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Abstract. Variability and trends in seasonal and interan- 1 Introduction
nual ice area export out of the Laptev Sea between 1992 and
2011 are investigated using satellite-based sea ice drift a In recent years, the summer Arctic sea ice extent and thick-
concentration data. We found an average winter (Octebeness have undergone dramatic changes. The total sea ice ex-
to May) ice area transport across the northern and eastenent is declining at an annual rate of approximately 3 % per
Laptev Sea boundaries (NB and EB) of 3.4810° km?. decade over the satellite record (1978 - present), and the su
The average transport across the NB (2:870° km?) is mer sea ice decline seems to be accelerating (Stroeve et al.,
thereby higher than across the EB (0.6110° km?), with 2008; Kwok et al., 2009; Kwok and Rothrock, 2009; Comiso,
a less pronounced seasonal cycle. The total Laptev Sea ic@010). Following Kwok and Rothrock (2009), the thickness
area flux significantly increased over the last decades (0.8%f sea ice decreased by 64 % (1.6 m) between 2003 and
x 10° km? /decadep > 0.95), dominated by increasing ex- 2008 compared to early submarine measurements that were
port through the EB (0.55% 10° km?/decadep > 0.90), made between 1958 and 1976. The rapid reduction in Arctic
while the increase in export across the NB is smaller (0.3summer ice extent and thickness is assumed to result from
x 10° km?/decade) and statistically not significant. The anomalously high surface air temperatures (Stroeve et al.,
strong coupling between across-boundary SLP gradient an@005) and changes in the large-scale atmospheric cironlati
ice drift velocity indicates that monthly variations in iaeea  (Meier et al., 2007).
flux are primarily controlled by changes in geostrophic wind  Climate models agree that the sea ice extent and thick-
velocities, although the Laptev Sea ice circulation shows n ness will further decline through the 21st century in resgon
clear relationship with large-scale atmospheric indiédso 5, to atmospheric greenhouse gas loading (Zhang and Walsh,
there is no evidence of increasing wind velocities that@oul 2006). Furthermore, ice drift and deformation increase and
explain the overall positive trends in ice export. Followin net ice growth rates decrease (Spreen et al., 2011; Rampal
Spreen et al. (2011), we therefore assume that changes in ieg al., 2009). To determine associated changes in the Arctic
flux rates may be related to changes in the ice cover suclea ice volume requires consideration of changes in ice vol-
as thinning and/or a decrease in concentration. The use.0f ame fluxes that appear at the major gates of the Arctic, such
back-propagation method revealed that most of the ice thags Fram Strait. Trends in Fram Strait sea ice export were pre-
is incorporated into the Transpolar Drift is formed during viously found first time by Smedsrud et al. (2011). The au-
freeze-up and originates from the central and western parthors used geostrophic winds derived from reanalysis data t
of the Laptev Sea, while the exchange with the East Siberiartalculate the ice area export between Spitsbergen and Green
Sea is dominated by ice coming from the central and soythiand and found it to be about 25 % larger than during the
eastern Laptev Sea. Furthermore, our results imply that tha960’s. Whether Arctic ice volume loss accelerates further,
late winter (February to May) ice area flux may at least par-or if the reduction in sea ice thickness is capable of compen-
tially control the summer sea ice extent in the Laptev Sea. sating for the observed increased ice export out of the Arcti

is currently under discussion.
6 Understanding changes that appear at the major flux gates

requires a closer look at the origin of the ice leaving the
Correspondence to: T. Krumpen Arctic Ocean. It is assumed that a substantial part of the
(Thomas.Krumpen@awi.de) Fram Strait export is formed in the Siberian shelf seas, con-
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2 T. Krumpen: Laptev Sea ice area outflow

nected with Fram Strait via the Transpolar Drift. Among the Laptev Sea in late winter. In section 4 we discuss re-
the Siberian shelf seas the Laptev Sea is considered are allts and relate fluctuations in winter ice export to chariges
the most significant regions of net ice production and exportatmospheric circulation patterns, as well as to sea ice anom
(Zakharov, 1966a; Dethleff et al., 1998). It is very shallow lies in summer. Conclusions are drawn in section 5.
with water depths between 15 and 200 m (Timokhov, 1994)
and comprises an area of approximately 5000° km?. The
Laptev Sea is located between the coast of Siberia, Severnay2 Dataset description and validation
Zemlya and the New Siberian Islands (Fig. 1), and is ice cov-
ered from October to June (Bareiss and Goergen, 2005). Th&he ice area flux out of the Laptev Sea into the Transpolar
ice cover can be divided into three regimes: the fast icexstheDrift and East Siberian Sea is calculated based on ice @¥ift v
pack ice, and flaw polynyas (Eicken et al., 2005). The freelylocities and ice concentration at the northern boundary)(NB
floating ice pack offshore of the fast ice edge consists mainl and eastern boundary (EB) of the study region (Fig. 1) . The
of ice formed during fall. According to systematic obser- NB spans a length of 700 km and is positioned &N lbe-
vations carried out by the Soviet Union since the 1930s, ittween Cape Arkticheskiy and 14B. The EB with a length
reaches a mean thickness of 1.574m0.25 m (Romanov;s of 460 km, connects the eastern end of the NB with Kotelnyy
1996). The pack ice drift is dominated by persistent offshor (76.6°N, 140°E). For easier comparison, our northern and
winds leading to a continuous export of ice out of the Lapteveastern boundaries are equivalent to those boundaries used
Sea into the basin and/or the East Siberian Sea (Timokhowy Alexandrov et al. (2000).
1994; Rigor and Colony, 1997).

