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Abstract Ice export from the vast Arctic Siberian shelf is calculated using d18O values and salinity data
for water samples collected during the International Siberian Shelf Study between August and September
2008 (ISSS-08). The samples represent a wide range of salinities and d18O values due to river water inputs
and sea ice removal. We estimate the fraction of water that has been removed as ice by interpreting
observed d18O values and salinities as a result of mixing between river water and sea water end-members
as well as to fractional ice removal. This method does not assume an ice end-member of fixed composition,
which is especially important when applied on samples with large differences in salinity. The results show
that there is net transport of ice from both the Laptev and the Eastern Siberian Seas, and in total 3000 km3

of sea ice is exported from the shelf. The annual total export of ice from the entire region, calculated from
the residence time of water on the shelf, is estimated to be 860 km3 yr21. Thus, changes in ice production
on the shelf may have great impact on sea ice export from the Arctic Ocean.

1. Introduction

An important element of the physical oceanography of the Arctic Ocean is the large freshwater input,
which creates a strong halocline that separates the warm Atlantic water from the colder surface water.
The halocline is a crucial component for maintaining a permanent ice cover in the Arctic Ocean, since it
hampers the heat flux from the warm Atlantic Water. The major sources of freshwater input are river run-
off, net precipitation, sea ice melt, and low-salinity water entering through the Bering Strait [Aagaard and
Carmack, 1989]. The Arctic Ocean receives about 10% of the global river runoff, which, together with the
inflow of Pacific waters and sea ice melt, creates the layer of cold fresh water above the Atlantic water.
About 84,000 km3 of freshwater is stored in the Arctic Ocean [Serreze et al., 2006] and most of it is con-
fined to the surface layer above 100 m. The freshwater in the Arctic Ocean has a residence time of 11 6 1
year [€Ostlund, 1982] and leaves the Arctic Ocean as water through the Canadian Archipelago and Fram
Strait. A substantial fraction is also exported as sea ice mainly through the Fram Strait [Aagaard and Car-
mack, 1989; Serreze et al., 2006].

The shallow seas on the arctic shelves have been recognized as important locations of sea ice formation
[Macdonald, 2000], which increases the salinity of the water on the shelf and leads to brine formation. Brine
formation on the shelf is an important source for the upper halocline waters of the Arctic Ocean [Aagaard
et al., 1981; Cavalieri and Martin, 1994a; Melling and Lewis, 1982]. The general ice motion from the East Sibe-
rian Arctic Seas (ESAS), which includes the Laptev Sea and East Siberian Sea (ESS), is directed toward the
Fram Strait by the Transpolar Drift [Pavlov et al., 2004; Pfirman et al., 1997].

Freshwater input from rivers lowers the shelf water salinity and might therefore promote ice formation. One
important area for sea ice production on the shelf areas are the flaw leads [Bareiss and G€orgen, 2005; Bauch
et al., 2011; Cavalieri and Martin, 1994b; Dethleff et al., 1998], which are the boundaries between land fast ice
and drift ice where recurring ice free zones appear. The Laptev Sea is considered a major source for sea ice
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production whereas the East Siberian Sea is thought to be less important or even a net importer of sea ice
[Carmack, 2000; Macdonald, 2000].

Oxygen isotopes in water can be used together with salinity to quantify ice formation and removal. Sea ice
preferentially incorporates heavier O isotopes, and sea water that has been affected by sea ice removal will
have a low d18O values, as well as a higher salinity due to the freshwater removal. The stable oxygen isotope
values in surface marine waters vary by several permil, particularly in coastal marine waters at high latitudes.
While in these areas river waters contribute isotopically light oxygen into the ocean, melting and freezing of
ice also contribute to variable isotopic values in the surface waters. In contrast, isotopic values of deep
ocean waters are nearly constant, varying only by about 1&. The difference in d18O values of the water
sources, together with salinity, have been used in the Arctic Ocean to distinguish the inputs of fresh water
from different sources and from ice melt, as well as removal due to sea ice formation [€Ostlund and Hut,
1984]. The d18O values have also been used, together with tritium and helium, to estimate the residence
time of river runoff from the Siberian shelves to 3.5 6 2 years [Schlosser et al., 1994]. Other studies have
used oxygen isotopes to calculate ice export from the Arctic [Bauch et al., 2011; Ekwurzel et al., 2001;
Schlosser et al., 2002; €Ostlund, 1994] and to estimate ice removal and brine formation on the shelves [Bauch
et al., 2013; Bauch et al., 2010; Macdonald et al., 1995].

