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INTRODUCTION

Atmospheric turbulent convection plays a major
role in the formation of the Earth climate, directly
affecting the heat balance of the atmospheric column
(Ramanathan, Coakley, 1978), the development of
convective clouds, and precipitation (Oblaka…, 1989).
Traditionally, convection in a planetary boundary layer
(PBL) is considered as a local process caused by the
static instability of atmospheric layers. This static
instability arises when the air above the surface is less
dense (potentially warmer) than the air in higher lay�
ers. Local instability makes it possible to consider con�
vection mechanisms without taking horizontal non�
homogeneity of the underlying surface into account;
see, for instance, (Hellsten and Zilitinkevich, 2013;
Zilitinkevich et al., 2006; Esau, 2003).

However this approach is not completely justified
when convection in high latitudes is considered, since
the heat balance in PBL is usually negative in this case.
On average, Arctic areas to the north from the 70° lat�
itude lose 70–110 W m–2 of heat (Sorokina and Esau,
2011), which has to be compensated via horizontal
heat advection in the upper atmosphere (95% of the
total meridional energy flow) and ocean (5%). In
addition, oceanic heat flow in the Atlantic sector of

the Arctic Ocean is comparable to the atmospheric
one (Smedsrud et al., 2013), which causes a year�
round presence of an ice�free water surface in the
Norwegian and Barents seas. In the Barents Sea,
which is the one considered in the present paper, the
ocean releases about 70 × 1012 W (70 TW) of heat into
the atmosphere annually, and about 30% of this heat is
released in the form of sensible heat via active convec�
tive exchange in lower layers of the atmosphere
(Smedsrud et al., 2013). It corresponds to a water sur�
face heat output of about 150–200 W m–2 during the
cold season from October to April, which is, on aver�
age, higher than the convective flow from the surface
observed in tropical regions.

Thus, conditions are present in the Atlantic sector
of the Arctic, especially in the Barents Sea, to main�
tain winter convection in PBL via significant meridi�
onal heat inflow in the ocean. Although convection is
locally homogeneous in this region, it is nevertheless
controlled by the dynamics of regional circulation and
horizontal nonhomogeneities of the underlying sur�
face, first and foremost by the position of the sea ice
boundary. Numerical experiments with eddy resolving
models of turbulent exchange (Esau, 2007, 2014; Gry�
schka et al., 2008) showed that PBL heats rapidly
above the horizontally homogeneous surface. In this
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case, the turbulent heat flow decreases to several
dozen W m–2, i.e., to values which do not make it pos�
sible to preserve cumulus�type clouds. However this
convection development scenario is not confirmed by
observations of turbulent flows and convective cloud�
iness in the region (Bruemmer and Pohlman, 2000;
Smedsrud et al., 2013).

Convection in high latitudes mostly develops under
cold air outbreaks in rear parts of cyclones. Convec�
tion nonlocality manifests itself by the development of
spatially organized convective fields (CFs), where the
degree of convective cloudiness development and PBL
altitude depend on the distance travelled by an air par�
ticle above the warm open water surface. CFs are clearly
seen in satellite images (Bruemmer and Pohlman,
2000), whereas from the perspective of a stationary
ground�based observer it seems that convective cloud�
iness does not develop in time. In addition, turbulent
measurements seem to contradict theoretically estab�
lished PBL development laws. Among other things,
these contradictions encourage the works on the polar
adaptation of PBL parameterizations (see the survey
in Bourassa et al., 2013).

In a climatic sense, the spatial self�organization of
CF manifests itself in relations of convective cloudi�
ness observations with frequency and other character�
istics of cold�air outbreaks, i.e., with regional variabil�
ity of atmospheric circulation, as well as the ice sheet
boundary position against the observation point. The
variability of cold�air outbreaks is in turn related to
larger scale modes of atmospheric variability. For
example, Skeie (2000) and Chen et al. (2013) attrib�
uted the variability of cold�air outbreaks with the so�
called Barents Oscillation. The climatology of cold�air
outbreaks in the region was obtained in Kolstad et al.
(2009).

