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Abstract

Sea-ice outflow from the Laptev Sea is of considerable importance in maintain-

ing the Arctic Ocean sea-ice budget. In this study, a method exclusively using

multiple satellite observations is used to calculate sea-ice volume flux across the

eastern boundary (EB) and northern boundary (NB) of the Laptev Sea during

the October�November and February�March or March�April periods (corre-

sponding to the ICESat autumn and winter campaigns) between 2003 and 2008.

Seasonally, the mean total ice volume flux (i.e., NB�EB) over the investiga-

ted autumn period (1.96 km3/day) is less than that over the winter period

(2.57 km3/day). On the other hand, the large standard deviations of the total

volume flux, 3.45 and 0.91 km3/day for the autumn and winter campaigns, in-

dicate significant interannual fluctuations in the calculated quantities. A statis-

tically significant (P�0.99) positive correlation, R�0.88 (or 0.81), is obtained

between volume flux across the EB (or NB) and mean ice-drift speed over the

boundary for the considered 11 ICESat campaigns. In addition, statistics show

that a large fraction of the variability in volume flux across the NB over the 11 in-

vestigated campaigns, roughly 40%, is likely explained by ice thickness variability.

On average, flux through the Laptev Sea amounts to approximately one-third

of that across Fram Strait during the autumn and winter campaigns. These

large contributions of sea ice from the Laptev Sea demonstrate its importance

as an ice source, affecting the entire sea-ice mass balance in the Arctic Ocean.

To access the supplementary material for this article, please see the

supplementary file under Article Tools, online.

Arctic sea ice is one of the most visible components

corresponding to climate changes (Serreze et al. 2008;

Screen & Simmonds 2010) and is undergoing significant

changes over the past three decades (Rigor & Wallace

2004; Stroeve et al. 2012). The extent of Arctic Ocean

sea-ice cover has been observed to be declining at a rate

of 4% per decade over a 32-year period (1979�2010)

(Comiso 2012). The retreat of perennial ice (ice that has

survived at least one summer melt season) is dramatic

(Nghiem et al. 2007; Comiso 2012), occurring at a rate

of 12.2% per decade over the 1979�2010 period

(Comiso 2012). Along with these rapid shrinkages in

sea-ice extent in the Arctic Ocean, substantial decreases in

sea-ice thickness are also observed (Maslanik et al. 2007;

Giles et al. 2008; Kwok et al. 2009; Maslanik et al.

2011). In particular, Kwok & Rothrock (2009) reported

an astonishing decrease of 1.59 m in thickness when their

estimates derived from ICESat measurements (2003�08)

are compared with historical records from submarine

profiles (1958�1976).

The decline of ice extent and thickness together cons-

titutes a major loss in the Arctic sea-ice volume.
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Kwok et al. (2009) estimated a net ice loss of 5400 km3 in

ON and 3500 m3 in FM for the ICESat period (2003�08).

Moreover, based on new data from the radar altimeter

onboard CryoSat-2, Laxon et al. (2013) reported a conti-

nued decline in Arctic sea-ice volume between the ICESat

and CryoSat-2 periods: by 4291 km3 (36%) in autumn

and 1479 km3 (9%) in winter (Laxon et al. 2013).

Understanding the variability of sea-ice volume stored in

the Arctic Ocean requires knowledge of volume transport

at the major fluxgates (Smedsrud et al. 2011). The main

transport of sea ice out of the Arctic Ocean takes place via

Fram Strait (Vinje 2001; Kwok, Cunningham et al. 2004),

and a substantial part of ice export through Fram Strait is

assumed to have originated as far away as the Siberian shelf

seas on the opposite side of the Arctic Basin (Dethleff et al.

1998).Among theSiberian shelf seas, the LaptevSea serves

as one of the most important headwaters for sea-ice

production (Kwok 2000; Krumpen et al. 2011). About

20% of the ice outflow through Fram Strait is expected to

have originated from the Laptev Sea (Rigor & Colony

1997), giving it a key role in the fate of the Arctic sea ice

(Alexandrov et al. 2000).

With shallow water depths between 15 and 200 m,

the Laptev Sea is located between the coast of Siberia,

Severnaya Zemlya and the New Siberian Islands and

covered by sea ice from October to June (Fig. 1). It is

occupied primarily by three ice regimes: the fast ice, pack

ice and flaw polynyas. Because of persistent offshore

winds, the pack ice is continuously pushed out of the

Laptev Sea, entering into the Arctic Basin and/or the East

Siberian Sea (Bareiss & Görgen 2005).
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Fig. 1 Geographic location of the Laptev Sea, modified from Krumpen et al. (2013). The NB and EB used to calculate volume flux are marked as solid

black lines. The fast ice edge is indicated as a dashed line. On average, five polynyas are formed between pack ice and fast ice edge, including the

New Siberian polynya (NS), the western New Siberian polynya (WNS), the Anabar�Lena polynya (AL), the Taymyr polynya (T) and the Northern Taymyr

polynya (NET).

