
23© Springer Nature Switzerland AG 2019 
H. Hop, C. Wiencke (eds.), The Ecosystem of Kongsfjorden, Svalbard,  
Advances in Polar Ecology 2, https://doi.org/10.1007/978-3-319-46425-1_2

Chapter 2
The Atmosphere Above Ny-Ålesund: 
Climate and Global Warming, Ozone 
and Surface UV Radiation

Marion Maturilli, Inger Hanssen-Bauer, Roland Neuber, Markus Rex, 
and Kåre Edvardsen

Abstract The Arctic region is considered to be most sensitive to climate change, 
with warming in the Arctic occurring considerably faster than the global average 
due to several positive feedback mechanisms contributing to the “Arctic amplifica-
tion”. Also the maritime and mountainous climate of Svalbard has undergone 
changes during the last decades. Here, the focus is set on the current atmospheric 
boundary conditions for the marine ecosystem in the Kongsfjord area, discussed in 
the frame of long-term climatic observations in the larger regional and hemispheric 
context.

During the last century, a general warming is found with temperature increases 
and precipitation changes varying in strength. During the last decades, a strong 
seasonality of the warming is observed in the Kongsfjord area, with the strongest 
temperature increase occurring during the winter season. The winter warming is 
related to observed changes in the net longwave radiation. Moreover, changes in the 
net shortwave radiation are observed during the summer period, attributed to the 
decrease in reflected radiation caused by the retreating snow cover.

Another related aspect of radiation is the intensity of solar ultra-violet radiation 
that is closely coupled to the abundance of ozone in the column of air overhead. The 
long-term evolution of ozone losses in the Arctic and their connection to climate 
change are discussed.
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2.1  Introduction

Like anywhere else on the globe, the atmosphere in the Kongsfjord area, Svalbard, 
is affected by global climate change. Warming of the climate system is unequivocal, 
and since the 1950s, many of the observed changes are unprecedented over decades 
to millennia. The atmosphere and ocean have warmed, the amounts of snow and ice 
have diminished, sea level has risen, and the atmospheric concentrations of green-
house gases have increased (IPCC 2013).

The Arctic region is considered to be most sensitive to climate change. Warming 
in the Arctic occurs considerably faster than the global average (IPCC 2007) due to 
various feedback mechanisms contributing to the “Arctic amplification”. Climate 
model simulations suggest that the largest contribution can be attributed to tempera-
ture feedbacks (Pithan and Mauritsen 2014). Furthermore, the snow/sea ice – albedo 
feedback is a well-known concept (Curry et  al. 1995; Lindsay and Zhang 2005; 
Screen and Simmonds 2010), which gains importance as climatic warming has 
caused a substantial decrease in the extent and thickness of Arctic sea ice (Cavalieri 
and Parkinson 2012). Over the last two decades, the Greenland ice sheet has been 
losing mass, glaciers have continued to shrink, and Arctic sea ice and Northern 
hemisphere springtime snow cover have continued to decrease in extent (IPCC 
2013). Large parts of the excess energy absorbed by the climate system have been 
stored in the oceans, leading to an increase in upper ocean temperature and facilitat-
ing evaporation of water vapor to the atmosphere. Water vapor, clouds, and their 
radiative feedbacks are known as important factors in the Arctic climate system 
(Curry et  al. 1996; Francis and Hunter 2007; Bennartz et  al. 2013). Moreover, 
changes in the atmospheric circulation result in a strengthening of meridional heat 
transport to the high latitudes and further account for Arctic warming (Graversen 
et al. 2008; Zhang et al. 2008), along with the possibility that Arctic atmospheric 
circulation itself is modified by the strong warming (Francis et al. 2009; Overland 
and Wang 2010). In the upper atmosphere, stratospheric water vapor, ozone, and 
other greenhouse gases contribute with chemical and dynamical feedbacks in the 
coupled system on the global scale (e.g. Garcia and Randel 2008; Dessler et  al. 
2013).

Furthermore, the ozone layer is modulating the ultra-violet (UV) radiation reach-
ing the surface. While radiative fluxes in both the shortwave and longwave range 
generally play a key role in the complex Arctic region, the incoming solar radiation 
determines the biological activity in the Arctic marine environment. Photoautotrophic 
organisms need sunlight for the process of photosynthesis, and e.g. the diel vertical 
migration of zooplankton is controlled by the incoming irradiance (Wallace et al. 
2010), even in polar night conditions (Berge et al. 2009). The Kongsfjord marine 
environment and ecosystem structure are thus conditioned by the climatological 
situation and the available radiation at the surface. The following sections describe 
the climatological aspects of the Kongsfjord area, and emphasize on surface radia-
tion observations to provide a setting for the biological aspects that are discussed in 
the chapters thereafter.

M. Maturilli et al.
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2.2  Recent Climate in Ny-Ålesund, Kongsfjorden, Svalbard

The Svalbard archipelago is located in the high Arctic, yet due to the North Atlantic 
Current moderating temperatures it has a significantly warmer climate than other 
environments at the same latitude. Situated North of the Arctic circle, the Svalbard 
archipelago experiences polar day in summer and polar night in winter. In 
Kongsfjorden at the west coast of Svalbard (Spitsbergen), atmospheric observations 
are centered in and around the settlement of Ny-Ålesund. Though generally, polar 
night (polar day) conditions in the Kongsfjord are given between 24 October and 18 
February (18 April and 24 August), respectively, direct sunlight reaches Ny-Ålesund 
only between 8 March and 8 October due to mountains in the South. The complex 
orography of mountains and glaciers also affects atmospheric processes on the 
micro- and mesoscale. With both coastal and mountainous influences, Ny-Ålesund 
may not be a representative location for the general Arctic, but provides evidence 
for general Arctic variability and change when looking at synoptic time scales.