In this study, d18O values and salinity data for samples of waters from across the Laptev Sea and the East
Siberian Sea were used to calculate the fraction of water removed from the shelf as ice from waters with a
wide range of salinities. This demonstrates that there is net transport of sea ice from East Siberian
Arctic Seas. Also, both the total and the annual amounts of sea ice exported from these shelf areas are
estimated.

2. Methods

2.1. Study Area
Samples for this study were collected from the East Siberian Arctic Seas (ESAS). The ESAS consists of the
Laptev Sea and East Siberian Sea (ESS) and its surface area covers �20% of the Arctic Ocean area [Jakobsson
et al., 2004]. The sampling was part of the International Siberian Shelf Study, 2008 (ISSS-08) on the Russian
ship H/V Yacob Smirnitskyi from 14 August to 25 September 2008. The expedition consisted of several differ-
ent programs including biogeochemistry, geophysics and geology, oceanography, meteorology, marine
chemistry, and trace element and isotope studies. Results from ISSS-08 have been presented for C isotopes
[Alling et al., 2010, 2012; S�anchez-Garc�ıa et al., 2011] as well as for other waters tracers [Shakhova et al.,
2010]. Part of the data set has been used to address the source of the upper halocline of the Arctic Ocean
[Anderson et al., 2013].

The largest source of freshwater to the shallow Laptev Sea (average depth 48 m) is the Lena River, with a
discharge of �570 km3a21 [Cooper et al., 2008; Jakobsson et al., 2004]. Lena River water also dominates the
riverine input in the western part of the ESS [Semiletov et al., 2005]. The Indigirka and Kolyma Rivers are the
two other major sources of river water to the ESS (Figure 1), but their impact on the freshwater distribution
on the ESS is less pronounced than that of the Lena River.

The large river water input during the summer creates, together with ice melt, a strong seasonal halocline
in the ESAS. During sampling the depth of the seasonal halocline was about 10 m for the Laptev Sea, about
15 m for the western part of the ESS and about 20 m for the eastern part of the ESS. The depths above are
used as the boundary dividing samples above and below the seasonal halocline for the different areas and
are the same as in previous work on the data set [Alling et al., 2010].

2.2. Sampling and Analyses
Samples for measurement of 18O/16O ratios and salinity were collected in the Laptev, East Siberian, and
Chukchi Seas (Figure 1). Vertical profiles of temperature and salinity were collected at each station using a
CTD instrument, the SeaBirdVR 9111, mounted on a rosette with 12 Niskin-type 6.7 L bottles. Water samples
were collected from 55 stations. The average maximum depth and number of samples at each station was
40 m and five samples, respectively.

Water isotope samples (18O/16O) were drawn from the Niskin bottles into 20 mL polyethylene bottles and
stored sealed in a refrigerator, at 188C, until mass spectrometric analyses.
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Salinities of water samples from the same Niskin bottles were analyzed on board using a General OceanicsVR

Autosal laboratory salinometer. The accuracy of the salinity analyses from the water samples is 0.002 while
the temperature from the temperature sensors on the CTD has an accuracy of about 0.0018C.

The stable oxygen isotopic compositions were determined using a Thermal Conversion Elemental Analyzer
(TC/EA) and a FinniganVR Delta V mass spectrometer at Stockholm University, Department of Geological Sci-
ences. Results are reported in per mil deviation from the standard (Vienna-SMOW) and denoted d18O, where

d18O5 Rsample=Rstandard21
� �

3103 (1)

R is the ratio of 18O/16O for the sample or standard. The overall precision based on standard measurements
is estimated to be better than 60.1&.