In the present paper, convective cloudiness above
the Barents Sea (and partially above Norwegian and
Kara seas) is considered using the satellite and
ground�based data. Analyzing these data within the
CF hypothesis makes it possible to interpret the previ�
ously published results of statistical analysis of cloudi�
ness in the region in a new way. Section 1 describes
convective cloudiness for a specific cyclone, and this
example is used to introduce basic concepts and char�
acteristics used in the paper. Section 2 characterizes
convection using the data of the ISCCP project. Sec�
tion 3 presents cloud amount and cloud fraction
changes using using ground�based and satellite obser�
vations. Section 4 is dedicated to discussion and con�
clusions. The Appendix includes a description of the
databases used.

1. CONVECTIVE CLOUDINESS
IN THE REAR OF THE CYCLONE

The spatial organization of convective clouds in
CFs was discovered due to the availability of satellite
imagery with sufficiently high resolution (Fritz, 1966;

Agee et al., 1973), since ground�based observations do
not make it possible to detect this kind of organization
without a complex statistical analysis. The CF compo�
sition is as follows (for the flow from the air mass out�
put to relatively warmer underlying surface): parallel
series of cumulus clouds (cloud streets) stretched
downwind, increasing in scale (Cumulus humilis (Cu
hum), Cumulus mediocris (Cu med), and Cumulus
congestus (Cu con)) with distance from the interface
of surface nonhomogeneities (from the ice–water
interface in the specific case of the Arctic) and more or
less spatially isotropic convective cells with Cu con
and Cb (cumulonimbus) clouds at the nodes and Cu
hum and Cu med at the bridges. Here cloudless sec�
tions with subsiding vertical return motion occupy the
largest portion of the CF. The CF can be clearly seen
in airborne and satellite imagery; however the pres�
ence of convective clouds may not be that obvious to a
ground�based observer, because the sky is clear in cen�
tral parts of convective cells, and cloudiness structure
is spatially homogeneous on smaller scales.

Let us now consider the CF in Fig. 1. The spatial
structure of the CF above the Arctic and their develop�
ment on October 2–10, 2013, are presented using the
MODIS Terra data with a resolution of 5 km per pixel.
This resolution makes it possible to identify convective
cells and convective rolls, but not the individual
cumulus clouds. The set of satellite images traces the
passage of a cyclone series through Norwegian, Bar�
ents, and Kara seas (to the right from the center of
images). In particular, typical CF development in the
cold sector of the cyclone on October 3–7 is presented
well, as well as its replacement by stratus of the next
cyclone in the series on October 8–10.

A comparison of the CF above the Barents Sea in
images for October 2 and 5 allows to ensure that
advection of air heated above the Norwegian Sea
(October 2nd) does not lead to the development of a
significant cloud convection. Despite the atmospheric
stratification being close to neutral and humidity close
to saturation, the clouds mostly remain stratus. Cold
air inflow from the central Arctic on October 5 leads to
CF structuring and convective cell development. Of
special interest is the fact that cells with a specific scale
remain attached to their geographical regions even on
the days to follow, which would be impossible in the
case of local convection development. This is due to
the fact that the convection scale is controlled by the
distance travelled by cold air above the open water.
When observed from individual stations, this spatial
coherence property of CF is to manifest itself as a sta�
tistical correlation of occurrence of specific types of
clouds in remote locations.

Convective cloudiness in CF is presented in more
detail in Fig. 2, which is a collage of higher resolution
images (0.25–5 km) for October 8, 2013. Individual
clouds of convective cells, especially Cb ones at the
nodes of the cells and less developed clouds between
them, as well as sections of clear sky or stratus�type
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clouds at central parts of the cells, are clearly seen in
the maximum�resolution image.