The Kongsfjord climate is characterized by the superposition of synoptic and 
mesoscale effects. Typically, Svalbard is situated along the main track of cyclones 
transporting warm and humid air from lower latitudes to the North. Generally, there 
are fewer shorter and stronger cyclones in winter, and more numerous longer-lived, 
but weaker, cyclones in summer in the Arctic region (Zhang et al. 2004). Monthly 
mean station-level pressure in Ny-Ålesund is generally above 1000 hPa, and above 
1010 hPa during the sun-lit period (Maturilli et al. 2013). As the cyclonic activity is 
lower in summer, pressure change from day-to-day is lower than in spring or 
autumn. The maximum of day-to-day pressure variability occurs in winter when 
passing cyclones persist shorter but with larger amplitudes in pressure gradient 
(Maturilli et al. 2013).

The orography of the Kongsfjord area has a large impact on the local climate. 
The surrounding mountains frequently cause the generation of orographically 
induced clouds, and modify the wind field by channeling the air flow along the fjord 
axis within the lowermost kilometer of the atmosphere. Also the occurrence of sea 
breeze and katabatic outflow from glaciers act on the local meteorology. Thus, 
atmospheric parameters may be different from the Ny-Ålesund observations when 
looking at different locations along Kongsfjorden.

2.2.1  Temperature

During the year, the land surface around Ny-Ålesund changes considerably due to 
the presence or absence of the snow cover. In summer, the surface around Ny-Ålesund 
exhibits its tundra vegetation, as temperatures rise above the freezing point and the 
snow-cover vanishes. The melt-season starts around May–June, with the actual 
onset of melting depending on the individual synoptic situation of each year. The 
annual cycle of the monthly mean surface air temperature in Ny-Ålesund is shown 
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in Fig. 2.1, from temperature data measured at 2 m height on a meteorological tower 
operated by the Alfred Wegener Institute since August 1993. As indicated by the 
standard deviation, the inter-annual temperature variability is small during the sum-
mer months, but the minimum temperature still allows for single snow events. 
Usually, the snow cover remains stable only after October. During the polar night, 
the inter-annual temperature variability is much larger due to the dynamics and 
strength of the cyclonic systems. In winter, the air temperature is very sensitive to 
the synoptic wind direction as the large-scale temperature gradient is much stronger 
than in summer, so winters with common northerly-easterly winds are much colder 
than winters with common southerly winds. The Ny-Ålesund maximum tempera-
ture indicates the possibility of rain also during the winter months, and indeed dur-
ing recent winters several periods with rain have occurred.

2.2.2  Wind

Throughout all seasons, the common wind direction in Ny-Ålesund is along the 
fjord axis from the inland to the coast (Førland et al. 1997a). While the synoptic 
wind field is present above roughly 800 m altitude, the Spitsbergen mountains mod-
ify the air flow in the lowest atmospheric kilometer, resulting in a complex wind 
field and causing a decoupling from the large scale synoptic flow (Maturilli and 

Fig. 2.1 Annual cycle of the monthly mean temperature (black line) ± 1 standard deviation (grey 
lines), and the daily minimum and maximum temperatures (blue and red lines, respectively) 
obtained from surface air temperature measurements between August 1993 and July 2014. (Update 
of Maturilli et al. 2013)
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Kayser 2017). In the surface layer, the prevailing wind direction in Ny-Ålesund is 
south-easterly, with the flow from 120° along Kongsfjorden due to drainage winds 
transporting cold air from the Kongsvegen glacier located about 10 km to the east- 
south- east of Ny-Ålesund (Beine et  al. 2001). Furthermore, the channeled wind 
flow along the fjord is locally superimposed by mesoscale air flow along valleys or 
katabatic winds from glaciers (Burgemeister 2013). Thermal land-sea breeze circu-
lation and mechanical wind channeling are the leading processes in the modulation 
of the local wind field (Esau and Repina 2012). Also the formation of a cold-pool 
over ice-covered parts of the fjord may play a role. In Ny-Ålesund, sea breeze from 
northern directions arrive on short time scales during the summer months (Maturilli 
et al. 2013). Overall, independent of the synoptic scale flow the wind flow in the 
lowermost atmosphere is mainly along the fjord axis, but local variations are likely 
to occur and will differ considerably for different locations along the fjord (e.g. 
Mazzola et al. 2016). Also, variations in the wind speed may lead to snow redistri-
bution, with local differences in snow cover duration and according ecological 
impact. The wind speed also affects the generation of mechanical turbulence in a 
stably stratified atmospheric boundary layer, with impact on the surface fluxes.

