K1: there was more reflected radiation at LW2
(over 130 Wm2) than at KH (32 Wm2). The albedo changed with the surface,
revealing a distinct diurnal course with the highest values when the sun was
low over the horizon (KH: from 8% to 14% and LW2: from 55% to 68%
(Fig. 5). The upward terrestrial radiation (L7) demonstrated a clear surface
temperature-dependent variability. Both at KH and LW?2 distinct diurnal courses
of K| were observed, with the maximum values at afternoon hours: 371.6 Wm2
at 13:00 local time (KH), however at LW2 the highest values were recorded
a few hours later: 330.4 Wm2 at 18:00. The values of L| were similar and
did not reveal any major differences within 24 hours, reaching 329.5 Wm<2
at KH and 330.4 Wm2 at LW2.

The shortwave radiation balance (K*) was positive throughout the day,
however its value on the moraine was twice as high as on the glacier, ranging
from 104 Wm=2 to 1949 Wm2 at KH and from 6.0 Wm2 to 105.7 Wm2Z at
LW2. On the other hand, the longwave radiation balance (L*) was negative
throughout the day, yet smaller losses were observed on the glacier (up to
-23.4 Wm2 on average) than on the moraine (up to -43.5 Wm2 on average). The
total solar radiation (Q*) in the second half of the polar summer was positive
on the moraine (KH) from 3:00 to 22:00 with the maximum (152.4 Wm-2) at
afternoon hours, whereas on the glacier (LW2), it was positive from 4:00 to
18:00 with the maximum reaching 82.3 Wm2 on average.
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Fig. 5. Mean daily course of radiation balance fluxes and albedo at KH and LW2 stands
in the period 21 July to 31 August in the years 2010-2014. Symbol explanations on page 62.

Discussion and conclusion

The results of the measurements of the solar radiation balance components,
taken at Ny-Alesund and Kaffigyra on NW Spitsbergen revealed a considerable
local variability, dependent on the type of surface (tundra, moraine, snow and
ice), as well as the exposure and shading of the site.
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On NW Spitsbergen, only a small portion of solar radiation reaches the ground,
mostly due to a high degree of cloudiness. A greater K| was registered at the
NYA site (the annual sum from August 2013 to July 2014 was 2322.6 MJ m2),
situated further to the north, than at KH (2089.4 MJ m2). The mean annual
atmospheric transmittance of K| was 49.0% at NYA and 43.5% at KH. The
highest degree of transmittance at the two sites was observed in May (59.6%
and 53.0%, respectively) and June (59.0% and 54.5%). The greatest influx of
K| occurred in June 2014: 597.4 MJ m2 (NYA) and 560.0 MJ m2 (KH). The
annual sums were slightly lower than multi-year values determined at NYA:
2402 MJ m2 for 1989-2003 (Budzik 2004) and 2459.8 MJ m2 for 2008-2009
(Westermann et al. 2009). The albedo in the analysed year was higher as in
the period 1989-2003. Therefore, K* was lower and reached 1011.8 MJ m2,
whereas in the multi-annual period its mean value was 1177.7 MJ m2 (Budzik
2004). Longwave components at NYA were as follows: 9205.2 MJ m2 for
L1 and 8190.0 MJ m2 for L|, as compared with respective multiyear means:
9027.2 MJ m2 and 7907.0 MJ m2. The value of L1 was found to be strongly
dependent on the temperature of the ground, whereas L| was correlated with
the degree of cloudiness (Westermann et al. 2009). In the analysed year, the
longwave radiation balance (L*) at NYA was negative: -1015.2 MJ m2 (multi-
annual mean value: -1120.3 MJ m2). The total radiation balance (Q*) at the
same site in 1989-2003 changed year by year from positive values (194 MJ m2)
to negative values (-71 MJ m2) and its mean value was 57.4 MJ m2 (Budzik
2004). In the analysed year, Q* was -3.4 MJ m=2,

The observations carried out in 2001-2010 at the Kongsvegen Glacier
near Ny-Alesund (Karner et al. 2013) indicated that at 537 m a.s.l. more K|
(2942.3 MJ m2) reaches the ground than at the NYA site. This resulted from
a higher content of water vapour and aerosol in the lower layer of the atmosphere.
However, due to the high albedo of snow-ice surface K* is just 722.2 MJ m2.
Longwave components of radiation balance were lower (L1 8527.2 MJ m2 and
L| 7770.5 MJ m2), but the glacier area lost less energy: L* = -756.9 MJ m-2.
The radiation balance on that glacier was negative: -34.7 MJ m=2,