Abbreviations
AMSR-E: Advanced Microwave Scanning

Radiometer for the Earth Observing System
EB: eastern boundary of the Laptev Sea
FM: February�March
FY: first-year (ice)
IFREMER: French Research Institute for

Exploitation of the Sea
MA: March�April
MY: multi-year (ice)
NB: northern boundary of the Laptev Sea
ON: October�november
ULS: upward looking sonar
W99: Warren et al. 1999
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Limited ice thickness measurements have confined

most previous studies to area fluxes of ice exchanges

between the Laptev Sea and neighbouring regions

(Alexandrov et al. 2000; Krumpen et al. 2013). Com-

pared to area flux, volume flux is a more insightful

parameter to interpret the Arctic Ocean mass balance. In

this study, we will present estimates of sea-ice volume

flux out of the Laptev Sea by combining multiple satellite

acquisitions, using a similar approach as described by

Spreen et al. (2009). Our study could be considered as

complementary to that carried out by Krumpen et al.

(2013), who investigated a longer time series of area flux

through the Laptev Sea.

Data

To calculate sea-ice volume flux, we explore multiple

satellite-based retrievals, including sea-ice area, drift and

thickness. A brief description on these data sets and

processing technique is given as follows.

Sea-ice concentration

The sea-ice concentration information used here is

available at the University of Bremen (www.iup.

uni-bremen.de/seaice/amsredata/asi_daygrid_swath/l1a/

n6250/). The product is derived from 89 GHz brightness

temperatures measured by the AMSR-E, using the ASI

algorithm developed at the University of Bremen (Spreen

et al. 2008). The use of the 89 GHz channel data leads to

sea-ice concentration with a grid size of 6.25 km. The ASI

ice concentration algorithm uses an empirical model to

retrieve the ice concentration between 0 and 100%.

The atmospheric influence over the open ocean is mostly

filtered using empirical models (see equations 13 and 14

in Spreen et al. [2008]). Error estimates show that the

algorithm produces appropriate results at mid and high

ice concentrations. In particular, the error should not

exceed 10% for a concentration above 65% (Spreen et al.

2008). However, substantial deviations may occur in areas

with low ice concentration depending on atmospheric

conditions.

Sea-ice drift

Sea-ice drift can be derived from pairs of time-lagged

satellite images based on a maximum cross-correlation

technique (Ezraty et al. 2007a, b), which has been

operationally provided by the Center for Satellite Exploi-

tation and Research at IFREMER. Assessments conducted

by Rozman et al. (2011) show that the IFREMER drift

product acquired from AMSR-E 89 GHz pair images with

a time lag of three days has the better performance

compared with product derived from Advanced Syn-

thetic Aperture Radar images or low-resolution AMSR-E

37 GHz observations provided by European Organization

for the Exploitation of Meteorological Satellites Ocean

and Sea Ice Satellite Application Facility.

In this study, we use a synergy product that is merged

using separately retrieved drift from time-lagged (three-

day) horizontally and vertically polarized AMSR-E ob-

servations at 89 GHz (ftp://ftp.ifremer.fr/ifremer/cersat/

proudts/gridded/psi-drift/data). The product is available

on a polar stereographic projection at a 31.25-km pixel

resolution. The synthesizing process is also completed at

IFREMER. Through the combination, the synergy is

expected to have an improved data density compared

with any single products (Ezraty et al. 2007a). A detailed

description related to the original data processing and

product assessment is given by Ezraty et al. (2007).

Sea-ice freeboard and thickness

Near basin-wide freeboard has been acquired from

observations of the Geoscience Laser Altimeter System

onboard ICESat (Kwok et al. 2007). The sensor uses a

1064-nm laser channel for surface altimetry with an

expected accuracy of 15 cm. As the laser measures the

top of snow on the ice, if snow is present, the freeboard

denotes the combined value for sea ice and snow. Its

measurements have a resolution of 60 m across and 170-m

along the track. The satellite orbit has an inclination of

948 and hence leaves a 48 observational hole around the

North Pole.

ICESat was in orbit for almost six years, from 2003 to

2009, but was operating up to three separated periods

each year. Tracks of ICESat freeboard have been provided

by the National Snow and Ice Data Center (www.nsidc.

org/data/docs/daac/nsidc0393_arctic_seaice_freeboard/).

Details regarding the original data-processing methods

and the freeboard retrieval technique are described by

Zwally et al. (2002). Only the autumn and winter ICESat

observations between 2003 and 2008 are used in this

study. The specific time range of the corresponding

campaign and the designation of each campaign are

summarized (Supplementary Fig. S1).