2.2.3  Humidity and Precipitation

In the Svalbard fjord landscape, the combined effect of large-scale humidity advec-
tion and local processes result in a prevailing specific humidity inversion (Vihma 
et al. 2011) and also drive the amount of surface atmospheric humidity. Related to 
temperature, the summer months are more humid than the winter months. In relative 
humidity, the seasonal variation is small with monthly mean values between 60% 
and 85% (Maturilli et al. 2013). Yet, absolute values reveal the dryness of Arctic air, 
with the maximum in monthly average H2O mixing ratio of about 4.7 g kg−1 in July, 
while the winter months (December/January/February) exhibit an average H2O 
mixing ratio of about 1.4 g kg−1 (Maturilli et al. 2013).

The measurement of precipitation poses serious challenges in the Arctic environ-
ment due to drifting or blowing snow. While fake precipitation caused by solely 
blowing snow can be excluded through quality control, the combination of precipi-
tation and blowing snow causes problems. Consequently, precipitation records from 
the Arctic are influenced by substantial measuring errors, e.g. caused by undercatch 
of the precipitation gauges (Førland and Hansen-Bauer 2003).

As evident from the annual cycle in temperature (Fig. 2.1), both rain and snow 
(mixed precipitation) may occur in Ny-Ålesund at any time of the year. The annual 
cycle of the monthly precipitation amount in Ny-Ålesund, as measured by the 
Norwegian Meteorological Institute, is shown in Fig. 2.2. In the Svalbard region, 
most of the precipitation occurs in connection with cyclones approaching from the 
Southwest-Northwest sector (Førland et al. 1997a). Generally, the mountain regions 
receive the greatest amounts of precipitation and the inner fjord region the least, but 
orography causes local differences (Førland et al. 1997a). Precipitation is usually 
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increasing with increasing altitude due to the lifting and consequent cooling of air 
masses over hills and mountains (Førland 1979). Local precipitation also depends 
on the large-scale wind direction. Førland et al. (1997b) found that for large-scale 
winds from South and Southwest, the precipitation at the glacier Austre Broggerbreen 
was about 60% higher than in Ny-Ålesund, while for winds from northwest, 
Ny-Ålesund got more precipitation than the stations at the glacier.

2.2.4  Radiation

While the described meteorological parameters account for the climatological back-
ground of the Kongsfjord area, incoming radiation is particularly important for the 
biogeochemical activity of the ecosystem. With the increasing research activities in 
Ny-Ålesund in the late 1980s, surface radiation measurements have been set up by 
the Alfred Wegener Institute, contributing to the Baseline Surface Radiation 
Network (BSRN) since August 1992. The set-up includes the measurement of direct 
solar radiation by pyrheliometer, diffuse, global and reflected (downward and 
upward, respectively) shortwave radiation by pyranometers, as well as up- and 
downward longwave radiation by pyrgeometers (Maturilli et al. 2015). Here, long-
wave radiation refers to the spectral range 3.5–50 μm, while the broadband short-
wave measurements cover the spectral range 200–3600  nm. In Ny-Ålesund, 
additional filtered shortwave radiation measurements are operated in the wavelength 
ranges 300–370 nm and 695–2800 nm.

Fig. 2.2 Annual cycle of the monthly mean precipitation (black line), and the observed minimum 
and maximum monthly precipitation amount (blue and red lines, respectively), obtained between 
August 1993 and July 2014

M. Maturilli et al.
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The photosynthetically active radiation (PAR) refers to the spectral range that is 
effective in the process of photosynthesis, commonly defined from 400 to 700 nm. 
With the available BSRN measurements in Ny-Ålesund, it is possible to infer the 
PAR by subtracting the filtered radiation measurements from the broadband global 
radiation, as the energetic contribution of the remaining shortwave 200–300 nm and 
longwave 2800–3600 nm ranges to the broadband irradiances are negligible. The 
resulting BSRN-PAR refers to the spectral range 370–695 nm, and its annual mean 
cycle is shown in Fig. 2.3. The monthly mean noon values are listed in Pavlov et al. 
(Chap. 5). As a spectral subset, the BSRN-PAR closely follows the global radiation 
measurements. The main contribution to the large quantitative difference between 
global radiation and PAR is attributed to the subtracted longer wavelength range 
(695–2000  nm) which has 10 times larger irradiance values than the subtracted 
shorter wavelength range (300–370 nm). Examples for the daily PAR distribution 
on a clear and a cloud-covered day are given in Pavlov et al. (Chap. 5) in the context 
of resulting underwater radiation and its impact on the marine ecosystem.

Figure 2.4 shows the annual cycle of the various surface radiation parameters as 
measured by the BSRN station in the years 1993–2017. The global radiation basi-
cally depends on the solar elevation angle and the cloud cover. During the 25-year 
observation period, the monthly mean global shortwave radiation SWdown (Fig. 2.4a) 
reveals a large inter-annual variability during the summer months, caused primarily 
by the different occurrence of clouds. The reflected radiation (upward shortwave 
radiation, Fig.  2.4c) results from the incoming global radiation and the surface 

Fig. 2.3 Phytosynthetically active radiation (PAR) in the wavelength range 370–695  nm, as 
retrieved from BSRN pyranometer measurements in the years 1993–2017 (grey lines for all years 
of observation, black line for overall mean)
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reflectivity. Here, the largest inter-annual variability is found for the snow melt 
months May, June and July, as the largest change in surface reflectivity occurs with 
the change from snow cover to tundra ground. Both shortwave components exhibit 
a distinct annual cycle related to the Earth’s axial tilt.