The radiation balance Q* and its individual components revealed a considerable
spatial variability on Spitsbergen. The decisive factor was, however, not the
latitude but the local weather, exposure and obstruction of the horizon (Kryza et
al.2010), and — in particular — the type of surface. An analysis of meteorological
determinants of the components of Q* at KH in the summer seasons of
2010-2014 confirmed a negative effect of cloudiness on the shortwave
components. As cloudiness increases the amount of incoming solar radiation
K| is reduced, and so are direct solar radiation, K1 and K*. On the other hand,
both L] and L* increase. During the polar day Q* at KH is negatively correlated
with the cloud amount. On bright days the individual components of Q* become
different between the various surfaces, wheres on cloudy days these differences
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are smaller (Bintanja 1995; Kejna 2012). Nevertheless, in the analysed years the
so-called radiation paradox, typical of polar areas in both hemispheres, where Q*
takes higher values in the presence of thick clouds (Bintanja and van den Broeke
19964, b), did not occur at KH. The radiation paradox is an effect of multiple
reflections of K| from the surface and the cloud base (Westermann et al. 2009).
An analysis of the relationships between individual fluxes with the sunshine
duration revealed positive correlations with K| and K1, but negative ones with
L] and L*. Despite substantial radiation losses connected with L1 (a surface
undergoes considerable warming at extensive sunshine duration and there is
greater emittance of longwave radiation), Q* revealed a positive correlation.

The radiation balance Q* undergoes variations in a diurnal course, depending
on the elevation of the sun. An analysis of typically polar surfaces confirmed an
essential role of albedo for the shaping of K*, which was twice lower on glacial
surfaces and reached the highest values at the time of a maximum influx of K|.
On the other hand, L* was negative throughout the day and revealed a diurnal
variability, depending on the temperature of the surface. Greater losses of heat
(L*) were observed on the moraine than on snow- or ice-covered surfaces,
whose temperature did not exceed the ice melting point. The most evident
differences between the sites were observed in the afternoon, when non-glaciated
surfaces become considerably warmed up and thus L1 increases. On snow and
ice covered surfaces L* reaches the highest values at 18:00, similarly as it is
in other polar regions, e.g. in the Antarctica (Bintanja 1995). In the analysed
period, Q* during the polar day was positive, however when the sun was lower
over the horizon, from 3:00 to 22:00 at KH and from 4:00 to 18:00 at LW2,
energy losses prevailed.

The values of individual components of Q* obtained for NW Spitsbergen
are consistent with measurements taken in other areas of the island (Table 6).
For the comparable month of August, on non-glaciated surfaces K| ranged from
23477 MJ m2 at the forefield of the Werenskiold Glacier to 306.7 MJ m?2 at
Petuniabukta.

On glaciated surfaces at the Waldemar Glacier, the mean K| was
279.7 MJ m=2, whereas in the area of Southern Spitsbergen on the Hans Glacier
it was 363 MJ m=2 in 2009, and 361.5 MJ m2 on the Werenskiold Glacier in
1957-1960. The solar radiation balance is significantly affected by the albedo
of the active surface, which in the case of the tundra ranges from 8.5% at
Calypso (Bellsund) to 16% at Hornsund, and on snow-covered and glaciated
surfaces reaches 54% (Waldemar Glacier) and 58% (Hans Glacier), although
it depends on the state of the surface. The longwave radiation balance was
negative, smaller on glaciers (e.g. -53 MJ m2 on the Waldemar Glacier and
-56 MJ m?2 on the Hans Glacier) than on warmer surfaces of the tundra or
moraines (e.g. -114.5 MJ m2 at NYA). A higher temperature of the surface
results in an increase in L1. In August, Q* is positive on Spitsbergen and reaches
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its maximum values in non-glaciated areas: 156.8 MJ m2 (KH), 138.0 MJ m?2
(NYA) and 131 MJ m2 (Hornsund). A more negative balance was observed on
the glaciers: 71.1 MJ m2 (Waldemar Glacier) and 98 MJ m-2 (Hans Glacier).

Energy incomes or losses, resulting from the solar radiation balance, affect
the functioning of the environment. In the Arctic, an increase in radiation balance
is observed, particularly connected with changes in its longwave components
(Wang and Dickinson 2013; Marturilli 2014). In polar conditions, individual
fluxes of Q* influence the temperature of the ground, its thawing depth and the
thickness of permafrost (Werstermann 2009; Sobota and Nowak 2014; Arazny
et al. 2016). Snow cover melts more quickly, the rate of ablation increases and
a considerable glacial recession occurs with a negative mass balance of glaciers
(cf. Sobota and Lankauf 2010; Karner et al. 2013).
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