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Abstract. Variability and trends in seasonal and interannualturn preconditions the occurence of negative sea ice extent
ice area export out of the Laptev Sea between 1992 an@dnomalies in summer.

2011 are investigated using satellite-based sea ice drift and
concentration data. We found an average total winter (Octo-

ber to May) ice area transport across the northern and east- )
ern Laptev Sea boundaries (NB and EB) of 3480°km?. 1 Introduction

The average transport across the NB (2@&I0° km?) is . . :
thereby higher than across the EB (061CP km?), with In recent years, the summer Arctlc sea ice extent and t_hlck-
a less pronounced seasonal cycle. The total Laptev sedess have quergone dramatic changes. Th_e total sea ice ex-
ice area flux significantly increased over the last decadefeNt 1S declining at an ?””“a' rate of approximately 3% per
(0.85x 10° km? decade?, p > 0.95), dominated by increas- decade over .the satglllte record (1978 to present), and the
ing export through the EB (0.551C° km? decadel, p > summer sea ice decline seems to be a_ccelerdtim@l( and

0.90), while the increase in export across the NB is smallerROthrOCk 2009 KWO!( et al, 2009 Comisq 201Q Stroeve
(0.3x 10° km2decadel) and statistically not significant. St al, 2017). Following Kwok and Rothrock(2009, the

The strong coupling between across-boundary SLP gradierH'"Ckness of sea ice decreased by 64 % (1.6 m) between 2003
and ice drift velocity indicates that monthly variations in ice and 2008 compared to early submarine mea-suremenFs that
area flux are primarily controlled by changes in geostrophicwer(.a made betvyeen 1958 and 1976' The_ rapid reduction in
wind velocities, although the Laptev Sea ice circulation Arctic summer ice exte'nt and thlckpess Is assumed to re-
shows no clear relationship with large-scale atmospheric in—su“ from anomalously h|gh surface air temperatu&sdev_e .
dices. Also there is no evidence of increasing wind velocities®t al,_ 2009 gnd changes in the large-scale atmospheric cir-
that could explain the overall positive trends in ice export. culation Meier et al, 2007).

The increased transport rates are rather the consequence of aCI|mate models agree that the sea ice extent and thick-

changing ice cover such as thinning and/or a decrease in coess will further decline through the 21st century in response
atmospheric greenhouse gas loadidgang and Walsh

centration. The use of a back-propagation method reveale’éD

that most of the ice that is incorporated into the Transpola 00§ S_trozv%et ?-30:-2 Ma_ssonnet et al2032. FL_thher- h
Drift is formed during freeze-up and originates from the cen-more, ice drift and deformation increase and net ice growt
Jates decreasé&preen et a).2011; Rampal et al.2009. To

with the East Siberian Sea is dominated by ice coming fromdete(mlne asgomatgd changes in t'he.Arctlc sea ice volume
the central and southeastern Laptev Sea. Furthermore, our rEequires consideration of changes in ice volume fluxes that

sults imply that years of high ice export in late winter (Febru- ZTESL?Q tt?:nr(;'?rj]olig?;eg t(r);ifuhsee':rizttiecé fsg:l 3\; Is:;izqnitfrc?rit.
ary to May) have a thinning effect on the ice cover, which in _ i
y Y) g the first time bySmedsrud et al(2011). The authors used
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mainly of ice formed during fall. According to systematic ob-
servations carried out by the Soviet Union since the 1930s,
it reaches a mean thickness of 1.54410.25m Romanoy
1996. The pack ice drift is dominated by persistent offshore

Northern boundary

winds leading to a continuous export of ice out of the Laptev
Sea into the basin and/or the East Siberian S@adkhov,
1994 Rigor and Colony1997).

Rigor and Colony(1997 found by means of a combi-
nation of modeling results and observations that as much
as 20 % of the ice transported through Fram Strait is pro-
duced in the Laptev Sea, giving it a key role in the fu-
ture fate of the Arctic sea ice. The seasonal and interan-
nual variability of sea ice exchange with the surrounding
seas was first examined tBakharov(1966h 1967). Fol-
lowing Alexandrov et al.(2000, their estimates are based
on average monthly gradients of atmospheric pressure across
the northern and northeastern Laptev Sea boundaries and
revealed a mean winter sea ice area transport of approxi-
Fig. 1. The geographical location of the Laptev Sea and the north-mately 3.3x 10> km?. Alexandrov et al(2000 investigated
ern and eastern boundaries (solid black lines) on which merid-iC€ area fluxes by means of a numerical model and found flow
ional and zonal ice area flux estimates are based. The dashed lifates of 4.83< 10° km? per winter. In addition, a number of
represents the mean fast ice edge location. Between pack ice arstudies examine sea ice circulation patterns and their link-
fast ice edge, flaw polynyas are formed: the New Siberian polynyaage to atmospheric and oceanic forcing on shorter timescales
(NS), the Western New Siberian polynya (WNS), the Anabar-Lena(e.g.Rigor and Colony1997 Eicken et al. 1997 Haas and
polynya (AL), the Taymyr polynya and the Northeastern Taymyr Eicken 2001).

ration 22 bbtaned from Advaneed Microwave Seaning Raciome.., C1VE"! 1€ importance of the Laptev Sea for the Arcti
ter (AMSR-E) on 7 May 2008 (source: IUP Brem@preen et al, Ocean sea ice budget, the aim of this paper is to update pre-