As the thermal radiation components are temperature dependent, their annual 
cycle resembles very much the annual cycle of temperature. The amount of upward 
longwave radiation (Fig. 2.4d) is further controlled by the surface texture and state, 
while the downward longwave radiation (Fig. 2.4b) is additionally modified by the 
presence of radiative active components in the atmosphere, e.g. clouds, humidity, 
and greenhouse gases. Although the absolute values of the longwave radiation com-
ponents are smaller during the dark period, the inter-annual and month-to-month 
variability is much larger due to the large winter variability in atmospheric tempera-
ture and humidity, as well as cloudiness and the related radiative effects.

The described surface radiation parameters add up to the surface net radiation 
budget RADnet = SWnet + LWnet = (SWdown − SWup) + (LWdown − LWup) that describes 
the net flux of radiative energy at 2 meters above the terrestrial surface (Fig. 2.5). 
In the absence of shortwave radiation during the polar night period, net radiation 

Fig. 2.4 Ny-Ålesund monthly mean values (grey lines for single years 1993–2017, black line for 
overall mean) for downward shortwave radiation SWdown (a), downward longwave radiation LWdown 
(b), upward shortwave radiation SWup (c) and upward longwave radiation LWup (d), respectively. 
(Update of Maturilli et al. 2015)
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budget is given by the longwave net radiation only. Thus, the net radiation budget 
is negative during winter, as the upward thermal radiation overwhelms the down-
ward thermal radiation. Only with the returning solar radiation during the sun-lit 
period and consequent positive shortwave net radiation, the net radiative budget 
increases and in the long-term mean is positive between April and August. The 
individual net radiation budget obviously depends on the persistence of the snow 
cover and on cloudiness. Overall, the annual mean net radiation budget in 
Ny-Ålesund has positive values for more than a decade, with a total average of 4.8 
Wm−2 in the period 1993–2017. Together with sensible and latent heat fluxes, the 
net radiation budget contributes to the surface energy budget.

2.2.5  Surface Energy Budget (SEB)

Kongsfjorden is surrounded by mountainous terrain, characterized by tundra, gla-
ciers, soil and rock fields, and local permafrost ground. Clearly, the formation and 
melting of a snow pack is the characteristic feature in the annual course of the 
Svalbard landscape. The snow cover has a considerable influence on the surface 
energy balance by changing the surface albedo and affecting the sensible and latent 
heat exchange between the surface and the atmosphere. For the terrestrial ecosys-
tem, the surface energy balance is of crucial importance. Combined measurements 

Fig. 2.5 Ny-Ålesund 25-year average monthly mean values of the shortwave net radiation 
[SWnet = SWdown − SWup] (blue line), the longwave net radiation [LWnet = LWdown − LWup] (red 
line), and the net radiation budget [RADnet = SWnet + LWnet] (black line) +/− 1σ standard deviation 
of monthly means (dotted lines, respectively). (Update of Maturilli et al. 2015)
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of radiation, sensible and latent heat flux, as well as ground heat flux and other 
related parameters have been performed at several sites in the vicinity of Ny-Ålesund 
(e.g. Harding and Lloyd 1998; Boike et al. 2003, 2018). Analysing the annual cycle 
of the surface energy budget at the Bayelva site close to Ny-Ålesund, Westermann 
et al. (2009) found that during the summer months, the net shortwave radiation is 
the predominant energy source, while turbulent processes and the heat flux in the 
ground cause a cooling of the surface. For the months of July and August, they 
attributed 15% of the net radiation involved in the seasonal thawing of the soil active 
layer. During the dark winter period, the dominant energy loss of the surface is 
attributed to net longwave radiation, mainly compensated by the sensible heat flux 
and also by the ground heat flux originating from the refreezing of the active layer. 
While latent heat fluxes are found insignificant for the average surface energy bud-
get when the surface is covered by snow, strong evaporation is observed during the 
snow melt and snow free period, leading to a compensation of the sensible heat 
fluxes by the latent heat fluxes when regarding the annual average (Westermann 
et al. 2009). Overall, the annual cycle of the surface energy budget at the Bayelva 
site is characterized by distinct features grouped in six seasons by Westermann et al. 
(2009), starting with summer season when the ground is snow free and the short-
wave radiation dominates the SEB. In the following autumn season, the snow layer 
is formed and the shortwave-dominated SEB is in transition to the subsequent dark 
season which is dominated by the longwave radiation. With the returning sunlight 
after polar night, the shortwave radiation increases again during the light winter 
season, yet its influence on the SEB is small due to the high surface albedo of the 
remaining snow cover and the large zenith angles. After this period with the lowest 
soil and skin temperatures, the growing importance of the shortwave radiation and 
the increasing temperature define the premelt season, which is followed by the snow 
melt season when the bare tundra surface appears while the incoming shortwave 
radiation is largest.

Generally, the presence or absence of a snow layer and thus the timing of snow 
melt and resulting albedo changes are main factors for the surface energy budget. 
Horizontal heterogeneity of the terrain, the soil composition, the surface structure 
and also irregular snow accumulation patterns need to be taken into account when 
applying radiative, sensible or latent heat flux measurements for ecological 
studies.

2.3  Observed Climate Change in Ny-Ålesund and Svalbard

The above given climatological description elucidates the mean atmospheric state in 
Ny-Ålesund during the recent two decades. Yet, global change and the effect of 
Arctic amplification are detected also in the Svalbard region, affecting the current 
Kongsfjord climate.

