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ABSTRACT

A long-term climatology of cloudiness over the Norwegian, Barents, and Kara Seas (NBK) based on visual

surface observations is presented. Annual mean total cloud cover (TCC) is almost equal over solid-ice (SI)

and open-water (OW) regions of the NBK (73% 6 3% and 76% 6 2%, respectively). In general, TCC has

higher intra- and interannual variability over SI than over OW. A decrease of TCC in the middle of the

twentieth century and an increase in the last few decades was found at individual stations and for theNBK as a

whole. Inmost cases these changes are statistically significant with magnitudes exceeding the data uncertainty

that is associated with the surface observations. The most pronounced trends are observed in autumn when

the largest changes to the sea ice concentration (SIC) occur. TCC over SI correlates significantly with SIC in

the Barents Sea, with a statistically significant correlation coefficient between annual TCC and SIC of20.38

for the period 1936–2013. Cloudiness overOW shows nonsignificant correlation with SIC. An overall increase

in the frequency of broken and scattered cloud conditions and a decrease in the frequency of overcast and

cloudless conditions were found over OW. These changes are statistically significant and likely to be con-

nected with the long-term changes of morphological types (an increase of convective and a decrease of

stratiform cloud amounts).

1. Introduction

As Earth warms steadily under climate change, no-

where are the effects of this warming more readily ap-

parent than in theArctic. This is a highly sensitive region

where numerous processes combine to generate the so-

called Arctic amplification (Pithan and Mauritsen 2014;

Bekryaev et al. 2010; Serreze and Barry 2011). One of

the important climate feedbacks is related to the role of

clouds (Taylor et al. 2013). In the Arctic, clouds

have a strong warming effect year-round except for a

few weeks in the summer (Curry et al. 1996) with a

sensitivity reaching 1Wm22 per percentage of cloud

cover (Shupe and Intrieri 2004). Arctic clouds also

have a complex interaction with sea ice. By changing

the radiative balance, cloud variability partially con-

trols the sea ice albedo feedback by modulating the

sea ice variability (Kay et al. 2008; Kay and

Gettelman 2009; Kapsch et al. 2013; Choi et al. 2014;

Liu and Key 2014), while the characteristics of those

same clouds are partially determined by the sea ice

variability (Vavrus et al. 2011b; Eastman and Warren

2010a; Palm et al. 2010; Sato et al. 2012; Heitzinberg

et al. 2015).

The limited observational record is one of the major

challenges in the assessment of Arctic clouds. The harsh

conditions in theArctic have limited spatial and temporal

distribution of surface observations (both station based
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and ship based). Satellites have the potential to overcome

this limitation, but satellite data only cover the period since

the end of the 1970s (except Meteor satellite data, which

started in the early 1970s; Mokhov 1991; Mokhov and

Schlesinger 1993, 1994). However, there is a disagreement

between different satellite observations and between the

satellite and surface observations in both the climatology

and the trends (Chernokulsky and Mokhov 2012;

Stubenrauch et al. 2013; Eastman and Warren 2010b).

Reanalyses also have biases in cloud characteristics, es-

pecially in winter and over the ocean (Chernokulsky and

Mokhov 2012; Lindsay et al. 2014; Liu andKey 2016). The

lack of reliable observations of clouds in the Arctic makes

it challenging to validate climate models. Numerous

studies have shown that global climate models have biases

in their representation of clouds and cloud-radiation in-

teractions (Jiang et al. 2012; Li et al. 2012; Komurcu et al.

2014; English et al. 2015; Karlsson and Svensson 2013).

Thus, models fail to capture how clouds in the Arctic

change in response to external forcings (English et al.

2015). To improve model representation of the variability

of clouds in the Arctic, it is essential to validate these

models with observations of both interannual and long-

term variability (e.g., the early twentieth-century warming

in the Arctic; Bengtsson et al. 2004).

This paper provides new insight into the variability of

total cloud cover (TCC) based on long-term surface ob-

servations from Norwegian and Russian meteorological

stations over the Atlantic sector of the Arctic [con-

strained to the Norwegian, Barents, and Kara Seas

(NBK)]. The NBK region plays a central role in the

Arctic climate system (Smedsrud et al. 2013). Therewas a

drastic reduction of sea ice in the recent decade that re-

sulted in almost ice-free conditions in the whole Barents

Sea and parts of the Kara Sea (Smedsrud et al. 2013).

These changes had a strong effect on regional and large-

scale atmospheric circulation (Petoukhov and Semenov

2010; Outten and Esau 2012; Semenov and Latif 2015).

Section 2 of this paper provides a review of different

aspects of clouds in the NBK, including their climatol-

ogy and interannual variability. Section 3 presents a de-

tailed description of the data and processingmethodology,

as well as their possible drawbacks. Section 4 provides an

assessment of the climatology and variability of total cloud

cover and the frequency of different cloud cover conditions

in NBK. Section 5 summarizes the results and provides

concluding remarks.

2. Cloudiness in the NBK region of the Arctic: A
review

Cloud formation and evolution in the Arctic depends

on a number of factors including large-scale atmospheric

circulation, boundary layer structure, surface properties

(sea ice and open water), and microphysical processes.

The first analysis of long-term interannual variability of

cloud cover in the Arctic (including NBK) was pre-

sented by Raatz (1981) and was based on polar-day

observations from seven stations (two stations in NBK,

Jan-Mayen, and Bjornoya) for the period of 1921–78. A

more comprehensive analysis of cloud cover and cloud

type interannual variability over the Arctic was done by

Eastman and Warren (2010a), who used visual obser-

vations from land stations, ships, and drifting stations for

the period of 1971–2007. In general, the agreement among

different datasets for TCC is the highest in the Norwegian

and Barents Sea regions of the Arctic (Chernokulsky and

Mokhov 2012).

Several important peculiarities of the NBK region

include the highest surface skin temperature in the

Arctic (Wang and Key 2005a), relatively low sea ice

fraction (Smedsrud et al. 2013), and the lowest mean sea

level pressure with the highest cyclone frequency in the

Arctic (Akperov et al. 2015). The combined effect of

these makes this region among the cloudiest in both the

Arctic and the world (Table 1) (Mokhov and Schlesinger

1994; Chernokulsky and Mokhov 2010; Liu et al. 2012a;

Karlsson et al. 2013; King et al. 2013; Stubenrauch

et al. 2013).

Total cloud cover in the NBK region varies from 80%

to 100%.1 Over the Norwegian and Barents Seas, there

is only a weak annual cycle of TCC. Over the Kara Sea

there is a maximum in TCC in August–September ac-

cording to various satellite and surface observations

(Chernokulsky and Mokhov 2012). This summertime

maximum comes from warmer temperatures and greater

moisture availability over the melting sea ice (Herman

andGoody 1976). TCC inNBKhas significant correlation

with surface air temperature (the correlation is negative in

summer and positive in winter) (Warren et al. 2007) and

sea surface temperature (positive correlation in all sea-

sons) (Eastman et al. 2011). Interannual variability of

cloudiness characteristics in NBK is controlled by atmo-

spheric circulation (Mokhov et al. 2009; Zhang et al. 2012;

Chernokulsky et al. 2013; Bednorz et al. 2016), particu-

larly by the position of cyclone tracks in the winter and

the strength of anticyclones in the summer (Bednorz

et al. 2016). The North Atlantic Oscillation (NAO)

modulates the transport of moisture into the NBK region

1 For clarity, where percentages are quoted throughout this

work, they refer to absolute percentage cloud cover of the total sky.

