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ABSTRACT. The structural and stable-oxygen-isotopic properties of sea-ice samples
collected on land-fast sea ice in the northern Baltic Sea, at 60.2-657° N, 21.3-26.9°E, were
used to estimate the contribution of snow ice to the total sea-ice thickness, and the fraction
of snow in the snow-ice layers and in the total sea-ice thickness. The textural analysis of the
sea-ice cores revealed a general structure of a granular surface layer and a columnar basal
layer. Using different isotopic criteria to distinguish snow-ice layers, we estimate that
snow-ice layers contributed on average 24—32% of the total ice thickness in the study
region. Transition ice (intermediate granular—columnar ice) also contributed signifi-
cantly to the total ice thickness. The snow in the snow-ice layers contributed on average
1821 % of the total sea-ice thickness (by mass), a significant contribution when compared
to other regions with sea-ice cover. The methods used could be improved to give more
accurate estimates, especially by improving knowledge of the temporal variability of the
isotopic properties of the snow incorporated into the sea-ice cover. However, our results
can be regarded as plausible estimates for the contribution of snow ice and snow to sea-ice
growth in the study area.

1. INTRODUCTION (Frohlich and others, 1988; Punning and others, 1991), with
some seasonal deviations mainly due to evaporation.
AsWeeks and others (1990) noted, one might suppose that

The Baltic Sea is characterized as a brackish water basin, .. .. . .
the characteristics of sea ice in a restricted and economically

with only a narrow connection to the world ocean through . .
Y 5 important water such as the Bothnian Bay would have been

the shallow Danish straits. Sea ice occurs annually; however, . . .. . .
Y ’ extensively over-studied, but this is not the case. This applies

the interannual variability in ice cover is large (e.g. Seini . . .. .
uat v Y v ge (eg to the whole Baltic Sea as well. Studies on sea ice in the Baltic

and Peltola, 1991). During mild winters, only coastal regions .
. © . . 5 Sea to date have mainly focused on large-scale problems,

and the Bothnian Bay are ice-covered (Fig. 1), whereas . . . )
. . o> such as ice dynamics and climatology (e.g. Leppéranta, 1981,
during severe winters almost the whole sea is ice-covered. Haapala and Leppiranta, 1996, 1997). However, a thorough
The ice season lasts for 5-7 months in the northernmost P PP ’ ; : 5

. . . understanding of the role of sea ice in the Baltic Sea, whether
parts and decreases in duration towards the south (e.g. Seind

from an oceanographic, climatological or biological perspec-

and Peltola, 1991). The maximum ice extent occurs in mid- . . o . . .
tive, requires quantitative estimates of different ice-growth

February to mid-March. The land-fast ice cover usually
processes.

The crystal structure of sea ice in the Baltic Sea shows
large variability (Palosuo, 1961, 1963; Omstedt, 1985; Fransson
and others, 1990; Weeks and others, 1990), although these
studies have often been restricted to certain geographical

extends to the outer skerries, where the water depth is 5—
15 m. Further offshore the ice cover is highly dynamic (e.g.
Leppiaranta, 1981). Fast ice grows 20—100 cm thick, depend-
ing on the winter and location; the maximum observed level
ice thickness is 122 cm (Seind and Peltola, 1991). The salinity

! kice, d ic thickening is i tant (e.g. raft-
of the surface water is 3—7 PSU (practical salinity units) on arcas. In pack ice, dynamic thickening is important (c.g. ra

i d ridgi 1 i tant role). Weeks and oth
the Finnish coast, while the sea-ice salinity is generally ing and ridging plays an important role). Weeks and others

<2PSU (e.g. Palosuo, 1963). Observations of the stable-
oxygen-isotopic properties (6'®0) in the northern Baltic
Sea, especially the Gulf of Bothnia, are virtually non-exist-
ent. Punning and others (1991) presented 630 values of =6 to
—8%o for water salinities of 5-15%o. Observations show that
the relationship between salinity and §'80 is close to linear

(1990) found pack ice to be composed of up to 80% granular
ice. In coastal areas the ice cover is more static, and often the
ice sheet consists of two distinct layers: an upper granular
layer (partly snow ice) and a lower columnar layer (see, e.g.,
Palosuo, 1963).

