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This paper provides the analysis of the role of the marginal ice zone into the air-sea
interaction processes over the Arctic during the period 1979-2010 on the basis of
NCEP CFSR reanalysis data. One of the major conclusion of this study is the
fact that widely used boundary of the interacting with the ocean atmosphere and
thermally isolated atmosphere from the ocean of 15% for the sea ice concentration
is not optimal for studies of the air-sea interaction processes. We demonstrated
that significant amount of the surface turbulent heat flux is transferred from the
ocean to the atmosphere through the areas with sea ice concentrations higher than
15%, while this sea ice concentration criteria is widely used as a boundary of the
ice-covered and ice-free ocean. We also show that the spatial pattern of the response of
turbulent heat flux to sea ice variability is observed over the Barents and Bering Seas
during a cold season and over the Chukchi and Beaufort Seas during a warm season.
KEYWORDS: Surface turbulent heat fluxes; marginal ice zone; sea ice concentration; sea ice
thickness; Arctic.
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1. Introduction

Decrease of the Arctic sea ice during the past
decades [Cavalieri and Parkinson, 012} Cohen,
Onarheim et al., Vihma, 2014] is asso-
ciated with changes in the diabatic signals in high
latitude oceans and has potential impact on the air-
sea interaction processes. The largest ice shrinking
is observed in September (45% since 1979 to 2016)
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while during March-May the decrease is weaker
(about 9%, [Onarheim et al., 2018]). Stroeve et
al. found the lengthening of the melt-season
from 1979 to 2013 at a rate of 5 days per decade,
while the freezing time has shifted forward at a
rate of 6-11 days per decade during 1979-2016
[Shalina and Bobylev, 2017|. Strong and Rigor
[2013] reported seasonally varying trends in the ex-
tent of the marginal ice zone (MIZ, ice concentra-
tions from 15 to 80%) during 1979-2011. During
July—September the marginal ice zone increased in
width by 13 km per decade, while in the cold sea-
son (February—April) a narrowing trend of 4 km
per decade was reported.

These changes of the marginal ice zone may have
a strong impact on the air—sea interaction processes
as newly opened ice free areas provide conditions
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for the increase of the surface turbulent heat fluxes,
as the water is no longer thermally isolated from
the air by the sea ice. Omne of the major feed-
backs in this case is associated with the potential
effect on the atmospheric boundary layer and low
level baroclinicity in the atmosphere, regional at-
mospheric dynamics and water vapour content in
the atmosphere [Deser et al., Francis et al.,

2009y Serreze et al., 2009t Screen and Sitmmonds,
2010F Screen et al.,[2013} Stroeve et al.,[2011] 2014
Yang et al., [2016].

The link between sea ice decline and surface tur-
bulent heat fluxes (latent + sensible, STHF) itself
has been quantitatively analyzed in a number of
works based on observational and model studies
[lvanov et al., Zippel and Thomson,
Andreas et al., Birnbaum and Lup-
kes, 2002} Batrak and Muller, Pope et al.,
@ Maykut et al., and during the Marginal
Ice Zone Experiment [Fairall and Markson, .
Deser et al. analyse STHF response to the
sea ice decline in CCSM3 and CAMS3 model out-
puts and demonstrates that STHF from the ice-free
ocean increases from 30 to 90% locally in the end
of the 21st century. Screen et al. [2013] argued
that the delay of the surface flux increase due to
the seasonal sea-ice variations may modulate the
atmospheric circulation response to the sea ice loss
in Arctic. Yang et al. revealed the positive
feedback between the heat flux formation and the
sea ice behavior during autumn and winter seasons
in the Barents Sea. Taylor et al. demon-
strated regional and seasonal inhomogeneities in
STHF trends in response to sea—ice trends in Arc-
tic on the basis of satellite data, arguing that the
prolonged melting period may have a cumulative
effect on the amount of turbulent heat transferred
to the atmosphere and on the ability of incoming
shortwave radiation to warm the ocean.