Since 1901 almost the whole globe has experienced surface warming. However, 
the warming has not been linear, since most warming occurred in two periods: 
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around 1900 to around 1940 and around 1970 onwards (IPCC 2013). While the 
early twentieth century warming was mostly predominant in the Atlantic region 
(Overland et al. 2004), the more recent warming is global in nature, persisting over 
the whole Arctic. In Europe, the Svalbard Archipelago is the region that has experi-
enced the greatest temperature increase during the past three decades (Nordli et al. 
2014).

The detection of climate trends is a complex issue that strongly depends on mea-
surement uncertainties and data homogeneity. Inhomogeneities in meteorological 
long-term series may be caused by e.g. relocations of sensors, changed environment 
(buildings etc) and instrumental improvements, (Førland et  al. 1997a). In 
Ny-Ålesund, synoptic measurements of temperature have been performed at the 
same site since 1975, but by combining with earlier measurements at Isfjord Radio, 
homogenized, composite temperature series are established for Ny-Ålesund back to 
1934 (Førland et al. 1997a, 2011). An even longer time series has been established 
known as the Svalbard Airport composite series, reaching back to 1898 by merging 
historical data from various Svalbard sites (Nordli et al. 2014).

Low-pass filtered updated composite temperature series for Ny-Ålesund and the 
Svalbard Airport are shown in Fig. 2.6. The series reveal long-term variability with 
a minimum in the 1910s. The early twentieth century warming from about 1920 to 
the middle of the century is obvious from the Svalbard Airport temperature record-
ing, with a peak in the 1930s and another one following in the late 1950s detected 
in both time series. Since the late 1960s, temperature has increased rapidly, and the 
present regime of Spitsbergen temperatures, which covers the years 2005 to present, 
is the warmest one ever recorded (Nordli et al. 2014).

Despite the large variability, significant positive trends over the whole period 
were detected for annual as well as seasonal means. Regarding the annual mean, the 

Fig. 2.6 Low-pass filtered annual mean surface air temperature for the composite series 
Ny-Ålesund (dark blue line) and Svalbard Airport (light blue line)
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linear trend of the long-term Svalbard Airport composite series is 3.1 K per century, 
whereas the largest trend is in spring at 4.3 K per century.

However, climatic time series often have trends for which linear regression is not 
a good approximation (e.g. Seidel and Lanzante 2004). The residuals from a linear 
fit in time often do not follow a simple autoregressive or moving average process, 
and linear trend estimates are dependent on method and easily change when recal-
culated or when new data are added, especially for short time series. When linear 
trends for two parts of a longer time series are calculated separately, the trends cal-
culated for the shorter periods may be very different (even in sign) from the trend in 
the full period, caused by decadal scale variability. Obviously, when considering the 
much shorter time frame of the Ny-Ålesund BSRN measurements during the last 
two decades, the annual mean temperature increase is much larger compared to 
other parts of the longer time series (Fig. 2.6). Yet, as polar ecological research in 
Kongsfjorden is mostly operated since 1993, the focus is now set on the last two 
decades when discussing temperature and radiation changes.

The surface meteorological measurements at the BSRN site are operated since 
August 1993, and linear regression of the annual mean temperature for the years 
1994–2017 gives a temperature increase for this period of 1.6 ± 0.7 K per decade 
(update of Maturilli et al. 2013). Yet, the observed warming is more complex when 
looking at the different seasons (Fig.  2.7), including data until 2017. While the 
considerable temperature increase in spring of about 1.0 ± 1.4 K per decade is sta-
tistically insignificant due to the large scatter of the data, the moderate summer 
warming of 0.6 ± 0.5 K per decade and the larger autumn warming of 1.4 ± 1.2 K 

Fig. 2.7 Ny-Ålesund seasonal mean surface air temperature from BSRN site August 1993 to 
December 2017 for spring (green dots), summer (red dots), autumn (yellow dots), and winter (blue 
dots), with the linear regression (colored lines, respectively). (Update of Maturilli et al. 2015)

M. Maturilli et al.
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per decade are statistically more stable, respectively. By far the largest part of the 
annual mean temperature increase accounts for the winter period, showing a sea-
sonal temperature increase of 3.0 ± 2.0 K per decade (update of Maturilli et  al. 
2015). Though featuring a large scatter of the data, the winter months obviously 
provide the main contribution to the observed warming during the recent 25 years. 
A very strong winter warming is also identified for the latest decades at other sta-
tions of the Svalbard region (Førland et al. 2011). Furthermore, different climate 
model simulations show a pronounced seasonality of polar warming amplification 
with largest polar surface warming in winter (Lu and Cai 2009).

The winter season is characterized by polar night conditions and, accordingly, 
the absence of solar radiation. Thus, radiative effects by shortwave radiation can be 
excluded during the winter months, while longwave radiation provides the only 
contribution to the net radiative budget. A major source is the terrestrial radiation 
emitted from the Earth’s surface, detected as longwave upward radiation and depen-
dent on the properties of the snow pack. On the other hand, the atmosphere absorbs 
and emits thermal radiation, detected on the surface as longwave downward radia-
tion. In Ny-Ålesund, both longwave components have increased considerably dur-
ing the winter seasons since 1993/1994 (Maturilli et  al. 2015). The increase in 
terrestrial radiation is directly linked to the observed surface air temperature 
increase, while the even stronger increase in longwave downward radiation conse-
quently is related to changes within the atmospheric column above Ny-Ålesund.