Snow-ice formation is a widely occurring process in Ant-
arctic waters (e.g. Lange and others, 1990; Eicken and others,
1994; Jeftries and others, 1994, 1997, Kawamura and others,
1997, Eicken, 1998; Haas and others, 2001), and some obser-
vations on its importance have also been reported from the

" Present address: Arctic Centre, University of Lapland, Baltic Sea (Palosuo, 1963; Kawamura and others, 2001). Snow
Box 122, FIN-96101 Rovaniemi, Finland. ice forms when the snow load on the ice depresses the ice sur-
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Fig. 1. Map of the northern Baltic Sea showing the location of the sampling sites in March 2000 and the ice conditions on 15
March (ice chart of the Finnish Institute of Marine Research Ice Service). In the labels for the sampling sites, GF, AS, BS and
BB refer to the Gulf of Finland, the Archipelago Sea, the Bothnian Sea and the Bothnian Bay, respectively.

face below sea level (i.e. sea ice has a negative freeboard), so
the sea water can potentially flood onto the ice and produce a
layer composed of a mixture of snow and sea water (slush).
This slush can freeze, and form snow ice on top of the existing
sea-ice cover (e.g. Haas and others, 2001). Superimposed ice 1s
formed when snow meltwater refreezes (e.g. Kawamura and
others, 1997). Recently snow-ice formation has been recog-
nized to have animpacton several factors (e.g. it is an effective
way of sea-ice thickening since the freezing interface is closer
to the atmosphere (the heat sink) than in ice growth at the
ice—water interface (e.g. Maksym and Jeffries, 2000)). Further-
more the flooding and subsequent snow-ice formation pro-
cesses may be important for nutrient replenishment for sea-
ice algae (Iritsen and others, 1994), and slush layers can be an
important habitat for (ice) algae (Haas and others, 2001).

Very little quantitative information is available on the
amounts of snow ice and frazil ice that make up the granu-
lar layer in the Baltic Sea. Observations by Palosuo (1963)
show large spatial and interannual variability in the amount
of snow (whiteice) incorporated into the ice cover. According
to studies on land-fast sea ice in the Gulf of Finland, granu-
lar ice may contribute up to 42% of the total ice thickness
(Kawamura and others, 2001). Data on the stable-isotopic
composition of Baltic Sea ice are limited to those obtained
from one site on the coast of the Gulf of Finland (Kawamura
and others, 2001). These observations indicated a significant
contribution from snow, the snow fraction (by mass) being
up to 26% during the ice season.
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The main motivation for the use of oxygen isotopes in
sea-ice studies is that they provide information on the role
of snow in sea-ice processes, such as flooding, snow-ice for-
mation and meltwater transport (e.g. Lange and others,
1990; Eicken and others, 2002). This study concerns detailed
observations of sea-ice properties in the Baltic Sea during
one particular ice season, winter 1999/2000. Results from
observations made on land-fast sea ice along the Finnish
coast are presented. The objective was to study the structur-
al properties and stable-oxygen-isotopic composition
(6'0), and to understand the key growth processes of
land-fast sea ice along the whole coast. The contribution of
snow to ice formation was of special interest, since earlier
studies have shown that it is potentially important for the
thickening of the sea-ice cover, but no quantitative estimates
have been presented for the Baltic Sea previously, except for
one site in the Gulf of Finland (Kawamura and others, 2001).

2. STUDY AREA AND METHODS

Sea-ice samples were collected at 15 sites along the Finnish
coast of the Baltic Sea (Fig. 1), at 60.2—657° N, 21.3-269° E,
in March and April 2000. Winter 1999/2000 was relatively
mild, with ice covering only the Bothnian Bay and some
coastal areas further south (Fig. 1). The maximum ice extent
was reached in late February, when 23% of the Baltic Sea
was ice-covered, compared to a longer-term average of
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Table 1. Description of sampling sites along the Finnish coast
of the Baltic Sea. The snow depth is the measured snow depth
(or range observed) on the ice at the sampling site

Site Location Ice Snow Comments

thickness depth

cm cm
GF-1  6040°N,26.86°E 15 0 No snow on ice
GF-2  6023°N, 25.60°E 21 0-2  No snow on ice
GF-3  59.87°N,2305°E 25 2-5
AS-1 60.18°N,22.83°E 17 0-1  Nosnow onice
AS-2 6048°N, 21.61° E 19 2-5
BS-1 60.79° N, 21.27° E 21 2-5  Hard refrozen snow
BS-2 61.25° N, 21.51° E 31 5-10  Sheltered embayment
BS-3 61.67°N, 21.42°E 26 0-10  Patchy snow
BS-4 62.10° N, 21.29° E 36 5-10  Wet snow
BB-1 63.38°N, 21.33° E 40 0-10  Patchy wet snow
BB-2 63.93°N, 2305°E 65 15-20
BB-3 64.21°N, 2362° E 59 5-15 Hard refrozen snow
BB-4  64.88°N,24.76°E 6l 5-25 Hard packed snow
BB-5  6554°N,25.08°E 66 20-25 Hard packed snow
BB-6  6574°N,24.25°E 72 25-40 Hard packed snow

about 45%. Theice thickness was also less than average: the
thickness of the sampled ice cores varied between 17 and
72 cm, with a mean thickness of 38 cm (Table 1). Snow thick-
ness at the sites varied between 0 and 40 cm (Table 1).