2.3. Calculations of Ice Export
Earlier studies have combined salinity and d18O data to determine the fraction of Arctic Ocean water either
removed as sea ice or added as ice melt using three component mixing calculations [Bauch et al., 1995;
Ekwurzel et al., 2001; €Ostlund, 1994; €Ostlund and Hut, 1984]. In such calculations, the d18O values of a specific
water parcel are modeled to be a mixture between three fixed end-members; river water, sea water, and
sea ice. For such calculations, it is assumed that all formed sea ice has a specific d18O value and salinity com-
position. However, on the shelf, where there are a range of salinity and d18O values due to variable contribu-
tions from rivers the assumption of a single ice end-member composition is not valid. Since the ice formed
on the shelf will have an offset in d18O value from the value of the water from which it was formed, it will
exhibit a range of values across the shelf. The large range of d18O and salinity values of the water from
which ice is formed, and the ice itself, must be taken into consideration when calculating ice formation in
brackish shelf water. This has been considered in calculations of brine formation in the Laptev sea, where
the ice melt end-member for samples on the shelf with surface d18O lower than 27& was set to a d18O
value of 27 12.6& for the surface water [Bauch et al., 2010]. Here we use a modified approach to calculate
the fraction of water that is removed as ice or added as ice melt.

In the present study, the d18O and salinity values of each water sample are interpreted as reflecting a mix-
ture of river water and sea water, as well as removal of a fraction of water as sea ice. The fractions obtained
from each sample are then used to obtain average values of ice production across the different sections of
the Siberian shelf. These values are then interpreted as representing the total volume of ice removed
from the region (which was essentially ice free during the time of sampling) from the residence time of
water in the region. The remaining waters have had salinities increased by this process, and these brines
may have been removed from the surface water on the shelf by sinking, but nonetheless record the extent
of ice removal. A schematic diagram (Figure 2) shows the major water flows into and out of the East Sibe-
rian Arctic Seas, subdivided into the Laptev and East Siberian Sea and also across the seasonal halocline.
Basically, fresh river water of zero salinity flow onto the shelf where it is mixed with sea water of Atlantic or
Chukchi Sea composition generating a shelf water mixture. Sea ice is formed with significantly lower salinity,

Figure 1. Stations sampled for depth profiles for d18O values and salinity during the period August–September 2008. Laptev Sea, west
and eastern part of ESS, and Chukchi Sea are marked. The three sections, shown in red, start at the river mouth of the major rivers Lena,
Indigirka, and Kolyma.
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compared to the mixture, and con-
comitantly water with higher salinity,
brine, is formed. The sea ice and water
including sea ice melt is exported
from the surface layer into the central
Arctic Ocean whereas the brine water
is exported through the seasonal halo-
cline and further into the central Arctic
Ocean. A small fraction of the ice melt
will stay on the shelf and contribute to
the fresh water inventory.

Mixing of sea water (sw) and river water
(rw) on the shelf will generate a shelf
water (mix) with a 18O/16O ratio (Rmix)
that can be obtained from the 18O/16O
ratios and salinities (S) of the seawater
and river water end-members, along
with the salinity of the mix;

Rmix5 Smix=Sswð Þ Rsw2Rrwð Þ1Rrw (2)

Equation (2) represents two-
component mixing and gives a linear
correlation between 18O/16O ratios and
salinities for compositions between

those of seawater and river water with a single isotope composition (Figure 3). However, ice formation and
melting can also affect shelf waters, and will move the water compositions away from any such correlation.
The formation of ice is expected to incrementally remove water with an 18O/16O ratio that is isotopically frac-
tionated from the shelf water. If ice is formed from a fraction f of the water (f5Mice/Mmix) with a 18O/16O ratio
of Rmix, then the measured 18O/16O ratio (Rmeas) of the remaining water is related to that of the ice by

Rmix5fRice1 12fð ÞRmeas (3)

Note that this assumes that the 18O/16O ratio of the ice is constant throughout its formation. Where a very
large fraction of ice is formed, the ratio of the water will follow a Rayleigh distillation evolution; however, the

fractions of ice in the Arctic are suffi-
ciently small that the process can be
approximated by the simple mass bal-
ance equation (equation (3)). In effect,
then, equation (3) is end-member com-
ponent mixing, with the composition
of the ice component calculated sepa-
rately for each sample based upon the
composition of the mixture of the river
water and seawater components.