Typically, there is a separation of four to five months

between the ICESat fall and winter campaigns (Kwok

et al. 2009). The five fall campaigns cover a period

roughly from mid-October to mid-November (ON),

whereas the six winter campaigns span from late

February to late March (FM), except for 07MA, which

spans from mid-March to mid-April 2007. Each campaign

generally involves a period of observations approximately
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30 days in length, except for the 03ON campaign, which

includes a time range of 55 days (Supplementary Fig. S1,

Supplementary Table S1). For consistency, only the one-

month freeboard data, with approximately the same time

range as the other ICESat autumn campaigns, are used to

obtain the gridded thickness for the 03ON campaign.

Assuming ice density, water density and snow depth,

ice freeboard can be converted to ice thickness by

applying the Archimedes principle (Kwok, Zwally et al.

2004). The density of sea ice varies depending on the age

of the ice, which is related to the amount of brine and air

inclusions (Gloersen et al. 1973). FY ice containing a

substantial amount of brine water is expected to have a

higher density. MY ice is assumed to be less dense than

FY ice because of the extensive brine drainage in summer

and the inclusion of a porous ice structure. Accounting

for the two ice densities, the freeboard-to-thickness

conversion technique compatible for satellite laser alti-

metric measurements is given by Spreen et al. (2009) and

written as

I ¼ c½sðqs � qwÞ þ qwfs�
cðqf � qmÞ þ cmðqf � qwÞ

; (1)

where I is the ice thickness, fs is the ice freeboard height,

c is the total ice concentration, cm is the MY ice fraction,

s is the snow depth on ice, and rw, rm, rf and rs denote

the densities of sea water, MY ice, FY ice and snow,

respectively. Detailed information regarding the selected

values for these parameters and their uncertainties is

summarized in Table 1 and is explained below.

Among the variables, snow depth on top of sea ice is

the most undefined one and our knowledge about it is

very limited. According to the field observations from the

Soviet drift stations between 1954 and 1991, Warren

et al. (1999; henceforth W99) established a climatology

of monthly snow depth by fitting a two-dimensional

quadratic function for each month of the year indepen-

dently. The climatology represents snow depth on MY ice

as the Arctic Ocean was dominated by MY ice during

those decades. Recent analyses of field snow radar data

showed that, while the W99 is still representative of

snow on MY ice, snow depth on FY ice is overestimated

by W99 (Kurtz & Farrell 2011). In this study, snow depth

on MY ice provided by W99 is maintained while snow

load for the FY ice derived from AMSR-E observations at

19 and 37 GHz is used (Comiso et al. 2003). The mean

and uncertainty of snow depth for the FY ice on an order

of 0.097.0 cm is given by Brucker & Markus (2013),

who compared AMSR-E snow depth with Operation

IceBridge airborne data. The9value refers to standard

deviation. W99 also reported the interannual variability

for the snow climatology at individual months (October:

4.0 cm, November: 4.3 cm, February: 5.5 cm, March:

6.2 cm, April: 6.1 cm). The uncertainties of snow depth

on MY ice over the ON, FM and MA campaigns (4.2, 5.9

and 6.2 cm) are determined as the average uncertainty

of the corresponding months.

For snow densities, we use those provided by Kwok &

Cunningham (2008), 320 and 250 kg/m3 for the inves-

tigated winter and fall periods, respectively. The assumed

uncertainty of srs�20 kg/m3 (or 15 kg/m3) for the

autumn (or winter) campaign is the standard deviation

of the W99 snow densities for September, October and

November (or February, March and April). We use a

density of 925 kg/m3 with an uncertainty of srf�20 kg/m3

for FY ice (Weeks & Lee 1958; Schwarz & Weeks 1977),

887 kg/m3 with an uncertainty of srm�20 kg/m3 for

MY ice (Eicken et al. 1995; Laxon et al. 2003) and 1023.9

kg/m3 (srw�0.5 kg/m3) for sea water for both the

studied seasons (Laxon et al. 2003).

The total ice concentration (c) is derived from AMSR-E

89 GHz measurements using the ASI algorithm. Daily

average gridded QuikSCAT backscatter data at a pixel

resolution of 12.5 km are processed at the Brigham

Young University (ftp://ftp.scp.byu.edu/data/qscat/SigBrw)

and used in this study to calculate the MY ice fraction

according to the technique described by Kwok (2004),

who established a relationship between the MY ice frac-

tion from high-resolution RADARSAT/Relative Global

Table 1 Selected values and their uncertainties of input variables used in converting ICESat freeboard to thickness for both periods. See the

explanation in the text for how the values were obtained.

