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Abstract. Ice retreat in the eastern Eurasian Arctic is a con-
sequence of atmospheric and oceanic processes and regional
feedback mechanisms acting on the ice cover, both in win-
ter and summer. A correct representation of these processes
in numerical models is important, since it will improve pre-
dictions of sea ice anomalies along the Northeast Passage
and beyond. In this study, we highlight the importance of
winter ice dynamics for local summer sea ice anomalies in
thickness, volume and extent. By means of airborne sea ice
thickness surveys made over pack ice areas in the south-
eastern Laptev Sea, we show that years of offshore-directed
sea ice transport have a thinning effect on the late-winter
sea ice cover. To confirm the preconditioning effect of en-
hanced offshore advection in late winter on the summer sea
ice cover, we perform a sensitivity study using a numerical
model. Results verify that the preconditioning effect plays
a bigger role for the regional ice extent. Furthermore, they
indicate an increase in volume export from the Laptev Sea
as a consequence of enhanced offshore advection, which has
far-reaching consequences for the entire Arctic sea ice mass
balance. Moreover we show that ice dynamics in winter not
only preconditions local summer ice extent, but also acceler-
ate fast-ice decay.

1 Introduction

The Laptev Sea became almost completely ice free during
summertime in the past years. Similar conditions in the other
Siberian seas (Kara, East Siberian and Chukchi Sea) facil-
itate ship transport conducted without the support of ice-
breakers through the Northeast Passage from Europe to east-

ern Asia. Ice retreat in the Laptev Sea is the consequence
of atmospheric and oceanic processes and regional feedback
mechanisms acting on the ice cover. During summer, lo-
cal anomalies in sea ice extent are thought to be controlled
by synoptic-scale processes (e.g. cyclones) superimposed on
the large-scale atmospheric circulation (Bareiss and Gorgen,
2005). The connection between shifts in the atmospheric cir-
culation and the role of cyclonicity for anomalies in sum-
mer sea ice concentration were discussed by Serreze et al.
(1993), Serreze (1995), Maslanik et al. (1996) and Maslanik
et al. (2000). In particular cyclones entering the Laptev Sea
from the south-west enhance the northward ice transport
and are associated with an inflow of anomalous warm air
masses of above-average air temperatures. If ice retreat hap-
pens early enough to allow atmospheric warming of this open
water (e.g. during years of high export), winds that force ice
floes back into this water cause melting. The interaction be-
tween surface winds and warm sea surface temperatures in
areas from which the ice has already retreated were recently
investigated by Steele and Ermold (2015). During winter,
anomalous high temperatures reduce sea ice growth of first-
year ice, resulting in a thinner ice cover at the end of April
(Ricker et al., 2017). In addition, enhanced winter ventilation
of the ocean reduces sea ice formation at a rate now com-
parable to losses from atmospheric thermodynamic forcing
(Polyakov et al., 2017). Observations carried out in the east-
ern Eurasian Basin have shown that weakening of the halo-
cline and shoaling of intermediate-depth Atlantic water layer
results in heat flux equivalent to 40-54 cm reductions in ice
growth in 2013/2014 and 2014/2015. The winter precondi-
tioning of the summer sea ice cover has been lately used by
Kimura et al. (2013) to develop a summer sea ice outlook
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Figure 1. The Laptev Sea and the northern and eastern boundaries
(white lines) on which satellite- and model-derived sea ice export
estimates are based. Colour coding corresponds to the sea ice thick-
ness as obtained from the Soil Moisture Ocean Salinity (SMOS)
satellite on 20 April 2012 (source: University Hamburg, Tian-Kunze
et al., 2017). The black and grey line show the flight path of EM-
Bird ice thickness measurements made during the April 2008 (TD
XIII) and April 2012 (TD XX) campaign, respectively. The ap-
proximate positions of prominent polynyas are indicated: the West
New Siberian polynya (WNS), the Anabar Lena polynya (AL), the
Taymyr (T) polynya, and the north-eastern Taymyr (NET) polynya.

based on the winter sea ice motion. Locally in the Laptev
Sea, the major source area of the Transpolar Drift, the re-
cent study of Krumpen et al. (2013) showed a high statistical
connection of the late-winter (February—May) sea ice export
through the northern and eastern boundary to the summer sea
ice concentration. This suggests that years of high ice export
in late winter have a thinning effect on the ice cover, which in
turn preconditions the occurrence of negative sea ice extent
anomalies in summer and vice versa.