In the present study we analyse the long term
trends of the sea ice characteristics with the focus
on the STHF through the marginal ice zone (MIZ)
in the Arctic on the basis of the NCEP-CFSR re-
analysis [Saha et al., . Specifically, we focus
on the question which was not adressed in the pre-
vious works: reliability of fractional ice cover crite-
rion of 15% for sea ice concentration for quantifying
so-called “interacting with the atmosphere ocean”
and the “thermally isolated ocean”, including the
role of the marginal sea—ice zone in air—sea inter-
action processes.

IMPORTANCE OF THE SEA ICE MARGINAL ZONE

ES2003
2. Data

We use here 6-hourly sea ice concentration (SIC),
sea ice thickness (SIT), as well as sensible and la-
tent surface heat fluxes from NCEP CFSR reanal-
ysis data [Saha et al., for the period 1979-
2010 with spatial resolution of 0.5°. SIC and SIT in
NCEP CFSR is a result from sea ice model [ Griffies
et al., and assimilation of high-resolution
satellite products implemented by the Gridpoint
Statistical Interpolation (GSI) scheme. Surface
turbulent heat fluxes over the ice result from the
solution of the coupled model in NCEP CFSR. Sea
ice extent (SIE) is defined as the fractional area of
the ocean with a fractional ice cover of at least 15%
[Cavalieri et al., [1999} Deser et al., 010} Francis
et al., 2009 Serreze et al., 2007} Vihma, [2014].

3. Results

Here we qualitatively and quantitatively evaluate
the input of the STHF over the MIZ into the total
surface turbulent heat flux over the Arctic. Typ-
ically, when calculating turbulent heat flux over
the Arctic the threshold of 15% for the sea ice
concentration (SIC) is used to define the bound-
ary of the ocean “covered by the ice’ and “ice-free
ocean” [Tikhonov et al.,[2016]. In this respect the
15% SIC threshold widely applied in many studies
may be problematic for estimation of the air-sea
interaction, because areas with SIC > 15% might
be also characterized by the intense air-sea ex-
changes. This is shown in demonstrating
2-dimensional distribution of the intensity of STHF
over the grid cells with sea ice in the coordinates
“SIT-SIC” for March and September. In Septem-
ber a significant amount of the STHF is transferred
from the ocean to the atmosphere through the ar-
eas with sea ice concentrations higher 15%, the
average STHF through SIC from 15% to 60% is
20-28 W/m?, while through the areas with SIC
< 15% it is only 10 W/m? higher, being 30-38
W /m?2. In March the limiting factor for the air-sea
interaction is the sea ice thickness, while the aver-
age amount of heat transferred through the areas
with SIC > 15% is significant. Thus, diagrams in
imply that 15% SIC threshold is not nec-
essarily effective and that the intense STHF can be
also observed over higher SIC, being also dependent
on SIT (at least for the autumn conditions).
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Figure 1. Mean surface turbulent heat flux (latent + sensible) inside the sea ice cover
of different thickness (horizontal axis) and concentration (vertical axis) over the Arctic
for (a) March and (b) September during 1979-2010 period from NCEP CFSR reanalysis.

Given this, we analysed how SIC and SIT evolved
in the Arctic during 1979-2010 period, this analysis
provides an assessment of the input of the MIZ into
the variations of the STHF over the Arctic.

shows changes in the occurrence anoma-
lies of SIC and SIT for the warm season (August
and September) during 1979-2010. The occurrence
anomalies were derived from the histograms for in-
dividual years with respect to the long-term (1979—
2010) probability distribution. clearly
shows a tendency of decreasing SIC over the 32-
yr period. These means that the areas with SIC
from 0 to 50% are increasing, while areas with SIC
> 50% are decreasing. Given the fact, that these
areas characterized by the significant STHFs and
also means the widening if the MIZ where atmo-
sphere interacts with the ocean significantly, this
signal rather means increase if the air sea interac-
tion over the Arctic. During 1980s and the early
1990s positive anomalies for classes of SIC > 70%
were associated with the negative anomalies for
small SIC. This situation has changed in the early
1990s when strongly positive occurrence anomalies
are identified for SIC < 40% and primarily negative
anomalies are observed for high SIC (Figure 2h).
The area of the multiyear pack ice (80-100%) de-
creased during 1979-2010 period by 1.9 x 10% km?
(34%), while the area with SIC < 30% increased by

0.7 x 108 km? (190%). [Figure 2b shows the strong

decline in the occurrence of thick ice (> 3 m) (by
1.34 x 105 km? since 1982) at the expense of up-
ward tendency in the occurrence of relatively thin
ice. These tendencies are also evident in winter
(February and March, not shown). Overall SIC
has a stronger climatic signal than SIT over the
Arctic and demonstrates widening of the MIZ.