20083. The position of the moorings used for satellite ice motion vious eSt'mat_eS ofice eX,Change betweer,] th? Lapt.ev Sea {fmd
data validation are indicated by black stars. the surroundln.g seas. Smc&_a we are lacking ice th!ckqess in-
formation, the investigation is limited to the determination of
area fluxes derived from state-of-the-art satellite ice motion
and ice concentration information. Below we examine how
geostrophic winds derived from reanalysis data to calculateghe ice export in the Laptev Sea changed throughout the past
the ice area export between Spitsbergen and Greenland artdlo decades and identify the governing mechanisms control-
estimated it to be about 25 % larger than during the 1960sling ice exchange with the surrounding seas. Furthermore,
Whether Fram Strait volume fluxes are decreasing, or if thewe investigate the role of atmospheric forcing for observed
reduction in sea ice thickness is capable of compensating fotrends in ice transport.
the observed increased ice export out of the Arctic is cur- The structure of the paper is as follows. A description of
rently under discussion. the satellite data used to derive ice fluxes along the Laptev
Understanding changes that appear at the major flux gateSea boundaries is given in Sect. 2. In addition, the accuracy
requires a closer look at the origin of the ice leaving the of the dataset is determined through a comparison with high
Arctic Ocean. It is assumed that a substantial part of theresolution satellite data and mooring observations. In Sect. 3,
Fram Strait export is formed in the Siberian shelf seas, conwe analyze seasonal and interannual flux rates across bound-
nected with Fram Strait via the Transpolar Drift. Among aries and identify the origin of sea ice leaving the Laptev Sea
the Siberian shelf seas, the Laptev Sea is considered one @f late winter. In Sect. 4 we discuss results and relate fluc-
the most significant regions of net ice production and exporttuations in winter ice export to changes in atmospheric cir-
(Zakharoy 1966a Dethleff et al, 1998. It is very shallow, culation patterns, as well as to sea ice anomalies in summer.
with water depths between 15 and 200Tinfokhov, 1994, Conclusions are drawn in Sect. 5.
and comprises an area of approximately %000° km?2. The
Laptev Sea is located between the coast of Siberia, Severnaya
Zemlya and the New Siberian Islands (Flg, and is ice- 2 Dataset description and validation
covered from October to JunBdreiss and Goerge2005.
The ice cover can be divided into three regimes: the fast iceThe ice area flux out of the Laptev Sea into the Transpolar
the pack ice, and flaw polynya&i¢tken et al. 2005. The Drift and East Siberian Sea is calculated based on ice drift ve-
freely floating ice pack offshore the fast ice edge consistdocities and ice concentration at the northern boundary (NB)
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Fig. 2. Comparison between monthly mean Ifremer ice motion estimates and Envisat SAR (triangles) and ADCP based (diamonds) monthly
mean ice drift. Thd/ andV drift components are shown in the left and right panel, respectively. The solid and dashed line show the linear

fit between Ifremer data and SAR and ADCP estimates. SAR motion information is based on a selection of scenes taken between 2006 anc
2010 (December to April), while ADCP ice drift data originate from 3-yr round moorings (2007—-2009) deployed in the vicinity of the fast

ice edge. In addition, the correlation coefficieR) (number of samplesY), and standard deviatios £) is given.

and eastern boundary (EB) of the study region (E)g.The  ering the period from 1992 to present. They are based on
NB spans a length of 700 km and is positioned &ti81be-  a combination of drift vectors estimated from scatterome-
tween Cape Arkticheskiy and 148. The EB, with alength  ter data (the National Aeronautics and Space Administration
of 460 km, connects the eastern end of the NB with Kotelnyy SeaWinds/QuikSCAT for 1992-2009 period, and the Eu-
(76.6 N, 140 E). For easier comparison, our northern and ropean Advanced Scatterometer (ASCAT)/MetOp for 2009
eastern boundaries are equivalent to those boundaries uséal present) and radiometer data (the 85 GHz channel data

by Alexandrov et al(2000. of Special Sensor Microwave Imager SSM/I on-board the
Defense Meteorological Satellite Program, available since
2.1 Seaice drift dataset 1992). The data are available on a polar stereographic grid

with a grid size of 62.5 km, using time lags of 3 days. Details

Sea ice drift can be estimated using various techniques peabout processing and validation of these data can be found in
tween time lag satellite images (e Bmery et al, 1991,  Girard-Ardhuin and Ezrat¢2012.
Kwok and Rothrock. 1999 Girard-Ardhuin and Ezraty
2012. Ice drift information obtained from satellites has been 2.2 Accuracy of sea ice drift data
applied in various studies to examine Arctic-wide spatial
trends in sea ice drift velocity and area flux (&guok, 2009 As an additional quality control we compare the Ifremer mo-
Spreen et al.2011). In particular during winter months, tion estimates with monthly ice drift information obtained
when the atmospheric moisture content is low and surfacdrom Environmental Satellite (Envisat) Synthetic Aperture
melt processes are absent, the quality of the drift estimateRadar (SAR) images (Fi@). Ice drift information from En-
is high. Restrictions may arise from the spatial resolution ofvisat SAR scenes can be easily extracted by identifying iden-
the sensors in near-shore regions characterized by a compldical ice flows on consecutive images. In this study, monthly
coastline, extensive fast ice areas, and polynyas. ice drift information from Envisat wide swath (WS) scenes
The accuracy of ice drift data in the Laptev Sea was in-were obtained in areas near the NB and EB from images
vestigated byRozman et al(2011) through a comparison covering the beginning and end of April 2004, December
with in situ measurements. The best performance was foundnd January 2007, January to May and December 2008,
in the ice drift product provided by the European SpaceFebruary and December 2009, and February to March 2011.
Agency (ESA) via the Center for Satellite Exploitation and The Envisat C-band WS data is VV polarized and covers
Research (CERSAT) at the Institut francais de recherche pouan area of approximately 460400 kn? with a spatial res-
I'exploitation de la mer (Ifremer), France. Hence, in the fol- olution of 150x 150 n? (Krumpen et al.2011ka). Overall
lowing the Ifremer data set is used to calculate winter fluxes12 monthly ice drift estimates are available. The compari-
at the NB and EB. The motion fields are available on an op-son with the Ifremer dataset was done by interpolating Ifre-
erational level from 1 September until the end of May, cov- mer estimates to the locations of SAR ice drift retrieval. The
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agreement between Ifremer data and manually extracted En-
visat ice drift information is high for both the zond/} and
meridional ¢/) ice drift components (correlation coefficient
R =0.87 and 0.95, Fig?). The estimated standard deviation
(SE) for the Ifremer ice drift velocity is 0.56 cms for V
and 0.6 cm's? for the U drift components. For comparison,
the uncertainty in ice drift velocity reported Rozman et al. ] i
(2011 is around 1 cms! for the Laptev Sea. 0 92- 93- 94- 95- 96- 97- 98- 99- 00- 01- 02- 03- 04~ 05- 06- 07- 08~ 09-10-