Defining the isotope fractionation fac-
tor a5Rice/Rmeas, equation (3) becomes

Rmix5Rmeas 11f a21ð Þ½ � (4)

where Rmeas is the final 18O/16O ratio
and f is the fraction of water removed
as ice. The sea ice incorporates some
salt from the seawater, and so

Smix5Smeas 11f a21ð Þ½ � (5)

Figure 2. A schematic illustration of the East Siberian Arctic Seas with the Laptev
and East Siberian Sea (subdivided by a dotted vertical line) and corresponding
major water fluxes. The dashed horizontal line shows the seasonal halocline at
about 10 m in the Laptev Sea and 15–20 m in the East Siberian Sea. The black
arrows show the major water inflow including fresh water, mainly the Lena River
water in the Laptev Sea and addition of minor river water fractions from the Indi-
girka and Kolyma in the East Siberian Sea. The inflow of saline Arctic water of
Atlantic origin to the Laptev Sea and from the Chukchi Sea to the East Siberian Sea
is also marked by black arrows. The open arrows show the flow paths of the
formed sea ice or sea ice melt and the corresponding brine. The sea ice is exported
into and out of the Arctic Ocean by the transpolar drift and the corresponding
brine is sinking across the seasonal halocline and exported from the shelf into the
Arctic Ocean. It should be noted that the illustration represents the summer condi-
tions during sampling and during other parts of the year the halocline might be
weaker or absent allowing vertical mixing of the entire water column.

Figure 3. A schematic plot showing the calculation of the fractions of seawater (SW),
river water (RW), and water removed as ice. The line between River and Sea represents
a two-component mixing following equation (2). The figure shows an example of the
calculations for a sample with, Smeas 5 20 and d18Omeas 5 215&. The parameters Rmix

and Smix are the oxygen isotope ratio and salinity unaffected by ice formation or melt.
The measured isotopic ratio and salinity are denoted Rmeas and Smeas. The oxygen frac-
tionation factor a 5 1.0026 and the salinity in sea ice is assumed to be a fraction of the
seawater salinity of a 5 4/35. For decreasing values of f the point will follow the line
until the two lines intersect. The f at the intersection is given by equation (6).
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where Smeas is the final salinity and a5Sice/Smeas. Note that the salinity of sea ice is not 0 due to incorpora-
tion of seawater.

The fraction f of water removed as ice can be obtained for each sample by combining equations (2), (4),
and (5);

f 5
Rrw2Rmeasð Þ1 Rsw2Rrwð Þ Smeas=Sswð Þ

a21ð ÞRmeas2 a21ð Þ Rsw2Rrwð Þ Smeas=Sswð Þ (6)

The result from equation (6) directly shows whether there is ice removal or ice addition (ice melt). Values of
f> 0 correspond to the formation of ice, and so ice removal, while values of f< 0 correspond to the addition
of ice melt. Using the calculated value of f, the value of Smix can be determined using equation (5). The ratio
of river water to seawater can in turn be directly obtained from Smix. The ratio of river water to seawater is
used together with the calculated f to get the fractions for all components.

An a value of 1.0026, basically independent of salinity, [Macdonald et al., 1995] was used in the calcula-
tions. The constant a in equation (5) used to determine the salinity in forming sea ice is derived from
data from the Beaufort shelf [Macdonald et al., 1995]. The salinity in ice was found to show a strong cor-
relation between the salinity of the water and the salinity of the formed ice. The salinity in the ice var-
ied between 4 in ice created from seawater to 0 in ice formed from river water. A value of a 5 4/35 has
been used here.