Thus, the analysis of cloud structures in Arctic
mosaic (MODIS) satellite images shows that atmo�
spheric convection is not solely defined by local insta�
bility conditions of the atmospheric column. A major
part is played by horizontal mesoscale circulation
between the open water surface and the surrounding
continental regions and sea ice. Therefore, climate
warming in high latitudes, retreat of the sea�ice
boundary, and solar�heat accumulation in surface lay�
ers of Arctic seas may lead to PBL conditions, which
favor convection development, but the actual develop�
ment is to be controlled by activity of synoptic distur�
bances (cyclones) in the region. In addition, as is
shown in a number of papers (Mokhov et al., 2009),
the main routes of extratropical cyclones (storm
tracks) of the Northern Hemisphere are expected to
shift towards the pole in XXI century under the
increasing greenhouse gas concentration in the atmo�
sphere and respectively increasing global temperature,
which may lead to more frequent cold�air outbreaks
and higher occurrence of convective cloudiness. The

climatology of cold�air outbreaks in 1958–2007 pre�
sented in (Kolstad et al., 2009) does not show any sta�
tistically significant increase in their repeatability,
despite the observed shift of cyclone routes towards the
central Arctic (Honda et al., 2009; Outten and Esau,
2011; Smedsrud et al., 2013).

2. CONVECTION IN THE ATLANTIC SECTOR 
OF THE ARCTIC BASED 

ON THE SATELLITE DATA

Satellite observations and model analysis in retro�
spect (reanalysis) made it possible to significantly clar�
ify and specify the convection climatology in the
region. Figures 3 and 4 illustrate the climatology of
turbulent heat flows using the data of the ISCCP
project in the AOFLUX software (see the Appendix).
The obtained fluxes and their distribution across the
region make us significantly reconsider the earlier
understanding of convective heat exchange above the
Barents Sea, which was to a large extent intuitive.

First, average fluxes turn out to be far (i.e., by an
order of magnitude) smaller than those indicated in

02.10.2013 03.10.2013 04.10.2013

05.10.2013 06.10.2013 07.10.2013

08.10.2013 09.10.2013 10.10.2013

Fig. 1. Spatial structure of cloud fields above the Arctic and their development on October 2–10, 2013, according to the
MODIS/Terra data (visible channel and a resolution of 5 km per pixel).
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the literature earlier. For example, Ivanov et al. (2003)
reported the fluxes of about 500 W m2 (this value is also
cited by other authors, for instance (Maykut, 1982;
Piacsek et al., 1991)), whereas the climatological sen�
sible heat flux does not exceed 55 W m2. This differ�
ence in fluxes seems to originate from neglecting the
self�organizing character of convection in heat
exchange bulk formulas (Zilitinkevich et al., 2006).
Indeed, the turbulent flux calculation includes deter�
mining the wind speed. Large�scale component of the
wind field vls in satellite data�based derivations and
reanalysis data have significantly smaller speed values
then the local convective component, which leads to
respectively smaller turbulent fluxes. Moreover, local
gusts of wind under intense convection may be signif�
icant even in the absence of vls. However the problem
of large�scale heat�flux representation under devel�
oped convection remains insufficiently studied
(Jabouille et al., 1996; Esau, 2014). Despite the under�
estimation of heat flows in the data obtained using vls,
the analysis of heat balance and sea�ice area fluctua�
tions in the region (Dmedsrud et al., 2013) indicates

that satellite climatology provides a more correct
assessment of turbulent fluxes in the region.

Second, geographical flux distribution indicates
the presence of two regions with the highest convec�
tion intensity. Convection in the southwestern region
is associated with relatively high water temperature in
the Norwegian Current. As the temperature decreases
eastward, convection becomes weaker in the Barents
Sea, but becomes stronger again in the southeastern
region. This strengthening may occur due to the local
circulation development at horizontal nonhomogene�
ities of the sea–land or sea–ice interface.