As stated earlier, the accuracy of passive microwave drift 93 94 95 96 97 98 99 °°Yg;r°(zo‘§_'\‘;l‘; y‘;S 06 07 08 09 10 11
products may be reduced in near-shore areas. However, in

Sect. 3 we identify the origin of sea ice leaving the Laptev rig. 3. comparison between cumulative winter (October to May)
Sea in late winter by means of a backtracking approachifremer (solid line) and NSIDC (dashed line) total ice area flux es-
Therefore the quality of the Ifremer data in shore areas isimates (given in 1®km?) through the northern and eastern bound-
checked through a comparison with ice drift estimates takeraries.

from long-term moorings equipped with Acoustic Doppler

Current Profilers (ADCP). The moorings were deployed be- o )

tween 2007 and 2009 near the fast ice edge in the southeast® Sum of the meridional and zonal ice area flux across NB
ern Laptev Sea (for exact position see Filj. The sampling and EB is referred to as the total ice flux. After removing
frequency of the device is 30 minutes with a beam width the seasonal_ cy_c_le, trends were calculat_ed in a least square
(footprint) of 5m. An in-depth description of the mooring S€NSe, and significance at the 95 % confidence lgyeias
design and ADCP processing is givenHtoelemann et al. measured using the Student’s t-test followkgok (2009.
(2011) and Janout et al(2012. In prior comparisons, the Flease se&wok and Pang2004 and Kwok (2009 for a
monthly mean ice drift was calculated from the ADCP data, More detailed method description and error analysis.

and Ifremer drift data was interpolated to the mooring po-
sition. The correlation between Ifremer and ADCP data is
slightly lower (Fig.2, R = 0.84 and 0.9 fotU andV) with a
higher standard deviation (0.72 cmls‘or_v and 0.83 cmsl We present ice flux estimates at the northern and eastern
for U). The limited number of samples included in this com- | antey Sea boundaries computed from Ifremer ice drift in-
parison and the differences in spatial and temporal sensof,rmation. In order to assess the relative consistency and to
resolutions may impact the reliability of the comparison. In qyantify the importance of Laptev Sea ice export for the total
addition, the presence of fast ice, the complex coastline and\(cyic sea ice budget, the results are compared with flux esti-
the occurrence of polynyas are restricting factors. Neverthey,ates from NSIDC drift dateFowler, 2003 and export rates

less, thg high ag_regment shows that Ifremer data is capable %rough Fram Strait§medsrud et 312011). In the following,
producing ice drift in near-coastal Laptev Sea areas correctlyy e analyze the interannual and seasonal variability of merid-

i ) ional and zonal area fluxes through NB and EB, and relate the
2.3 Sealice concentration observed fluctuations to changes in sea level pressure (SLP)
) ) o radients across the boundaries. Finally, the origin of the sea

The ice concentration data used in this paper are also maGge contributing to the annual export is examined through a

available by Ifremer Ezraty et al, 2007). The product is  packiracking approach of sea ice leaving the Laptev Sea in
based on 86Hz SSM/I brightness temperatures, using theearly spring.

ARTIST Sea Ice (ASI) algorithm developed at the Uni-
versity of Bremen $preen et al.2008h. The use of the 3.1 Laptev Seaice area flux
85 GHz channel data enables a sea ice concentration at

6x105—_ — IFREMER data, 1992 - 2011 C
]---NSIDC data, 1992 - 2010 i\

.....

Area flux (km?)

3 Results

12.5kmx 12.5 km pixel resolution. Figure 3 compares the cumulative winter (October to May)

total ice area flux from 1992—-2011 through the NB and EB

2.4 Seaice area flux estimates at the Laptev Sea calculated from Ifremer ice drift and concentration data, with
boundaries estimates based on NSIDC drift data and Ifremer ice concen-

tration information (see Sect. 2.3). The ice drift data, pro-
Following Kwok (2009, the meridional and zonal ice area vided by the NSIDCFEowler, 2003, are computed from Ad-
flux at the NB and EB, respectively, is the integral of the vanced Very High Resolution Radiometer (AVHRR), SSM/I
product between th&# andU component of the ice driftand and IABP buoy data. Information is given at a higher
ice concentration. Initially, ice motion vectors were interpo- spatial resolution (25km grid) but is only available until
lated to the 12.5 km ice concentration grid. In the following, 2010. Figure3 shows that NSIDC flux estimates are lower
a positive (negative) sign refers to an export out of (importthan those from Ifremer (2.94 10° km? + 1.13x 10° km?
into) the Laptev Sea. Transport (flux) rates are given ig.km vs. 3.39x 10°km? + 1.17x 10°km?). A comparison of the

The Cryosphere, 7, 145, 2013 www.the-cryosphere.net/7/1/2013/
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Fig. 4. Cumulative winter (October to May) ice area flux across the % O';
northern boundary (NB flux: dashed line, light blue filling), east- & ~2x10*3