A correct representation of the above-described processes
in numerical models will improve predictions of sea ice
anomalies along the Northeast Passage and beyond. To im-
prove understanding of individual mechanisms contributing
to sea ice decline, in this study we further investigate the hy-
pothesis about the preconditioning effect of winter ice dy-
namics on the local summer sea ice cover. To separate the
winter from the summer processes that influence the sum-
mer sea ice cover in the Laptev Sea, we perform a sensitivity
study by means of a numerical model. This allows us to quan-
tify this effect and to test whether the observed increase sea
ice area export is reflected in an increase in sea ice volume
export out of the Laptev Sea. This would extend the impor-
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tance of the regional sea ice transports to the larger region of
the Transpolar Drift system.

The outline of this paper is as follows. In Sect. 2 we de-
scribe the observational and satellite data sources, and the
numerical model. In Sect. 3, we review the preconditioning
effect of late-winter ice dynamics on the sea ice cover by
means of airborne sea ice thickness surveys made at the end
of the winter 2008 and 2012. In Sect. 4, we extend the late-
winter sea ice export of Krumpen et al. (2013) to 2014 and
compare satellite-based estimates with results obtained from
the numerical model. Finally, we investigate the importance
of the winter preconditioning for the summer sea ice cover in
a sensitivity study (Sect. 5). In Sects. 6 and 7 we discuss and
sum up our findings and investigate the impact of winter ice
dynamics on fast ice decay.

2 Data

Satellite- and model-based sea ice area export out of the
Laptev between February and May are calculated using ice
drift velocities and ice concentration information obtained at
the northern (NB) and eastern boundary (EB) of the study
area (Fig. 1). The NB spans a length of 700 km and is po-
sitioned at 81° N, between Komsomolets Island and 140° E.
The EB with a length of 460km, connects the eastern end
of the NB with Kotelnyy Island (76.6° N, 140° E). Following
Krumpen et al. (2013), the sea ice flux is the sum of the NB
and EB flux, which is the integral of the product between the
v and u components of the ice drift and ice concentration.
The volume flux is calculated in a similar way, but replacing
the sea ice concentration with the sea ice thickness. Note that
in this study a positive (negative) flux refers to an export out
of (import into) the Laptev Sea.

2.1 Satellite-based ice area export

The applied ice drift and concentration data is provided
by the European Space Agency (ESA) via the Center for
Satellite Exploitation and Research (CERSAT) at the Insti-
tut Francais de Recherche pour d’Exploitation de la Mer
(IFREMER), France. The motion fields are based on a
combination of drift vectors estimated from scatterometer
(SeaWinds/QuikSCAT and ASCAT/MetOp) and radiometer
(Special Sensor Microwave Imager, SSM/I) data. They are
available with a grid size of 62.5km and have a tempo-
ral resolution of 3 days. The applied concentration prod-
uct is provided by the same organization and is based on
85 GHz SSM/I brightness temperatures, using the ARTIST
Sea Ice (ASI) algorithm. The product is available on a
12.5km x 12.5km grid (Ezraty et al., 2007). A compari-
son with ice drift information obtained from Environmental
Satellite (ENVISAT) synthetic aperture radar (SAR) images
and long-term moorings equipped with acoustic Doppler
current profilers (ADCP) have shown that accuracy of the
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of IFREMER motion data is high and the uncertainty in
the ice area export is around 81 x 10° km? for the NB and
57 x 103 km? for the EB over the entire winter (October—
May) (Rozman et al., 2011; Krumpen et al., 2013). For more
detail about the applied ice drift and concentration products
we refer to Ezraty et al. (2007), Girard-Ardhuin and Ezraty
(2012), Krumpen et al. (2016).