Variable FM/MA Uncertainty for FM/MA ON Uncertainty for ON References

MY ice density (rm) 887 kg/m3 20 kg/m3 887 kg/m3 20 kg/m3 Eicken et al. 1995

FY ice density (rf) 910 kg/m3 20 kg/m3 910 kg/m3 20 kg/m3 Weeks & Lee 1958;

Schwarz & Weeks 1977

Snow density (rs) 320 kg/m3 15 kg/m3 250 kg/m3 20 kg/m3 Kwok & Cunningham 2008

Sea water density (rw) 1023.9 kg/m3 0.5 kg/m3 1023.9 kg/m3 0.5 kg/m3 Laxon et al. 2003

Total ice concentration (c) AMSR-E 89 GHz 0.05 AMSR-E 89 GHz 0.05 Spreen et al. 2008

MY concentration (cm) QuikSCAT 0.10 QuikSCAT 0.10 Kwok 2004

Snow depth (s) MY: W99, FY: AMSR-E 5.9 for FM, 6.2 for MA, 7.0 MY: W99, FY: W99/2 4.2, 7.0 Warren et al. 1999;

Brucker & Marku 2013
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Positioning System images and sigma0 backscatter from

QuikSCAT. The uncertainties of the total ice concentra-

tion (5%) and MY ice concentration (10%) are, respec-

tively, acquired from Spreen et al. (2008) and Kwok

(2004).

After the numerical substitution of these variables in

Eqn. 1, ice thickness can be calculated for the autumn

and winter campaigns using Eqns. 2 and 3, respectively

I ¼ cð1023fs � 773sÞ
98cþ 38cm

(2)

I ¼ cð1023fs � 703sÞ
98cþ 38cm

(3)

To examine the accuracy of our thickness estimates

from ICESat freeboard, we have compared ice drafts (hdraft,

i.e., ice thickness below the water surface) calculated from

ICESat data (hdraft�I�f�s) to the ULS ice-draft measure-

ments collected from four Beaufort Gyre Experiment

Project moorings in the Beaufort Sea (www.whoi.edu/

page.do?pid�66559). Following the method used by

Kwok et al. (2009), we initially processed the point-wise

mooring samples to produce twice-daily samples of the

means and standard deviations of the ice drafts that are

representative of those from 25-km tracks. This processing

enables a statistically comparable spatial length between

drafts obtained by ULS and ICESat. The time for the

overhead ice pack to travelling a net distance of 25 km can

be roughly calculated according to ice drift from the

89 GHz channels of AMSR-E (Ezraty et al. 2007). The

mean ICESat ice drafts used in comparison are computed

from segments within 25 km of the moorings and are

closest in time with ULS observations (approximately

within half a day). The ULS drafts are available over eight

periods: 03ON, 04FM, 04ON, 05FM, 05ON, 06FM, 06ON

and 07MA. Overall comparisons (Fig. 2) show that there is

a mean difference of 0.2190.45 m with the ICESat-based

drafts being relatively underestimated, and a moderate

correlation (R�0.56).

Methodology

Sea-ice volume flux out of the Laptev Sea

Ice volume flux is the product of ice concentration (c),

drift velocity (D) and thickness (I). The volume flux

through the NB and EB (Fig. 1), equivalent to borderlines

used by Alexandrov et al. (2000) and Krumpen et al.

(2013), is obtained in this study. The NB is positioned at

the 818N (1008�1408E) and the EB is located at the 1408E
(778�818N) (Fig. 1). Sea-ice volume flux is given in the

unit of km3/day. In the following, a positive (or negative)

sign refers to an export out of (or import into) the Laptev

Sea and the total volume flux corresponds to the sum of

meridional volume flux across the NB and zonal volume

flux through the EB.

The meridional (or zonal) volume flux Vm or (Vz) for

the NB (or EB) is the integral of volume flux estimate

across each grid cell (i�1,. . ., n) located at the boundary

and can be calculated with the following equation:

V ¼
Xn

i¼1

IiGDici; (4)

where Di is the meridional or zonal component of the sea-

ice drift rate at the grid cell numbered as i, G is the length

of the grid cell (25 km) and ci is the ice concentration of

the cell. Before used for volume flux computation, the

daily ice concentration and ice-drift products are first

interpolated to a 25-km grid and then averaged over a

specific period (as that of ICESat campaign) to obtain ci

and Di. Ii denotes the average thickness estimates of that

‘‘dropped’’ into a 25-km cell over a specific campaign.