Such an increase of the atmospheric longwave radiation emission may be caused 
by various factors, like e.g. an increase in atmospheric humidity, changes in the 
cloud cover and properties, a general increase in atmospheric column temperatures, 
and of course a combination of those. Increasing greenhouse gases seem to be less 
relevant in this context as their effect should be present throughout all seasons.

The analysis of vertical humidity profiles measured by radiosondes that are 
launched daily from Ny-Ålesund since 1991 has shown a significant increase of the 
integrated tropospheric water vapor in the winter season (Maturilli and Kayser 
2017). The observed increase in atmospheric humidity may be caused by more 
cyclonic systems reaching the Arctic, transporting moisture and cloud systems to 
the Svalbard region. Both the cyclone frequency and the winter cyclone intensity 
have increased in the high latitudes (McCabe et al. 2001; Sorteberg and Walsh 2008; 
Döscher et al. 2014 and references therein), and the advection of atmospheric energy 
into the Arctic region has been found to contribute to the vertical component of 
Arctic warming (Graversen et al. 2008; Dahlke and Maturilli 2017).

With future Arctic sea-ice retreat, the relative importance of local surface evapo-
ration will increase, resulting in an amplified Arctic hydrological cycle (e.g. Bintanja 
and Selten 2014). Changing atmospheric moisture directly conditions the cloud 
cover. An increasing cloud amount and changes in vertical cloud distribution and 
cloud particle properties affect the radiation balance both in the longwave and short-
wave range. With the longwave radiation dominating the polar night, radiative 
effects of low cloud cover are likely to contribute to the Arctic warming, introducing 
a positive climate feedback by potentially accelerating the melting of Arctic sea ice 
(Palm et al. 2010).
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For the shortwave radiation, the presence of clouds yields a decrease in down-
ward solar radiation. In Ny-Ålesund, there is no decrease in downward shortwave 
radiation found for the summer seasons (June, July, August) 1993–2014, rather a 
small but non-significant increase. For the spring seasons (March, April, May) 
1993–2014, a small non-significant decrease in downward shortwave radiation is 
observed. Yet, for both seasons the shortwave net radiation SWnet = SWdown − SWup 
exhibits an increase that is caused by a robust decrease in upward shortwave radia-
tion (Maturilli et al. 2015). This decrease in reflected radiation is due to the chang-
ing surface reflectivity related to the snow cover and changes in the timing of the 
snow-free period. As measure of surface reflectivity, the daily mean albedo SWup/
SWdown from 1993 to 2017 BSRN measurements is shown in Fig. 2.8, exhibiting a 
large inter-annual variability.

As dry, weakly metamorphosed snow reflects most of the shortwave downward 
radiation (Wiscombe and Warren 1980), the broadband shortwave albedo in the 
snow-covered period in Ny-Ålesund is about 0.8, dropping during the snow-melt 
season to about 0.1 for the snow-free tundra ground (Winther et al. 2002; Maturilli 
et al. 2015). The amount of snow and the duration of the snow-covered period are 
the results of the synoptic large-scale situation. Long-term changes in these snow- 
related parameters may be interpreted as indicators of climate change. While 
Winther et al. (2002) did not find any changes neither in the start of the snow melt 
period nor in the duration of the snow-free season for measurements performed 
1981–1997 by the Norwegian Polar Institute in Ny-Ålesund, the BSRN dataset indi-

Fig. 2.8 Daily mean albedo SWup/SWdown at the Ny-Ålesund BSRN radiation sensor set-up, on 
Julian days for all observation years from 1993 to 2017 (color-coded). (Update of Maturilli et al. 
2015)
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cates an insignificant temporal shift of the snow-free conditions in the time period 
1993–2017. While the actual onset of melting processes is not clearly identifiable in 
the BSRN albedo data, the rapid drop to the low values of snow-free surface is evi-
dent. Here, we define the first snow-free day by daily mean albedo dropping below 
a value of 0.2. Figure 2.9 shows the Julian day of each year 1993–2017, when the 
first snow-free day has accordingly been detected below the BSRN instrumentation. 
Obviously, the local timing of snow melt can deviate considerably on small spatial 
distances as e.g. strong wind may accumulate snow banks or generally lead to snow 
redistribution.

Like other climate variables, the chosen parameter obviously does not vary lin-
early in time. Taking into account the years 1993–2017, linear regression suggests a 
non-significant earlier appearance of snow-free conditions by about 4  days per 
decade. Obviously, some years appear as outliers in the decline, like e.g. 2014 
which was snow-free only after 5 July. Yet in 2014, the late melting was not related 
to lower than normal temperatures, but to the extraordinary large accumulated snow 
mass that was present due to heavy precipitation events in the weeks before. 
Obviously, changes in Arctic snow cover are not linearly dependent on changing 
surface temperatures, also precipitation patterns have a major influence. As precipi-
tation varies locally on a smaller spatial scale than air temperature, individual long- 
term series in the Arctic may be diverse. Overall, an increase of annual precipitation 
is observed in the Svalbard region, with about 3–4% per decade in Ny-Ålesund 
(Førland et al. 2011). With the changing climate, changes in snow-cover persistence 
and thus in albedo are introduced to the Ny-Ålesund environment, leading to a 
decrease in the annual reflected radiation SWup. Effectively, this is the main contri-
bution to an observed significant increase in the annual net radiation budget RADnet 
in the order of 3.1 Wm−2 per decade (Fig. 2.10).