For example, 80% cloud cover means 80% of the sky is covered

with clouds, while a 20% reduction in this cloud cover would re-

duce it to 60%.
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(Smedsrud et al. 2013). Previdi and Veron (2007) showed

that the positive phase of the NAO is associated with

positive anomalies of cloudwater path, mostly because of

liquid water path.

Cloudiness in theNBK region ismostly from stratiform

clouds of all levels (Hahn andWarren 2007; Eastman and

Warren 2010a; Liu et al. 2012a; Esau and Chernokulsky

2015; Li et al. 2015), with low-level clouds occurring the

most frequently (Curry et al. 1996; Liu et al. 2012a). Low-

cloud properties depend mostly on local evaporation

from the Arctic Ocean and consequently depend on sea

ice conditions (Eastman and Warren 2010a; Palm et al.

2010; Vavrus et al. 2011a), whereas mid- and high-level

cloud changes are mostly driven remotely via changes in

meridional moisture transport from lower latitudes

(Vavrus et al. 2011a; Zhang et al. 2012). The prevalence

of stratiform clouds over NBK is attributed to the

northeastward advection over the cold sea ice surface of

moist relatively warm air that forms in the NorthAtlantic

(Herman and Goody 1976).

Advection of cold air (so-called cold-air outbreaks),

which is common for the NBK (Kolstad et al. 2009),

triggers unstable atmospheric conditions and the pres-

ence of convective cloudiness and thunderstorms in the

Atlantic sector of the Arctic (Brümmer and Pohlmann

2000; Czernecki et al. 2013; Esau and Chernokulsky

2015). Czernecki et al. (2013) have found that thunder-

storms in the Norwegian Sea can also be associated with

warm moist advection in the middle atmosphere during

summertime; however, these thunderstorms are char-

acterized by weaker convective instabilities than those

induced by cold air outbreaks. Convective cloudiness in

NBK [cumulus (Cu) and cumulonimbus (Cb)] takes

place in all seasons with a weak annual cycle (Esau and

Chernokulsky 2015). It varies from a few percent in the

northeast (over sea ice) to 10%–15% (up to 30% in

some years) in the southwest (over open water). It has

also been suggested that the convective self-organization

of cumuli clouds into cloud cells and rolls (cloud streets)

might intensify polar storms (Okland 1987).

The amount of stratus (St) and stratocumulus (Sc) clouds

combined reaches 50% according to surface observations

(Esau and Chernokulsky 2015) and 60% according to

satellite observations (Li et al. 2015). Stratocumulus clouds

are the most common of the morphological types, in-

cluding stratus clouds, reaching around 30% of the TCC

(Wood 2012; Esau and Chernokulsky 2015). A maximum

in stratocumulus clouds occurs in August and is most

prominent in the Kara Sea (Wood 2012). Multilayered

stratiform clouds account for up to 40%of the TCC (Mace

et al. 2009; Liu et al. 2012a; Li et al. 2015), which tend to

have minimum-random overlap (Li et al. 2015). Multilay-

ered clouds in NBK are mainly a result of the overlap of

low-level stratiform clouds with altostratus (As) clouds (Li

et al. 2015),whichhave a horizontal dimensionof 300km in

winter and spring and 400km in summer and autumn

(Wood and Field 2011).

The diurnal cycle of TCC is not generally well defined

according to both surface (Eastman and Warren 2014)

and satellite (Wylie 2008; King et al. 2013) observations,

with a diurnal amplitude of TCC not exceeding 3%–5%

(Wylie 2008; Eastman and Warren 2014). The morning

maximum of low-level cloudiness is dominated by the

occurrence of stratocumulus clouds in NBK (Eastman

and Warren 2014).

Przybylak (1999) estimated cloudiness changes from

eight stations in NBK (combined with four stations in

Siberia) for the period 1951–90. He found a statistically

significant increase in winter and annual means of

TCC with a linear trend of 2.6%decade21 in winter and

0.8%decade21 for the whole year. For TCC, a positive

linear trend was found for the western part of NBK

(about 0.9%decade21 in autumn and 0.5%decade21 in

other seasons). For the eastern part ofNBK (east of 408E),
TCCwas found to increase only in autumn (with a linear

trend of 0.8%decade21) and decrease in other seasons,

with the most pronounced negative trend in spring

(23.6%decade21). This reduction is accompanied by an

increase of clear sky frequency (trend of 0.028decade21),

whereas in other seasons, and over the western part of

NBK for thewhole year, clear sky frequency changes are

nonsignificant (Eastman and Warren 2010a). Similar

trends of TCC were found for winters over the last

20 years from satellite (Advanced Polar Pathfinder) and

reanalysis (ERA-40) data (Liu et al. 2008), with positive

trends over the western NBK and negative trends over

the eastern NBK, associated with a corresponding in-

crease and decrease of moisture convergence. The in-

crease of TCC in the Barents Sea leads to an increase of

downwelling longwave radiation flux (with a linear trend

of up to 10Wm22 decade21 (Francis and Hunter 2007)

and a decrease of incoming solar radiation (Stanhill

1995). However, satellite- and surface-based observa-

tions do not agree well when assessing year-to-year

cloud variability and show nonsignificant correlation in

autumn and winter over sea ice regions (Eastman and

Warren 2010b) (Table 1).

Changes in TCC are mainly associated with changes

in the amount of stratocumulus cloud (the most com-

mon form of clouds in the NBK). The amount of stra-

tocumulus cloud increases in the western part of the

NBK (with a linear trend of around 1%–2%decade21

in all seasons) and decreases in the eastern part of the

NBK (with linear trends down to 23.9%decade21 in

spring and 25.0%decade21 in winter) except in the

autumn when it increases with a 1.5%decade21 trend
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(Eastman and Warren 2010a). The amount of stratus

cloud increases only in the cold seasons (winter and

spring) over the eastern part of NBK (with a 1.5%

decade21 linear trend). The amount of cumulus cloud

increases in the warm part of the year (summer and

autumn) over the entire NBK region with a trend of

around 1%decade21. Positive trends were also noted

for altostratus and high-level clouds (except in winter);

however, for altocumulus (Ac) clouds there is a general

negative trend. Additionally, a prominent reduction of

precipitating clouds [cumulonimbus and nimbostratus

(Ns)] has been observed over the last 40 years (with a

linear trend of around 22.0%decade21), mostly because

of a decrease in the amount of cumulonimbus clouds

(Eastman and Warren 2010a). Esau and Chernokulsky

(2015) analyzed data from 27 Russian weather sta-

tions in the Barents and Kara Seas for a longer period,

1936–2013. They found an increase in the amount of

convective clouds over open-water regions with the

most pronounced trends in autumn and winter (up to

0.7%decade21) and nonsignificant changes over sea ice

covered regions. A reduction in the amount of strati

and nimbostrati clouds was found over open water and

sea ice–covered regions in all seasons except summer,

with negative trends down to 22.0%decade21 (Esau

and Chernokulsky 2015).