The river water distribution of d18O values in each region of the Siberian shelf determines which end-
members are applicable for calculating the fraction of ice removed. The weighted annual mean d18O value
of Lena River water is used as the river water end-member for the Laptev and the Western ESS. For the east-
ern part of ESS, the annual mean for the Kolyma River is used as the river water end-member. For the Laptev
and Western ESS, Atlantic water is used as the sea water end-member. For the eastern part of ESS, the aver-
age d18O and salinity values from 28 samples collected in Chukchi Sea during this work is used as the sea-
water end-member. The frontal zone between ESAS and ‘‘Pacific waters’’ with an average position near
1608E marks the subdivision between eastern and western ESS [Semiletov et al., 2005]. This position has
therefore also been used as subdivision between the sea water end-members.

Since ice may move independently from the underlying waters above and below the seasonal halocline,
the 18O/16O ratio and salinity of meltwater cannot be readily related to that of water to which it is added.
The impact of the addition of freshwater by the melting of ice is therefore difficult to calculate. There are
only a small number of samples that have been clearly affected by ice melt, and since the offset of these
samples from simple two-component mixing is small (see Figure 4 and discussion below), the determina-

tion of the amount of added melting
ice is not very sensitive to the ice com-
position. Therefore, for samples that
exhibit inputs from melting sea ice,
the fraction is calculated by assuming
a three component mix using end
members that are listed in Table 1.
Note that in our ice export calcula-
tions, the export of ice or ice melt can-
not be distinguished. Since the
majority of our samples show low or
no addition of ice melt, the contribu-
tion of export from ice melt is
assumed to be low. In our ice export
calculations, contribution of fresh-
water export from ice melt is included
in the ice export.

The estimates of the total ice volume
removed from the water column Vice

are calculated using the results from

Figure 4. Measured d18O values versus salinity. All data from the current study are
plotted. The values for the end-members are given in Table 1. Mixing lines
between Atlantic and mean Lena River water, summer Lena River water, and
mean Kolyma River water are shown. Samples below the mixing lines have been
affected by increased salinity and a shift in d18O values due to ice formation; while
those above the lines have been affected by the addition of ice melt. However, for
samples with very low salinities, the addition of ice melt cannot be distinguished
from addition of Lena River water discharged in August.
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the hydrographic data and integrating
over the shelf volume.

Vice5

ð
f

12f

� �
1

qice

� �
dv (7)

where f is the mass fraction of the water
removed as ice recorded in each sample,
and qice � 0.92. The fractions of ice
removal or melt addition over the vol-
ume of the shelf (defined as where the
water depth is less than 200 m) using

the values obtained for the collected samples and the Data Assimilation System (DAS) program [Sokolov
et al., 1997]. The calculations were done using cells with a resolution of 10 km2. The depth resolution is 5 m
between surface and 10 m, 10 m between 10 m–100 m and 25 m between 100 m – bottom. All the values
are averaged within each cell and linear interpolations are made to fill empty cells. The interpolations are
limited to 200 km and extrapolations are limited to 50 km. Vertical interpolations are limited to 200 m and
vertical extrapolation to 100 m. Calculations of ice formation were made for areas south of latitude 77.58N.
Note that changing the vertical resolution to 10 m between the surface and 20 m and below that to 50 m
changes the results by less than 5%. The Laptev Sea is defined as the area between 1208 and 1408E, the
western part of ESS between 1408E and 1608E, and the eastern part of ESS between1608E and 1808E. The
map and vertical sections were generated using Ocean Data View [Schlitzer, 2015].

The calculated total amount of ice export is dependent upon the exchange of water on the shelf and
reflects the results from several winter seasons. The annual ice export is calculated using the estimated
average shelf water residence time of 3.5 years [Schlosser et al., 1994] and the integrated total amount of
sea ice removal Vice from each area.