Bruemmer, Pohlman (2000) derived the climatol�
ogy of convective cloud structures for winter cold�air
outbreaks above Greenland, Norwegian, and Barents
seas for 10 years (1985–1995). However, the interpre�
tation of the results of this paper changes significantly
within the CF hypothesis. Bruemmer and Pohlman
considered convection for each separate box (2.5° in
latitude and 10° in longitude) independently. The
authors note that convection above the open water was
observed 30–60% of the time; however, they do not
simultaneously recognize its appearance as a convec�

(a)

(b)
(c)

(d)

08.10.2013

Fig. 2. Detailed cloudiness structure in convective cells above the Kara and Barents seas according to the MODIS/Terra visible chan�
nel data on October 8, 2013, with resolutions of 5 km (a), 500 m (visible (b) and infrared (c) channels), and 250 m per pixel (d).
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tion field. It follows from the paper that convective
rolls (series of clouds, i.e., cloud streets) are observed
near the marginal sea ice, whereas open water marine
areas are occupied with convective cells. The spatial
relation of occurrence of convection forms depending
on the distance to the sea�ice boundary (coastal line)
is presented in Fig. 5, obtained using the data of the
discussed paper.

Thus, the satellite data agree well with the hypoth�
esis of simultaneous spatial CF development.
Although the quantitative assessment of development
of convection types is complicated due to its stochastic

nature, individual published papers on spatial cloudi�
ness organization show the prevalence of convective
rolls near the sea�ice boundary (continental coastal
lines) and convective cells in open water marine areas
(see the example for Bering Sea in Streten, 1973).

3. CHANGES IN CONVECTIVE CLOUDINESS 
ACCORDING TO GROUND�BASED 

OBSERVATIONS

Let us now consider changes in characteristics of
cloudiness (primarily the convective one) using the
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Fig. 3. Climatology of turbulent heat fluxes (W m–2) above the Barents Sea according to the ISCCP satellite data: (a) latent heat
flux, (b) sensible heat flux, (c) total turbulent heat flux, and (d) latent heat flux related to the total heat flux.
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ground�based observation data for the region. The
hypothesis of spatially coherent long�period cloudi�
ness changes in CF implies that the observed convec�
tive cloudiness should depend on the position of sea�

ice boundary relative to the station and the dynamics
of cyclone activity in the region. These two factors are
supposed to be interrelated as well (Honda et al., 2009;
Outten and Esau, 2011). Figure 6 represents the cli�
matology of part of the sky (measured in %) covered by
convective clouds (nCu + Cb) (convective cloud
amount) using the ground�based observation data for
two groups of stations: the ones placed along the sea�
ice boundary and the ones placed along the southern
coast of Barents and Kara seas. The climatology is
generally presented in the west–east direction. It can
be easily seen that the maximum nCu + Cb values are
observed at stations of the eastern part of the Barents
Sea, where the flow is directed under cold�air outbreaks
in the rear of the cyclone rather than at the western sta�
tions, where the water temperature is the highest
(Fig. 2). In general, the area of maximum nCu + Cb values
and the maximum repeatability of cumulus cloudiness
forms (not indicated) agrees well with the area of fre�
quent cold�air outbreaks based on the results of the
analysis (Kolstad et al., 2009). In addition, the maxi�
mum nCu + Cb values and maximum occurrence of
cumulus cloudiness along the sea�ice boundary shift
westward from autumn (the maximums at Cape
Mikulkin–Kolguev stations) to winter (the maxi�
mums at Cape Kanin Nos–Shoyna stations) (nCu + Cb
reaches 30% in some years). At the same time, nCu + Cb
values above ice stations mostly do not exceed 2–5%
(only reaching 10% in some years).