ern boundary (EB flux: dotted line, grey filling) and northern and —4x10‘—§
eastern boundaries (NBEB flux: solid line, blue filling) between
1992 and 2011. Trend lines for total ice area flux (solid trend line,
0.85x 10° km? decade 1), zonal flux across EB (dotted trend line,
0.55x 10° km? decade 1) and meridional flux across NB (dashed
trend line, 0.3x 10° km? decade?) are plotted on top. For quanti-
tative comparison, the Fram Strait flux (solid line, beige filling) as
calculated bySmedsrud et a(2011) is shown.
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NSIDC dataset with the SAR- and ADCP-derived drift infor- o _
mation (see Sect. 2.2) reveals that NSIDC drift vectors generE'g' 5. Seasonal cycle of average monthly meridional ice area flux
ally underestimate observed drift velocities (not shown here) 2SS northern boundary (upper panel), zonal flux across east-
This is in agreement with findings made by e§chweg- ern bogndary (centt_ar panel) and total flux (lower panel, given in
. . . 10% km?) for the period between 1992 and 2011. Bars denote SE.
mann et al(201) in the ,AmarCt',Cj Accord'r_]g t,o, the authors, Grey shaded areas correspond to ice inflow (negative flux).
71 % of the NSIDC drift velocities are significantly lower
than those observed by buoys. Nevertheless, the high cor-
relation between NSIDC and Ifremer dat® £ 0.82) gives
confidence about the relative consistency of the Ifremer dataand 41 % of the annual export rates through Fram Strait.
The interannual variability of the total ice transport is Fram Strait area flux estimates were taken fr8medsrud
shown together with the zonal and meridional compo-et al.(2011). Different to our approach, the authors derived
nent in Fig. 4. The net total winter transport is posi- ice area transport rates from radar satellites and SLP differ-
tive, but estimates show considerable interannual variabil-ences. Note that no significant correlation was found between
ity with the lowest rates occurring in winters of 1997/98, Fram Strait and Laptev Sea outflow® £ 0.32).
1998/99 and 2003/04 and the highest export in the win- The monthly averages of the total ice area flux (October
ters of 2004/05 and 2008/09. The average total winter iceto May) show a pronounced seasonal cycle with highest val-
flux amounts to 3.4& 10°km? with a standard deviation ues between November and January and lowest flux rates in
(SE) of 1.2x 10°km2. The average transport across EB April and May (Fig.5). The pronounced seasonal cycle is the
(0.61x 10°km? £0.97x 10°km?) is generally lower than consequence of a highly variable zonal transport across EB
that across NB (2.8% 10°km?=+0.78x 10°km?). How- that attains its maximum in January and becomes negative in
ever, with respect to the length of our boundaries and mearspring (April and May), corresponding to an ice import from
flux, the zonal transport exhibits larger fluctuations, with the New Siberian Sea. The seasonal cycle of the meridional
years being characterized by a net import from the Eastransport across the NB is relatively constant throughout the
Siberian Sea (2007/08, 2000/01, 2003/04 and 2007/08). Notseason and does not show large monthly variations.
that there is a statistically significant positive trend in the The normalized monthly anomalies in the total Laptev Sea
total Laptev Sea ice area flux across the boundaries ofce flux rates across NB and EB (Fi§) were calculated
0.85x 1P km? decade® (p > 0.95). The trend in zonal ex- by dividing the difference between monthly total ice flux
port across EB is smaller (and 0.%5.0° km? decade?) and the 19-yr monthly means by the 19-yr monthly standard
and significant only at the 90 % confidence level. The posi-deviations. A trend analysis of the time series revealed an
tive trend of the meridional export (0:310° km? decade™!) increase in ice transport rates during all months. However,
across NB is not statistically significant. Our Laptev Sea icetrends are significant at 95 % confidence level only for Jan-
export estimates amount to nearly 48 % of the winter (Fig. uary and March. Nevertheless, understanding the observed

www.the-cryosphere.net/7/1/2013/ The Cryosphere, 7, 15, 2013
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increase in total ice flux rates between 1992 and 2011, re-

. . Export anomaly
quires examining fluxes across the NB and EB separately. In

F______ ——oosoasessesses—e 3
Fig. 7 the average monthly ice concentration, ice drift veloc- .. S 2 41 2 3
ity, ice area flux and sea level pressure (SLP) gradients are ‘
shown with the corresponding trends across the NB and EB  ,54g —+
between 1992 and 2011. The ice drift velocity represents the 2008 |
boundary-perpendicular componebtt&ndV). The monthly 2007
mean SLP gradients across the boundaries provide a mea- 2006
sure of the strength of the geostrophic wind component. The 2005 <
SLP gradients are the difference between the eastern and 200+ &= ‘
western end of the NB and northern and southern end of i 2003
the EB. Gradients were calculated using monthly mean SLPx» 2002
data from the National Centers for Environmental Prediction 2%’

2000

(NCEP)/Department of Energy (DOEalnay et al, 1996.
Southerly and westerly winds (positive gradients) results in 1::2 > ‘_

ice export at the NB and EB, respectively, while negative 1997 \

gradients represent northerly and easterly winds and ice im- .

port across the NB and EB. Two representative examples of 4.

SLP distributions were chosen to highlight the location of at- 1994

mospheric pressure systems and their impact during months 1993 |

with above and below-average ice export (F8y. A posi- Oct Nov Dec Jan Feb Mar Apr May
tive SLP gradient across the NB is favored by the location of Month

a high pressure system over the East Siberian Sea, resulting

in an anticyclonic circulation, i.e. increased offshore winds Fig. 6. Normalized monthly total ice area flux anomalies between

(Fig. 8a). A displacement of the high pressure cell to the October and May (1992-2011).

south introduces a westward component north of the New

Siberian Islands and a positive SLP gradient across the EB.

In contrast, the formation of a high pressure cell in the centralrates, but do not account for observed trends in drift rates.

Arctic suppresses ice export across boundaries @big. Here, changes in the internal ice state and/or ocean forc-
Figure7 suggests that the overall positive trend in Januarying may be responsible for the observed trends in drift and

and March total ice area flux (Fi§g.and description in text) ice area transport rates. This is discussed in more detail in

is the consequence of a significant increase in ice flux acrosSect. 4.

the EB in January and NB in March, respectively. Interest-

ingly during September and October, when the average ic8.2 Laptev Sea ice pathways

concentration has undergone a dramatic decrease throughout

the last decade, the ice export across the NB is increasinglo identify the sources and pathways of the sea ice, we back-

rather than decreasing. The fact that negative trends in th&acked ice crossing the NB and EB at the end of April for a

ice concentration are not seen in the ice area flux rates is ex6-month period between 1992 and 2011. The drift analysis is

plained by the balance between an increase in ice drift veloclimited to the winter months (beginning November until the

ities during September and October and the decrease in icend of April), when temperatures are below freezing and ice

coverage. Changes in the ice drift velocity in all months areproduction takes place in flaw polynyas along the extensive

in turn reflected in changes in the SLP gradient. The agreefast ice belt (Figl).