2.2 Airborne ice thickness data

Within the framework of the Russian—German research co-
operation Laptev Sea System, two helicopter-based electro-
magnetic (HEM) ice thickness surveys were made in the
south-eastern Laptev Sea at the end of April 2008 (campaign
TD XIII) and 2012 (campaign TD XX, Fig. 1). The measure-
ments made over pack ice zones north of the landfast ice edge
were used to estimate sea ice production in flaw polynyas
(Rabenstein et al., 2013; Krumpen et al., 2011) and for vali-
dation of ESA’s SMOS (Soil Moisture Ocean Salinity) satel-
lite derived ice thickness products (Huntemann et al., 2014;
Tian-Kunze et al., 2014, 2017). Flaw polynyas are open wa-
ter sites between pack ice and fast ice of high net ice pro-
duction sustained by winds. For a detailed description of the
HEM principle we refer to (Haas et al., 2009; Krumpen et al.,
2016). In short, the instrument that is towed by a helicopter
15 m above the ice surface utilizes the contrast of electrical
conductivity between sea water and sea ice to determine its
distance to the ice—water interface. An additional laser al-
timeter yields the distance to the uppermost snow surface.
The difference between the laser and HEM derived distance
is the ice plus snow thickness. According to Pfaffling et al.
(2007), the accuracy over level sea ice is of the order of
+10cm.

2.3 Model

The numerical model used in this study is a regional coupled
sea-ice—ocean model based on the Massachusetts Institute
of Technology General Circulation Model code — MITgcm
(Marshall et al., 1997; MITgcm Group, 2014) with a model
domain covering the Arctic Ocean, Nordic seas and northern
North Atlantic. The horizontal resolution is 1/4° (~ 28 km)
on a rotated grid with the grid equator passing through the
geographical North Pole. The sea ice model is a dynamic—
thermodynamic sea-ice model with a viscous plastic rheol-
ogy (Losch et al., 2010) and has a landfast ice parameter-
ization as described by Itkin et al. (2015), in which more
details about the model set-up can be found. The model is
forced by the atmospheric reanalysis — The Climate Forecast
System Reanalysis (Saha, 2010, NCEP-CFSR) from 1979 to
2010 and then from 2011 to 2014 with the NCEP Climate
Forecast System Version 2 (Saha, 2014, CFSv2). The selec-
tion of the NCEP-CFSR atmospheric forcing is based on the
low biases compared to other atmospheric reanalysis (Lind-
say et al., 2014). Itkin et al. (2014) compared sea ice con-
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centration, thickness and drift speed of a similar model set-
up without landfast ice parameterization to satellite observa-
tions. They reported that the model overestimates the sum-
mer sea ice concentration in the shelf seas compared to the
OSI-SAF sea ice concentration product (OSI-SAF, 2013).
Compared to the ICESat sea ice thickness (Zwally et al.,
2002) the model reproduces the regional sea ice thickness
distribution well, but it tends to overestimate the winter sea
ice thickness on the Siberian shelf seas. A comparison to the
CERSAT and NSIDC sea ice drift products (Girard-Ardhuin
and Ezraty, 2012; Tschudi et al., 2016) showed that the sea
drift speeds in the model fall within the uncertainty of the
drift products with the exception of very high drift veloci-
ties that are overrepresented by the model. Adding the land-
fast ice parameterization reduces the sea ice thickness bias
on the shelf and partially slows down the drift speeds in the
same region (Itkin et al., 2015). Despite the biases the model
performance is reasonably good and can give reliable results
in sensitivity studies used for demonstrating process mecha-
nisms and feedback directions.

3 Preconditioning of summer ice extent by winter ice
dynamics

The preconditioning effect of late-winter ice export on lo-
cal ice cover in the following summer was investigated by
Krumpen et al. (2013). A comparison of satellite-based late-
winter ice flux with summer ice anomalies revealed a neg-
ative coupling with a correlation coefficient of r = —0.65.
The negative correlation of late-winter sea ice export from
the Laptev Sea and subsequent summer sea ice concentra-
tion can be explained by the replacement of the exported ice
by new ice formed in polynyas situated along the landfast
ice edge. Note that there is a close relationship (r = 0.85)
between across-boundary ice export and estimated polynya
area (Krumpen et al., 2013, compare Fig. 12), because off-
shore wind favours both ice transport away from the coast
and the development of thin ice in flaw polynyas. If new ice
zones are formed comparatively late and ice motion is domi-
nated by an offshore-directed drift component, new ice areas
stay rather thin and may melt more rapidly once temperatures
rise above freezing. In contrast, new ice zones formed during
winters with enhanced onshore advection of sea ice are sub-
ject to a stronger dynamic thickening which in turn delays
the onset of sea ice retreat.