Uncertainty estimation

The uncertainties of all input variables (assumed uncor-

related) propagated into the estimate of the meridional or

zonal sea-ice volume flux can be calculated with the

following equation:

rv ¼
Xn

i¼1

ðIiciGÞ
2r2

Di
þðDiciGÞ

2r2
Ii
þ ðIiDiGÞ

2r2
ci

" #1
2

; (5)

where sD,i, sI,i and sc,i are the uncertainties of ice drift,

thickness and concentration, respectively, at the ith grid

cell of the flux gate (summarized in Table 1).
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Fig. 2 Ice-draft comparison between submarine measurements and

ICESat retrievals.
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Ice concentration in the Laptev Sea during the in-

vestigated periods are generally greater than 95%, where

an uncertainty of 5% of ASI concentration obtained from

Spreen et al. (2008) is used for the uncertainty estimate

in Eqn. 5. The 5% threshold is also used by Spreen et al.

(2008) in estimating the Fram Strait outflow uncertainty.

For sD that represents the uncertainty of mean drift over

an ICESat campaign period, we use (Spreen et al. 2008):

rD ¼
rdffiffiffiffiffi
N
p ; (6)

where N is the number of valid sea-ice drift estimates

for a grid cell over one ICESat campaign. The uncertainty

of a single ice drift (sd) is determined as 3.1 km/day

by Ezraty et al. (2007) through a comparison between

AMSR-E merged product and buoy drifts.

The uncertainty of the ice thickness (sI), assuming a

Gaussian uncertainty propagation from the input vari-

ables, can be given as

rI ¼
Aðsqs � sqw þ qwfsÞ � ðqf � qmÞB

A2

� �2

r2
c

(

þ cðqs � qwÞ
A

� �2
r2

s þ
cqw

A

� �2

r2
fs

þ
Bðqf � qmÞ

A2

� �2

r2
cm
þ cs

A

� �2

r2
qs

þ Bc

A2

� �2

r2
qm
þ Bðcþ cmÞ

A2

� �2

r2
qf

þ Aðcfs � csÞ þ Bcm

A2

� �2

r2
qw

)1
2

;

(7)

where A ¼ cðqf � qmÞ þ cmðqf � qwÞ and B ¼ c½sðqs � qwÞþ
qwfs�. For detailed information about the selected

values of all input variables and their uncertainties as

used in Eqn. 7, refer to Table 1 and Sea-ice freeboard and

thickness section.

Two sample maps of thickness uncertainty distribution

are presented in Fig. 3. Other error maps look similar

with the samples and are not shown here. Figure 4 shows

that there is a larger uncertainty �0.5 m in the north of

Greenland and Ellesmere Island coasts, where thicker

MY ice prevails and uncertainties continuously reduce

towards the peripheral areas, to an order of B0.2 m in

the outskirt of the Arctic sea-ice regions.

The total uncertainty over the two fluxgates (sv) can be

achieved through

rv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

vm þ r2
vz

p
; (8)

where svm and svz, calculated according to Eqn. 5, are the

uncertainties of the meridional and zonal volume flux

estimates across the NB and EB, respectively.

Results

Spatial patterns of ice drift and ice thickness
in the Laptev Sea

Figure 4 (also Supplementary Fig. S2) shows the spatial

distributions of our thickness estimates in the Laptev Sea,

superimposed with the IFREMER ice-drift vectors, over

the autumn and winter campaigns during the period

2003�08. Depending on conditions of ice circulation, the

direction of ice transport passing the two boundaries

shows notable spatial variability. The campaigns mostly

180°
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90°W 45°W 0° 90°W 45°W 0°
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Fig. 3 Spatial distribution maps of estimated uncertainty for sea-ice thickness for the (a) 07FM and (b) 07ON campaign.
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displayed a northward ice drift (i.e., offshore drift).

However, the 06ON campaign (Supplementary Fig. S2f)

showed an ice import pattern. For EB, either the easterly

(export; Supplementary Fig. S2b, d, f) or westerly

(import; Fig. 4b, Supplementary Fig. S2a, c, f) transport

patterns of sea ice are observed. In particular, when a

cyclonic drift was observed in Supplementary Fig. S2a,

there was an enhanced westward ice inflow through EB.

This pattern seems to be caused by a lower sea-level

pressure after examining the corresponding data from

the National Centers for Environmental Prediction/

National Center for Atmospheric Research Reanalysis

Project (Kalnay et al. 1996).

The spatial distribution of ice thickness is also pre-

sented in Fig. 4 and Supplementary Fig. S2. Seasonal

differences in the ice thickness distribution pattern are

notable. For the winter campaigns, the study area is

mostly covered by FY ice with a moderate thickness,

roughly 1.2�1.8 m. For the autumn campaigns, spatial

patterns of ice thickness are complex. During the two

earlier autumn periods*03ON (Fig. 4b) and 04ON

(Supplementary Fig. S2b)*there is a marked thickness

gradient from the southeastern (B1 m) to the north-

western (1.5�2.0 m) part of the Laptev Sea. Over the two

latter periods (04/05ON; Supplementary Fig. S2d, f), the

Laptev Sea is generally dominated by thinner FY ice. The

ice thinning trend observed during the investigated ON

periods is also quantitatively suggested in the time series

of average thickness over the Laptev Sea between 2003

and 2008 (see Supplementary Fig. S3).