Results of the reviewed studies indicate the absence of

information on cloudiness in the NBK in the early years

of observations (before the 1950s). It is particularly

unclear how clouds behaved during the early twentieth-

century warming when surface air temperature and sea

ice concentration in NBK was similar to how it is today

(Bengtsson et al. 2004; Zhichkin 2015). This paper

provides a new insight into the variability of total cloud

cover based on long-term surface observations from

Norwegian and Russian meteorological stations for a

period longer than is currently available. Analysis is

presented from the end of the nineteenth century. This

analysis allows for the assessment of contemporary

trends in cloud characteristics with respect to past

variations.

3. Data description and processing

a. Surface cloud observations

The analysis presented here is based on routine visual

surface observations from the Norwegian and Russian

coastal and island meteorological stations located in the

NBK region (Fig. 1; supplementary Table S1). Reports

from these stations are collected in the Norwegian Me-

teorological Institute (hereinafter eKlima data, available

on the website eklima.met.no) and in the All-Russian

Research Institute of Hydrometeorological Information

T
A
B
L
E
1
.
(C

o
n
ti
n
u
ed
)

C
h
a
ra
ct
e
ri
st
ic

o
f
cl
o
u
d
s

T
h
e
A
tl
a
n
ti
c
A
rc
ti
c

T
h
e
A
rc
ti
c

G
lo
b
a
l

V
a
lu
e
s

D
a
ta

a
n
d
re
fe
re
n
ce

M
o
rp
h
o
lo
gi
ca
l

ty
p
e
s

S
c:
in
cr
e
a
se

in
w
e
st
a
n
d
d
e
cr
e
a
se

in

e
a
st
o
f
th
e
N
B
K

S
t:
in
cr
e
a
se

in
e
a
st
o
f
th
e
N
B
K

in

w
in
te
r
a
n
d
sp
ri
n
g

C
u
:
in
cr
e
a
se

in
w
e
st
o
f
th
e
N
B
K

in

su
m
m
e
r
a
n
d
a
u
tu
m
n

N
s
1

C
b
:
d
e
cr
e
a
se

S
h
ip
-
a
n
d
st
a
ti
o
n
-b
a
se
d
(1
9
71
–
2
0
0
7
)
d
a
ta

E
a
st
m
a
n
a
n
d
W

a
rr
e
n
(2
0
10
a
)

S
t,
S
c,
C
u
:
in
cr
e
a
se

C
b
,
N
s:
d
e
cr
e
a
se

E
a
st
m
a
n
a
n
d
W

a
rr
e
n
(2
0
10
a
)

L
a
n
d
:

S
c
1

C
u
1

A
c:
p
o
si
ti
v
e
tr
e
n
d

S
t
1

N
s
1

A
s
1

h
ig
h
le
v
e
l:
n
e
ga
ti
v
e

tr
e
n
d

C
b
:
n
o
tr
e
n
d

E
a
st
m
a
n
a
n
d
W

a
rr
e
n
(2
0
13
)

C
u
1

C
b
:
in
cr
e
a
se

o
v
e
r
o
p
e
n
-w

a
te
r

re
g
io
n
s

S
ta
ti
o
n
-b
a
se
d
(1
9
36
–
2
01
3
)
d
a
ta

E
sa
u
a
n
d
C
h
e
rn
o
k
u
ls
k
y
(2
0
1
5
)

O
ce
a
n
:

L
o
w
-l
ev
el

(S
t
1

S
c
an

d
C
u
)
an

d

h
ig
h
-l
ev
el
cl
o
u
d
ty
p
es
:p

o
si
ti
ve

tr
en

d

S
t
1

N
s:
d
e
cr
e
a
se

A
c
1

A
s:
a
lm

o
st
n
o
tr
e
n
d

E
a
st
m
a
n
e
t
a
l.
(2
0
11
)

15 MARCH 2017 CHERNOKULSKY ET AL . 2107

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 02/11/21 05:38 PM UTC



(RIHMI; Bulygina et al. 2014; Chernokulsky et al. 2011,

2013), respectively.

We divided all the stations into two groups depending

on ice conditions, which are defined based on theHadley

Centre Global Sea Ice and Sea Surface Temperature

dataset (HadISST; Rayner et al. 2003). The first group

includes stations with mostly open water surrounding

(OW; the Norwegian Sea, the south coast of the Barents

Sea, and the southwestern coast of the Kara Sea).

Weather stations from the second group are located in

mostly solid-ice conditions (SI; Svalbard, the islands

from the northern part of the Barents and Kara Seas,

and the southeastern coast of the Kara Sea) (Fig. 1). The

division is tentative because of the seasonal variability in

the sea ice extent. So in part of the OW (especially in the

eastern NBK) sea ice is present during the intra-annual

maximum, while a part of SI is free from sea ice during

the intra-annual minimum. The interannual variability

of sea ice extent also affects how we define the surround-

ings of the stations. In particular, the islands in the Kara

Sea were surrounded by year-round ice before the 1990s

but have become partly opened in recent years (Fig. 1). In

addition, it is important to bear inmind that only data from

surface stations are used (not from ship observations); thus

it is hard to completely exclude the possible influence of

land on cloud cover observations. However, the pre-

dominant role of large-scale processes and the sea ice

boundary position on cloud formation in the NBK (see

section 2 for more details) make this influence somewhat

unimportant.

In total, we used information from 15Norwegian and 54

Russian weather stations, which operate or operated in the

NBK (Fig. 2; supplementary Table S1). None of these

stations were relocated during the period of operation.

The paper is mainly focused on an analysis of TCC. It

is identified by an observer from a visual inspection of

the sky above a weather station and defined as the ratio

between the cloudy part of the sky and the full sky.

Originally, information on TCC was reported in oktas

for the eKlima data and in tenths for the RIHMI data. In

recent years measurements at the Norwegian stations

were conducted four times a day, whereas in Russia ob-

servations are conducted eight times a day. During the

twentieth century there were a number of changes in the

timing of observations (Fig. 2), as well as the number of

operating stations, from only 1 station at the end of the

1860s to 60 stations in the 1980s. The combined effect of

these changes to observational practice resulted in large

changes in the total number of cloud observations per

year in the NBK nobs (these changes are described in full

in the supplementary material).