Rigor and Colony (1997) found by means of a combina-2.1 Sea ice drift dataset
tion of modeling results and observations that as much as 20
% of the ice transported through Fram Strait is produced inSea ice drift can be estimated using various techniques be-
the Laptev Sea, giving it a key role in the future fate of the tween time-lag satellite images (e.g., Emery et al., 1991,
Arctic sea ice. The seasonal and interannual variability ofKwok and Rothrock., 1999; Girard-Ardhuin and Ezraty,
sea ice exchange with the surrounding seas was first exan2012). Ice drift information obtained from satellites has
ined by Zakharov (1966b, 1967). Their estimates are basetieen applied in various studies to examine Arctic-wide spa-
on average monthly gradients of atmospheric pressuresaerogial trends in sea ice drift velocity and area flux (e.g., Kwok
the northern and north-eastern Laptev Sea boundaries and rd009; Spreen et al., 2011). In particular during winter
vealed a mean winter sea ice area transport of approximatelgnonths, when the atmospheric moisture content is low and
3.3 x 10° km?. Alexandrov et al. (2000) investigated ice surface melt processes are absent, the quality of the drift e
area fluxes by means of a numerical model and found flowtimates is high. Restrictions may arise from the spatiadtes
rates of 4.83x 10° km? per winter. In addition a numbes lution of the sensors in near-shore regions characteriged b
of studies examine sea ice circulation patterns and timir li  complex coastline, extensive fast ice areas and polynyas.
age to atmospheric and oceanic forcing on shorter timescale The accuracy of ice drift data in the Laptev Sea was in-
(e.g., Rigor and Colony, 1997; Eicken et al., 1997; Haas andrestigated by Rozman et al. (2011) through a comparison
Eicken, 2001). with in situ measurements. The best performance was found

Given the importance of the Laptev Sea for the Argtic in the ice drift product provided by the European Space
Ocean sea ice budget, the aim of this paper is to update preAgency (ESA) via the Center for Satellite Exploitation and
vious estimates of ice exchange between the Laptev Sea arfesearch (CERSAT) at the Institut Franais de Recherche
the surrounding seas. Since we are lacking of ice thicknespour d’Exploitation de la Mer (IFREMER), France. Hence,
information, the investigation is limited to the deterntina in the following the IFREMER data set is used to calculate
of area fluxes derived from state-of the art satellite iceiomato  winter fluxes at the NB and EB. The motion fields are avail-
and ice concentration information. Below we examine howable on an operational level from September 1 until the end
the ice export in the Laptev Sea changed throughout the pagif May, covering the period from 1992 to present. They are
two decades and identify the governing mechanisms controlbased on a combination of drift vectors estimated from scat-
ling ice exchange with the surrounding seas. Furthermoreterometer data (the National Aeronautics and Space Admin-
we investigate the role of atmospheric forcing for obserxvedistration SeaWinds/QuikSCAT for 1992-2009 period, and
trends in ice transport. the European Advanced Scatterometer (ASCAT)/MetOp for

The structure of the paper is as follows. A description of 2009 - present) and radiometer data (the 85 GHz channel data
the satellite data used to derive ice fluxes along the Laptewf Special Sensor Microwave Imager SSM/I on-board the
Sea boundaries is given in section 2. In addition, the ac-Defense Meteorological Satellite Program, available esinc
curacy of the dataset is determined through a compatisor1992). The data are available on a polar stereographic grid
with high resolution satellite data and mooring bservation with a grid size of 62.5 km, using time lags of 3 days. Details
In section 3, we analyze seasonal and interannual flux rateabout processing and validation of these data can be found in
across boundaries and identify the origin of sea ice leavingGirard-Ardhuin and Ezraty (2012).
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T. Krumpen: Laptev Sea ice area outflow 3

2.2 Accuracy of sea ice drift data 2.3 Seaice concentration

As an additional quality control we compare the IFREMER The ice concentration data used in this paper are also made
motion estimates with monthly ice drift information obtagh= available by IFREMER (Ezraty et al., 2007). The product is
from Environmental Satellite (ENVISAT) Synthetic Aper- based on 85 GHz SSM/I brightness temperatures, using the
ture Radar (SAR) images (Fig. 2). Ice drift information from ARTIST Sea Ice (ASI) algorithm developed at the University
ENVISAT SAR scenes can be easily extracted by identify- of Bremen (Spreen and G.Heygster, 2008).

ing identical ice flows on consecutive images. In this study,

monthly ice drift information from ENVISAT Wide Swath 2.4 Seaice area flux estimates at the Laptev Sea bound-
(WS) scenes were obtained in areas near the NB andsEB  aries

from images covering the beginning and end of April 2004, ) o ]
December and January 2007, January to May and Decembé&iP!lowing Kwok (2009), the meridional and zonal ice area
2008, February and December 2009, and February to Marcf|luX at the NB and EB respectively, is the integral of the
2011. The ENVISAT C-band WS data is VV polarized and Product between the’ andU component of the ice drift and
covers an area of approximately 480400 kn? with a spa-  IC€ concentration. In_|t|ally, ice motion vectors were ite-

tial resolution of 150x 150 n? (Krumpen et al., 2011b,&}° lated to the 12.5 !<m ice concentration grid. In the follqwlng
Overall 12 monthly ice drift estimates are available. The & POSitive (negative) sign refers to an export out of (import
comparison with the IFREMER dataset was done by interpo-Nt0) the Laptev Sea. Transport (flux) rates are given if.km
lating IFREMER estimates to the locations of SAR ice drift 1€ Sum of the meridional and zonal ice area flux across NB
retrieval. The agreement between IFREMER data and man@nd EB is referred to as the total ice flux. After removing

ually extracted ENVISAT ice drift information is high & the seasonal_ cy_c_le, trends were calculat_ed in a least square
both, the zonall{) and meridional ) ice drift components ~ S€Nse, and significance at the 95 % confidence lgyelias
(correlation coefficient §) = 0.87 and 0.95, Fig. 2). The measured using the Student’s t-test following Kwok (2009).

estimated standard deviation (SE) for the IFREMER ice drift P1ease see Kwok and Pang (2004) and Kwok (2009) for a
velocity is 0.56 criis for V and 0.6 cnis for theU driftcom- ~ More detailed method description and error analysis.
ponents. For comparison, the uncertainty in ice drift vigjoc

reported by Rozman et al. (2011) is around 1/srfor the250 3 Results
Laptev Sea.