The long�period variability of convective and stratus
cloudiness and its comparison to the satellite data for
the whole region are shown in Figs. 7 and 8. The change
of the stratus cloud amount (stratus (St) and nimbostra�
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Fig. 4. Average monthly climatic heat fluxes above the Bar�
ents Sea according to the ISCCP satellite data. Thin verti�
cal lines are maximum and minimum monthly fluxes;
thick vertical lines are the upper and the lower quartiles of
the flux distribution. Values which are 1.5 or more times as
high as the interquartile range (а) components of the full
heat flux: (1) sensible heat flux (average of 39 W m–2),
(2) latent heat flux (average of 42 W m–2), (3) balance of
longwave radiation fluxes (average of 36 W m–2), and
(4) balance of shortwave radiation fluxes (average of
⎯62 W m–2). (b) Heat fluxes above different underlying
surfaces: (1) total heat flux above the Barents Sea (average
of 56 W m–2), (2) total heat flux above the open water
(average of 61 W m–2), and (3) total heat flux above the sea ice
(ice concentration above 80%) (average of 83 W m–2). Lower
average values of total heat fluxes above the open water in
comparison with the surface covered by sea ice are due to
smaller albedo and therefore negative heat�balance values
above the water surface in summer.
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Fig. 5. Repeatability of convective rolls (black circles) and
cells (white circles) observations in winter period (Novem�
ber to March) above Greenland and Barents seas depend�
ing on the distance to the ice edge. The plot is drawn based
on NOAA�9, �11, and �14 satellite data processed in
Bruemmer, Pohlman (2000).
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Fig. 6. Climatology (1936–2013) of convective clouds (cumulus clouds Cu and cumulonimbus clouds Cb) amount nCu + Cb
according to the ground observation data at stations near the seasonal sea ice boundary (a, c, e, g) and near the southern coasts
of Barents and Kara seas (b, d, f, h) in different seasons: January–February–March (a, b), April–May–June (c, d), July–
August–September (e, f), and October–November–December (g, h). The black line corresponds to the second quartile, the dark
gray area is limited by the first and the third quartiles, and the light gray area is limited by 5th and 95th percentiles of nCu + Cb.
The so�called upper estimates of nCu + Cb are presented in the plot (see the Appendix for more details).

tus (Ns) clouds) nSt + Ns in the region during the observa�
tion period (1936–2013) is presented in Fig. 7. A signif�
icant decrease in nSt + Ns is observed both above ice and
open water mostly in the autumn and winter season,
when the atmosphere tends to be colder than the under�
lying surface (water or even thin first�year ice). In spring
and summer, stratus cloudiness is observed more fre�
quently and its decrease is not as significant, especially
in summer (Figs 7e, 7f). Interestingly, satellite observa�
tions show a much higher amount of stratus cloudiness

in spring, which is due to difficulties of detecting the
cloudiness above the snow�ice surface under small ver�
tical temperature gradient in PBL (Chernokul’skii and
Mokhov, 2012; Chernokulsky, 2012). In addition,
despite the positive correlation between ground�based
and satellite observations, the correlation ratio is small
(see the table).

A decrease of the stratus clouds amount and the
frequency of their appearance (not indicated) is
accompanied by an increase in occurrence of cumulus
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cloud forms (Cu and Cb) and the corresponding
amount (nCu + Cb), especially above the open water as
shown in Fig. 8. The increase in nCu + Cb above the open
water is noted in all seasons according to the ground�
based observations. At the same time, the satellite data
show the decrease in the amount of convective clouds.
The satellite data�based trends of convective cloudi�
ness agree well with negative trends of sensible heat
fluxes in the region and the decrease in wind speed,
especially in the seasonal sea�ice boundary area (Yu
et al., 2013).

The decrease in the amount of stratus clouds and
increase in the amount of convective cloudiness are
also accompanied by changes in distribution function
of days with different cloudiness conditions: the
decrease in the number of overcast days (cloud cover�
age of the sky is 100%) and the increase in the number
of days with broken clouds (cloud coverage of the sky
is 50–100%) are observed under weak changes in the
total amount of cloudiness (not indicated). These fea�
tures are noted for both Russian and Norwegian
ground stations and are mostly characteristic of the
stations near open water.