The analytical error from salinity and isotope measurements affects the calculations, with an average of
60.8 % for the calculated fractions. The error term does not affect the results significantly. However, the
choice of end-member has a much greater impact on the result. For Atlantic seawater, the end-members
are clearly defined with low variance in the isotopic composition. For the Chukchi Sea end-member, we use
the average value obtained in this work. The river water shows seasonal variations, which makes it challeng-
ing to define a suitable river water end-member. The end-member used in the calculations is listed in Table
1 and the choice of river end-member is a flow weighted average [Cooper et al., 2008]. The data on the vari-
ation of d18O values from the PARTNERS project [McClelland et al., 2008] show that in the Lena River the
d18O can vary between 217.6 and 222.9& depending on season of the year. On this data set, a 1& change
in the river water end-member will give an average of 15% offset on the fraction of ice removed on samples
that show a river water fraction >0.6. Therefore, reliably quantifying the effects of ice removal from these
samples is not possible and has thus been excluded from the export calculations. It should be noted, how-
ever, that samples with a >60% river water fraction occur in a relatively restricted area, and so this does not
substantially affect the overall estimates of ice removal from the shelf. To evaluate the variation in the calcu-
lated sea ice export due to uncertainties in the end-member composition, we did a Monte Carlo simulation
on equation (6), the f-values. Random numbers (100,000 with a uniform distribution) were generated for
the d18O. The chosen range in d18O values for the end-members were between 219.5& and 221.5& for
the river water and between 0.27& and 0.33& for the sea water. Using this model, the fraction of ice
removed vary about 610%.

3. Results and Discussion

3.1. General Distributions of Salinity and d18O
The distributions of salinity and d18O values are shown in Figure 5. The inflow from the Lena River creates a
clear horizontal salinity gradient in the surface layer, while the inflows from the two largest rivers entering
the East Siberian Sea, the Indigirka, and Kolyma Rivers, are much less pronounced. The d18O values show a
similar pattern to that of salinity. The salinity and d18O patterns demonstrate that the freshwater in the

Table 1. End-Member Compositions, Salinities, and d18O

Salinity d 18O (&)

Sea icea 4.0 12.6
Atlantic Sea watera 34.8 10.3
Chukchi Sea waterb 31.8 22.8
Lena River water annual meanc 0 220.5
Kolyma River water annual meanc 0 222.2

aEkwurzel et al. [2001]. The sea ice value is used for ice melt only (see text).
bAverage values for the Chukchi Sea from this work used as end-member

for calculations in the EESS.
cCooper et al. [2008].
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Laptev and in the western ESS is domi-
nated by discharge from Lena River.
East of Longitude 1608E, the waters
are influenced by Pacific inflow [Semi-
letov et al., 2005].

A plot of the salinities and d18O data
(Figure 4) shows that most of the
measured samples fall below the two-
component mixing line between the
Lena mean river water and sea water
end-members. This indicates that
there is a general supply of brine by
ice formation on the shelf, which also
serves as a measure of the removal of
sea ice since there is no accumulation
of ice. However, there is also a sea-
sonal variation of d18O values in the
river water end-member as shown by
the Lena River composition for August.
A number of the freshest samples
below a salinity of 10 fall above the
mixing line based on the Lena River

mean value, but are still below the mixing line for Lena River August waters [McClelland et al., 2008]. These
samples were collected close to the Lena River in late summer, when the d18O value in the Lena River is sub-
stantially higher compared to the annual mean, which can explain the higher isotope values of these sam-
ples. Therefore, no ice removal was calculated for these samples. Nevertheless, the overall picture shows
that there is an extensive net ice production with an associated export of sea ice from the ESAS.

By comparing the measured salinity (Smeas) in each sample with what would be expected without any sea
ice removal (Smix), the increase in salinities on the shelf due to ice export were calculated using equation (5)
along with the fraction of water removed as ice from equation (6). The result shows an average salinity
increase in all samples of 1.9 due to ice removal. The biggest increase is seen in the waters samples from
below the seasonal halocline, which show an average increased salinity of 3.0 through formation of sinking
saline waters. The samples from the Laptev Sea show an average salinity increase from 17.2 to 19.3, with
the bottom waters increasing in salinity by an average of 3.6 from 24.5 to 28.1. In the western part of ESS,
the average salinity of the samples has increased from 18.6 to 20, and the bottom water has increased by
2.5 from 25.8 to 28.3. In the eastern part of ESS, the average salinity of the samples has increased from 30.2
to 30.5. The average bottom water has increased in salinity by 0.7 from 31.7 to 32.4. On the ESAS, the bot-
tom water in the eastern part of ESS has the highest salinities.