There were several shifts in observational procedures

at both Russian and Norwegian stations. In Norway,

starting from 1949, observers started to measure TCC in

FIG. 1. Location of Norwegian (blue-rimmed circles) and Russian (red-rimmed circles)

weather stations used in this study (see also supplementary Table S1). Stations with open-

water conditions are shown by the green circles, stations with solid-ice conditions are shown

by the blue circles. The boundaries for March (dashed lines) and September (solid lines) sea

ice extent based onHadISST data (Rayner et al. 2003) are shown for the years 1981–90 (light

blue lines) and 2004–13 years (dark blue lines).
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oktas instead of tenths (Henderson-Sellers 1992). This

led to a couple of issues for the consistency of obser-

vations: First, this transition led to observers retraining,

which may have introduced mistakes in determining

the actual cloud cover in a new system of units. And

second, there may have been errors in converting the

observations for the archives (Henderson-Sellers 1992).

In particular, we found that the initial cloud data in

eKlima for Bjornoya and Hopen islands contained er-

rors for several years after the tenths-to-oktas transi-

tion. The removal of these errors is explained in the

supplementary material.

There have also been several changes documented in

the Russian observational procedure. In the nineteenth

century and the first quarter of the twentieth century

only total cloud cover was observed and recorded in the

archive. At the end of the 1920s observers started to

measure low cloud cover as well. Information about

morphological cloud types appeared after 1936. From

the beginning of the 1930s, cloud breaks (when TCC is

more than 9 tenths but the sky is not completely over-

cast) and cloud traces (any nonzero cloud cover less than

1 tenth) were starting to be reported (in practice, a

special code for cloud traces is used only at 16 out of 54

stations and only after 1983). There are no details as to

how these cases were coded in the earlier period. Such

shifts in observing practice may have affected the re-

ported frequency of clear and overcast skies (Free and

Sun 2013). There is no documented information on

such changes for the Norwegian stations; however,

we cannot exclude their possible presence in the first

half of the twentieth century. For now, cloud traces

and cloud breaks are treated as 1 and 7 oktas at

Norwegian stations.

There is a chance of the presence of some un-

documented changes in observational procedure in the

data, which may impact on the time series homogeneity.

Even the replacement of one observer with another who

had a different training may influence the results, par-

ticularly on the identification of morphological cloud

types (Eastman and Warren 2013). In all likelihood, the

training of observers has improved since the nineteenth

century, for instance, after the advent of air traffic

(Henderson-Sellers 1992) and after the establishment of

the World Weather Watch program. Consequently, the

earlier records of cloud observationsmay be less reliable

than contemporary observations.

b. Data processing

In this study, themajor results are based on an analysis

of seasonal means of TCC and the frequency of different

morphologies of clouds, which are calculated based on

the following steps and assumptions (the supplementary

material provides more detailed information on the as-

sumptions involved):

(i) To homogenize different observational measures

(tenths in Russia/USSR and oktas in Norway), we

converted all Russian data into oktas following the

WMO guidelines (Table S2) for counting TCC. To

keep an agreement betweenRussian andNorwegian

data, we recalculated all cloud breaks into 7 oktas

and presented these results in the main part of the

paper. In the supplementary material, we presented

results of an additional analysis for time series with

cloud breaks considered as overcast. Cloud traces

were treated as zero.

(ii) To reduce the uncertainty in the nighttime observa-

tions due to a lack of illumination, all reports were

required to fulfill a moonlight criterion (Hahn et al.

1995). This criterion filters out observations thatwere

made during dark nights; the threshold for the solar

angle is 98 below thehorizon, and the threshold for the

relative lunar illuminance (which takes into account

the phase and the height of the moon) is 0.11 (Hahn

et al. 1995). About 25% of all reports were excluded

as a result of the application of this criterion (up to

70% of reports during the polar night) (see Fig. 2).

(iii) All reports that satisfied the illuminance criterion

were recalculated tomonthlymeanTCCby a simple

averaging (with equal weights) and presented in

percentage. Therefore, our results are more repre-

sentative of daytime cloudiness. However, this sim-

ple averaging is a reasonable assumption owing to

the near absence of a diurnal cycle of TCC in the

NBK.Monthly means were recalculated to seasonal

means. We used the one-month-shifted calendar for

seasons, so winter mean is a mean for January,

February, and March. Because some stations have

sporadic gaps in observations with a somewhat

uniform distribution in time, we calculated monthly

means only if therewere at least 10 days in themonth

with observations (nomatter howmany reportswere

made per day); otherwise the monthly mean was

assigned as undefined. Seasonal means of a particu-

lar year were calculated if at least two monthly

means were defined. Therefore seasonalmeans were

calculated from at least 20 observation reports.

(iv) Because of possible observer-related uncertainties

in the identification of the exact value of TCC, we

calculated frequencies for four broad ranges of cloud

cover: 1) cloudless conditions (CLR) when TCCwas

reported as zero or 1 okta (which allows us to directly

compare Norwegian and Russian observations de-

spite the possibility of different treatments of cloud

traces), 2) scattered clouds (SCT) for 2 # TCC # 4
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oktas, 3) broken clouds (BKN) for 4 , TCC # 7

oktas, and 4) overcast conditions (OVC) for reported

TCC of 8 oktas. The seasonal mean of these values is

defined as a ratio of the number of reports with a

given cloud cover to the total number of reports.

(v) Themaximum systematic bias in the seasonalmeans

of TCC, associated with the influence of changes in

the timing of observations, the transition from re-

porting tenths to oktas, and issues with cloud traces/

cloud breaks, is estimated to be within 5% (the

procedure of bias estimation is given in the supple-

mentary material, including Fig. S1). For CLR and

SCT this bias is 5%, and for BKN and OVC it may

reach 10%. These biases should be accounted for

FIG. 2. Number of stations and number of cloud observations per year (with and without the

moonlight criterion) from (a)Norwegian and (b)Russian stations, alongwith key changes in these

observations. Time of observations and its changes are shown in green. Observation variables and

changes in observational procedures are shown in blue. Other changes are shown in gray/black.
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when cloudiness changes at individual stations are

analyzed. This is especially true for the early years,

when changes of technique and timing of observa-

tions were frequent. For the period after 1936, when

the special codes for cloud breaks and cloud traces

had been implemented, the systematic bias does not

exceed 2%–3% for TCC, CLR, and SCT and 5% for

BKN and OVC.

(vi) To overcome the temporal inhomogeneity associ-

ated with variability in the number of stations we

analyzed cloud variations for each individual sta-

tion. The averaging for the entire region was carried

out only for the period after 1936 when the number

of stations in operation was sufficiently increased

and systematic biases decreased. To avoid the

possible influence of dropping or including system-

atically more cloudy or cloudless stations, the

averaging was prepared in the following way: 1)

the means of cloud characteristics were counted for

each station (and for the entire region) for the

period 1981–90 [this reference period was chosen as

it was the period when almost all stations were in

operation (24 stations for SI and 36 for OW)]; 2)

anomalies relative to the corresponding mean in

this reference period were taken for each station

and for every year; 3) for every year, anomalies

were averaged between stations that operated in

that year; 4) the resulting values of the cloud

characteristics for each year were obtained by add-

ing the entire-region mean for the reference period

to the average anomaly of the given year. Note that

for regional averaging, anomalies for all operating

stations were first averaged in each 108-longitude
sector (with equal weights), and then anomalies of

108 sectors were averaged (with equal weights) for

the entire region. This was done to account for the

spatial heterogeneity of the station locations.