The CF hypothesis explains well the difference in
cloudiness trends for the stations near the open water
and the sea�ice boundary. Indeed, convection always
develops similarly in case of cold�air outbreaks.
Therefore, changes near the sea�ice boundary are rel�
atively small and are solely due to the frequency of
cold�air outbreaks. In the meanwhile, the cloudiness
development above the open water depends on heating
time of an air particle, i.e., on the distance travelled
above the water and wind speed. Since the ice has
retreated significantly in recent decades, especially in
winter (Zygmuntowska et al., 2014), stronger cumulus
cloudiness was now able to develop (Palm et al., 2010).
It may be assumed that water�vapor emission to higher
atmospheric layers via convective motion leads to the
formation of upper level cloudiness, which partially
interferes with recognizing cumulus clouds in satellite
imagery.

4. DISCUSSION AND CONCLUSIONS

Convective cloudiness and its climatic changes in
the Atlantic sector of the Arctic are considered from
the perspective of the conceptual CF hypothesis. The
CF concept per se is not a new one. However the
authors are only aware of individual papers on a very
narrow observation period (Streten, 1975; Miura,
1985; Mourad and Walter, 1996; Bruemmer and Pohl�
man, 2000), where georeference of occurrence of
cumulus cloud forms is interpreted from the CF per�
spective. The present paper provides a new interpreta�
tion for climatic analysis of self�organization of con�
vective cloudiness structures from Bruemmer, Pohl�
man (2000) and presents a new analysis of ground�
based and satellite observation data on occurrence of
cumulus cloud forms. The proposed idea of the effect
of the changes in ice conditions on the cloudiness
characteristics is a qualitative addition to the series of
papers stating the positive dependence of cloudiness in
the Arctic on the open water area (Palm et al., 2010;
Liu et al., 2012; Pistone et al., 2014).

However, the key problem of CF hypothesis,
namely the simultaneity (be it exact or with a certain
time delay) of appearance of cumulus clouds in differ�
ent geographical regions, requires additional analysis.
The latter has some difficulties related to the identifi�
cation of local cloudiness as a part of a unified dynam�
ically connected CF. Kolstad et al. (2009) seem to be
the closest to finding the solution. This paper studies
the climatology of cold�air outbreaks in the region in
1958–2007 based on a large�scale meteorological
indexing. However, convective cloudiness develop�
ment in such outbreaks is not considered. Similarly to
the cloudiness observation data, the southern part of
the Barents Sea is recognized as a region with high fre�
quency of cold outbreaks, but with no significant trend
of this frequency. This mismatch between the dynamic
and the cloudiness trends may indicate the crucial role
of the sea�ice boundary position just as it follows from
the CF hypothesis. One of the most important and, at
the same time, contradictory results of the statistical
analysis of cloudiness may be explained from the per�
spective of the CF hypothesis. The occurrence of
cumulus cloud forms from ground�based observations
increases throughout the whole observation history,
whereas the satellite data show the decrease in the
occurrence of these cloud forms. The trend in the sat�
ellite data agrees with the decrease in sensible heat
fluxes above the open water in the region, and the
trend in ground�based observations agrees with the
retreat of the sea�ice boundary. The latter dependence
is established more reliably than changes in fluxes,
which have opposite directions in different sources of
climatic data (Smedsrud et al., 2013). It is also neces�
sary to note that the ISCCP data are insufficiently reli�
able in polar areas (Chernokul’skii and Mokhov, 2009,
2010, 2012).