An ice core 13 cm in diameter was taken at each site for
determination of salinity, crystal structure and stable-
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oxygen-isotopic properties (6°0). In addition, snow and
surface water samples were collected whenever possible,
and conductivity and temperature profiles of the water col-
umn were also measured frequently. Directly after retrieval,
the cores were put in plastic tubing and kept in a freezer
(<—20°C) prior to analysis.

In the cold room (at —15 to —20°C) at the Technical
Research Centre of Finland, Espoo, and the University of
Oulu, Finland, each core was split lengthwise to obtain a
1 cm thick section, which was cut into 10-20 cm long vertical
sections. These were attached to glass plates, planed to about
I mm thickness, and then examined between crossed polar-
izers to identify the crystal structure. Hereafter the remain-
der of the core was divided into sections, usually 1-10 cm
long, along structural boundaries.

A 100200 mL sample of each structural section was taken
from the central part of the core and put into a zip-lock poly-
ethylene bag The pieces were melted at room temperature,
and, immediately after melting, 40 mL bottles were filled com-
pletely and closed tightly. The water samples were shipped to
the Institute of Geology, Tallinn, where 6'®0 was determined
using a Finnigan-MAT Delta-E mass spectrometer (Finnigan-
MAT, Bremen, Germany). Results are measured against
laboratory internal standard water, which has been calibrated
on the V-SMOW/SLAP scale using the international reference
materials V-SMOW (Vienna Standard Mean Ocean Water)
and SLAP (Standard Light Antarctic Precipitation) from the
International Atomic Energy Agency (IAEA), Vienna, Austria.
Reproducibility of replicate analyses is generally better than
+0.1%0. Salinity was determined from the same melted
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Fig. 2. Structural properties and vertical profiles of salinity and 63O for ice cores from the Bothnian Bay. The ice cores were
divided into granular ice (g), a mixture of granular and columnar ice (g/c), termed transition ice, and columnar ice (c). The

vertical scale depends on the individual ice-core length.

https://doi.org/10.3189/172756503781830872 Published online by Cambridge University Press

141


https://doi.org/10.3189/172756503781830872

Journal of Glaciology

Salinity (PSU)
0 0.5 1 1.5

0
g0 o ! g
= — g/c]
e
I ¢
o)
0 30 salinity §'%0

-16 14 -12, -10 -8 -6
5120 (%o)

Fig. 3. Same as Figure 2, but for ice in the Bothnian Sea.
samples using a Schott handylab LF1 (Schott Glas, Mainz,

Germany) conductivity meter and UNESCO algorithms
(Fofonoft and Millard, 1983) to an accuracy of 0.1 PSU.

3. RESULTS AND DISCUSSION

3.1. Structure, stratigraphy and oxygen-isotopic
characteristics

A granular upper layer and a columnar lower layer are char-
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acteristic structural features of most of the cores. The granu-
lar ice layer often consisted of fine-grained layers (mm-sized
crystals, denoted g in Figs 2—4) and a type ofice termed trans-
ition ice (Fig. 5, with cm-sized crystals, denoted g/c in Figs 2—
4), which is an intermediate state resulting from oscillations
between the granular- and columnar-ice growth modes (see
Weeks and others, 1990). Figure 5 shows the structure of trans-
ition ice. The total ice thickness varied between 17 and 72 cm,
and the snow depth between 0 and 40 cm, both showing a
significant increase in thickness towards the north (Fig. 6b).
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Fig. 4. Same as Figure 2, but for ice in the Archipelago Sea and the Gulf of Finland.
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Fig. 5. Avertical thin section of transition ice, an intermediate
granular—columnar ice type (see Eicken and Lange, 1989),
photographed between crossed polarizers. Section is from depth
5—14 ¢m at site BS-3. The scale on the left is in centimeters.

There were large variations in the amount of the different
ice types: columnar ice constituted 0—84% of the ice sheet,
the average being 40.2%, whereas granular layers (g and g/
c) constituted 16—100% (mean 59.8% ). Ice termed transition
ice, defined as intermediate columnar granular ice by Eicken
and Lange (1989), constituted on average 28.2% of the total
ice thickness. The average values were computed according
to the absolute method described in Jeffries (1997). The absolute
method sums the total amount (in meters) of a particular ice
type measured in each core and then divides that total by the
total length of the cores (in meters) to give an absolute per-
centage for that ice type. All average values given hereafter
are computed according to this method.

The relative contribution of different ice types showed
no significant regional variability (Figs 2—4), the clearest
exception being the significant contribution of transition
ice in the Bothnian Bay (Fig. 2). The contribution of granu-
lar and columnar ice showed large variability, and no clear
differences between the different basins were observed.