As stated earlier, the accuracy of passive microwave driftyye present ice flux estimates at the northern and eastern
products may be reduced in near-shore areas. However, iDaptev Sea boundaries computed from IFREMER ice drift
section 3 we identify the origin of sea ice leaving the Laptevinformation. In order to assess the relative consistendy an
Sea in late winter by means of a backtracking approachg quantify the importance of Laptev Sea ice export for the
Therefore the quality of the IFREMER data in shore ar- tota| Arctic sea ice budget, the results are compared with flu
eas is checked through a comparison of IFREMER ice driftagtimates from NSIDC drift data (Fowler, 2003) and export
data with ice drift estimates taken from long-term moorings ;5tes through Fram Strait (Smedsrud et al., 2011). In the fol
equipped with Acoustic Doppler Current profilers (ADCP). oying, we analyze the interannual and seasonal varigbilit
The moorings were deployed between 2007 and 2009 ne&gt meridional and zonal area fluxes through NB and EB, and
the fast ice edge in the south-eastern Laptev Sea (for gxagk|ate the observed fluctuations to changes in sea level pres
position see Fig. 1). The sampling frequency of the device issyre (SLP) gradients across the boundaries. Finally, tihe or
30 minutes with a beam width (footprint) of 5m. Anin-depth gin of the sea ice contributing to the annual export is exam-

description of the mooring design and ADCP processing isined through a backtracking approach of sea ice leaving the
given in Hoelemann et al. (2011) and Janout et al. (2012); gptev Sea in early spring.

Prior comparison, the monthly mean ice drift was calculated

from the ADCP data, and IFREMER drift data was intergp- 3.1 Laptev sea ice area flux

lated to the mooring position. The correlation between IFRE

MER and ADCP data is slightly lower (Fig. Z=0.84 and  Figure 3 compares the cumulative winter (October to May)
0.9 forU andV) with a higher standard deviation (0.72 ¢en  total ice area flux from 1992 - 2011 through the NB and
for V and 0.83 cnjis for U). The limited number of samples EB calculated from IFREMER data with estimates based on
included in this comparison and the differences in spatidla NSIDC drift data. The ice drift data, provided by the NSIDC
temporal sensor resolutions may impact the reliabilityheé4 (Fowler, 2003) are computed from Advanced Very High Res-
comparison. In addition, the presence of fast ice, the comolution Radiometer (AVHRR), SSM/I and IABP buoy data.
plex coastline and the occurrence of polynyas are restgcti Information is given at a higher spatial resolution (25 km
factors. Nevertheless, the high agreement shows that IFREgrid) but is only available until 2010. The IFREMER flux
MER data is capable of producing ice drift in near-coastalestimates are higher than those from NSIDC (3:390°
Laptev Sea areas correctly. o km? £ 1.17 x 10° km? vs. 2.91x 10° km? £+ 1.13 x 10°
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4 T. Krumpen: Laptev Sea ice area outflow