Correlation coefficients between satellite and ground�
based cloudiness observations in the region of Barents
and Kara seas

Type of underlying 
surface

Season
Commentary

spring summer

Ice –0.43 –0.24 Cumulus clouds

0.20 0.32 Stratus clouds

Water –0.35 –0.28 Cumulus clouds

0.38 0.02 Stratus clouds
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To conclude, it is necessary to note that cumulus
cloud forms are a reliable indicator of convective
instability in the lower atmosphere, and since the the�
ory behind this instability is well developed, they allow
to obtain information on heat and vapor exchange
with the underlying water surface. The appearance of
clouds in a spatially organized CF makes it possible to
calculate the heat balance on the surface above the
whole region. It is especially important that this
method of calculating the balance does not involve
interpolating the measurements at separate and often
weakly correlated points, but rather relies on physical
laws of turbulent convection development.
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Fig. 7. Year�to�year changes in the amount of the sky covered by stratus cloud forms nSt + Ns according to the ground observation
data (black lines, the solid black line is the upper estimate, and the dotted line is the lower estimate) and ISCCP satellite data
(gray line, only for the daylight time of the year) averaged for regions of seasonal sea�ice edge (a, c, e, g) and southern boundary
of Kara and Barents seas (b, d, f, h) in different seasons: January–February–March (a, b), April–May–June (c, d), July–
August–September (e, f), and October–November–December (g, h). Averaging by stations was first performed within the 10°
longitudinal sectors (all stations in one sector with equal weights), then average sectoral values were averaged between each other
(all sectors with equal weights), and satellite data were averaged by regions corresponding to station positions (see Fig. A2). Values
of the linear trend nSt + Ns, u, and the correlation coefficient between nSt + Ns,u  and nSt + Ns, ISCCP are shown in the plots as well.
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analysis of year�to�year cloudiness changes based on
the ground observation data is performed under the
Russian Scientific Foundation project no. 14�17�
00647.

APPENDIX

A. 1. SATELLITE DATA

ISCCP and AOFLUX Data

Regular satellite cloudiness observations started in
the early 1980s. One of the largest databases is that of
the International Satellite Cloud Climatology Project
(ISCCP) (Rossow and Schiffer, 1999). The data of the
same project were used for characterizing the flows in
the Objectively Analyzed Air�Sea Fluxes software
product (AOFLUX, available at http://oaflux.whoi.
edu/dataproducts.html; Yu and Weller, 2007).

Cloudiness is measured in two spectral channels,
namely the visible one (wavelength of ~0.6 µm) and
the infrared one (wavelength of ~11 µm) by polar

orbital NOAA satellites (National Oceanic and Atmo�
spheric Administration) and several geostationary sat�
ellites. The spatial resolution (pixel size) is 4–7 km,

and time resolution is 3 h
1
. Each pixel is defined as

either clouded or cloudless based on the spectral
threshold test and the combination of spatial and time
homogeneity tests. After the categorization of clouded
and cloudless pixels, the amount of clouds for the spe�
cific territory is calculated as a ratio of the number of
clouded pixels to the total number of pixels. Tempera�
ture and pressure at the cloud top, emissivity, optical
thickness, and moisture content of clouds are deter�
mined for clouded pixels using the radiation transfer
model (Rossow and Schiffer, 1999). Optical thickness
and pressure at the cloud top are used to divide cloud�
iness into three levels and nine types (Fig. A1) which
differ from the classification of clouds accepted by the

1 The data in polar areas are only received from polar orbital satel�
lites, and therefore time resolution is lower, specifically 6 to 12 h
in different years (depending on the number of NOAA satellites).
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Fig. A2. Locations of meteorological stations which observation data are used in the paper.

World Meteorological Organization and used on regu�
lar meteorological grids.

The results of the D2 series, i.e., average monthly
cloudiness characteristics on the regular 2.5° × 2.5°
grid (Rossow, Duenas, 2004), were used in the present
paper. The AOFLUX software product is an objective
interpolation of flows calculated using the bulk formu�
las of the COARE v3.0 algorithm from (Fairall et al.,

2003) onto the 1° × 1° grid. In addition, radiation
flows for 1983–2007 are taken from the data of the
ISCCP project. It is stated in the AOFLUX software
description that the calculation algorithm for turbu�
lent flows has an error of 5% or less for the wind speed
of 0–10 m s–1 and 10% for 10–20 m s–1. Large�scale
meteorological variables for the calculations using
bulk formulas are obtained as combinations of values
from reanalysis products and satellite databases. In
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particular, the reanalysis weight is 20 and the satellite
data weight is 80% for the wind; only the reanalysis
data are taken for the air temperature, and the reanal�
ysis weight is 50% for the sea�surface temperature.