(vii) Statistical significance of linear trends and correla-

tion coefficients was calculated using the Student’s

t test while accounting for autocorrelation (with

1-yr lag) in effective sample size computing

(Bartlett 1935).

4. Results

a. Cloudiness variability at individual stations

We use Hovmöller diagrams (Fig. 3) to show the year-

to-year changes of TCC at individual meteorological

stations in the NBK separately for different seasons and

two distinct regions (SI and OW).

Over SI, the highest values of TCC are found in

summer, especially over islands in the Barents and Kara

Seas (TCC is around 90%) (Fig. 3a). For Svalbard, TCC

is less (around 80%). The difference between the TCC

over Svalbard and over the Barents and Kara Seas is

also prominent in spring (60%–65% vs 70%–75%, re-

spectively). The minimum values of TCC are found in

winter (around 60%) (Fig. 3a). In autumn, TCC at most of

the stations over SI is around 60% (Fig. 3g). The cloudiest

SI station is Zhelaniya Mys (annual TCC is 79%). The

absolute maximum and minimum for TCC and for other

cloud characteristics can be found in the supplementary

material (Table S3).

TCC is comparatively high in all seasons over OW,

especially in summer and autumn (up to 80%–90% for

particular stations) (Figs. 3f,h), but TCC is also rela-

tively high at most of theOW stations in other seasons as

well (around 70%–80%). Jan Mayen and Biornoya are

the cloudiest stations in the entire NBK with TCC an-

nual means of 83% and 82%, respectively. The mini-

mum of TCC is found in the eastern part of the NBK in

winter where it drops to 50% (Fig. 3b).

Several particularities of TCC interannual variability

can be seen from these observations. First of all, there

is a high year-to-year variability of TCC at the end of

the nineteenth century and the beginning of the twen-

tieth century. TCC at the first operating stations is re-

ported to have varied from one year to another by more

than 20%–30% (e.g., from 60% to 90%); moreover,

neighboring stations display almost zero or even nega-

tive correlation of TCC anomalies from year to year.

This may point to an overall low quality of cloud cover

observations in the beginning of the era of meteoro-

logical observations in the NBK. From the 1930s on-

ward, the correlation of TCC among neighboring

stations became positive and significant. In the 1930s–

50s, an overall increase of TCC is noted for all seasons

over both SI and OW (except for winter over SI).

Whereas in the 1960s–80s TCC decreased at almost all

stations. In autumn, the decrease of TCC during this

period exceeded 20% at several stations. In the 1990s

TCC started to increase again, especially strongly in

autumn. In general, higher interannual variability is re-

ported for stations and periods where and when the

highest variability of sea ice extent was observed. Spu-

rious increases of TCC in the beginning of the 1990s

(and then a decrease in the beginning of 2000s) at

Chelyuskin Mys (Figs. 3a,g) are not supported by any of

the neighboring stations. We therefore conclude they

are likely to be artificial and not associated with envi-

ronmental changes.

Among the different cloud conditions, the least

common conditions are the CLR and SCT categories.

CLR is especially rare over OW where it changes from

0.05–0.1 at the west stations to 0.1–0.2 at the east stations
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(see supplementary Fig. S3). The highest values of CLR

(0.3–0.4) appeared mostly in winter over the south-

western coast of the Kara Sea (Fig. S3b). Over SI,

annual-mean CLR varies from 0.1 to 0.2 and shows a

pronounced annual cycle with the maximum in winter

(0.25–0.35) and minimum in summer (around 0.05). In

general, the highest values of CLR were observed over

SI in the 1960s–80s, and mostly in winter (0.4–0.6)

(Fig. S3a). A general decrease of CLR over SI has been

found in the following years (1990s–present).

Scattered clouds are common for Svalbard where they

were found in 13%–18% of all cases (Fig. S4). For other

SI regions, annual mean of SCT varies around 0.1. In the

Barents and Kara Seas the lowest values of SCT are

found in summer (0.04–0.07), while in winter SCT may

reach 0.2. Over OW, annual means of SCT do not show

longitudinal dependence and they vary between around

0.1–0.15 with the minimum in autumn and winter

(Fig. S4h). A little year-to-year variation of SCT (with a

general increase from the 1930s) is found for both SI and

OW stations.

Broken clouds are common for the NBK, especially

for OW (Fig. S5). Annual means of BKN over OW vary

between 0.3 and 0.5 and reach 0.6 for particular stations.

In the eastern part of theNBK, BKN is as low as 0.25–0.3.

BKN over OW has a weak annual cycle (Figs. S5b,d,f,h)

but exhibits large interannual variability. BKN was

notably lower at the end of the nineteenth century and at

the beginning of the twentieth century according to both

Norwegian and Russian observations. BKN slowly in-

creased after the 1930s until the present day. BKN has a

weak annual cycle over SI with the minimum in winter

(Figs. S5a,c,e,g). In the Barents and Kara Seas, BKN is

comparatively small and varies between 0.15 and 0.2. In

the cold period of the 1960s, BKN increased up to 0.25–

0.3. BKN is also generally higher over Svalbard (around

0.3–0.4). The highest values of BKN are observed at

Svalbard Lufthavn, where the long-term annual mean is

FIG. 3. Changes of total cloud cover in percent over (a),(c),(e),(g) solid-ice and (b),(d),(f),(h) open-water stations

for (a),(b) winter, (c),(d) spring, (e),(f) summer, and (g),(h) autumn. Cloud breaks are considered as 7 oktas.

Stations are ordered by longitude from west to east.
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0.50. Svalbard Lufthavn is the only airport station in our

analysis, and it should be noted that observers for avi-

ation purposes may quantify overcast situations in a

different way. This may result in an overestimation of

BKN (Figs. S5a,c,e,g) and underestimation of OVC

(Figs. S6a,c,e,g) compared to the neighboring stations.

Therefore, this stationmay not have sufficient consistency

with other stations for the purposes of assessing cloudi-

ness changes over Svalbard.

Overcast conditions are the most common among the

other cloud conditions over SI in the NBK (Fig. S5). It is

especially common in the Kara Sea where its annual

means vary between 0.5 and 0.6 and summer means

reach 0.8–0.9 (Fig. S6e). High values of summer OVC

were also observed in the 1930–40s. However, overcast

cases decreased by 0.1–0.2 in the cold period of the

1960–70s. Over Svalbard, OVC is markedly lower, with

an annual mean of around 0.4, and 0.17 for Svalbard

Lufthavn, and there was not such a decrease in OVC

conditions during the 1960–70s. Over OW, OVC and

BKN are comparable. The highest values of OVC were

observed in the beginning of the twentieth century,

when it reached 0.8–0.9 (Figs. S6b,d,f,h). However, the

overall low quality of early period observations should

again be emphasized. After the 1940s there was a

general decrease of OVC for most of the OW stations.