km?). A comparison of the NSIDC dataset with the SAR trends are significant at 95 % confidence level only for Jan-
and ADCP derived driftinformation reveals that NSIDC drift uary and March. Nevertheless, understanding the observed
vectors generally underestimate observed drift vela{tit  increase in total ice flux rates between 1992 and 2011, re-
shown here). This is in agreement with findings made byquires examining fluxes across the NB and EB separately.
Schwegmann et al. (2011) in the Antarctic. According tastheln Figure 7 the average monthly ice concentration, ice drift
authors, 71 % of the NSIDC drift velocities are significantly velocity, ice area flux and sea level pressure (SLP) gradi-
lower than those observed by buoys. Nevertheless, the higkents are shown with the corresponding trends across the NB
agreement between NSIDC and IFREMER ddta=0.82) and EB between 1992 and 2011. The ice concentration data
gives confidence about the relative consistency of the IFREwas obtained from the IFREMER webpage. The ice drift ve-
MER data. w0  locity represents the boundary-perpendicular comporiént (
The interannual variability of the total ice transport is andV’). The monthly mean SLP gradients across the bound-
shown together with the zonal and meridional componentaries provide a measure of the strength of the geostrophic
in Figure 4. The net total winter transport is positive, but wind component. The SLP gradients are the difference be-
estimates show considerable interannual variability with ~ tween the eastern and western end of the NB and northern
lowest rates occurring in winters of 1997/98, 1998/99 andand southern end of the EB. Gradients were calculated using
2003/04 and the highest export in the winters of 2004/05 andnonthly mean SLP data from the National Centers for Envi-
2008/09. The average total winter ice flux amounts to %48 ronmental Prediction (NCEP)/Department of Energy (DOE,
10° km? with a standard deviationS() of 1.2 x 10° km?. Kalnay et al. (1996)). Southerly and westerly winds (pos-
The average transport across EB (0,6110° km? + 0.97 itive gradients) results in ice export at the NB and EB, re-
x 10° km?) is generally lower than that across NB (2.8%s spectively, while negative gradients represent northanig
10° km? 4+ 0.78 x 10° km?). However, with respect to the easterly winds and ice import across the NB and EB. Two
length of our boundaries and mean flux, the zonal transportepresentative examples of SLP distributions were chasen t
exhibits larger fluctuations, with years being characeetizy =~ highlight the location of atmospheric pressure systems and
a net import from the East Siberian Sea (2007/08, 2000/01their impact during months with above and below average
2003/04 and 2007/08). Our Laptev Sea ice export estimateie export (Fig. 8). A positive SLP gradient across the NB
amount to nearly 48 % of the winter (Fig. 4) and 41 % of is favored by the location of a high pressure system over the
the annual export rates through Fram Strait. Fram Stradt areEast Siberian Sea, resulting in an anticyclonic circutatio
flux estimates were taken from Smedsrud et al. (2011). Simi.e. increased offshore winds (Fig. 8 a). A displacement
ilar to our approach, the authors derived ice area transporof the high pressure cell to the south introduces a westward
rates from radar satellites and SLP differences. Note that n component north of the New Siberian Islands and a positive
significant correlation was found between Fram Strait andSLP gradient across the EB. In contrast, the formation of a
Laptev Sea outflowsH{ = 0.32). high pressure cell in the central Arctic suppresses icexpo
We found a statistically significant positive trend in the across boundaries (Fig. 8 b).
total Laptev Sea ice area flux across the boundaries 0f0.85  Figure 7 suggests that the overall positive trend in January
10° km? /decadej > 0.95). The trend in zonal export acress and March total ice area flux (Fig. 6 and description in text) i
EB is smaller (and 0.55 10° km? /decade) and significant the consequence of a significant increase in ice flux acress th
only at the 90 % confidence level. The positive trend of theEB in January and NB in March, respectively. Interestingly
meridional export (0.3« 10° km?/decade) across NB is not during September and October, when the average ice con-
statistically significant. centration has undergone a dramatic decrease througleut th
The monthly averages of the total ice area flux (Octobes tolast decade, the ice export across the NB is increasingrrath
May) show a pronounced seasonal cycle with highest valueshan decreasing. The fact that negative trends in the ice con
between November and January and lowest flux rates in Apricentration are not seen in the ice area flux rates is explained
and May (Fig. 5). The pronounced seasonal cycle is theby the balance between an increase in ice drift velocities du
consequence of a highly variable zonal transport across EBng September and October and the decrease in ice coverage.
that attains its maximum in January and becomes negative i€hanges in the ice drift velocity in all months are in turn
spring (April and May), corresponding to an ice import from reflected in changes in the SLP gradient. The agreement be-
the New Siberian Sea. The seasonal cycle of the meridionalween variations in the SLP gradients and ice velocitie? is
transport across the NB is relatively constant throughloeit t = 0.92 for the NB and slightly lowerK = 0.81) for the EB.
season and does not show large monthly variations. The strong coupling between across-boundary SLP gradient
The normalized monthly anomalies in the total Laptevsseaand ice drift velocity apparent in each month indicates that
ice flux rates across NB and EB (Fig. 6) were calculated bymonthly variations in ice area flux are primarily controlled
dividing the difference between monthly total ice flux and changes in the magnitude of the geostrophic winds. In par-
the 19-year monthly means by the 19-year monthly standardicular along the NB, positive or negative trends in icetdrif
deviations. A trend analysis of the time series revealed amates between November and May are the consequence of
increase in ice transport rates during all months. Howewerpositive or negative trends in SLP gradients. However,glon
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the EB, trends in SLP gradients and ice drift rates coincidetheless, ice that is formed in polynyas occupies large quasti
less or are even of opposite sign (for example Novembenanaf the Laptev Sea area at the end of the winter. If the polynya
December). Variations in SLP gradients still explain year-ice is then incorporated into the Transpolar Drift duringsu
to-year changes in monthly zonal ice transport rates, but daner months, or if it becomes subject of melting can not be
not account for observed trends in drift rates. Here, chengeanswered. Too little information is available on the drift o
in the internal ice state ayidr ocean forcing may be respon- Laptev Sea ice in summer.
sible for the observed trends in drift and ice area transport
rates. This is discussed in more detail in section 4.
uas 4 Discussion of area flux estimates
3.2 Laptev Sea ice pathways
Through a comparison with ENVISAT and ADCP ice drift

To identify the sources and pathways of the sea ice, we backinformation, we have shown that the accuracy of the IFRE-
tracked ice crossing the NB and EB at the end of April for a MER data in the Laptev Sea is high (see section 2). This
6 month period between 1992 and 2011. The drift analysis ids in agreement with findings of Rozman et al. (2011). As-
limited to the winter months (beginning November until the suming that the error in the IFREMER ice drift estimates is
end of April), when temperatures are below freezing and icenormally distributed throughout the year, unbiased and un-
production takes place in flaw polynyas along the extensivecorrelated, one can calculate the uncertainty in NB and EB
fast ice belt (Fig. 1). ice flux based on the boundary length and #€ of the V/