Major exceptions to the characteristic two-layer ice
structure were observed at sites BS-4 and BB-1. At BS-4
and BB-l the bottommost layer was composed of fine-
grained granularice. This layer could be due to the genera-
tion of frazil ice in nearby open water, which had been

https://doi.org/10.3189/172756503781830872 Published online by Cambridge University Press
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driven below the fast ice at these sites. At BS-4 the fast-ice
edge was relatively close, and new ice formation was
observed some days before the sampling, making this
assumption plausible. Another possibility is refreezing of
surface meltwaters when they come into contact with sea-
water at sub-zero temperatures. However, the under-ice
water salinities did not indicate this as a plausible explana-
tion, and the §'80 values were close to that of columnar
ice, indicating a sea-water origin for these layers. This
basal granular layer, however, did not contribute signifi-
cantly to the total ice thickness at either BS-4 or BB-I,
although it indicates that the generation of frazil ice in
open leads at the fast-ice edge can also contribute to the
sea-ice thickness.

Atsite BB-2, the whole core consisted of granular ice, fine-
grained on top, and large irregular crystals (10-20 mm) in the
bottom layer, which could be regarded as transition ice (g/c
in Fig. 2). Similar thick layers of large irregular crystals were
observed at sites BB-3 and BB-4 (see Fig. 2). For comparison,
in the Antarctic, transition ice has been associated with near-
by leads and a rough hydrodynamic regime (see Eicken and
Lange, 1989, table 1, defined as intermediate c/g). The §'%0
values of transition-ice layers did not differ significantly from
those in columnar-ice layers within individual sea-ice cores
(paired t test, P = 0.17), indicating a sea-water origin for
transition ice. On the other hand, the average 6180 for fine-
grained granularlayers had significantly more negative values
than transition or columnar ice in individual sea-ice cores
(paired ? test, P < 0.05). The salinity of fine-grained granular
layers was significantly higher than in either columnar or
transition ice (paired ¢ test, P < 0.05), whereas transition ice
and columnar ice had similar salinities (paired ¢ test, P =
0.40) in individual sea-ice cores. Both the oxygen isotopic
properties and salinity therefore indicate that the origin of
transition ice (g/c ice in Figs 2—4) is from downward growth
at the ice—water interface (see also Eicken and Lange, 1989).
Possible mechanisms would be: (1) incorporation of frazil ice
into the growing ice sheet; (2) enhanced growth rates due to
changes in atmospheric conditions; and (3) changes in the
hydrodynamic regime at the ice—water interface (Eicken
and Lange, 1989). All mechanisms seem plausible, and further
studies are needed to decipher the origin of thisice typein the
Baltic Sea, since its contribution, especially in the Bothnian
Bay, is very significant. However, the presence of transition
ice could indicate that the fast-ice edge, with open leads, was
close by at some stages of ice growth, and affected the hydro-
dynamic regime beneath the ice cover at those sites. A rela-
tively small amount of transition ice (denoted g/c in Figs 3
and 4) was found in the Bothnian Sea, Archipelago Sea and
Gulf of Finland. This is probably because land-fast ice was
found only in rather sheltered locations, in the archipelago,
in skerries, bays or embayments where the growth conditions
are more static.

A characteristic feature of the §'%0 profiles is that the
most negative values are encountered in the topmost granu-
larlayers. The §'*O values generally increase downwards in
the ice, ranging from —16.2%o to —5.9%o (Figs 2—4). In snow,
680 ranged between —17.4%0 and —8.3%o (mean —12.2%o);
the range is somewhat smaller than for snow in the Weddell
Sea (Eicken and others, 1994). There is a trend of increasing
60 values in both columnar ice and snow going south-
wards (Fig. 6a), which correlates with increasing surface
water salinities (e.g. Haapala and Alenius, 1994) and the
north—south gradient in air temperature. Surface water
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Fig. 6. (a) Relationship of 6'80 in snow, under-ice water and columnar ice (average value for columnar ice in each core) with
latitude; least-squares linear regression lines included, with R? =0.63,0.82 and 0.65  for snow, water and columnar ice, respect-
wely. (b) Relationship of ice and snow thickness with latitude; least-squares regression lines included, with R* = 0.94 and 0.83

Jor ice and snow thickness, respectively.

680 values follow a north—south trend similar to that for ation factor would be greatest due to slower growth rates
snow and columnar ice (Iig. 6a). when the ice gets thicker. On the other hand, the influence
The least negative values in columnar layers are often of under-ice spreading of riverine waters during the winter
encountered in the bottommost parts where the fraction- would tend to decrease the 680 in surface waters; conse-
_7 T T T T T
* March 2000
O March 2001
X November 2000

§'%0 (%o)

0 1 2 3 4
Salinity (PSU)

~15 '

Fig. 7. Relationship of 6'8O with salinity in surface waters in the Bothnian Bay sampled in March 2000 (under-ice water),
November 2000 ( surface water during freeze-up) and March 2001 (under-ice water ). Least-squares linear regression lines and
equations included for whole dataset (solid line ) and for under-ice samples (dashed line).
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quently §**0 in the columnar layers would decrease as the
ice season progresses. Decreasing 6'%0 values toward the
bottom of the ice cover, below the highly negative surface
layers, are observed only at BB-2 and AS-1 (Figs 2 and 4);
the most distinct decrease is at BB-2, where the crystal struc-
ture is very different to that at the other sites. Also the sal-
inity profile at site BB-2 indicates an increasing fresh-water
contribution during the ice season (Fig. 2). However, the ice
salinity is also affected by lower growth rates, i.e. the lower
the growth rate the more salt is expelled from the ice. The
under-ice water salinity profile, however, showed no distinct
fresh-water layer beneath the ice at BB-2.