Fig. 2.9 First day of each year from 1993 to 2017 assumed to have a predominantly snow-free 
surface beneath the radiation sensor set-up because of a daily mean albedo <0.2, in Julian days 
(black dots) with linear regression (black line) and regression uncertainty (grey dashed lines, 
respectively)
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2.4  Surface UV Radiation and Stratospheric Ozone

The ultra-violet (UV) part of the solar spectrum reaching the earth’s surface affects 
living organisms in various ways, which strongly depend on the exact distribution of 
the radiation intensity across the spectrum, the spectral irradiance. While the photo-
synthetically active radiation (PAR) described in Sect. 2.2.4 refers to the spectral 
wavelength range from 400 to 700 nm in the visible, the UV spectrum ranges from 
100 to 400 nm and is separated into the UV-A (315–400 nm), UV-B (280–315), and 
UV-C (100–280) parts. Broadly speaking, the harmfulness of UV radiation increases 
from UV-A to UV-C, while at the same time the irradiance at the surface reduces 
strongly from UV-A to UV-C. The incoming solar UV light is strongly absorbed and 
scattered by the constituents of the atmosphere, like the column amount of ozone, 
clouds, and aerosols. The low elevation angle of the sun in polar regions results in 
much lower irradiances there than elsewhere on earth. In addition to cloudiness, also 
surface reflectivity (albedo) has a high influence on the irradiance. A snow covered 
surface of high reflectivity can lead to even higher irradiance than usual.

Due to the high variability within the daily and annual course, as well as the 
weather conditions, a good recording of the actual irradiance is mandatory in order 
to analyze the influence on the biota. In Ny-Ålesund, several stations perform 
spectral irradiance measurements with radiometers, but little data are readily avail-
able. A well conducted intercomparison campaign was performed in May and June 
2009 according to the World Meteorological Organization (WMO) and Network 
for the Detection of Atmospheric Composition Changes (NDACC) standards, in 
order to assess the performance and intercomparability of the local spectroradiom-
eters with a travelling standard (Groebner et al. 2010). In addition to the QUASUME 
reference spectroradiometer, four instruments where compared, including the 

Fig. 2.10 Ny-Ålesund annual mean net radiation budget RADnet (red dots), with the linear regres-
sion (black line) and regression uncertainty (grey lines, respectively) indicating an insignificant 
increase of +3.1 ± 2.7 Wm−2 per decade. (Update of Maturilli et al. 2015)
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Brewer #50 instrument and a multi-filter ground-based UV-visible (GUV) radiom-
eter from the Norwegian Institute for Air Research (Norsk institutt for luftfor-
skning, NILU). The agreement between the instruments was usually better than 
5% of the obtained UV-index, with deviations of up to 10% during low irradiance 
periods (midnight).

Data from the GUV radiometer is currently the only long term UV data available. 
Svendby et al. (2014) report not only the annual course of the monthly UV dose as 
observed in Ny-Ålesund, but present also the long-term development of the annu-
ally integrated UV doses from 1995 to 2013. Although potentially harmful peak 
values might not be reflected in the annual dose, it is interesting to note that the 
annual doses do not show any trend over the reported time span. Dahlback (2002) 
had extended the time series back to 1975 using a radiative transfer model and avail-
able ozone and cloudiness data from satellites and surface observations to derive 
UV doses. Despite the observed decrease in column ozone values during the later 
part of his time series, no trend in monthly integrated UV doses for the month of 
April could be detected.

Figure 2.11 shows the annual course of hourly measured UV dose rate at noon 
for Ny-Ålesund in 2013 as compared to the expected dose rate for clear sky days as 
calculated from a radiative transfer model. While during the first half of the year the 
curve roughly follows the model, it reaches the expected values on few days only 
in the second half. This reflects the increased cloudiness during summer, as com-
pared to spring, when only very few days have low dose rates. The fact that some-
times the measured values are above the model curve can be attributed to multi–scattering 
of radiation between a high albedo surface (snow cover) and thin clouds, which 
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Fig. 2.11 Hourly averaged UV dose rate measured at noon (between 10:30 and 11:30 UTC) in 
2013. (From Svendby et al. 2014)
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provides a higher level of radiation as would be in a cloud-free atmosphere over a 
low albedo surface. It should be noted, that the noon dose rate in Ny-Ålesund is 
roughly a third of the dose rate modelled or measured for Oslo area.

Hanelt et al. (2004) had investigated how the UV light penetrates into the water 
column of Kongsfjorden in order to assess its influence on algae. They found that 
during spring months (like April) the highest UV levels can be found, due to reduced 
ozone values, little cloud cover, and little turbidity in the water column, allowing 
harmful UV radiation to reach as deep as 5–6 m below the surface.

Stratospheric ozone is the main absorber of UV radiation in earth atmosphere. 
Together with the scattering of UV radiation on aerosols and clouds and the reflec-
tion from the surface, the total amount of ozone above a given location largely 
determines the level of UV radiation at the surface. Anthropogenic reduction in 
stratospheric ozone has led to increasing UV levels particularly in polar latitudes 
(Brasseur and Solomon 1984; Kerr and McElroy 1993; McKenzie et al. 1999; Diaz 
et al. 2003; de Laat et al. 2010). Variable cloudiness and surface albedo can mask 
the effect of stratospheric ozone on surface UV at individual stations. Analysing 
polar cap averages based on many Arctic stations eliminates much of the noise 
introduced by these effects and can provide deeper insight into the general link 
between stratospheric ozone and UV and into the longer term evolution of surface 
UV driven by stratospheric ozone changes.