ment between variations in the SLP gradients and ice veloci- Figure 9a and b show the ice drift pathways for a year

tiesisR = 0.92 for the NB and slightly lowerg = 0.81) for with high (winter of 2008/09) and low (winter of 1998/99)

the EB. The strong coupling between across-boundary SLRce flux rates across boundaries. For describing the variabil-

gradient and ice drift velocity apparent in each month indi- ity in the pathways, we analyzed the length and the displace-

cates that monthly variations in ice area flux are primarily ment of ice leaving the Laptev Sea in April through the cen-

controlled by changes in the magnitude of the geostrophider of the NB and EB. The trajectories for winter of 2008/09

winds. In particular along the NB, positive or negative trendsand 1998/99 are shown in Fi§a and b as black lines. The

in ice drift rates between November and May are the condengths of the trajectories indicate the net displacement of an

sequence of positive or negative trends in SLP gradientsice parcel throughout the 6 month period. The average length

However, along the EB, trends in SLP gradients and ice driftof the pathway passing the center of the NB between 1992

rates coincide less or are even of opposite sign (for exampland 2011 is 1046 kit 188 km. The net displacement of the

November and December). Variations in SLP gradients stillice passing through the center of the EB is on average 9%

explain year-to-year changes in monthly zonal ice transporshorter with a higher standard deviation (956k33 km).

The Cryosphere, 7, 145, 2013 www.the-cryosphere.net/7/1/2013/
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Fig. 7. Time series and trends of average monthly ice concentration, ice drift, ice area flux and sea level pressure gradient across northern
boundary(a) and eastern boundatg) between 1992 and 2011. The average monthly ice concentration is represented by the red line (upper
left axis, given in %). The cross-boundary monthly ice driftdnd/ component fofa) and(b) given in cm s'1, black line) and the monthly

ice area flux (given in 10km?, blue line) refer to the upper right and lower left axis, respectively. The cross-boundary sea level pressure
gradient (given in hPa, lower right axis) is indicated by the red bars.
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the boundary length and tt#F of the V andU component
(Fig. 2), respectively. For the winter season (October to May)
this results in an uncertainty in ice area flux of & 10* km?
and 5.7x 10* km? for the NB and EB, respectively.
A The ice exchange of the Laptev Sea with surrounding seas
: T % tE were investigated for the first time tBakharov(19663 and
] T DA ndex o ales Zakharov (1967 using monthly gradients of atmospheric
T 0793 S 55 5657 55 59 00 01 52 03 4 0 Ge I e 0b- pressure for the period between 1937 and 1958. According to
93 94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 Alexandrov et al(2000), the authors found the ice exchange
Year (Dec-Feb) between fall and spring to be within the range of our findings.
Fig. 8. Sea level pressure fields (mb) for a month of comparativerHowever’ the publlcatlo_n IS avqllable n RUSS'an ()_n]y, which
high (a) March 2007 and low ice area flux ratés April 1998 and makes a direct comparison with our estimates difficult. Sea
across the northern and eastern boundary. ice circulation in the Laptev Sea and ice exchange with the
Arctic Ocean have been further studiedAlgxandrov et al.
(2000. The authors investigated ice exchange through the
Maximum displacement of ice crossing the NB and EB wereNB and EB based on a large-scale thermodynamic—dynamic
obtained in the winter of 2006/07 with 1550 km and 1407 km, sea ice model from 1979 to 1995. Followirgexandrov
respectively. Lowest rates occurred in the winter of 1998/99€et al. (2000, the average winter (October to May) ice flux
with 610 km (EB) and 744 km (NB). On average, the ice leav- varies between 2.5¢ 10°km?® and 7.32« 10°km? with a
ing the Laptev Sea through the central NB originates from themean value of 4.8% 10°km?. Due to the different study
western Laptev Sea at 77X (+1°), 118 E (8°). Quanti- period, a quantitative comparison of our flux estimates with
ties within parentheses are standard deviations. The origin omodel estimates oAlexandrov et al(2000 is not possible.
ice passing through the center of the EB is located furthetHowever, their computations exceed our calculations by ap-
southeast at 75N (+1°), 132 E (+11°). Hence, most of ~ proximately 40 % (3.48& 10° km?). A direct comparison of
the ice that is incorporated into the Transpolar Drift origi- data from the three year overlap between the two time series
nates from the central and western part of the Laptev 89&1992/93—1994/95) indicates an offset of 29 %. This number
while the exchange with the East Siberian Sea is primarilyis consistent with the uncertainty in model computations of
dominated by ice coming from the central and southeastAlexandrov et al(2000. Through a comparison of model
ern Laptev Sea. Figui@ presents the frequency distribution results with satellite-derived fluxes (SSM/I) for the winter of
map of the origin of sea ice (positions of ice in November) 1987/88 and 1994/95 the authors could show that their model
calculated from pathways between 1992 and 2011. Becausedlculations overestimate observations by as much as 24 %.
the origin of most of the ice leaving the Laptev Sea by the end Overall, our analysis showed that the winter (October—
of April is situated in the central Laptev Sea in November andMay) total ice area flux out of the Laptev Sea has increased
not in near-coastal zones, the contribution of polynyas to the&hroughout the last two decades. The trend in total ice trans-
winter ice area flux is rather small and limited to events thatPort across boundaries is significant at the 95% confidence
take place in the vicinity of the Laptev Sea boundaries (forlevel, while the trend in zonal flux across EB is significant
example NS and NET polynyas; see Flj. Hence, ice ex-  only at 90 %p. The positive trend of the flux rates across NB
port during winter months is dominated by ice formed during is thereby smaller and statistically not significant. The com-
freeze-up. Nevertheless, ice that is formed in polynyas occuparison of SLP gradients with ice concentration and across-
pies large portions of the Laptev Sea area at the end of th@oundary ice drift showed that most of the interannual and
winter. If the polynya ice is then incorporated into the Trans- Seasonal variability in the Laptev Sea ice area flux can be
polar Drift during summer months, or if it becomes subject of linked to changes in geostrophic winds (compare Fig.
melting can not be answered. Too little information is avail- However, although variations in SLP gradients may explain
able on the drift of Laptev Sea ice in summer. large fractions of the year-to-year changes in monthly ice
transport rates, they do not explain the observed long-term
positive trends in area fluxes.
4 Discussion of area flux estimates Figure 10 shows the daily anomalies of the pressure gra-
dients for the past 1yr at NB and EB separately. Trends,
Through a comparison with Envisat and ADCP ice drift in- which were calculated in a least square sense from these daily
formation, we have shown that the accuracy of the Ifremeranomalies on the original data grids, are negative across both
data in the Laptev Sea is high (see Sect. 2). This is in agreeboundaries but not statistically significant. Along the EB the
ment with findings ofRozman et al(2011). Assuming that  decrease is more pronounced and amounts to approximately
the error in the Ifremer ice drift estimates is normally dis- —0.74 hPadecadé as compared te-0.68 hPa decadé at
tributed throughout the year, unbiased and uncorrelated, onthe NB. Note that the negative trends in the SLP gradients
can calculate the uncertainty in NB and EB ice flux based onare also visible in the across-boundary component of the
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Fig. 9. Origin and drift of sea ice leaving the NB and EB at the end of April as obtained by the back-propagation of ice parcels over a
6-month period (see text for a detailed descriptiga).and(b) show ice drift patterns for a winter with high (2008/09) and low (1998/99)