While sea ice thickness observations in the Laptev Sea that
could confirm this preconditioning mechanism are scarce,
HEM ice thickness measurements (Fig. 2) were taken dur-
ing two contrasting years of late-winter sea ice export. In our
simulation as well as in the satellite-based data, the sea ice
export in winter 2008 was lower than average, while 2012
was characterized by an above-average export (see Sect. 4).
Flights that were made in 2008 (14, 16 and 24 April) cover
much thicker ice with a mean thickness of 2.7 m. The thick-
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Figure 2. Ice thickness distributions obtained from HEM measure-
ments made offshore the landfast ice edge during the TD XIII
campaign (blue: 14, 16 and 24 April 2008) and TD XX (yellow:
20 April 2012) campaign. The positions of the measurements are
indicated in Fig. 1

ness distribution shows two modes: one at 0.5 m and another
one at 1.5 m. Following Rabenstein et al. (2013), the ice was
originally formed in polynyas in the south-eastern part of the
Laptev Sea, but was heavily compacted during a longer pe-
riod of onshore-directed ice drift in late winter. Due to the
presence of a compact ice cover in near shore areas, ice re-
treat took place relatively late in the season and large parts of
the Laptev Sea remained ice covered during summer (Fig. 3,
left panel). In contrast, HEM measurements that were made
on 20 April 2012 cover a substantially different ice regime:
the winter of 2011/2012 was characterized by the second
highest northward advection rates observed since 1992 (com-
pare Fig. 4). As a consequence, the continuous ice export
away from the landfast ice edge led to the development of
an almost 200 km-wide thin ice zone of less than 40 cm ice
thickness. Ice thickness estimates obtained from the SMOS
satellite (Fig. 1, data source Tian-Kunze et al., 2017) con-
firm the presence of large thin ice zones all along the land-
fast ice edge. It stands to reason that the presence of thin ice
preconditioned early sea ice retreat (Fig. 3, right panel) and
contributed to the low summer ice extent in the Laptev Sea.
Note that the date of sea ice retreat for 2008 and 2012 was es-
timated using IFREMER ice concentration data at each grid
point and defined as the first day in a series of at least 7 days
with a sea-ice concentration of less than 15 %. For more de-
tail we refer to Janout et al. (2016).

4 Model and satellite data intercomparison
Before investigating the impact of winter ice dynamics
on summer ice conditions with the model, its perfor-

mance was examined via a comparison of simulated ver-
sus satellite-based ice export and extent. Figure 4 presents

The Cryosphere, 11, 2383-2391, 2017

P. Itkin and T. Krumpen: Laptev Sea ice export preconditioning

0 —T%0 30 0 0 %0 o A0
Timing of ice retreat

120 140 160 180 200 220 240 260

Figure 3. Timing (day of the year) of sea ice retreat in the Laptev
Sea in spring 2008 and 2012. The onset of ice retreat is defined as
the first day in a series of at least 7 days with a sea ice concentration
of zero (Janout et al., 2016).