At the present time it varies around 0.4 with a weak

annual cycle.

The treatment of cloud breaks as overcast results in

somewhat higher values of TCC (around 1%–2%),

higher values of OVC (around 0.05–0.1), and lower

values of BKN (around 0.05–0.1) over Russian stations

(Figs. S7–S9). However, the main features of spatio-

temporal variations of TCC remain similar to those

presented in Fig. 3, with aminimum in the 1960s–70s and

two maxima in the 1930s–50s and in the last decades.

BKN (OVC) shows a steady increase (decrease) over SI

and OW stations starting from the 1930s.

b. Cloudiness variability in the entire NBK region

In this section, cloudiness for the entire NBK is ana-

lyzed for SI andOW.Table 2 presents seasonal and annual

long-term means of TCC, CLR, SCT, BKN, and OVC

over SI and OW for the entire NBK in the period 1936–

2013 and for three 20-yr periods, which represent three

distinct temperature regimes: 1936–55, 1961–80, and

1993–2012. Figure 4 provides more detailed information

on the year-to-year changes of cloudiness in the NBK,

while Table 3 summarizes linear trends of cloudiness

characteristics for the period 1936–2013 and for two halves

of this period (1936–74 and 1975–2013) (supplementary

Fig. S10 and Tables S3 and S4 provide similar information

with the alternative accounting of cloud breaks).

Cloudiness shows both intra- and interannual varia-

tions. TCC has a minimum in winter in all three periods

(over both SI and OW) and a maximum in summer or

autumn (Table 2). CLR has a prominent annual cycle

in all periods with the maximum in winter and the

minimum in summer. SCT have little intra-annual var-

iation over OW and in the annual cycle with winter

maximum and summer minimum over SI (with the

largest amplitude in the third period). Annual cycle of

BKN became apparent only in the second period. In

contrast, the annual cycle of OVC is distinctive, espe-

cially over SI where the summer maximum is 0.25–0.27

greater than the winter minimum. In general, the stan-

dard deviation is higher for CLR and OVC and for

winter and autumn (Table 2).

Cloudiness over the entire NBK varies slightly from

one period to another. In general, the first and the third

periods are somewhat cloudier then the second (Table 2).

The most pronounced changes are found in the autumn.

In this season, NBK was noticeably cloudier in the first

period over both OW and SI. For other seasons,

the differences among the three periods do not exceed

the standard deviation. Similar findings for TCC were

obtained when using the alternative accounting of cloud

breaks (Table S3).

Analysis of year-to-year changes of TCC revealed that

the major long-term changes of TCC occurred in au-

tumn (Fig. 4). TCC over SI dropped by more than 15%

from the early twentieth century warming period to the

end of the cool period of the 1970s–80s (from 82% in

1948 to 66% in 1987) (Fig. 4). Note that these changes

exceed observation-related bias and can be treated as

significant. The linear trend for autumnal TCC over SI

for 1936–74 is also statistically significant (2%decade21)

(Table 3). From the beginning of the 1990s autumnal

TCC over SI started to increase; however, it is still less

than it was in the 1940s. For other seasons, TCC over SI

varies from year to year and displays no statistical trends,

except for slight time changes in the period 1975–2013. A

reductionofTCCoverOWfromthe1930s to the 1980s–90s,

with a following increase, is found for summer and au-

tumn (and to some extent for spring). In general, the

1940s was the cloudiest time over OW for all seasons,

and the period 1936–74 was characterized by negative

trends of TCC (significant for all seasons except sum-

mer) (Table 3). The period 1975–2013 was associated

with positive and mostly insignificant trends of TCC

over OW. All the observed changes and trends of TCC

are qualitatively the same with those derived from the

alternative accounting of cloud breaks (Fig. S10 and

Table S4). In general, year-to-year changes of cloud

characteristics in the entire NBK are the same for indi-

vidual stations as well.
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TCC changes are consequences of mutual changes in

CLR, SCT, BKN, andOVC (Tables 2 and S3; Figs. 4 and

S9). CLR has a tendency for a steady decrease over both

OW and SI. For instance, CLR in winter over SI has

dropped from 0.30–0.35 at the beginning of the 1940s to

0.20–0.25 in the 2000s. In contrast, scattered clouds be-

came more frequent in the NBK (mostly because of an

increase from the 1940s to the 1990s). BKN has a strong,

FIG. 4. Interannual variations of 5-yr running means of TCC, occurrence of reports with CLR, SCT, BKN, and

OVC from 1938 to 2011 over the entire solid-ice (a),(c),(e),(g) and open-water (b),(d),(f),(h) regions of NBK for

(a),(b) winter, (c),(d) spring, (e),(f) summer, and (g),(h) autumn. Cloud breaks are considered as 7 oktas, and reports

with cloud breaks are considered as reports with broken clouds. Note that the absolute values for the left ordinate axis

are different for different seasons (however, the range of 20% is kept for all seasons). Interannual variation of

operated station number (NumSt) is shown for (i) solid-ice and ( j) open-water parts of the NBK. The transition of

Norwegian station from tenths to oktas (Nt-o) and the transitions of frequency of observations from 3 to 4 per day for

Norwegian (N3–4) and from 4 to 8 per day for Russian station (R4–8) are marked.
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statistically significant positive trend for the whole pe-

riod (and for both halves) over OW in all seasons. BKN

significantly increases from 0.30–0.34 at the end of the

1930s to 0.44–0.48 at the beginning of the 2000s (this

increase exceeded the systematic bias). Over SI, the

maximum of BKN was reached in the 1960s (around

0.3), and a statistically significant positive trend is noted

for all seasons only for the period 1938–74 (Table 3).

Changes of OVC are generally opposite to those for

BKN. OVC over OW tends to decrease in all seasons,

and it reduced from 0.45–0.5 in the 1930s to 0.3–0.35 in

the 2000s (again, this decrease exceeds the systematic bias).

Over SI, changes of OVC had two phases: a downward

phase (present in all seasons) from the end of the 1930s to

the end of the 1950s and an upward phase from the be-

ginning of the 1960s to the present.

Another accounting of cloud breaks (Fig. S13; Table S4)

does not qualitativelymodify the reported changes inBKN

and OVC over OW, but a notable difference is obtained

over SI. Particularly, an almost monotonic increase of

BKN and a decrease of OVC are found for all seasons.

5. Concluding remarks

Wepresented the long-term climatology of total cloud

cover and the frequency of four conditions of cloud

cover (clear sky, scattered clouds, broken clouds, and

overcast) over the Norwegian, Barents, and Kara Seas

based on surface observations at 15 Norwegian and 54

Russian weather stations divided into two broad regions

with open-water and solid-ice conditions (OW and SI).

The first cloud observations are from 1868. However, data

for the end of the nineteenth century and the beginning of

the twentieth century should be treated with caution be-

cause of their low quality and the presence of a number of

shifts in time and procedure of observations. Thus, the

main results were obtained for the period of 1936–2013.