3.2. Identification of snow ice, frazil ice and transi-
tion ice

To differentiate between snow ice and frazil ice in sea ice
requires stable-isotope data since the granular crystal texture
of these ice types is very similar (Lange and others, 1990).
Several different isotopic criteria were used by Jeffries and
others (1997) to identify snow-ice layers; some of them have
been adopted and modified to the Baltic Sea conditions. The
use of average values of the whole study area in the Baltic Sea
would tend to either over- or underestimate the contribution
of snow and snow ice, since there is rather large spatial vari-
ability in the isotopic composition of both sea water (e.g.
Punning and others, 1991) and precipitation in the study
region (see IAEA, Isotope Hydrology Information System,
the ISOHIS Database, accessible at: http://isohis.iaea.org).
Conditions can differ significantly between different sampling
sites, as seen in Figure 6a, so use of the properties of snow, ice
and under-ice water at individual sites is more reliable than
use of the average values over the whole study area, as in Ant-
arctica by, among others, Jeffries and others (1997).

Many of our observation sites are potentially influenced
by under-ice spreading of riverine waters, and 6'%0 values
of the surface waters could then change or fluctuate during
winter. However, under-ice salinity profiles indicated that
none of the sampling sites had a distinct under-ice fresh-
water plume/layer during sampling. The northernmost sites
(e.g. BB-6 and BB-5) have surface water salinities as low as
0.1 PSU year-round, so §'*0 values are not subject to drastic
changes during winter. Observations at freeze-up and late
winter (under-ice waters) in the Bothnian Bay indicate that
surface water 680 values in the study area fluctuate about
1%o between the start of freezing and the end of winter (Fig.
7). Values tend to be higher at freeze-up time, and decrease
slowly during winter. However, this occurs only in areas
where the river input has an effect (see Alasaarela and
Myllymaa, 1978). Assuming that the linear relationship
between salinity and 6'*O is a result of a two-component mix-
ture, one component with high salinity (the water entering
the Baltic Sea from the North Sea) and one with zero salinity
(river inflow and precipitation), the §'®0 value for the fresh-
water component in the study area in the Bothnian Bay is
about —12.3%o, estimated from the regression equations in
Figure 7 (Frohlich and others, 1988). The largest variability
in 6'80 values in Figure 7 is in waters with a salinity close
to zero, i.e. in the vicinity of the river mouths. The large scat-
ter is mainly attributed to differences in the location of the
drainage basins. There are larger differences between differ-
ent rivers than between seasonal values within the rivers in
the study area, based on our limited dataset. Also Frohlich
and others (1988) noted that the water in the Baltic is not
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strictly a simple two-component mixture with two end-
members, the zero-salinity input and the high-salinity input
from the North Sea, but that there are regional variationsin
the zero-salinity input.

One potential influence of river waters spreading on sea
water could be to produce frazil ice, when more saline water
below the freezing point of fresh water would cool down the
river water and produce ice from double diffusion processes
(see, e.g., McClimans and others, 1979). Evidence for such
ice formation has yet to be presented for the Baltic Sea, and
is probably constrained to the very mouth areas of rivers. Ice
produced in this manner would have a lower isotopic signa-
ture than ice of ambient sea-water origin and could poten-
tially be assumed to be snow ice. This would give a faulty
estimate for the snow contribution. A prerequisite for this
would then be that river water, close to or at freezing tem-
peratures, would be present at the sampling sites in the early
stages of freezing. As noted above, no evidence for river
water as distinct layers below the ice was observed at the
time of sampling or during a survey prior to freeze-up in
2000, which also rules out the possibility of such ice forma-
tion in the early stages ofice growth. Earlier studies indicate
that distinct river-water plumes form only under a pro-
longed ice cover (Alasaarela and Myllymaa, 1978). Irazil
production due to double diffusion processes is probably
present in close proximity to river mouths. However, obser-
vations of such ice-formation mechanisms are yet to be pre-
sented for the northern Baltic Sea.