observed (panel a) and simulated (panel b) winter sea ice
export (February—-May) and summer ice extent (August—
September). Both model- and satellite-based estimates show
large interannual variability in export and summer ice cover-
age. Following Krumpen et al. (2013), the variability is pri-
marily controlled by changes in geostrophic wind. The pos-
itive trend in observed ice export of 7.19 x 10° km? year™!
(p =0.0049) is, however, associated to an increasing drift
speed, likely being the consequence of a change in the ice
cover (thinning and/or decreasing concentration) caused by
the rapid loss and thinning of thick multiyear ice (Haas
et al., 2008). The trend in simulated export rates is higher
(12.02 x 103 km? year™!) and statistically significant at 91 %
confidence level (p = 0.0888). The overall agreement be-
tween simulations and observations is high, with a correla-
tion coefficient of 0.33 for the late-winter sea ice exports and
0.81 for the summer sea ice concentrations. Unfortunately,
sea ice volume flux estimates covering the entire investiga-
tion period are not available from observations due to the
lack of the sea ice thickness measurements. However, the
model simulation shows that the volume export is highly cor-
related to the area flux (» = 0.98), and has a positive trend
of 19.8 km? year™! (not significant, p = 0.1729). Despite the
good agreement, the simulated sea ice area export and sum-
mertime ice concentration are much higher than the satellite-
based estimates. The averaged simulated sea ice concentra-
tion during summer and ice export during winter amount to
47% (£16 %) and 388 x 103 km? (£231 x 10* km?), while
averaged satellite-based estimates are 29 % (+18 %) and
142 x 103 km? (+90 x 103 km?).
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Figure 4. Time series of the late-winter sea ice transport and summer sea ice concentration for the Laptev Sea (closed box inside the northern
and eastern boundaries and coastlines): (a) satellite-based estimates, (b) model simulations. Trend lines of ice fluxes are represented by
dashed lines. Note that the sea ice concentration axis is inverted to facilitate the comparison. Likewise, the scale of fluxes is not the same on
both panels. The correlations between the model and satellite data are provided in text of corresponding colours.

5 Sensitivity study

The negative correlation of late-winter sea ice export out of
the Laptev Sea and the following summer sea ice concentra-
tion are confirmed by our simulation. The correlation coeffi-
cient between winter export and summer ice cover of the re-
mote sensing products is —0.65, while the correlation of sim-
ulated variables is even higher (r = —0.77). This indicates
that the winter processes preconditioning summer sea ice
cover are well captured by the model. Figure 5 a shows the
simulated seasonal cycle of sea ice volume fluxes through the
Laptev Sea boundaries (Fig. 1) and sea ice growth rates, con-
centration and volume between 1992 and 2014 in the Laptev
Sea. Years of above- and below-average ice export are shown
in red and blue, respectively. It is apparent that years of high
late-winter ice export result in lower summer ice extent and
vice versa. The export also impacts sea ice thickness, and
consequently sea ice volume of the Laptev Sea. In the model,
sea ice thickness is 30 % lower during years of high export
which in turns leads to a reduced sea ice volume and the other
way around.

www.the-cryosphere.net/11/2383/2017/

To differentiate between the effects of winter and sum-
mer processes preconditioning the ice cover in August and
September, we designed a sensitivity study in which the
model is forced with the interannual atmospheric reanaly-
sis in winter (January—April). From May to December a cli-
matology (CLIM) is used instead. At the beginning of every
year the simulation is continued from a state taken from the
control run (CTRL). Figure 5b shows the sea ice concentra-
tion and seasonal sea ice volume cycle from 1992-2013 as
obtained by the model forced with a climatology between
May and December. Results indicate that there is a clear ten-
dency to separate the annual cycles of the sea ice concentra-
tion and volume in CTRL, which becomes more pronounced
in CLIM. In contrast to CTRL, in CLIM all years with high
late-winter sea ice export regime result in low summer sea
ice concentration and vice versa. Note that the impact of ex-
port strength on sea ice concentration is already apparent in
April and May, when years with high late-winter sea ice ex-
port have typically lower sea ice concentration compared to
years with low sea ice export. Likewise the annual cycle of
sea ice thickness is strongly connected to the late-winter ex-
port strength. A year that starts with an above-average ice
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Figure 5. Sea ice exports, growth rates, concentration and volume seasonal cycle (1992-2014) as obtained by the model: (a) control run,
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thickness (high sea ice volume), but has a strong polynya ac-
tivity in the late winter will have a thinner ice cover (low
sea ice volume) in summer. Also the opposite is true. While
mean summer (June—August) sea ice exports are similar for
both regimes, sea ice concentration and volume differences
increase further towards the end of summer. This increase is
driven by the melt rates that are on average higher by 17 %
(7.5 %) in CTRL (in CLIM) in years with high late-winter
exports. This is a clear consequence of the albedo feedback,
wherein more open water in the beginning of the summer
allows higher absorption of solar energy into the ocean, lead-
ing to higher ocean surface temperatures and stronger sea
ice bottom melt later in the season. The sea ice bottom melt
caused by the ocean heat fluxes is in CLIM on average 27 %
higher (28 % in CLIM) in the years with high late-winter
exports compared to the years with low late-winter exports
(not shown separately on the figure). Although years with
low summer sea ice concentration have a delayed freeze-up
in autumn, the sea ice memory is not preserved beyond the
synoptic events driving the sea ice exports in the following
late winter.