It also important to analyze the spatial distribu-
tion of the estimates of linear trends of SIC and SIT
together with trends of the STHF's . Dur-
ing the cold season (FMA) negative linear trends
of SIC (Figure 3p) are most pronounced in the Bar-
ents Sea (up to —20% per decade). It is important
that the response of the STHFs (increasing STHF
over the decreasing SIC) is also evident over this
area. This finding is consistent with Yang et al.
who reported —16% per decade annual loss
of in the Barents—Kara Sea region and Onarheim
et al. who indicated —27% ice concentration
trend in the Barents Sea in March during 1979-
2016. The strongest decrease of SIC is identified
in the MIZ which is characterized by the most pro-
nounced response of the STHF (trend is +50 W /m?
per decade) to the Arctic sea ice loss (Figure 3f).
This is consistent with Taylor et al. who
reported trends of 30 W/m? per decade for the la-
tent and more than 20 W/m? per decade for STHF
in winter season from the analysis of satellite data
for the period 2003-2015. The opposite tendencies
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Figure 2. Anomalies of the occurrence of sea-ice of different concentration (a, SIC) and
thickness (b, SIT), normalized by the standard deviation in September. Anomalies are
calculated over the Arctic, where SIC and SIT are > 0 for the 1979-2010 period.

4 of 8



ES2003 SELIVANOVA ET AL.:

b) SIT, FMA

80°W

a) SIC, FMA

80°E T 100

-25-23-21-19-17-15-13-11-9 -7 -5 -3 -1 1 3 5 7 9 11 13 15 -0.6 -0.5 ~0.4
% SIC/decade

— 80% SIC

IMPORTANCE OF THE SEA ICE MARGINAL ZONE

-0.3 -0.2
m/decade

ES2003

01 -10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60
W/m?/decade

15% SiC

Figure 3. Linear trends of SIC (fraction per decade, a,d), SIT (m per decade, b, e)
and STHF (W/m? per decade, c, f) for cold (FMA, upper panel) and warm (ASO, lower
panel) seasons. Trends are significant at the 95% level according to the Student’s t-test.
Dark and light violet lines show correspondingly 80% and 15% SIC.

are observed over the Bering Sea in winter, where
SIC is growing by 9% per decade, thus showing
about 30% stronger trends compared to those re-
ported by Cavalieri and Parkinson [2012] (6.6% per
decade). The growing SIC in the Bering Sea results
in decreasing STHF with a rate of —22 W/m? per
decade. The strongest negative trends in SIT are
observed in the central Arctic in cold season (FMA)
and in the Barents Sea (Figure 3p) (—0.35 m per
decade), which is consistent with Labe et al. .

During the warm season (ASO) significant chan-
ges in SIC, SIT and STHF were identified primarily
in the Eastern Arctic and Bering Sea f
Figure 3g). Importantly, the strongest changes are
associated with the MIZ, where SIC declines over
19792010 with the rate of —24% per decade and
the ice is thinning with the rate of —0.8 m per

decade, confirming the tendencies reported by Labe
et al. [201§]. Associated trends in STHF are posi-
tive in the Chukchi and Beaufort Seas where they
amount to 18 W/m? per decade. This is somewhat
smaller compared to the values of 25 W/m? per
decade for the 2003-2015 reported by Taylor et al.
[2018] in the Chukchi Sea in summer. This differ-
ence in the trend estimates is likely due to the in-
creasing rate of the Arctic amplification during the
recent decades. Sea ice thinning signal comprises
the whole Arctic with the mean rate of —0.35 m
per decade. Note that these trend patterns are
consistent with those reported in the CMIP5 his-
torical experiments [Screen et al., . The only
region where SIC shows significantly positive trend
in summer is the area along the north and north-
east coast of Greenland where SIC shows upward
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Figure 4. Mean (1979-2010 period) evolution of the ice-free area (blue) inside the
MIZ (SIC 15-80%), STHF (red) and temperature gradient (SST-T2m, green) during (a)
March and (b) September. Half sigma ranges are shaded.