The isotopic approach requires that the isotopic
fractionation during ice formation is taken into account
(Jeftries and others, 1997). Since we do not know the
fractionation during ice formation, especially during snow-
ice formation, we apply three different isotopic criteria to
distinguish snow-ice layers from other ice types. The divi-
sion between frazil ice and snow-ice layers by visual inspec-
tion is difficult, if not impossible. However, since the
transition ice (denoted g/c in Figs 2—4) was shown to have a
sea-water origin (see section 3.1), those layers are not consid-
ered to have any snow contribution. Only layers denoted as
g in Figures 2—4, i.e. fine-grained granular-ice layers, are
considered to potentially have a snow contribution. Three
1sotopic criteria, described below, are used to determine ice
layers as snow ice or frazil ice.

Criterion 1 assumes that any granular-ice layer (denoted g
in Figures 2-4) with 680 values less than §'2O, the sea-water
6180 value at each site, has a snow contribution (cf. criterion
1, Jeffries and others, 1997). This criterion assumes no fraction-
ation during snow-ice formation and can be regarded as a
minimum estimate for the snow-ice contribution.

Criterion 2 takes into account that some fractionation
will occur during snow-ice formation, and fine-grained
granular layers with §'%0 values below (8130 +1.0)%o (cf.
criterion 2, Jeffries and others, 1997). The observed value for
isotopic fractionation during columnar-ice growth in the
Gulf of Finland has been around 2% (Kawamura and
others, 2001; derived as the difference between 6'80 value of
sea water and bottommost ice sections analyzed). The max-
imum fractionation during fresh-water ice formation, at zero
growth rate, is assumed to be close to 3%o (e.g. O’Neil, 1968;
Lehmann and Siegenthaler, 1991). However, for a 4%o NaCl
solution, Craig and Hom (1968) found a fractionation factor
of 2.65%o. Furthermore, ice grown in natural conditions will
not necessarily be formed in isotopic equilibrium, which
depends on freezing rate and water mixing at the ice—water
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Table 2. Contribution of granular-ice ( frazil ice and trans-
ition ice) and snow-ice layers (%o ) to the total ice thickness
averaged over all sites

Criterion Granular ice Snow ice
1 359 239
2 28.2 31.6
3 28.2 31.6

Note: Average values calculated according to the absolute method described
inJeffries (1997).

interface (Lehmann and Siegenthaler, 1991). For fraction-
ation between sea water and sea ice, a value of 2.70%o seems
to apply during the slowest growth rates realized under nat-
ural conditions (Craig and Hom, 1968; Melling and Moore,
1995; Eicken, 1998). Since the fractionation processes during
snow-ice formation have not been studied in great detail, we
assume that fractionation is not as close to equilibrium as
during columnar-ice formation, because snow-ice layers
usually grow faster, and the fractionation will be less than
that for columnar ice. Therefore we choose a value for
fractionation that is between the observed value for Baltic
Sea ice and zero fractionation. This represents an inter-
mediate estimate for the contribution of snow ice.

Criterion 3 gives a plausible upper limit for the contribu-
tion of snow ice. Any granular-ice layer (denoted g in Figs
2-4) with 60 values less than §!°%0, the average 6§'*0O
value for columnar ice at each site, has a snow contribution
(cf. criterion 3, Jeffries and others, 1997). However, this
assumption probably underestimates the amount of frazil
ice, because isotopic fractionation during congelation
(columnar-ice) growth is higher than during frazil-ice for-
mation. Criterion 3 provides a plausible maximum estimate
for the thickness contribution of snow-ice layers, and a min-
imum estimate for the amount of frazil ice. This assumption
was also used by Kawamura and others (2001) to estimate
the snow contribution in sea ice in the Gulf of Finland.

Of the above isotopic criteria those using values com-
pared to the sea-water value at each site, 1.e. criteria 1 and
2, would tend to underestimate, rather than overestimate,
the amount of snow ice. This is because if the §'30 of sea
water at the sites decreased during winter, as would be the
case if the observationalssites were influenced by runoff from
land, one would use lower §'%0 values of sea water as refer-
ence than would have been incorporated into the sea-ice
cover earlier in the season.

The results for the thickness contribution of snow ice and
granular ice using the different criteria described above are
given in Table 2. Based on the above criteria, 23.3-31.6% of
the total ice thickness is composed of snow ice (i.e. a mixture
of sea water and snow), and 31.6% can be regarded as the best
(i.e. intermediate) estimate. The results using criteria 2 and 3
give identical results, because all transition ice layers are
excluded from the identification process. Criterion 2 already
incorporates all fine-grained layers, indicating that no frazil
ice is present. In individual cores, the snow-ice thickness
contribution ranged between 6% and 73% (criterion 2).
The contribution of granular ice (frazil and transition ice)
is of the same order as the contribution of snow ice, with
transition ice having a substantial contribution in the Both-
nian Bay, and frazil ice having a negligible contribution
except for criterion 1 (8%).
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3.3. Snow fractions