6 Discussion

The negative correlation of observed and simulated late-
winter sea ice export from the Laptev Sea and subsequent
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summer sea ice concentration can be explained by the re-
placement of the exported ice by new ice formed in polynyas
situated along the landfast ice edge. The comparison of the
HEM ice thickness measurements obtained in April 2008 and
April 2012 over Laptev Sea pack ice indicates the thinning
effect of enhanced offshore ice advection on the sea ice cover,
resulting in an earlier onset of ice retreat.

The presence of extensive thin ice areas in years with a
high late-winter sea ice export preconditions low sea ice ex-
tent and volume in the following summer. This connection
is confirmed by the model sensitivity study in which we re-
place the interannual summer atmospheric forcing by a cli-
matology. Although the model is not perfectly tuned to ob-
servations (simulated export and summer ice coverage are
double of satellite-based estimates), the use of the model for
a sensitivity study is sufficiently rigorous, since we expect
to provide a zero-order estimate of the potential contribution
of winter ice export on summer sea ice cover. In addition,
the mismatch between simulated and observed fluxes may be
further attributed to an overestimation of wind speed in the
reanalysis data. Too-high wind speed in some of the atmo-
spheric forcing data for the Laptev Sea region have already
been pointed out by Ernsdorf et al. (2011) and Fofonova et al.
(2014), e.g. NCEP-CFSR atmospheric forcing used in this
study likely overestimates the wind speeds in the early 1990s.
PIOMAS simulations with various atmospheric forcing show
that the simulation with NCEP-CFSR results in a relatively

www.the-cryosphere.net/11/2383/2017/
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low winter sea ice volume in the early 1990s that is compa-
rable to the state in the recent years (Lindsay et al., 2014).

In the model, years with high late-winter sea ice export
result in a reduced sea ice cover. In CLIM the effect is even
more pronounced. However, note that summer ice concentra-
tion and volume in CLIM are about 13 and 32 % larger than
in CTRL. The case is similar for the summer sea ice exports
and melt rates. In addition, the spread between the years is
unrealistically low. Both artefacts are consequences of aver-
aged forcing fields in the CLIM.

Impact on fast ice decay

New ice zones formed at the end of the winter during off-
shore advection events rapidly melt once the temperature
rises above freezing. It stands to reason that the ice albedo
feedback not only accelerates retreat of surrounding sea ice,
but also leads to an earlier onset of fast ice decay. The Laptev
Sea is characterized by an extensive fast ice extent. The in-
terannual and seasonal variability and trends of the south-
eastern Laptev Sea fast ice, an area with the widest fast ice
extent in the Arctic located between 77° N, 125° E and 72° N,
140° E, were recently investigated by Selyuzhenok et al.
(2015). The authors used operational sea ice charts provided
by AARI to determine the onset of fast ice growth, extent,
beginning of breakup, and end of the fast ice season between
1999 and 2013. For a detailed description of methods and ap-
plied data we refer to Selyuzhenok et al. (2015). The fast ice
edge in late spring closely follows the 20-25 m isobaths indi-
cating that grounded ridges serve as an anchor point for fast
ice and hence determine, among other factors, maximal fast
ice extent. The onset of fast ice breakup starts near the Lena
Delta and is closely correlated to the river breakup (compare
Fig. 5 in Selyuzhenok et al., 2015). Mid-June river run-off
overfloes fast which leads to a reduction in surface albedo. In
addition, it contributes to a direct input of heat. As the fast
ice breaks up along the delta, it continues to retreat eastward.
Following Bareiss et al. (1999) further decay is controlled by
onset of surface melt which was confirmed by Selyuzhenok
et al. (2015), who find a strong correlation with the timing of
the end of the fast ice season (time when fast ice extent drops
below a certain threshold value) and the onset of surface melt
derived from passive microwave data. The onset of breakup
and end of the fast ice season both show negative trends of
—0.3 and —1.0days year—!, respectively. Hence, the time it
takes for fast ice to decay is shortening by —1.3 days year™!.