3.2. Transect From River Mouth to Shelf Break
The waters above the seasonal halocline in the Laptev Sea are strongly affected by the Lena River. The
variations in the O isotope composition of the Lena River close to the river mouth may be due to the
isotopically heavier runoff (i.e., higher d18O values) during August rather than ice melting. Due to the varia-
tion in end-member values, the samples with river fractions above 60% are omitted in Figure 6a. It is worth
noting that similar values in this region for 2007 were interpreted by Bauch et al. [2010] as due to addition
of melt water, possibly from river ice. Without other tracers, these two possibilities cannot be readily distin-
guished in our samples. For those samples with lower river water contributions, the value of the calculated
fraction of water removed as ice is not as sensitive to the isotopic composition of the river water end-
member.

Waters below the seasonal halocline clearly show ice removal (Figures 6a and 6b). The highest fraction of
water removal as sea ice (over 0.2) in the transect is situated near the bottom around latitude N 748. This lat-
itude is the same as that reported for flaw leads (polynyas) in the Laptev Sea [Dethleff et al., 1998]. In a com-
parison of brine formation between 1994 and 2007, the distribution of water affected by ice removal had

Figure 5. (a) Salinity and (b) d18O values in surface water. The black dots show the
sampling stations.
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shifted from bottom to shallow waters [Bauch et al., 2010]. The change was suggested to be a result of less
effective ice formation during 2007. The results from 2008 show a very similar pattern as those from 1994,
suggesting that the extreme conditions from 2007 did not impact ice formation during the following year.
The salinity of the water with the highest input of brine from ice removal is �29, which is too low to create
bottom water that is dense enough to sink below the arctic halocline.

In the transect from the Indigirka River and across the shelf (Figures 6c and 6d), the highest fractions of sea
ice removal are found near the shore and close to the surface. The transect is quite close to the Laptev Sea
and the stations south of the New Siberian Islands exhibit high fractions of sea ice removal (Figure 7). It is
likely that the waters are influenced by horizontal movement of water from the Laptev Sea. The salinity in
this area is 20 and the total river water fraction is above 40%. As discussed above, the major part of the river
water in the western ESS is dominated by Lena River water [Semiletov et al., 2005; Semiletov et al., 2000]. The
waters from the Laptev Sea may therefore carry an imported signal of sea ice removal, which will cause an
overestimation of the ice formation in the western part of ESS. Apart from the area of high sea ice removal
between latitude 738 and 748, the area generally shows a low level of sea ice removal.

The Kolyma River transect (Figures 6e and 6f) shows the lowest river water fraction and is dominated by
high-salinity waters, which most likely are of Pacific origin [Semiletov et al., 2005]. The surface waters are
freshened by sea ice melt around latitude 728–738. At the same latitude, the bottom waters show about 5%
removal as sea ice. The salinity of the bottom waters with the highest fractions of sea ice removal is �33,
which is a higher salinity than that of the water at the shelf break of �32. This makes it possible for this
water to migrate down from the shelf. The brine-enriched waters have significantly higher salinities com-
pared to brine-enriched waters in the Laptev Sea. This shows that waters in the eastern part of the ESS that
are affected by sea ice removal have the possibility of contributions to the upper halocline waters of the
Arctic Ocean in addition to hypothesized sources in the western ESS based on nutrient data [Anderson et al.,
2013].

Figure 6. (a–f) The calculated fraction of river water and the calculated fraction of sea ice removal (<0) or addition of ice melt (>0). The black dots show the distribution of sampling
depths. Note that for river fractions above 60%, the ice/melt calculations are omitted, shaded area in Figure 6a. The section bathymetry is from ODV (GEBCO1.nc) and it may differ from
sampling depth.
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3.3. Estimates of Ice Export From ESAS
The average fractions of water that are removed as ice or added as ice melt above and below the seasonal
halocline are shown in Figure 7. The characteristics of the salinity and calculated fractions reported in the
three specific transects in Figure 6 are also seen in Figures 7a and 7b. As discussed above, the seasonal var-
iations in the d18O values of Lena River water, rather than ice removal, are responsible for variations in sur-
face waters with river fractions above 60%, and so these are not included in Figure 7. However, the bottom
waters in the Laptev Sea show large fractions of ice removal and this water is spread eastward into the
western ESS, which is consistent with the general direction of the coastal currents [Dmitrenko et al., 2008;
Weingartner et al., 1999].