Annual mean TCC in NBK is almost equal over SI

and OW (73%6 3% and 76%6 2%, respectively). It is

close to values obtained by Eastman and Warren (2010a)

when surface stations and ship reports are combined (but

for a shorter period) and 5%–10% less than was obtained

from different satellite data for NBK (Chernokulsky and

Mokhov 2012). TCC has a more pronounced annual cycle

(over double the amplitude) over SI than over OW, with a

minimum in the winter and a maximum in the summer

(Table 2). Scattered clouds and clear skies are the least

common types of cloud conditions, respectively, over SI

and OW, while overcast and broken clouds are the most

common types.

The analysis of long-term variability in TCC at indi-

vidual stations and for the entire NBK region revealed a

significant decrease in the middle of the twentieth century

TABLE 2. Cloudiness characteristics for the entire solid-ice and

open-water regions of the NBK: mean values and standard de-

viations (in brackets). The first value is the total cloud cover (in%),

and the other four values correspond to the frequencies of reports

with clear sky, scattered clouds, broken clouds, and overcast, re-

spectively. Cloud breaks are considered as 7 oktas, and reports with

cloud breaks are considered as reports with broken clouds.

Season 1936–55 1961–80 1993–2012 1936–2013

Solid-ice region

Winter (JFM) 58 (6) 59 (6) 60 (4) 60 (5)

0.34 (0.06) 0.26 (0.05) 0.25 (0.04) 0.27 (0.06)

0.09 (0.02) 0.17 (0.04) 0.16 (0.02) 0.14 (0.04)

0.17 (0.03) 0.22 (0.03) 0.20 (0.03) 0.20 (0.04)

0.40 (0.06) 0.35 (0.06) 0.39 (0.06) 0.39 (0.06)

Spring (AMJ) 74 (4) 74 (4) 76 (3) 75 (4)

0.18 (0.04) 0.14 (0.03) 0.12 (0.03) 0.15 (0.04)

0.07 (0.01) 0.11 (0.02) 0.11 (0.02) 0.10 (0.03)

0.19 (0.03) 0.27 (0.04) 0.23 (0.02) 0.23 (0.04)

0.56 (0.04) 0.48 (0.05) 0.54 (0.04) 0.52 (0.05)

Summer (JAS) 87 (3) 87 (3) 87 (2) 87 (2)

0.07 (0.03) 0.04 (0.02) 0.04 (0.01) 0.05 (0.02)

0.06 (0.01) 0.07 (0.01) 0.07 (0.01) 0.06 (0.01)

0.18 (0.03) 0.28 (0.05) 0.24 (0.03) 0.24 (0.05)

0.69 (0.03) 0.61 (0.06) 0.65 (0.04) 0.65 (0.05)

Autumn (OND) 77 (6) 73 (6) 72 (3) 73 (6)

0.16 (0.05) 0.15 (0.05) 0.15 (0.02) 0.15 (0.04)

0.06 (0.02) 0.12 (0.03) 0.13 (0.02) 0.11 (0.04)

0.19 (0.03) 0.26 (0.04) 0.23 (0.04) 0.23 (0.04)

0.59 (0.07) 0.47 (0.07) 0.49 (0.05) 0.51 (0.08)

Whole year 74 (4) 73 (2) 74 (2) 73 (3)

0.19 (0.04) 0.15 (0.02) 0.14 (0.02) 0.16 (0.03)

0.07 (0.01) 0.11 (0.02) 0.12 (0.01) 0.10 (0.03)

0.18 (0.02) 0.26 (0.04) 0.22 (0.02) 0.22 (0.04)

0.56 (0.04) 0.48 (0.04) 0.52 (0.03) 0.52 (0.05)

Open-water region

Winter (JFM) 74 (3) 71 (3) 72 (4) 72 (4)

0.14 (0.03) 0.12 (0.03) 0.11 (0.04) 0.12 (0.03)

0.10 (0.02) 0.14 (0.02) 0.14 (0.02) 0.13 (0.03)

0.33 (0.02) 0.41 (0.02) 0.44 (0.02) 0.40 (0.05)

0.43 (0.04) 0.33 (0.04) 0.31 (0.04) 0.35 (0.06)

Spring (AMJ) 78 (2) 74 (2) 75 (3) 75 (3)

0.11 (0.02) 0.11 (0.02) 0.08 (0.02) 0.10 (0.02)

0.09 (0.01) 0.13 (0.01) 0.13 (0.01) 0.12 (0.02)

0.35 (0.03) 0.41 (0.03) 0.44 (0.02) 0.40 (0.04)

0.45 (0.04) 0.35 (0.03) 0.35 (0.03) 0.38 (0.05)

Summer (JAS) 78 (2) 77 (3) 77 (3) 77 (2)

0.09 (0.02) 0.07 (0.02) 0.06 (0.02) 0.08 (0.02)

0.11 (0.01) 0.13 (0.01) 0.12 (0.02) 0.12 (0.02)

0.38 (0.03) 0.44 (0.03) 0.47 (0.03) 0.43 (0.04)

0.42 (0.04) 0.36 (0.04) 0.35 (0.04) 0.37 (0.05)

Autumn (OND) 83 (3) 78 (2) 78 (4) 79 (4)

0.06 (0.02) 0.07 (0.02) 0.06 (0.02) 0.06 (0.02)

0.08 (0.02) 0.12 (0.01) 0.11 (0.02) 0.11 (0.03)

0.36 (0.03) 0.44 (0.02) 0.47 (0.03) 0.43 (0.05)

0.50 (0.05) 0.37 (0.02) 0.36 (0.04) 0.40 (0.07)

Whole year 78 (2) 75 (1) 76 (2) 76 (2)

0.10 (0.01) 0.09 (0.01) 0.08 (0.02) 0.09 (0.02)

0.09 (0.01) 0.13 (0.01) 0.13 (0.01) 0.12 (0.02)

0.36 (0.02) 0.43 (0.02) 0.45 (0.02) 0.41 (0.04)

0.45 (0.03) 0.35 (0.02) 0.34 (0.02) 0.38 (0.05)
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and an increase in the last few decades. These changes

depend on season and region. Over SI, the minimum of

TCC was distinguished in the 1960s in spring and in the

late 1980s in autumn (Fig. 5).After the 1980s, TCCover SI

increased (with a linear trend of around 3.0%decade21).

This trend was also highlighted by Eastman and Warren

(2010a). In general, over open-water regions, magnitudes

of TCC trends are less than those over solid-ice regions,

and the TCC minima are shifted to the end of the 1980s

and beginning of the 1990s in most seasons. Both intra-

annual and interannual variability of TCC are lower over

OW stations compared to SI stations. The small changes

of winter TCC in the last few decades come from a com-

bination of the increase of winter TCC over the Norwe-

gian andBarents Seas and the decrease over theKara Sea.