How dynamics of pack ice in winter influence fast ice de-
cay has not been studied. Therefore we compare the sea ice
export with the timing of fast ice breakup and end of fast
ice season obtained from satellite data. We limit the compar-
ison to the south-eastern Laptev Sea, where mechanisms of
growth and decay were studied in detail by Selyuzhenok et al.
(2015) and accurate information about timing of breakup is
available. The correlation coefficient between onset of fast
ice breakup and ice area export is small ( = —0.35). This in-
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dicates that onset of fast ice breakup is independent of winter
ice dynamics and, as suggested by Selyuzhenok et al. (2015)
and Bareiss et al. (1999), rather attributed to the timing of
river breakup. However, the correlation between end of fast
ice season and ice export is higher (r = —0.63). Hence, in
addition to the onset of surface melt, years of strong offshore
advection precondition an earlier end of the fast ice season
and shortening of the duration of the breakup period and vice
versa. Similarly to the summer drift ice melt mechanism de-
scribed in Sect. 5 and depicted on Fig. 5, our model shows
that during years of high ice export, sea ice concentration has
already been relatively low since May and the melt rates are
also elevated for a spatially more confined region in the SE
Laptev Sea. While the model does not resolve the grounded
pressure ridges that form the anchor points for the fast ice,
we argue that eroding the keels of the grounded ridges would
accelerate the fast ice retreat in spring. The tendency towards
earlier fast ice retreat may therefore not only be related to ris-
ing temperatures in spring and earlier onset of surface melt,
but also to the acceleration of pack ice drift and increased
offshore advection.

7 Conclusions

Our findings highlight the importance of sea ice dynamics in
winter for summer sea ice conditions in the Laptev Sea and
likewise in the adjacent Siberian seas, where large polynya
systems develop in winter (Preufler et al., 2016). Here we
show for the first time the thinning effect of winter offshore
winds that open polynyas at fast ice edge by means of air-
borne thickness measurements carried out in 2008 and 2012.
The new sea ice grown in polynyas relatively late in the sea-
son stays rather thin and becomes subject to quick summer
melt, which initiates early ice retreat and low summer sea
ice concentration in the Laptev Sea. To confirm the precon-
ditioning of the summer sea ice cover with the winter exports
we perform a sensitivity study in which we force our model
with interannual atmospheric forcing from January to May
and then switch to the climatological forcing until the end of
the year. Our results show a clear distinction between years
with high and low sea ice export: years with high late-winter
sea ice export are characterized by a thinner ice cover and
reduced ice volume. The thinner ice cover melts faster which
leads to the development of large open water zones that heat
up quickly. In addition, model simulations indicate that the
volume export from Laptev Sea is increasing and the thin-
ning of the ice cover cannot compensate for the enhanced
area export. This provides evidence that the advection of sea
ice out of the Laptev Sea has a stronger preconditioning ef-
fect than the thickness of the ice cover itself. Ergo increase
in the sea ice drift speed, as observed on all Siberian shelf
seas (Spreen et al., 2011), plays a bigger role for the regional
ice extent in summer than changes in the thickness of the
ice cover. Moreover satellite and model data indicate that ice

The Cryosphere, 11, 2383-2391, 2017



2390

dynamics in winter not only preconditions local summer ice
extent, but also accelerate fast ice decay.

The mechanism presented in this paper complements ear-
lier studies of Steele and Ermold (2015), Polyakov et al.
(2017), Ricker et al. (2017) investigating the declining ice
cover in the eastern Eurasian Basin. Here we highlight the
importance of winter ice dynamics for sea ice anomalies of
thickness, volume and extent in addition to atmospheric pro-
cesses acting on the ice cover in winter and summer.

Data availability. The data from the HEM ice thickness sur-
veys from campaigns TD XIII and TD XX are available at:
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The MITgem model code and sea ice output are available
at https://doi.org/10.1594/PANGAEA.880254 (Itkin and Losch,
2017).
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