Temporal variability

Temporal variability of ice thickness over the

Laptev Sea. The average sea-ice thickness over the

Laptev Sea for the 11 ICESat campaigns is shown in

Supplementary Fig. S3. The means varied both season-

ally and interannually. Among these campaigns, the

maximal thickness occurred in 05FM with a value of

1.7 m and the minimal took place in 06ON with a value

of 0.62 m. On average, ice grows by 0.65 m over the

growth period of roughly four to five months between

the autumn and winter campaigns, from 0.86 to 1.51 m.

Notable interannual variations can be concluded from

the standard deviation of 0.22 m for both the autumn

and the winter campaigns.

Considerable thickening was encountered in the 05ON/

06FM and 06ON/07MA campaigns, with an autumn/

winter increase of 0.9 and 1.01 m, respectively. The larger

increase for the latter can be partially explained by

the longer time span since the 07MA campaign, delayed

approximately 20 days compared with 06FM. Other

autumn/winter ice thickness experienced a relative

moderate growth by an order of roughly half a metre.

Among the investigated periods, the 04ON/05FM

seems like a watershed for the interannual variations of

sea-ice thickness averaged over the Laptev Sea. For the

autumn campaigns, the thickness dropped from 04ON till

06ON to as low as 0.6 m. For the winter campaigns,

ice thickness in 05FM (1.70 m) increased strongly in

comparison with that in 04FM (1.21 m). After 05FM,

however, the winter thickness did not change markedly,

with a mean value of 1.56 m and a small standard

deviation of 0.15 m over the last four winter periods (i.e.,

05/06FM, 07MA and 08FM).

Temporal variability of ice-drift rate over the

Laptev Sea. Time series of the average of ice-drift rate

for the zonal (Dz) and meridional (Dm) components and
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squared drift speed (Dv� sqrt[Dz
2�Dm

2 ]) over the Laptev

Sea during the investigated period is shown in Fig. 5.

During the 11 campaigns, the average speed of ice drifts

(i.e., Dv) over the Laptev Sea changes from 2.06 km/day

(03ON) to 5.70 km/day (05ON). Seasonally, the aver-

age speed of ice drifts over the six winter campaigns

(3.27 km/day) is close to that over the five autumn

campaigns (3.77 km/day). Also, their standard deviation

over the investigated autumn (1.18 km/day) approximates

that of the winter periods (1.52 km/day), indicating large

interannual variability in the calculated speed quantities

for both the seasons.

The meridional drift component across the NB in the

Laptev Sea is primarily in a northerly direction, except in

06ON, when a weak southerly meridional transport

emerged (Fig. 5, Supplementary Fig. S2f). Among the

11 campaigns, an overall maximum (or minimum) of

meridional drift across the NB was observed in 05ON (or

06ON) with a rate of 5.7 km/day (or �0.27 km/day). In

contrast, seasonal variability is relatively weak. There is a

mean value of 2.86 (91.01) km/day for the six winter

campaigns and 2.73 (91.97) km/day for the five autumn

periods. However, the large standard deviations indicate

a significant interannual variability in the meridional

ice-drift component over the NB.

For the zonal component of ice drift across EB over

the Laptev Sea, easterly (positive) and westerly (nega-

tive) ice transports were observed at times during the

study period. There are six campaigns with negative

zonal transport and five campaigns with positive zonal

drift (Fig. 5). For the six negative campaigns, four cases

took place in winter and two turned up in autumn. For

the five positive campaigns, three cases emerged in

autumn period and the remaining occurred in winter.

Over the investigated period, the maximum (minimum)

of absolute zonal drift rate over the EB occurred in 05ON

(or 08FM) with a value of 3.58 km/day (or 0.10 km/day).

Although averaged zonal drift rates over the EB are small

for the six winter and five autumn campaigns (0.12 and

0.84 km/day, respectively). Although short and limited

for data we used, the larger standard deviations in zonal

drift over the EB (1.83 and 2.46 km/day for the winter

and autumn campaigns, respectively), compared with

those of the NB, confirm the fact that more remark-

able interannual variability exists in the zonal ice-drift

component compared with those of the meridional

component (Krumpen et al. 2013).

Ice volume flux variability. Time series of seasonal and

interannual variations in the volume flux of the Laptev

Sea are shown in Fig. 6. The highest volume flux

occurred in the 04ON period (roughly 7.8 km3/day),

which is mainly due to the emergence of thicker ice with

a relatively high transport rate around the NB boundary.

Other relatively high ice outflow mainly took place

during the winter periods (05/06/07), ranging from
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Fig. 5 Ice-drift rate averaged over the Laptev Sea. Dm (in black) and Dz (in red) represent the mean meridional and zonal ice-drift rates, respectively.