Structural analyses alone do not accurately quantify the
amount of snow ice and the amount of snow incorporated
into the ice sheet. For such information, 6'®0 data have
been used to distinguish between different ice types or to
determine the contribution of snow to the sea-ice cover in
Antarctic regions (e.g. Gow and Epstein, 1972; Lange and
others, 1990; Eicken and others, 1994; Jeffries and others,
1994; Jeffries, 1997; Kawamura and others, 1997). In order
to quantitatively estimate the fraction of snow in granular-
ice layers and sea-ice cores, they all assumed that only
granular-ice layers had a contribution from snow. A simpli-
fied model developed by Jeffries and others (1994) from the
original model by Lange and others (1990) is:

fstfaw=1 (1)
fsés =+ fSw(st = 67 (2)

where f; is the snow fraction (by mass) and f;, the sea-
water fraction (by mass) of the granular-ice section in ques-
tion and & is the 60 value for snow at each site (—8.3 to
—174%o (Fig. 6)). For the by value, we use the sea-water
value at each site, with 1 added (8!20 + 1.0), which allows
for some isotopic fractionation during the formation of snow
ice (see Jeffries and others, 1997), and § is the 6'%0 value for
the granular-ice section for which the snow fraction is being
determined.

The total snow fraction (by mass) of the entire ice thick-
ness in each core, F'y,, was obtained according to:

S

where fs is the snow fraction and h; is the thickness of indi-

vidual snow-ice layers in the core for which FY, is being
determined. Ay is the total length of the ice core. Several
snow-ice layers were encountered in the cores, because the
topmost fine-grained layer was usually divided into several
sections along stratigraphic boundaries.

Snow-fraction (Fy,) values resulting from applying
Equations (1-3) to granular-ice layers, which have been
identified as snow-ice layers using criteria 1 and 2 (see sec-
tion 3.2), are shown inTable 3. On average, 20.7% of the ice
in the study region consisted of snow using the intermediate
criterion. Applying the above equation to snow-ice layers
identified by criterion 3 gives the same values as criterion
2. The minimum estimate (criterion 1) gives an average
snow fraction of 18.3%.

fs values for individual snow-ice layers ranged from 3%
to 213%, with an average of 54% for those layers with
values <100%. Those above 100% were corrected to a
value of 100% when the F';, values were computed, even
though a value of 100% or more indicates that the whole
layer consisted of snow only, which is not usually plausible
unless superimposed ice is formed from melting snow. Only
at one site, AS-1, is this a plausible explanation for f; values
> 100%. In the rest of the cases, the 65 value at that site was
higher than the §'%0 values for the corresponding granular-
ice layers. This implies that temporal variability in 6'%0
values for the snow should be taken into account in order
to improve the estimate for the 64 value for snow included
in the ice cover. However, using the average 6O values
for snow at all sites, or for each basin, in Equations (1) and
(2), instead of the individual value for each site, does not
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Table 3. The snow fraction, Fy, (% ), at the different sites
derived with the isotopic mass-balance model ( Equations (1)
and (2) ) applied to snow-ice layers as identified by criteria 1
and 2 ( see text)

Site Fn
Criterion 1 Criterion 2
BB-6 270 270
BB-5 16.9 16.9
BB-4 8.3 8.3
BB-3 56 56
BB-2 46 49
BB-1 40.0 40.0
BS-4 133 229
BS-3 20.3 24.2
BS-2 22.4 23.1
BS-1 26.1 457
AS-2 46.6 46.6
AS-1 423 423
GF-3 14.4 174
GF-2 24.2 24.2
GF-1 8.4 84
Mean 18.3 20.7

Note: Mean values calculated according to the absolute method described in
Jeffries (1997).

improve or change the results very much. This indicates that
the temporal variability of the snow properties is the most
important parameter to consider when improving the esti-
mates presented here. There can be large seasonal fluctua-
tions in the isotopic signature of precipitation in the Baltic
Sea area (Punning and others, 1991). However, there are vir-
tually no data on the §'®O of snow or precipitation in the
Gulf of Bothnia or along the coasts of Finland (see, e.g.,
Frohlich and others, 1988; Punning and others, 1991), which
regrettably undermines an effort to present more exact fig-
ures here. Therefore our maximum estimate (20.7%) should
be considered as a plausible upper limit for the snow contri-
bution to the sea-ice mass balance in the study region.

Applying the methods used in this study to the data pre-
sented by Kawamura and others (2001), the estimates for the
snow fractions in the Gulf of Finland in winter 1999 decrease
to 20% at maximum (compared to 26% in Kawamura and
others (2001)). The method used by Kawamura and others
(2001), described as criterion 3 in this study, tends to overesti-
mate the snow contribution in the snow-ice layers (Jeffries
and others, 1997). Furthermore Kawamura and others (2001)
used a Ogy value assuming that the fractionation during snow-
ice formation is as high as during columnar-ice growth,
which is probably not the case since snow-ice growth is usual-
ly faster than growth at the ice—water interface. Therefore the
fractionation is not as close to equilibrium during snow-ice
formation.