This decrease is in agreement with the negative trend of

TCC obtained from merged ship- and station-based data

(Eastman and Warren 2010a) and satellite observations

TABLE 3. Linear trends of seasonal and annual means of total cloud cover (in %decade21) and the frequencies of clear sky, scattered clouds,

broken clouds, and overcast (in parentheses; in decade213 102) for the entire solid-ice andopen-water regions of theNBKfor three periods: 1936–

2013, 1936–74, and 1975–2013. Statistically significant values of the linear trend at the 0.1, 0.05, and 0.01 levels are shownwith italics, bold italics, and

bold, respectively. Cloud breaks are considered as 7 oktas, and reports with cloud breaks are considered as reports with broken clouds.

Season 1936–2013 1936–1974 1975–2013

Solid-ice region

Winter (JFM) 0.5 (21.6, 1.3, 0.2, 0.1) 1.1 (23.3, 2.5, 2.5, 21.5) 1.0 (0.2, 21.5, 20.1, 1.4)

Spring (AMJ) 0.5 (21.2, 0.8, 0.3, 0.2) 0.1 (21.7, 1.5, 3.8, 23.5) 0.8 (20.6, 20.4, 0.2, 0.8)

Summer (JAS) 0.1 (20.5, 0.3, 0.6, 20.4) 0.4 (21.1, 0.2, 4.4, 23.4) 0.4 (20.3, 20.2, 20.3, 0.7)

Autumn (OND) 20.9 (20.3, 1.5, 0.3, 21.4) 22.0 (20.3, 2.4, 3.1, 25.1) 0.5 (20.2, 20.6, 0.6, 0.2)

Annual 0.0 (20.9, 1.0, 0.4, 20.4) 20.1 (21.6, 1.6, 3.4, 23.4) 0.7 (20.2, 20.7, 0.1, 0.8)

Open-water region

Winter (JFM) 20.5 (20.5, 0.8, 1.8, 22.0) 21.1 (20.6, 1.6, 3.1, 24.0) 0.1 (20.4, 20.1, 1.6, 21.1)

Spring (AMJ) 20.4 (20.4, 0.6, 1.5, 21.6) 21.6 (0.2, 1.4, 3.0, 24.5) 0.4 (20.5, 20.4, 1.4, 20.6)

Summer (JAS) 20.1 (20.5, 0.3, 1.5, 21.2) 20.2 (20.9, 0.9, 3.1, 22.9) 0.8 (20.6, 20.7, 1.3, 0.0)

Autumn (OND) 20.7 (20.2, 0.7, 1.7, 22.2) 22.2 (0.3, 1.9, 3.4, 25.4) 0.6 (20.2, 20.9, 0.9, 0.2)

Annual 20.4 (20.4, 0.6, 1.6, 21.7) 21.3 (20.3, 1.4, 3.1, 24.2) 0.5 (20.4, 20.5, 1.3, 20.4)

FIG. 5. Interannual variations of 5-yr running means of total cloud cover from 1938 to 2011 over the entire solid-ice

(blue curves) and open-water (green curves) regions of the NBK for (a) winter, (b) spring, (c) summer, and (d) autumn.

Cloud breaks are considered as 7 (solid lines) and 8 oktas (dashed lines). Linear regressions are shown for TCC when

cloud breaks are considered as 7 oktas. Regressions counted for two periods: 1) from the maximum TCC in the early

twentieth century warming to the absolute minimum (for the entire period) and 2) from this minimum to the last year.

Italic, bold italic, andbold fonts indicate the confidence at the 0.1, 0.05, and0.01 levels, respectively.Note that the absolute

values for the ordinate axis are different for different seasons (however, the range of 30% is kept for all seasons).
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(Liu et al. 2007). Our results do not show a decrease of

TCC (with the corresponding increase of CLR) in spring

over the eastern NBK as was found by Eastman and

Warren (2010a); however, these results cannot be com-

pared directly because of a different averaging procedure,

different seasons assessed, and different region divisions

with different numbers of stations used.

Arctic cloud formation and evolution are markedly

affected by surface properties, primarily sea ice con-

centration (Eastman and Warren 2010a; Palm et al.

2010; Sato et al. 2012; Liu et al. 2012b). A mutual in-

terannual variability of sea ice concentration (SIC) in

the Barents Sea with associated cloud changes in NBK

was found for the twentieth century (Fig. 6). Thus, the

maximum of SIC in the Barents Sea and theminimum of

temperature from the Kola section DTKola,0–200m (the

measure of Atlantic warm water inflow into the Barents

Sea) is found in the 1960s–80s, which coincides with the

minimum of TCC and the maximum of the combined

CLR and SCT conditions (Figs. 6a,b) over SI stations.

The correlation coefficient between the annual mean SIC

(DTKola,0–200m) and TCC over SI equals20.38 (0.44) and

is statistically significant (at the 0.01 level). Over OW

stations, an overall increase in the frequency of broken

cloud conditions and a decrease in the frequency of

overcast conditions were found (Figs. 6c,d). These

changes are likely connected with long-term changes of

morphological types in NBK: an increase (decrease) of

amount of convective (stratiform) clouds (supplemen-

tary Figs. S10–12) (Esau and Chernokulsky 2015).

However, cloudiness over OW shows nonsignificant

correlation with SIC and TKola.

Various authors have suggested different mecha-

nisms for cloud–sea ice relationships. One proposed

mechanism is that a reduction of summer and autumn

sea ice may lead to an increase of cloudiness in autumn

(Eastman and Warren 2010a; Palm et al. 2010; Sato

et al. 2012). Another mechanism is that the clouds

themselves may influence sea ice properties. Specifi-

cally, it is proposed that changes of clouds in the first

half of the year modulate shortwave (Kay et al. 2008;

Kay and Gettelman 2009; Choi et al. 2014) or longwave

(Kapsch et al. 2013, Liu and Key 2014; Letterly et al.

2016) radiative fluxes and therefore determine sea ice

FIG. 6. Interannual variations of 5-yr running annual means of (a) TCC, (b) occurrence of reports with clear sky

and scattered clouds (CLR1 SCT), (c) BKN, and (d) OVC from 1938 to 2011 over the entire solid-ice (blue curves)

and open-water (green curves) regions of the NBK. Cloud breaks are considered as 7 (solid lines) and 8 oktas

(dashed lines); reports with cloud breaks are considered as reports with broken clouds (solid lines) or overcast

(dashed lines). Note that the absolute values for the left ordinate axis are different for different cloud characteristics.

The red line shows the 5-yr running annual means of ocean temperature between 0- and 200-m depth in the Kola

section (data from the PolarResearch Institute ofMarine Fisheries andOceanography, Russia; Karsakov 2009). The

gray line shows the 5-yr running annual means of inverted annual mean Barents Sea ice coverage anomalies [data

adopted from Zhichkin (2015)].
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concentrations during its intra-annual minimum (August–

September). Our dataset of long-term observations for

clouds will help to better evaluate this kind of relationship.

For instance, strong positive correlation of spring and au-

tumn TCC (with correlation coefficient of 0.49 for OW)

(supplementary Fig. S14) indicates their closely tied rela-

tionship, presumably through modulating sea ice. Addi-

tional studies are required to robustly establish this finding.
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