Dv (in blue) equals to
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D2

m þD2
z

p
denoting the drift magnitude. The vertical dashed lines are plotted for an easy discrimination drift rates of between

autumn (blue) and winter (green) ICESat campaigns. A horizontal black dash line across zero is also given for a clear visual identification of the sign of a

drift. A positive (or negative) meridional or zonal value defines a northward (or southward) transport or a westward (or eastward) transport. In other

words, a positive (or negative) value indicates that ice is exported out of (or imported into) the Laptev Sea.
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3 to 4 km3/day. More interestingly, negative ice volume

flux emerged for both the boundaries during the 06ON

period, causing a strong ice import into the Laptev Sea,

which is approximately �1 km3/day, the lowest net

volume flux of the Laptev Sea among the 11 investigated

periods.

The means and standard deviations of the winter and

autumn volume flux and their uncertainties over the

period 2003�08 are summarized in Table 2. The noted

large standard deviation suggested a larger fluctuations

during autumn campaigns compared with the winter

campaigns. The volume flux across the NB is generally

larger in magnitude than that passing the EB. For EB,

there is a mean autumn (or winter) transporting rate of

0.2190.93 km3/day (or �0.0691.09 km3/day). For the

NB, the mean volume flux averaged over the autumn (or

winter) periods is 1.7592.72 (or 2.6390.79) km3/day.

The mean increase between considered autumn and

winter campaigns in the total flux of 0.61 km3/day is

mainly attributable to increased ice thickness. There is an

enhancement of ice export across the NB of 0.88 km3/day.

Meanwhile, the volume flux at the EB shows a

reversed transport between the autumn (0.21 km3/day)

and winter (�0.06 km3/day) campaigns. The detailed

seasonal behaviours of volume flux in the Laptev Sea

over the considered ICESat periods are shown in Fig. 6.

At the NB, increases are observed between the autumn

and following winter volume fluxes, except for the

04ON/05FM campaigns, when a significant reduction of

2.49 km3/day (or 38%) occurred. For EB, there are

complicated variations in volume flux since there are

often events with direction reversals over the ICESat

periods. For example, the 04ON/05FM (1.21/�0.87 km3/

day) and 05ON/06FM (1.18/�0.99 km3/day) campaigns

had a positive-to-negative transformation in flux orien-

tation, whereas the direction change for the 06ON/07MA

(�0.68/1.89 km3/day) and 07ON/08FM (�0.01/0.07

km3/day) campaigns was the opposite. Moreover, it is

interesting to note an in-phase high ice exports across the

two boundaries during the 07MA period, which would

provide more extensive seasonal ice for the Arctic Basin

in favour of the observed dramatic retreat of sea ice in

the Arctic Ocean during the following melt seasons

(Maslanik et al. 2007; Kwok & Cunningham 2008;

Perovich et al. 2008).

The variability of volume flux is also remarkable over

the investigated ICESat periods (Fig. 6). It varies between

1.68 km3/day (04FM) and 4.13 km3/day (07FM) over

the winter record and between �1.08 km3/day (06ON)

and 7.71 km3/day (04ON) over the autumn record. For

the NB, volume flux alternates between �0.39 km3/day

(06ON) and 6.49 km3/day (04ON) over the autumn

record, and between 1.78 km3/day (03FM) and 4.01

km3/day (05FM) for the winter record. For EB, it changed

from �0.068 km3/day (06ON) to 1.21 km3/day (04ON)

over the autumn record and from �0.99 km3/day (06FM)

to 1.89 km3/day (07FM) over the winter record.

The mean uncertainty of total volume flux in the

winter campaigns (0.5890.10 km3/day) is larger than

that in autumn (0.4190.11 km3/day). This seasonal

contrast is also true for the volume flux estimates across

the NB and EB (Table 2). Moreover, the volume flux
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across the NB is generally biased to a larger uncertainty

compared with that across EB (Table 2).

Discussion

Comparisons to volume flux through Fram Strait

Fram Strait is the chief passage of the Arctic sea ice

leaving the Arctic Ocean. In order to examine the role of

ice import from the Laptev Sea in compensating ice loss

due to export through the strait, we compare our volume

flux estimates in the Laptev Sea to ice outflow through

the strait.

Satellite-based estimates of sea-ice volume flux via

the Fram Strait over the ICESat campaigns have been

provided by Spreen et al. (2009), who explored a similar

multi-sensor approach as used in this study. The transect

in the Strait exploited by the authors is positioned at

808N spanning a length of roughly 300 km between

�208E and 108E.