Figure 9 a) and b) shows the ice drift pathways for a yearandU component (Fig. 2), respectively. For the winter sea-
with high (winter of 2008/09) and low (winter of 1998/9¢) son (October to May) this results in an uncertainty in icaare
ice flux rates across boundaries. For describing the vériabi flux of 8.1 x 10* km? and 5.7x 10* km? for the NB and EB,
ity in the pathways, we analyzed the length and the displacerespectively.
ment of ice leaving the Laptev Sea in April through the cen- Sea ice circulation in the Laptev Sea and ice exchange
ter of the NB and EB. The trajectories for winter of 2008/09 with the Arctic Ocean have been studied in more detail
and 1998/99 are shown in Figure 9 a) and b) as black linesby Alexandrov et al. (2000). The authors investigated ice
The lengths of the trajectories indicate the net displaceme exchange through the NB and EB based on a large-scale
of an ice parcel throughout the 6 month period. The aver-thermodynamic-dynamic sea ice model from 1979 to 1995.
age length of the pathway passing the center of the NB beFollowing Alexandrov et al. (2000), the average winter (Oc-
tween 1992 and 2011 is 1046 kin 188 km. The net dis- tober to May) ice flux varies between 2.5110° km? and
placement of the ice passing through the center of thes=EB7.32x 10°> km? with a mean value of 4.8% 10°> km?. Due
is on average 9 % shorter with a higher standard deviatiorto the different study period, a quantitative comparison of
(956 km4 233 km). Maximum displacement of ice crossing our flux estimates with model estimates of Alexandrov et al.
the NB and EB were obtained in the winter of 2006/07 with (2000) is not possible. However, their computations exceed
1550 km and 1407 km, respectively. Lowest rates occurredbur calculations by approximately 40 % (3.4810° km?).
in the winter of 1998/99 with 610 km (EB) and 744 km (NBJ. A direct comparison of data from the three year overlap be-
On average, the ice leaving the Laptev Sea through the certween the two time series (1992/93 - 1994/95) indicates an
tral NB originates from the western Laptev Sea at 7N7  offset of 29 %. This number is consistent with the uncer-
(£ 1°), 118°E (+ 8°). Quantities within parentheses are tainty in model computations of Alexandrov et al. (2000).
standard deviations. The origin of ice passing through theThrough a comparison of model results with satellite detive
center of the EB is located further south-east at P57 £+ fluxes (SSM/I) for the winter of 1987/88 and 1994/95 the au-
1°), 132°E (+ 11°). Hence, most of the ice that is incor- thors could show that their model calculations overestmat
porated into the Transpolar Drift originates from the cahtr observations by as much as 24 %.
and western part of the Laptev Sea, while the exchange with Overall, our analysis showed that the winter (October -
the East Siberian Sea is primarily dominated by ice comingMay) total ice area flux out of the Laptev Sea has increased
from the central and south-eastern Laptev Sea. Figures9 chhroughout the last two decades. The trend in total ice trans
presents the frequency distribution map of the origin of segport across boundaries is significant at the 95 % confidence
ice (positions of ice in November) calculated from pathwayslevel, while the trend in zonal flux across EB is significant
between 1992 and 2011. Because the origin of most of thenly at 90 %p. The positive trend of the flux rates across NB
ice leaving the Laptev Sea by the end of April is situated inis thereby smaller and statistically not significant. Theneo
the central Laptev Sea in November and not in near-coastgbarison of SLP gradients with ice concentration and across-
zones, the contribution of polynyas to the winter ice area flu boundary ice drift showed that most of the interannual and
is rather small and limited to events that take place in theseasonal variability in the Laptev Sea ice area flux can be
vicinity of the Laptev Sea boundaries (for example NS andlinked to changes in geostrophic winds (compare Fig. 7).
NET polynyas; see Fig. 1). Hence, ice export during winter However, although variations in SLP gradients may explain
months is dominated by ice formed during freeze-up. Nexerdarge fractions of the year-to-year changes in monthly ice
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transport rates, they do not explain the observed long-ternsphere and the Arctic and a weakened or strengthened anti-
positive trends in area fluxes. ses  cyclonic circulation (Beaufort Gyre). The decadal and imult
Figure 10 shows the daily anomalies of the pressure gradidecadal variability in the atmospheric and oceanic citinrta
ents for the past 19 years at NB and EB separately. Trendss summarized in the Arctic Oscillation (AO) index, which
which were calculated in a least square sense from these daiis defined as the leading principal component of the North-
anomalies on the original data grids, are negative acrdss bo ern Hemisphere SLP (Rigor et al., 2002). In this context,
boundaries but not statistically significant. Along the BBsto Proshutinsky and Johnson (1997) define the two arctic-wide
decrease is more pronounced and amounts to approximatefgbserved wind-driven oceanic circulation patterns as the a
-0.74 hPddecade as compared to -0.68 jifkecade at the ticyclonic (low AO index) and cyclonic (high AO index) cir-
NB. Note that the negative trends in the SLP gradients areculation regime, each of which is persists from 5 to 7 years.
also visible in the across-boundary component of the wind A negative coupling between AO index and winter ice ex-
velocities {V andV). At the EB, thel/ component decreases port was observed by Proshutinsky and Johnson (1997) and
by approximately -0.56 sec/decade, while the NB shows Alexandrov et al. (2000) between the late 1970s and the early
a reduction inV by -0.50 nyse¢/decade (not shown here). 1990s. According to Proshutinsky and Johnson (1997), dur-
Hence, we conclude that no evidence exists that the increasag low AO index phases, ice leaving the Laptev Sea through
in ice area flux is favored by an increase in wind speed. the northern boundary is directly incorporated into thengra
Our results are consistent with findings made by Spreerpolar Drift. This phase is characterized by an above aver-
et al. (2011), who examined spatial trends in Arctic sea iceage winter ice area flux through the northern boundary. In
drift by means of SSM/I satellite data for the winter month of contrast, during high AO phases when the Transpolar Drift
October through May between 1992 and 2009. They founds shifted east towards the North American Arctic (Bareiss
a significant increase in ice drift velocity over large fiaos ~ and Goergen, 2005), most of the sea ice is exported from the
of the Arctic Ocean and in the Laptev Sea. Accordingsto Laptev Sea to the East Siberian Sea across the eastern bound-
the authors, the increase in wind speed in the central Arcary. Alexandrov et al. (2000) who found that the magnitude
tic explains a large fraction of the observed increase ift dri and direction of Laptev Sea ice exchange with surrounding
velocities. However, in other regions, such as the Northerrseas agrees well with the large-scale drift pattern durig p
Barents, Kara, Laptev, and East Siberian Seas, wind speeiiods of prevailing anticyclonic or cyclonic circulatiohe
trends are mainly negative and do not correlate with trendsstandardized detrended anomalies of the total Laptev $ea ic
in ice motion. area flux (December - February) and the interannual vari-
Therefore, other mechanisms may be responsible for th@bility of the winter AO index (December - February) are
observed changes in ice transport rates throughout the pagresented for the period from 1992 to 2010 in Figure 11.
two decades (in particular across the EB). Along the NBHowever, in contrast to Proshutinsky and Johnson (1997) and
and EB, surface currents are believed to be primarily windAlexandrov et al. (2000), we find the winter sea ice area flux
and ice driven. Following Spreen et al. (2011) and Kwok anomalies in the Laptev Sea to be only weakly correlated
and Rothrock (2009) we assume that the increasing ice drifivith the AO-index (2 = 0.24).
speed and flux rates in the Laptev Sea may be rather associ- WU et al. (2006), Watanabe et al. (2006), and Wang et al.
ated with a change in the ice cover (thinning and/or decreast2009) conclude that the influence of the winter Dipole
ing concentration), caused by the rapid loss and thinning ofAnomaly (DA) on the Arctic-wide sea ice motion is greater
thick multiyear ice. This is in agreement with Rampal et al. than that of the winter AO. The DA is defined by the sec-
(2009) who found that changing thickness, deformation and®nd EOF (Empirical Orthogonal Function) mode of the SLP
compactness of the ice cover are accompanied by an increag@rth of 70N. Following Wu et al. (2006), a positive phase
in sea ice drift velocities measured by drift-buoys. Beeaus Of the DA favors a weakening of the Beaufort Gyre, increases
of the absence of a positive trend in surface wind speeds¢hegea ice export out of the Arctic basin through the Fram Strait
concluded that changes in the ice cover play a dominant rol@nd the northern Barents Sea, and enhances sea ice import
in explaining the observed trends in sea ice drift velositie ~ from the Laptev Sea and the East Siberian Sea into the Arc-
tic basin. During the negative phase of the DA, the opposite
4.1 Linkage between ice area flux and large-scale atmo- scenario occurs, i.e., the Beaufort gyre is strengthenedg m
spheric circulation s0 Sea ice remains in the western Arctic, and sea ice exports
from the Laptev Sea and Kara Sea decreases. A comparison
Previous studies have shown that changes in Laptev Sea iaaf the DA index phases with our ice area flux estimates re-
drift patterns are linked to changes in the large-scale atmoveals that there is indeed a correlation between ice expdrt a
spheric circulation (e.g., Proshutinsky and Johnson, 1997the second EOF mode of SLP north oPR)(Fig. 11). How-
Alexandrov et al., 2000). Following e.g. Proshutinsky and ever, the correlation is negativ& (= -0.62), which stands in
Johnson (1997) or Deser et al. (2000) the Arctic atmosphericontrast to findings of Wu et al. (2006) and Watanabe et al.
and oceanic circulation regime alternates between andinten (2006).
fied or suppressed cyclonic circulation in the Northern Hemi  The apparent weak response of ice area flux to AO and DA
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patterns indicates that no clear linkage exists betweetelap At the end of April 2012, a sequence of electromagnetic
Sea ice circulation, and the large-scale atmosphericlaircu (EM) helicopter-borne ice thickness measurements (Haas
tion. The magnitude of ice flux is rather determined by local and Eicken, 2001) were carried out over the WNS polynya
atmospheric patterns, such as the occurrence of a highspresorth of the Lena Delta (Fig. 1). The winter of 2011/12
sure system over the East Siberian Sea resulting in enhancddot included in this study) was characterized by the highes
ice area flux. Consequently, earlier studies that linke@rmoth northward advection rates observed since 1992. The contin-
processes such as fast ice extent, polynya activity or freshuous ice export away from the fast ice edge led to the devel-
water distribution in the Laptev Sea to AO/DA patterns, may opment of an almost 200 km wide thin ice zone of less than
require reconsideration, in particular if the linked presessc 40 cmice thickness. In contrast, EM measurements that were
are partially dependent on the sea ice trangfpotulation. made at the end of April, 2008, show a substantially differen
ice regime north of the fast ice edge. A below average north-
4.2 Linkage between ice area flux and summer ice con- ward ice transport and longer periods of onshore-directed i
ditions drift, formed heavily compacted ice of more than 1.5 m thick
es (Rabenstein et al., 2012). It stands to reason that the pres-
The Laptev Sea ice extent is currently undergoing a signifi-ence of extensive thin ice areas at the end of winter, along
cant decrease in summer (compare e.g. Fig. 9, sea ice cofwith continuous offshore transport during early spring and
centration in September along the NB and EB). Following the intrusion of warm air masses from the south may acceler-
e.g. Bareiss and Goergen (2005) anomalies in summer sege ice retreat in summer. In the following, we will focus on
ice extent are thought to be the consequence of 1) synapticthe potential linkage that exists between presg¢absence of
scale processes (e.g. cyclones) superimposed on the largextensive thin ice areas in late winter and the occurrence of
scale atmospheric circulation during summer, and Il), to alow/high summer ice extent.
lesser extent, from preconditioning processes in late win- Thin ice areas can be derived directly from AMSR-E
ter and spring. The connection between shifts in the atmoand SSM| scenes, using the Polynya Signature Simula-
spheric circulation and in particular the role of cyclotydor s tion Method (PSSM Markus and Burns, 1995; Kern, 20009;
anomalies in summer sea ice concentration were previouslyvillmes et al., 2011). The method provides a classification
discussed by Serreze et al. (1993); Serreze (1995); Méaslaniof thin ice and open water (polynya area) and is based on
et al. (1996) and Maslanik et al. (2000). In particular cy- the sensitivity of passive microwave polarization ratmge
clones entering the Laptev Sea from the south-west enhanagickness in the range of 0 - 20 cm (Willmes et al., 2010).
the northward ice transport and are associated with an igflowHowever, the coarse spatial resolution of passive micrewav
of anomalous warm air masses of above average air tempesgatellite data, in particular if applied to narrow polynyas
atures, which may contribute to sea ice melt. Persistent lowpolynyas formed during extremely cold periods, generates
sea level pressure and above average summer surface air te@rrors through mixed signals at the fast and pack-ice edges,
peratures summer may further promote early break-up, rapiénd results in underestimating the thin ice and open water
melt and subsequent reductions in surface albedo as iadigat area (Willmes et al., 2010; Krumpen et al., 2011b).
by Haas and Eicken (2001) and Serreze et al. (2003). A de- Because offshore wind favors both, ice transport away
tailed discussion on potential linkages between summer icérom the coast and the development of thin ice in
coverage and atmospheric processes is given in Bareiss arfthw polynyas, a close relationship exists between across-
Goergen (2005). boundary ice export and estimated polynya area (Fig. 12).
The preconditioning role of winter and spring sea ice pgo- The high agreemenf{ = 0.85) allows us, to focus on ice ex-
cesses on the summer and fall ice conditions has receivegort as in order to further understand the link between thin
little attention. For example, Deser et al. (2000) and Rigorice areas and the subsequent summer ice anomaly. Shown in
et al. (2002) argued that low AO phases coincide with an in-Figure 12 are the normalized anomalies of ice export at the
crease in ice advection away from the fast ice edge, whictNB and EB and polynya area (thin itepen water) as derived
results in an increase in production of new thin ice in cdasta from the PSSM for the period between 1992 and 2009. The
polynyas. The presence of extensive thin ice zones at th®SSM was driven with the daily Advanced Microwave Scan-
end of the winter may in turn favor ice retreat in summer andning Radiometer-Earth Observing System (AMSR-E)/Aqua
results in a delayed freeze-up in fall. Likewise, Alexandro L2A Global Swath Spatially Resampled Brightness Temper-
et al. (2000) found that during years where ice export out ofatures data set (Ashcroft, 2008), available since 2002r Pri
the Laptev Sea was above average (e.g. winters of 199299 2002 the polynya area is deducted from the open water
and 1994/95), a below average summer ice extent could berea in specific regions using a polynomial regression model
observed. This implies that negative sea ice anomalies inhat describes the relation between polynya area (from PSSM
summer may be caused by enhanced northward ice advegvith AMSR-E) and SSM/I sea ice concentrations. The model
tion during the previous winter. is derived from the data overlapping period (2002- 2008). A
The thinning effect of enhanced offshore ice advectiondetailed description of the methodology is given in Willmes
on the sea ice cover has recently been observed in fieldet al. (2011).
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The comparison of ice area flux in late winter/early spring least partially controlled by the magnitude of ice area flux
with summer ice anomalies of the following summer re- during late wintefearly spring. The absence of a positive
veals a negative coupling that support our assumption (Figcoupling between synoptic scale processes and summer sea
13,lower panel): There is evidence that an enhanced narthice conditions is somewhat surprising and indicates thet th
ward/eastward transport of ice between February and Mayontribution of cyclones has been overestimated or is not
can result in larger, less deformed, thin ice areas that mayully understood. We conclude that the physical connection
more rapidly melt once temperatures rise above freezingbetween late wintgearly spring ice area flux, synoptic scale
The correlation coefficient between summer ice coverage angrocesses and ice extent in summer remains unclear. A more
winter ice area flux (February to May) i$=- 0.65. The fig-» detailed analysis is needed that separates thermodyn&mic e
ure indicates that years of above the average ice export ariects from dynamic components, which, however requires
generally characterized by below the average summer ice exhe application of a coupled sea ice ocean model and is part
tent and vice versa (e.g. 2004 and 2005). Including ice ad-of an upcoming study.
vection that took place before February results in a weaker
negative correlation coefficient. Taking into account arl
summer ice export rates (e.g. June and July) is not possible _
owing to the limited temporal coverage of the IFREMER ice 5 Conclusions
drift dataset.