changes of about 10% per decade likely due to the
growing sea ice export through the Fram Strait
[Smedsrud, [2017]. All trends discussed above are
significant at the 95% confidence level based on the
Student’s t-test.

Overall, the responses of trends in STHF to the
tendencies in SIC and SIT in both seasons are
mostly evident in the MIZ, primarily in the East-
ern Barents Sea in winter and in the Eastern Arctic
in summer. Also, the responses of trends in STHF
to the changes in SIC are more evident compared
to those to SIT. Thus, we further focus our anal-
ysis of the consistency in changes of STHF and
sea ice characteristics on air-sea interaction pro-
cesses over MIZ. MIZ in winter is mostly located
in the Atlantic sector of the Arctic. This is rel-
atively narrow band (9% of the total ice-covered
area, 1.4 x 105 km?) characterized by high values
of the surface turbulent heat flux (from 30 to about
300 W/m?). MIZ area in summer is roughly twice
as small as the are of pack ice (2 x 10% km? and
4.7 x 10° km? respectively).

shows the composite of the transitional
changes in STHF and ice-free area over MIZ during
March and September (1979-2010) and explains
why STHF and ice-free area are poorly correlated

over MIZ. Thus, in September (Figure 4p) the com-

posite of STHF shows an increasing by 3 times be-

ing driven by surface temperature gradient. At the
same time, the composite of ice-free area shows a
shrinking by about 15%. This demonstrates that
the response of STHF to the changes in ice-free
area is largely dependent on the category of SIC
for which this link is evaluated.

4. Summary and Conclusions

In this study we analyze the importance of the
marginal ice zone into the variations of the surface
turbulent heat fluxes over the Arctic and interan-
nual variability of the sea ice concentrations and
sea ice thickness together with surface turbulent
heat fluxes.

One the major conclusion of this study is the fact
that boundary of the interacting with the ocean
atmosphere and thermally isolated from the atmo-
sphere ocean of 15% for the sea ice concentration
is not optimal for studies of the air-sea interac-
tion over the Arctic. We demonstrated that signif-
icant amount of the STHF is transferred from the
ocean to the atmosphere through the areas with sea
ice concentrations higher 15%, the average STHF
through SIC from 15% to 60% is 20-28 W/m?,
while through the areas with SIC < 15% it is only
10 W/m? higher, being 30-38 W /m?.
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We also show a robust regional responses of
STHF to SIC and SIT in MIZ over the Barents Sea
(increasing STHF in response to sea ice retreat in
cold season) and in the Chukchi and Beaufort Seas
(increasing STHF caused by the decline in both
SIC and SIT). Overall, solely sea ice extent cannot
be considered as an accurate criterion for quan-
tifying area-integrated STHF responses to sea ice
variations, as the behavior of STHF over different
sea ice concentration classes largely depends on the
season and also on air-sea interaction processes in
MIZ.

Our results provide the ground for the further
analysis of the interannual to decadal variability
of turbulent heat exchanges in the Arctic. More
accurate analysis should take into account smaller
scale air-sea interaction processes, for instance air-
sea exchanges over leads which despite their small
areas (kilometers to tens of kilometers, [Zhang,
2018]) are characterized by locally strong turbu-
lent heat fluxes of up to 500-1000 W/m? [An-
dreas et al., that can strongly affect the inte-
grated heat fluxes over the Arctic Ocean. Similarly,
strong exchanges over the polynyas may affect the
area-integrated surface fluxes. Both the leads and
polynyas are not accounted in the reanalysis data
and climate model simulations and suggest the im-
portance of high-resolution atmosphere-ice-ocean
modeling for quantifying the associated effects.
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