Table 2 shows the estimated total ice volume removed from the water column (Vice) and associated ice
export from the ESAS based on the 2008 data. The total ice volume removed from the water column in the
ESAS is estimated to be 3000 km3 and the annual export is estimated be about 860 km3 assuming a resi-
dence time of 3.5 years. In comparison previous studies of ice export using ocean-to-atmosphere heat flux
from the Siberian shelf report an annual ice production in the Laptev Sea flaw lead (polynya) during the
1991/1992 winter season estimated to 258 km3 [Dethleff et al., 1998]. Estimates of polynya ice production

Figure 7. (a) Mean fraction of sea ice removal (<0) or addition of ice melt (>0) above the seasonal halocline. The shaded area represents
river fractions above 60% where the ice/melt calculations are omitted (b) Mean fraction of sea ice/melt below the seasonal halocline.

Table 2. Estimates of Total Ice Volume Removed From the Water Column

Area (km2 3 103) Depth (m)
Mean Ice
Fraction

aVice

(km3) River (km3)
Mean River

Fraction
Annual

Export (km3 yr21)

ESAS 1230 Above seasonal halocline 0.04 690 4990 0.30
Below seasonal halocline 0.04 2300 3660 0.06

0–200 0.04 3000 8650 0.14 860

aVice, annual ice export and river supply in the East Siberian Arctic Seas. The annual export is calculated using a residence time of 3.5
years.
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using satellite microwave data for the 10 year period 1979–2008 are 55 km3 and for the same period a yield
total annual ice production of 845 km3 [Willmes et al., 2011]. Willmes et al. [2011] argue that the annual poly-
nya ice production is relatively small, about 8%, compared to the total annual ice production. This is argued
to be mainly due to that the polynya areas tend to be overestimated in earlier studies. Results from the
central-eastern Laptev Sea, shows an annual export estimated between 270 and 310 km3 yr21 for 1994 and
for 2007–2009 [Bauch et al., 2013]. For the entire Laptev Sea, a shelf area of 504 km2, total annual ice pro-
duction is in the range of between 480 and 660 km3 yr21 [Chen et al., 2003].

In contrast to the Laptev Sea, the ESS has been considered to be an area of net import of sea ice [Chen et al.,
2003; Macdonald, 2000], and the surface water is clearly affected by sea ice melt. However, below the sea-
sonal halocline there is evidence of sea ice export. Although the ice melt and addition of brine water appears
at the same locations, melt can only account for a small part of the brine below the seasonal halocline.

The results from this study including both the Laptev and ESS show about 30% higher total ice export com-
pared to the largest estimates for the Laptev Sea only. Given that the area of the ESS is about 75% larger
than the Laptev Sea, the Laptev Sea is clearly a dominating ice exporting area. However, there also seem to
be a significant ice export from the East Siberian Sea.

4. Conclusions

Surveys of salinity and d18O variations across the Arctic shelves provide a basis for calculating the total
export of freshwater as ice from the shelves, and so quantifying an important part of the Arctic total fresh-
water cycle. Data of salinity and d18O values for water samples collected in 2008 were used to calculate the
fraction of water that was removed as ice or added as ice melt in the vast Arctic Siberian shelf areas. A
method for such calculations is presented, taking into account the d18O values of sea ice from waters with
different d18O compositions due to mixing between river water and sea water. There is a net transport of
ice from both the Laptev and the Eastern Siberian Seas, and in total the shelf waters have lost 3000 km3 of
freshwater in the form of sea ice. The annual export of ice from the ESAS is estimated to be 860 km3y21.
The waters that show the highest effect of sea ice removal in the Laptev Sea are situated below the sea-
sonal halocline at the bottom, and show similar patterns found prior to 2007. In the eastern part of the ESS,
there is also net ice export. ESS brine-enriched waters at the shelf bottom show the highest salinity on the
shelf and may migrate down from the shelf into the upper halocline waters of the Arctic Ocean.
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