Arctic Mosaic Satellite Images

Arctic Mosaic satellite images are available from
NASA’s Earth Observing System Data and Informa�
tion System (EOSDIS; https://earthdata.nasa.gov/
data/near�real�time�data/rapid�response). The images
of the MODIS Terra satellite available with resolution
up to 250 m are presented in the paper.

A.2. GROUND OBSERVATION DATA 
ON CLOUDINESS

The longest and quasi�homogeneous series of
cloudiness observations in the Atlantic sector of the
Arctic are based on visual observations at Norwegian
and Russian meteorological stations. The first regular
observations date back to the late 19th century (1868
for the Vardo station in Norway and 1893 for the Teri�
berka station in Russia). Cloudiness was observed at
the meteorological stations in standard time of obser�
vations and is defined as the degree of sky coverage by
the clouds.

The data of the Norwegian stations are gathered at
the Norwegian Meteorological Institute, where the
primary automatic processing is performed. The

cloudiness is measured in oktas (0 to 8)
2 every 6 h

(00:00, 06:00, 12:00, and 18:00 UTC)
3
. The data of

the Russian stations are gathered at the All�Russian
Research Institute of Hydrometeorological Informa�
tion and subjected to automatic quality control proce�
dures (Razuvaev et al., 1995). They are measured on a
scale of 0 to 10 for total and low cloudiness and the
information on the presence of cloudiness of a certain

morphological type
4
 every 3 h (00:00, 03:00, 06:00,

09:00, 12:00, 15:00, 18:00, and 21:00 UTC)
5
. The data

from 15 Norwegian and 27 Russian stations placed on
islands or in coastal zones (Fig. A2) are used in the
paper.

The current data are converted into average monthly
amounts of total and low cloudiness (n and nl) and
occurrence of various morphological cloud types (occt,

2 Until January 1949, cloudiness in Norway were evaluated in
tenths (from 0 to 10). We recalculated these data into oktas.

3 Cloudiness observations were not carried out at 00 UTC up until
January, 1955.

4 Observations of morphological cloud types at Russian stations
has been performed since 1936.

5 The observations were performed at 07:00, 13:00, and 21:00
local time up until 1936 (local solar time was used until July
1919, then zone time was introduced, and the daylight saving
time was introduced in 1930). In 1936–1966 the observations
were performed at 01:00, 07:00, 13:00, and 19:00 local time.

where t is the cloud type) (measured in %) (Cher�
nokulsky et al., 2011).

The corresponding average monthly amount of the
sky covered by the specific cloud type (nt) was calcu�
lated for each low�level morphological cloud type.
Since the information on the amount of sky occupied
by specific types of clouds in simultaneous presence of
several types was not available in the initial data, upper
and lower nt estimates (nt,u and nt,l respectively) were
calculated for each type. In particular, we had nSc,u = nl
for stratocumulus clouds (Sc) in all observations, when
there were Sc (not depending on whether the other
forms of lower level clouds were observed). In turn, we
had nSc,l = nl for observations when only stratocumulus
clouds were observed of all lower level forms. The real
nt value is impossible to find (nt,l < nt < nt,u). However
to estimate the year�to�year dynamics of cloudiness
changes, the use of nt,l and nt,u is justified.

To reduce the effect of errors associated with insuf�
ficient illumination at night time, the so�called illumi�
nation criterion was applied (Hahn et al., 1995),
which takes into account the Moon phase and Solar
and Moon altitudes and discards about 60–70% of
observations in the considered region during the polar
night (Chernokulsky et al., 2013).
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