As seen in Fig. 7, a large fraction of Arctic sea-ice

volume loss through the Fram Strait passage can be

restored by ice injection from the Laptev Sea. The total

volume export across the two Laptev Sea boundaries, on

average, amounts to 35.9948.6% of that through Fram

Strait, with a mean percentage of 34.0912.8 and

38.1975.4% in the winter and autumn campaigns,

respectively. In other words, more than one-third of

volume loss due to Fram Strait exports is compensated by

sea-ice input from the Laptev Sea during the investigated

periods. These facts further demonstrate that ice import

from the Laptev Sea is a vital role in maintaining Arctic

mass balance. Particularly, the Arctic sea-ice volume

received more ice from the Laptev Sea than loss due to

outflow passing the Fram Strait during the 06ON period:

7.71 km3/day versus 4.53 km3/day (Fig. 7).

Linkage between volume flux estimates and input
variables

To examine the contribution of input variables to the sea-

ice volume flux variability, the correlation is computed

between volume flux estimates across the EB and NB and

each input variable (ice concentration, drift rate and

thickness) over the 11 ICESat campaigns. Results for the

EB and NB are shown in Fig. 8 and Supplementary

Fig. S4. The values for input variables shown in the

figures correspond to the averages over the boundary.

For the EB boundary, the ice volume flux time series

showed a similar behaviour as that of ice-drift speed

with a high correlation of 0.88 (significant at 99% level)

(Supplementary Fig. S4c, d). By comparison, the thick-

ness provided a negligible contribution to the volume

flux variability of EB (R�0.15). Nevertheless, in the

latter part of time series, from 06ON to 08FM, ice

thickness variations remarkably affected the variability

Table 2 Statistics of total volume flux and uncertainty as well as those of the zonal and meridional components across the EB and NB over the

investigated period.

Period EB Uncertainty for EB NB Uncertainty for NB Total Uncertainty for the total flux

Winter �0.0691.08 0.2290.05 2.6390.79 0.6090.15 2.5790.91 0.5890.10

Autumn 0.2190.93 0.1590.12 1.7492.72 0.4090.10 1.9693.45 0.4190.11
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Fig. 7 Comparison between ice volume flux estimates through the Laptev Sea and Fram Strait. The Fram Strait outflow was obtained from Spreen

et al. (2009).
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of volume flux (Supplementary Fig. S4b, d). Ice concen-

trations over EB did not show a notable variability

throughout the study period and thus contributed the

least to the behaviour of volume flux at the fluxgate

(Supplementary Fig. S4a).

For the NB, the correlation between the volume flux

estimates and mean drift speed (or ice thickness) is deter-

mined as 0.81 (or 0.65) at a significance level of 99% (or

95%). Therefore, for the NB the variability of volume flux

is primarily controlled by the drift speed variability and

secondly the ice thickness variability (Fig. 8b, c, d). For an

inspection of the 11 estimates, ice thickness variations

remarkably impacted the volume flux variability of the NB

in the 04/05ON, 07ON and 08FM periods (Fig. 8b, d),

while in the remaining periods the ice-drift speed varia-

tions exerted more influences on the changes of volume

flux of the gate (Fig. 8c, d). In addition, small changes were

observed in the ice concentration time series at the NB

during the entire study period, except for the 07ON period,

when a low ice concentration seemed to have imposed

a great effect on producing a low volume flux estimate at

the fluxgate in that period (Fig. 8a, d).

Conclusions

In this study, satellite-based retrievals of sea-ice concen-

tration, drift rate and thickness are combined to calculate

autumn and winter sea-ice volume flux through the two

boundaries in the Laptev Sea between 2003 and 2008.

Making use of the uniquely large spatio-temporal cover-

age of satellite observations, we are able to capture for

the first time the seasonal and interannual behaviour of

volume flux out of the Laptev Sea. Over the investigated

11 periods, we found that more than one-third of sea-ice

volume outflow of the Arctic Ocean through the Fram

Strait can be compensated by ice inflow from the Laptev

Sea. This fact again points to that the Laptev Sea serves as

one of the most important source regions providing sea

ice to the Arctic Ocean, which is vital in affecting mass

balance of the sea ice.

Since the 1980s, sea-ice outflow has been expected to

be enhanced since a clear increase in the sea-ice drift

speed has been found in the Laptev Sea (Spreen et al.

2011). On the other hand, there is a trend of general

thinning sea-ice cover in the Arctic (Kwok & Rothrock

2009), which is partly attributable to a faster ice-drift speed.
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Thinner ice will lessen the volume of the outflow. A

longer satellite record is needed as a basis for accurately

determining the extent to which the interplay of in-

creasing ice speed and decreasing ice thickness contri-

butes to the volume flux variability in the Laptev Sea.

Fortunately, the newly launched spaceborne instrument

Cyrosat-2 provides us a good opportunity to extend the

time series of our ice volume flux estimates, which is a

part of our upcoming study.
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