ice transportation rates across boundaries. The color represents the position of the sea ice at a specific month before exiting the northern c
eastern boundary. The trajectory of sea ice leaving the Laptev Sea through the center of the NB and EB are represented by apck lines.
shows the frequency of origins (position in November) of sea ice between 1992 and 2011.
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Fig. 10.Time series of Sea Level Pressure (SLP) gradient anomalies (October to May) across the eastern and northern boundaries. The blu
line represents the monthly data. The trend line is calculated in a least square sense from the daily anomalies.

wind velocities (/ and V). At the EB, theU component de- mainly negative and do not correlate with trends in ice mo-
creases by approximately0.56 ms ! decade?!, while the tion.
NB shows a reduction itV by —0.50ms ! decade?! (not Therefore, other mechanisms may be responsible for the
shown here). Hence, we conclude that no evidence exists thatbserved changes in ice transport rates throughout the past
the increase in ice area flux is favored by an increase in windwo decades (in particular across the EB). Along the NB and
speed. EB, surface currents are believed to be primarily wind- and
Our results are consistent with findings madeSpyreen ice-driven. FollowingSpreen et al(2011) we assume that
et al. (2011, who examined spatial trends in Arctic sea ice the increasing ice drift speed and flux rates in the Laptev Sea
drift by means of SSM/I satellite data for the winter month of may be rather associated with a change in the ice cover (thin-
October through May between 1992 and 2009. They found aning and/or decreasing concentration), caused by the rapid
significant increase in ice drift velocity over large fractions loss and thinning of thick multiyear icHaas et al.2008
of the Arctic Ocean and in the Laptev Sea. According to theKwok and Rothrock2009 Comisq 2012. This is in agree-
authors, the increase in wind speed in the central Arctic exmment with Rampal et al(2009, who found that changing
plains a large fraction of the observed increase in drift veloci-thickness, deformation and compactness of the ice cover are
ties. However, in other regions, such as the Northern Barentsaccompanied by an increase in sea ice drift velocities mea-
Kara, Laptev, and East Siberian Seas, wind speed trends aseired by drift-buoys. Because of the absence of a positive
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1995 2000 2005 2010 the Transpolar Drift. This phase is characterized by an above-
: : : : average winter ice area flux through the northern boundary.
In contrast, during positive AO phases when the Transpo-
lar Drift is shifted east towards the North American Arctic
(Bareiss and GoergeB005, most of the sea ice is exported
from the Laptev Sea to the East Siberian Sea across the east-
ern boundaryAlexandrov et al(2000 who found that the
magnitude and direction of Laptev Sea ice exchange with
surrounding seas agrees well with the large-scale drift pattern
] Northern boundary during periods of prevailing anticyclonic or cyclonic circu-
10 L 10 lation. The standardized detrended anomalies of the Laptev
] Sea ice area flux (December—February) through the northern
0 ':’WV‘WDW‘%&WW%W' 0 boundary and the interannual variability of the winter AO in-
] dex (December—February) are presented for the period from
-107 r-10 1992 to 2010 in Figll However, in contrast t®roshutin-
] sky and Johnso(11997), we find the winter sea ice area flux
1995 2000 2005 2010 ar_10maI|es in the Laptev Sea to be only weakly correlated
Year (Nov-May) with the AO index R = 0.24).
Wu et al.(2006, Watanabe et a(2006, andWang et al.
Fig. 11. Time series of winter (December—February) Dipole (2009 conclude that the influence of the winter Dipole
Anomaly (DA) and Arctic Oscillation (AO) index vs. normalized Anomaly (DA) on the Arctic-wide sea ice motion is greater
monthly anomalies of detrended total ice area flux out of the Laptevingn that of the winter AO. The DA is defined by the sec-
Sea from 1992 to 2010. ond EOF (Empirical Orthogonal Function) mode of the SLP
north of 70 N. FollowingWu et al.(2006), a positive phase

trend in surface wind speed, they concluded that changes iR the DA favors a weakening of the Beaufort Gyre, increases
the ice cover play a dominant role in explaining the observedS€a IC€ export out of the Arctic basin through the Fram Strait