Synoptic scale processes such as cyclones occurringedul? this paper we investigate fluctuations in seasonal and in-
ing summer are believed to further accelerate ice retreaterannual sea ice area flux across Laptev Sea boundaries and
and melting (see discussion above). For example, Maslanikink observed trends to changes in atmospheric forcing mech
et al. (1996) report that an increase in cyclonicity in nerth ~ anisms. The cumulative October to May total ice area flux
Siberia since 1989 coincides with negative sea ice anomaliedmounts to 3.48< 10° km?. For comparison, this is ap-
in the Laptev Sea during the early 1990s. To confirm thisproximately 48 % of the winter, and 41 % of the annual
relationship, we derived a time series of cyclone events (re Fram Strait export. The average transport across the aaster
gion: 100 - 140° E, 72 - 7% N, Fig. 13,upper panel). The boundary (0.6 10° km?) is generally lower than across the
tracking approach is based on the relative vorticity field in northern boundary (2.8% 10° km?). Ice flux rates show a
the 850 hPa pressure level Computed from 6-h0ur|y NCEFprOﬂOUﬂCGd seasonal Cycle with the hlghest fluxes in Novem-
reanalysis data. For a detailed method description we refeper and January. By use of a back-propagation method, we
to Hoskins and Hodges (2002) and Hodges et al. (2011). Théound that most of the ice that is incorporated into the Trans
cyclone activity in the Laptev Sea is characterized by a seapolar Drift originates from the central and western part of
sonal cycle, with generally lower activity during wintemth ~ the Laptev Sea, while the exchange with the East Siberian
during summer. The average number of cyclones entering>€a is primarily controlled by ice coming from the central
the Laptev Sea per month is approximate|y 3.9. The tr!encﬂnd south-eastern Laptev Sea. The contribution of polynyas
in cyclone frequency is negative (-0.67 cyclof@scade) but 0 the winter ice area flux is small and limited to events that
not significant. take place in the vicinity of the boundaries. The total icear