Anthropogenic loss of ozone above the Arctic is most pronounced in spring and 
is extremely variable from year to year (Fig. 2.12; Rex et al. 2006). The large degree 
of variability is driven by variable meteorological conditions during winter, with 
lower stratospheric temperatures during winter generally favoring larger springtime 
ozone losses. In Fig. 2.12, the years 1996, 2000, 2005 and 2011 stand out as the 
years with the largest springtime ozone depletion above the Arctic, leading to large 

Fig. 2.12 Interannual variation of vertically integrated springtime chemical ozone loss in the 
Arctic stratosphere derived from measurements of the Match ozone sounding network. (Update of 
Rex et al. 2006)
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negative anomalies of springtime total ozone (Fig. 2.13a). Figure 2.13a shows that 
1997 was also characterized by very low total ozone in spring, which mostly resulted 
from anomalous transport processes during the preceding winter (Tegtmeier et al. 
2008; Manney et al. 2011).

In the Arctic summer, stratospheric transport processes are weak and less impor-
tant for the Arctic ozone budget. Hence, during summer springtime ozone anoma-
lies slowly relax towards a photochemical equilibrium over several months. 
Figure 2.13a shows that anomalies in Arctic springtime total ozone tend to persist 
during summer and into fall (Karpechko et al. 2013; see also Fioletov and Shepherd 
2003, 2005; Tegtmeier and Shepherd 2007).

Karpechko et al. (2013) showed that the persistence of ozone anomalies during 
summer results in corresponding polar cap wide anomalies of surface UV levels 

Fig. 2.13 (a) Seasonal evolution of TOMS/OMI satellite-derived monthly mean total ozone col-
umn anomalies averaged over 60°N–90°N for each year between 1979 and 2011 when the mea-
surements were available, (b) Monthly mean cloud corrected noontime UV index anomaly for the 
same geographic region. Red, blue, green, and orange colors highlight the 2011, 2005, 2000, and 
1997 years, respectively. (From Karpechko et al. 2013)
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(Fig.  2.13b). Figure  2.14 shows the correlation between the March total ozone 
anomaly and June–August polar UV index anomaly, showing a correlation of −0.81. 
Record UV levels were measured at a number of Arctic stations in summer 2011, 
following record Arctic ozone depletion in spring 2011 and leading to unprece-
dented UV indices of 6–7 at some Arctic stations (Karpechko et al. 2013).

Overall, changes in the incoming radiation reaching the surface will affect the 
amount of available underwater radiation. The underwater light in Kongsfjorden 
and its ecological implications are described in Pavlov et al. (Chap. 5). Generally, 
the described processes impacting Arctic climate are important concerning local 
feedbacks with the underlying landmass, ice and ocean surface and consequently 
the ecosystem, but at the same time they induce a global feedback on the energy 
balance of the planet.

2.5  Conclusion

The sea surface layer of the Kongsfjord environment is in interaction with the above 
atmosphere as the exchange of latent and sensible heat affects both ambiences. 
Above, we described the climatological setting of the Kongsfjord area as a bound-
ary condition for the marine ecosystem.

Though located in the high Arctic, summer air temperature in Ny-Ålesund rises 
above freezing point causing snow and ice melt. In the dark and colder wintertime, 
the inter-annual temperature variability is stronger, and though temperature gener-
ally remains well below freezing point even rain periods can be observed. 
Independent of the synoptic scale flow, the wind in the lowermost atmosphere is 
mainly along the fjord axis throughout the whole year due to channeling effects 

Fig. 2.14 Scatterplot of the June–August noontime UVI for polar latitudes versus March extra-
tropical total ozone (TOMS/OMI data north of 35°N), with the correlation coefficient r = −0.81. 
(From Karpechko et al. 2013)
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caused by orography. Orographic clouds may also add to the general cloud cover 
caused by synoptic systems. The variability in synoptic cloud cover is the cause of 
the inter-annual variability in incoming solar radiation in summer, observed in the 
monthly mean global shortwave radiation SWdown as well as in PAR and UV radia-
tion. Quantitative changes in surface radiation parameters over the last two decades 
have been identified in relation to the changing climate. In the annual mean, the 
reflected radiation decreases since the period of high reflective snow cover shortens. 
During the winter months, an increase in thermal radiation is observed due to gener-
ally increasing temperatures at the surface and in the atmospheric column, increas-
ing atmospheric moisture and potential changes in cloud cover. In fact, the winter 
period adds the largest contribution to the observed warming in Ny-Ålesund, with a 
winter season temperature increase of 3.1 ± 2.2 K per decade (update of Maturilli 
et al. 2015).

Though the air temperature and atmospheric humidity may not have a direct 
impact on the marine ecosystem, their relevance for the hydrological cycle and the 
formation of clouds as determining factors for the incoming radiation at the surface 
is unambiguous. The marine Kongsfjord ecosystem will be shaped by the changing 
ambient water conditions, but moreover will be affected by the changing atmo-
sphere that holds the radiative boundary conditions to the system.
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