Eastern boundary

Daily winter SLP anomalies (hPa)

trends in sea ice drift velocities. and the northern Barents Sea, and enhances sea ice import
from the Laptev Sea and the East Siberian Sea into the Arctic
4.1 Linkage between ice area flux and large-scale basin. During the negative phase of the DA, the opposite sce-
atmospheric circulation nario occurs, i.e. the Beaufort gyre is strengthened, more sea

ice remains in the western Arctic, and sea ice exports from

Previous studies have shown that changes in Laptev Sea idbe Laptev Sea and Kara Sea decreases. A comparison of the
drift patterns are linked to changes in the large-scale atmobA index phases with our ice area flux estimates reveals that
spheric circulation (e.gProshutinsky and Johnspt997, there is indeed a correlation between ice export and the sec-
Alexandrov et al.2000. Following e.g.,Proshutinsky and ond EOF mode of SLP north of 70l (Fig. 11). However, the
Johnsor(1997) or Deser et al(2000 the Arctic atmospheric  correlation is negativeR = —0.62), which stands in contrast
and oceanic circulation regime alternates between an intensto findings ofWu et al.(2006 andWatanabe et a{2006.
fied or suppressed cyclonic circulation in the Northern Hemi-  The apparent weak response of ice area flux to AO and DA
sphere and the Arctic and a weakened or strengthened antpatterns indicates that no clear linkage exists between Laptev
cyclonic circulation (Beaufort Gyre). The decadal and mul- Sea ice circulation, and the large-scale atmospheric circula-
tidecadal variability in the atmospheric and oceanic circu-tion. The magnitude of ice flux is rather determined by local
lation is summarized in the Arctic Oscillation (AO) index, atmospheric patterns, such as the occurrence of a high pres-
which is defined as the leading principal component of thesure system over the East Siberian Sea, resulting in enhanced
Northern Hemisphere SLAR{gor et al, 2002. In this con-  ice area flux. Consequently, earlier studies that link other pro-
text, Proshutinsky and Johns@¢h997 define the two arctic- cesses such as fast ice extent, polynya activity or freshwater
wide observed wind-driven oceanic circulation patterns asdistribution in the Laptev Sea to AO/DA patterns, may re-
the anticyclonic (negative AO index) and cyclonic (positive quire reconsideration, particularly if the linked processes are
AO index) circulation regime, each of which persists from 5 partially dependent on the sea ice transport/circulation. Nev-
to 7yr. ertheless, one must not forget that large-scale atmospheric

A negative coupling between AO index and winter ice ex- patterns only explain a fraction of the SLP variabiliBigor
port was observed biproshutinsky and Johns@¢h997 and et al, 2002 and that the linkage with ice conditions can be
Alexandrov et al(2000 between the late 1970s and the early sensitive to the position of the SLP anomaligtéeve et al.
1990s. According td@’roshutinsky and Johns@h997), dur- 2011 that are not captured by EOF loading patterns.
ing negative AO index phases, ice leaving the Laptev Sea
through the northern boundary is directly incorporated into
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4.2 Linkage between ice area flux and summer ice o 34 - L
o g 7 P 3
conditions L ERPE
>t E
. . . o B8 1
The Laptev Sea ice extent is currently undergoing a signifi- s §
cant decrease in summer (compare e.g., $igea ice con- :;,8
centration in September along the NB and EB). Following ﬁ(‘%**
e.g.,Bareiss and Goergeg2009, anomalies in summer sea € ¢ -2 - Poynya area
ice extent are thought to be the consequence of i) synoptic-2 5._;  —lceexportarea ' ' E
8. 92- 93- 94- 95- 96- 97- 98- 99- 00- 01- 02- 03- 04- 05- 06- 07- 08- 09-

scale processes (e.g. cyclones) superimposed on the large- % o % - oT O oo 00 01 02 03 Od- 06 0. 07 08 08
scale atmospheric circulation during summer, and ii), to a Year (Nov-Apr)
lesser extent, from preconditioning processes in late win-
ter and spring. The connection between shifts in the atmoFig. 12. Normalized anomalies of accumulated polynya area (thin
spheric circulation and in particular the role of cyclonicity for if:e and open water, dashed dotte.d line) and totallice area flux (solid
anomalies in summer sea ice concentration were previousljne) Petween November and April from 1992 until 2009.
discussed byerreze et a[1993; Serrezg1999; Maslanik
et al. (1996 and Maslanik et al.(2000. In particular, cy-
clones entering the Laptev Sea from the southwest enhanc#0 cm ice thickness. In contrast, EM measurements that were
the northward ice transport and are associated with an inflowmade at the end of April 2008 show a substantially different
of anomalous warm air masses of above-average air temice regime north of the fast ice edge. A below-average north-
peratures, which may contribute to sea ice melt. Persistenivard ice transport and longer periods of onshore-directed ice
low sea level pressure and above-average summer surface arift formed heavily compacted ice more than 1.5m thick
temperatures may further promote early break-up, rapid mel{Rabenstein et gl2012. It stands to reason that the pres-
and subsequent reductions in surface albedo as indicated lBnce of extensive thin ice areas at the end of winter, along
Haas and Eicke(200]) andSerreze et a[2003. A detailed  with continuous offshore transport during early spring and
discussion on potential linkages between summer ice coverthe intrusion of warm air masses from the south, may accel-
age and atmospheric processes is givedreiss and Goer- erate ice retreat in summer. In the following, we will focus on
gen(2009. the potential linkage that exists between presence/absence of
The preconditioning role of winter and spring sea ice pro- extensive thin ice areas in late winter and the occurrence of
cesses on the summer and fall ice conditions in the Laptevow/high summer ice extent.
Sea was investigated by e.@eser et al(2000 andRigor Thin ice areas can be derived directly from AMSR-E
etal.(2002. Follwing Rigor et al (2002, positive AO phases and SSM/I scenes, using the Polynya Signhature Simula-
coincide with an increase in ice advection away from the fasttion Method (PSSMMarkus and Burns1995 Kern, 2009
ice edge, which results in an increase in production of newWillmes et al, 2011). The method provides a classification
thinice in coastal polynyas. The enhanced northward ice driftof thin ice and open water (polynya area) and is based on
during positive AO phases is the consequence of a cyclonit¢he sensitivity of passive microwave polarization ratios to
sea ice motion pattern in the Arctic Basin promoting ice di- ice thickness in the range of 0—20 civi(lmes et al, 2010.
vergence in the Eurasian Arctic. The presence of extensivélowever, the coarse spatial resolution of passive microwave
thin ice zones at the end of the winter may in turn favor ice satellite data, in particular if applied to narrow polynyas or
retreat in summer and results in a delayed freeze-up in fallpolynyas formed during extremely cold periods, generates
Likewise, Alexandrov et al(2000 found that during years errors through mixed signals at the fast and pack-ice edges,
where ice export out of the Laptev Sea was above averagand results in underestimating the thin ice and open water
(e.g. winters of 1992/93 and 1994/95), a below-average sumarea Willmes et al, 201Q Krumpen et al.20111.
mer ice extent could be observed. This implies that negative Because offshore wind favors both ice transport away from
sea ice anomalies in summer may be caused by enhancelle coast and the development of thin ice in flaw polynyas,
northward ice advection during the previous winter. a close relationship exists between across-boundary ice ex-
The thinning effect of enhanced offshore ice advectionport and estimated polynya area (Fig). The high agree-
on the sea ice cover has recently been observed in fieldnent (R = 0.85) allows us to focus on ice export in order
At the end of April 2012, a sequence of electromagneticto further understand the link between thin ice areas and
(EM) helicopter-borne ice thickness measuremeitaaé the subsequent summer ice anomaly. Shown in Egare
and Eicken2001) were carried out over the WNS polynya the normalized anomalies of ice export at the NB and EB
north of the Lena Delta (Figl). The winter of 2011/12 and polynya area (thin igepen water) as derived from the
(not included in this study) was characterized by the highesPSSM for the period between 1992 and 2009. The PSSM
northward advection rates observed since 1992. The continwas driven with the daily Advanced Microwave Scanning
uous ice export away from the fast ice edge led to the develRadiometer-Earth Observing System (AMSR-E)/Aqua L2A
opment of an almost 200-km-wide thin ice zone of less thanGlobal Swath Spatially Resampled Brightness Temperatures
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Fig. 13. The upper panel shows the frequency of cyclone counts per month in the Laptev Sea for the period between 1992 and 2009. The
black lines represent the 3 month running mean and the trend. The lower panel presents anomalies in cyclone counts entering the Lapte
Sea from the south and west between July and September (grey bar, left axis). The red line shows the average sea ice concentration fc
August—September (second left axis). Blue bars refer to anomalies in ice area flux out of the Laptev Sea across the NB and EB between
February and May (given in kfpright axis).