F0||owing Rademacher (2009), Cyc|ones entering theﬂUX out of the Laptev Sea is undergoing a Statistically Sig-
Laptev Sea from the west, passing 108nd 120 E be-  hificant positive trend of 0.8% 10° km? /decade between
tween 74 and 79 N, can be expected to be of greater eR- 1992 and 2010. The trend in zonal ice area flux across EB
pact on offshore transport and p0|ynya activity (eg T, AL is 0.55x 105 km2/decade. The pOSitiVG trend in the merid-
and WNS; Fig. 1). These cyclones cause westerly winds orional transport across NB is 0,3 10°> km? /decade but not
their southern side and south-westerly winds on their frontstatistically significant.
side. In addition, cyclones entering from the south between A large fraction of the year-to-year changes in monthly
110 - 135 E and 74 - 78 N enhance offshore transpest ice transport can be explained by variations in SLP gradi-
through southerly winds in the central Laptev Sea and southents across boundaries. However, there is no evidence of
easterly winds over the New Siberian Islands. Neverthelessincreasing wind velocities that could explain the overalip
a comparison of northward and eastward directed summeitive trends in ice export. Following Spreen et al. (2011¢, w
cyclone activity with the sea ice minimum in September re-therefore assume that changes in ice flux rates may be related
veals no evidence of a connection between synoptic sealéo a change in ice cover such as thinning and/or a decrease in
processes and the summer sea ice situation. Anomalies iooncentration. A comparison of ice export rates with AO and
the number of easterly and northerly moving cyclones for DA patterns indicates that no clear linkage exists betwean s
the period between July and September are given in Figuréce circulation in the Laptev Sea and large-scale atmogpher
13 (lower panel). This time period was chosen, because aftecirculation. However, there is evidence that ice exporirdur
July the sea ice cover becomes vulnerable to cyclone agtivit late winter preconditions sea ice extent in summer. The-miss
and wind stress (Bareiss and Goergen, 2005). ing relationship between synoptic and mesoscale processes