The temporal variability of the snow properties (620
and density) should also be better taken into account, and
in the Baltic Sea area there is a need for more systematic
measurements of the isotopic composition of sea water, river
inflow and precipitation (including snow) (see Fréhlich and
others, 1988), especially in the Gulf of Bothnia where data
are virtually non-existent. These observations would be
valuable in sea-ice studies, as well as in more detailed studies
of the water balance in the region (Irohlich and others,
1988). There is also a need for more detailed information
about isotopic fractionation during consolidation of
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mixtures of snow and sea water, in order to be able to present
more accurate estimates of the snow contribution to sea-ice
mass balance, not only in the Baltic Sea area, but also in
areas where isotopic methods have been widely used (e.g.
in Antarctic sea ice).

4. CONCLUSIONS

The 6'%0 profiles of sea-ice cores typically follow the struc-
tural properties, with the most negative values in the granu-
lar surface layers, which is typical of both Antarctic sea ice
(e.g. Lange and others, 1990; Jeffries and others, 1994) and
land-fast sea ice in the Gulf of Finland (Kawamura and
others, 2001).

Even the minimum estimate for the snow-ice contribution
to the total ice thickness is significant (23.9% ); the intermedi-
ate estimate of 31.6 % should be considered an upper estimate.
The results are in agreement with observations from land-fast
sea ice in the Gulf of Finland (Kawamura and others, 2001),
with values of 14—42%. Our observations are in reasonable
agreement with Palosuo (1963), who studied the snow-ice
thickness using a gauge-stick; he observed values up to about
50% at sites along the Finnish coast. There was, however,
large interannual variability in the contribution of snow ice
(see Palosuo, 1963). Values similar to or somewhat lower than
those reported here for the contribution of snow ice have been
reported by Jeffries and others (1997), which are among the
highest values reported from Antarctic sea ice. Generally
the values reported from Antarctica are somewhat lower.

The contribution of frazil ice is negligible, at maximum
only 8% (criterion 1), which indicates that dynamic ice for-
mation is not important in the coastal regions in the north-
ern Baltic Sea. However, an ice type termed transition ice,
with large irregular crystals up to several centimeters in
size, contributed significantly, with an average contribution
of 28% in the whole study area and a significant contribu-
tion in the Bothnian Bay. The isotopic properties and sali-
nities indicate that this ice type originates from growth at
the ice—water interface; however, the exact formation
processes for this ice type need further study. The processes
proposed by Eicken and Lange (1989) for Antarctic waters
all seem applicable to the Baltic Sea as well.

The estimated snow fraction in the ice cores, on average
18.3-20.7% (by mass), is significant when compared to
observations in other regions. However, both estimates are
slightly high, as some snow-ice layers contributed 100% of
snow, which is not plausible (except in cases with super-
imposed-ice formation). In the seasonally ice-covered Sea
of Okhotsk, the snow fraction was estimated to be about
8% (Ukita and others, 2000). The maximum reported snow
fraction in Antarctic sea ice is 14-16% (Jeffries and others,
1997). Whereas Kawamura and others (2001) reported
values of 2-26 % during the ice season at one site in the Gulf
of Finland, the highest values, from the late season, compare
favorably with our observations. The methods used by
Kawamura and others (2001) provided a plausible upper limit
for the snow contribution, and their maximum estimate
decreases to 20% using the methods applied in this study.

In order to improve the estimate of the snow fraction, the
temporal variability in isotopic properties of snow should be
better taken into account. This is revealed by the fact that f;
values for some individual snow-ice layers exceeded 100%,
which indicates that the isotopic properties of the snow
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incorporated into the ice cover were different than for the
sampled snow. However, it was beyond the scope of this study
to make systematic long-term observations of the isotopic
composition of precipitation, even though earlier obser-
vations would have been useful for the purpose of this study.
We also infer that other workers conducting similar studies
should critically check their results, since the snow collected
does not necessarily represent the snow that has been incor-
porated into the sea-ice cover, and could therefore alter the
results obtained.

In summary, we have shown that snow contributes signifi-
cantly to the mass balance of land-fast sea ice in the entire
northern Baltic Sea. On average, the snow-ice thickness is
about one-third to one-quarter of the total ice thickness, and
the snow fraction is about one-fifth of the total ice mass. This
is higher than generally reported for Antarctic sea ice and the
seasonally ice-covered Sea of Okhotsk, and confirms that the
findings by Kawamura and others (2001) seem to be applic-
able to the land-fast sea-ice cover in the entire northern Baltic
Sea. The question arises as to the applicability of our results to
the Baltic Sea as a whole, since a large portion of the ice cover
1s composed of pack ice (e.g. in the Bothnian Bay about two-
thirds by area). Therefore the logical next step would be to
study the pack ice in more detail. Also the use of long-term
studies, on seasonal or longer time-scales, would shed more
light on the interannual and seasonal variability of these pro-
cesses and improve the estimates presented here.
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