data setAshcroft 2008, available since 2002. Prior to 2002 Hoskins and Hodge&®002 and Hodges et al(2011). The
the polynya area was deducted from the open water area inyclone activity in the Laptev Sea is characterized by a sea-
specific regions using a polynomial regression model that desonal cycle, with generally lower activity during winter than
scribes the relation between polynya area (from PSSM withduring summer. The average number of cyclones entering the
AMSR-E) and SSM/I sea ice concentrations. The model isLaptev Sea per month is approximately 3.9. The trend in cy-
derived from the data overlapping period (2002—-2008). Aclone frequency is negative-0.67 cyclones/decade) but not
detailed description of the methodology is giverVifiilmes significant.
etal.(2011). Following Rademacher(2009, cyclones entering the
The comparison of ice area flux in late winter/early spring Laptev Sea from the west, passing 1@hd 120 E between
with summer ice anomalies of the following summer reveals74°> and 79 N, can be expected to be of greater impact on
a negative coupling that support our assumption (E®.  offshore transport and polynya activity (e.g. T, AL and WNS;
lower panel): there is evidence that an enhanced northFig. 1). These cyclones cause westerly winds on their south-
ward/eastward transport of ice between February and Mayern side and southwesterly winds on their front side. In addi-
can result in larger, less deformed, thin ice areas that mayion, cyclones entering from the south between°+135 E
more rapidly melt once temperatures rise above freezingand 74-78 N enhance offshore transport through southerly
The correlation coefficient between summer ice coverage andvinds in the central Laptev Sea and southeasterly winds
winter ice area flux (February to May) 8 = —0.65. The  over the New Siberian Islands. Nevertheless, a comparison
figure indicates that years of above-average ice export aref northward- and eastward-directed summer cyclone activ-
generally characterized by below-average summer ice exterity with the sea ice minimum in September reveals no evi-
and vice versa (e.g. 2004 and 2005). Including ice advectiordence of a connection between synoptic scale processes and
that took place before February results in a weaker negativéhe summer sea ice situation. Anomalies in the number of
correlation coefficient. Taking into account early summer iceeasterly and northerly moving cyclones for the period be-
export rates (e.g. June and July) is not possible, owing to théween July and September are given in Hig(lower panel).
limited temporal coverage of the Ifremer ice drift dataset.  This time period was chosen, because after July the sea ice
Synoptic scale processes such as cyclones occurring ducover becomes vulnerable to cyclone activity and wind stress
ing summer are believed to further accelerate ice retreafBareiss and Goerge8005.
and melting (see discussion above). For exanidieslanik Our results imply that the summer sea ice extent is at least
et al.(1996 report that an increase in cyclonicity in northern partially controlled by the magnitude of ice area flux dur-
Siberia since 1989 coincides with negative sea ice anomaing late winteyearly spring. The observed positive trends in
lies in the Laptev Sea during the early 1990s. To confirmoffshore-directed ice transport (compare F3j. likely be-
this relationship, we derived a time series of cyclone eventsng the consequence of a change in the sea ice cover (e.g.
(region: 100-140 E, 72-79 N, Fig. 13, upper panel). The thinning/decrease in concentration), may act as a positive
tracking approach is based on the relative vorticity field in feedback, further amplifying an early ice retreat in sum-
the 850 hPa pressure level computed from 6-hourly NCEPmer. The absence of a positive coupling between synoptic
reanalysis data. For a detailed method description we refer tgcale processes and summer sea ice conditions is somewhat
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surprising and indicates that the contribution of cyclones hasontribution of cyclones has been overestimated or is not
been overestimated or is not fully understood. We conclud€ully understood.

that the physical connection between late wiygarly spring

ice area flux, synoptic scale processes and ice extent in sum-
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