Our results imply that the the summer sea ice extent is abnd summer sea ice conditions is somewhat surprising and
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indicates that the contribution of cyclones has been otieres Emery, W.J., W., F. C., J., H., and Preller, R. H.: Fram strait satellite

mated or is not fully understood.
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Fig. 1. The geographical location of the Laptev Sea and the northern andrebstandaries (solid black lines) on which meridional and

zonal ice area flux estimates are based. The dashed line represemtsahdast ice edge location. Between pack ice and fast ice edge,
flaw polynyas are formed: The New Siberian polynya (NS), the Wedlem Siberian polynya (WNS), the Anabar-Lena polynya (AL), the
Taymyr polynya and the North-Eastern Taymyr (NET) polynya. Codtmtilcg corresponds to the sea ice concentration as obtained from
Advanced Microwave Scanning Radiometer (AMSR-E) on May 7, 2808rce: IUP Bremen, Spreen et al. (2008)). The position of the
moorings used for satellite ice motion data validation are indicated by black star
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Fig. 2. Comparison between monthly mean IFREMER ice motion estimates and EN\88R (triangles) and ADCP based (diamonds)
monthly mean ice drift. Th& andV drift components are shown in the left and right panel, respectivély.sblid and dashed line show the
linear fit between IFREMER data and SAR and ADCP estimates. SAR motiormation is based on a selection of scenes taken between
2006 and 2010 (December to April), while ADCP ice drift data originatenfByear-round moorings (2007 - 2009) deployed in the vicinity
of the fast ice edge. In addition, the correlation coefficid), humber of samples\) and standard deviatiob &) is given.
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Fig. 3. Comparison between cumulative winter (October to May) IFREMER (sol@ md NSIDC (dashed line) total ice area flux estimates
(given in10° km?) through the northern and eastern boundaries.
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Fig. 4. Cumulative winter (October to May) ice area flux across the northerndamy (NB flux: dashed line, light blue filling), eastern
boundary (EB flux: dotted line, grey filling) and northern and eastetmbaries (NB + EB flux: solid line, blue filling) between 1992 and
2011. Trend lines for total ice area flux (solid trend line, 0:890° km? /decade), zonal flux across EB (dotted trend line, 0<550°

km? /decade) and meridional flux across NB (dashed trend linex0.8> km? /decade) are plotted on top. For quantitative comparison, the
Fram Strait flux (solid line, beige filling) as calculated by Smedsrud et @L.1Ris shown.
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Fig. 7. Time series and trends of average monthly ice concentration, ice drifiréeeflux and sea level pressure gradient across northern
boundary (a) and eastern boundary (b) between 1992 and 20&k&vEhage monthly ice concentration is represented by the red line (upper
left axis, given in %). The cross-boundary monthly ice diftgndU component for a) and b) given in cm/sec, black line) and the monthly
ice area flux (given in0* km?, blue line) refer to the upper right and lower left axis, respectivelye @toss-boundary sea level pressure
gradient (given in hPa, lower right axis) is indicated by the red bars.
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Fig. 8. Sea level pressure fields (mb) for a month of comparatively high @:ch 2007) and low ice area flux rates (b: April, 1998) and
across the northern and eastern boundary.
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Fig. 9. Origin and drift of sea ice leaving the NB and EB at the end of April as obthioy the back-propagation of ice parcels over a
6-month period (see text for a detailed description). a) and b) showriiteatterns for a winter with high (2008/09) and low (1998/99)
ice transportation rates across boundaries. The color representssttierpof the sea ice at a specific month before exiting the northern or
eastern boundary. The trajectory of sea ice leaving the Laptev Seaglhtioel center of the NB and EB are represented by black lines. c)
shows the frequency of origins (position in November) of sea ice betd®82 and 2011.
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Fig. 10. Time series of Sea Level Pressure (SLP) gradient anomalies (@¢ttolday) across the eastern and northern boundaries. The blue
line represents the monthly data. The trend line is calculated in a least sguaeefrom the daily anomalies.
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Fig. 11. Time series of winter (December - February) Dipole Anomaly (DA) amdti& Oscillation (AO) index vs. normalized monthly
anomalies of detrended total ice area flux out of the Laptev Sea froe td010.
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Fig. 12. Normalized anomalies of accumulated polynya area (thin ice and open dasbed dotted line) and total ice area flux (solid line)
between November and April from 1992 until 2009.
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Fig. 13. The upper panel shows the frequency of cyclone counts per montk imajitev Sea for the period between 1992 and 2009. The
black lines represent the 3 month running mean and the trend. The lawelgresents anomalies in cyclone counts entering the Laptev Sea
from the south and west between July and September (grey bar, ift ke red line shows the average sea ice concentration for August
- September (second left axis). Blue bars refer to anomalies in icdlareaut of the Laptev Sea across the NB and EB between February
and May (given in ki, right axis).



