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This work investigates the temporal and spatial variation of shore-fast ice
extent in the north-eastern part of the Kara Sea during 1953-1990 and
its sensitivity to interannual variability of the regional climate. The area
of fast ice in spring months shows a bimodal distribution. This indicates
the existence of two different regimes of fast ice formation driven by the
system of prevailing winds. The westward wind transport during the cold
season gives larger fast ice extent while the eastward wind transport sup-
presses the expansion of fast ice. There is a significant correlation (ca.
—0.55) between the average winter temperature and the area of fast ice.
Linear trends for time records of shore-fast ice area in spring show a
decrease during 1953-1990. This decrease is most pronounced in April:
the mean fast ice area in April is 12% lower in 1988—1990 compared to
1953-55. A comparison of fast ice regimes for two particular years—
1979 and 1985—revealed a significant influence of cyclone activity
on fast ice development over the course of the cold season. It is shown
that partial break-ups of fast ice in spring 1985 are associated with the

passage of cyclones across the area of fast ice.
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The winter ice regime of the Kara Sea is char-
acterized by the formation of large zones of sta-
tionary ice. Fast ice usually starts to form near
the shoreline at the end of October to the begin-
ning of November and expands seaward during
December—February. It tends to reach its stable
maximum in April-May. By this time the fast
ice edge typically attains 10 m depth in the west-
ern part of the Kara Sea. In the eastern Kara Sea
it can reach depths of about 20-30 m and even
100 m near the Severnaya Zemlya archipelago.
The most extensive stretch of fast ice is observed
in the north-eastern Kara Sea, where numerous
islands and shallow banks prevent the ice from
moving; fast ice extent in this area can attain
hundreds of kilometres (Zubov 1945; Timokhov
1994; Borodachev 1998).

In years when the extent of fast ice has been
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especially large, the boundary of fast ice in the
north-eastern Kara Sea extends from the tip of
the Yamal Peninsula to the northern end of Sev-
erna Zemlya. In years when the observed fast ice
extent has been particularly small, its border hugs
the mainland (Fig. 1).

The investigation of shore-fast ice is impor-
tant from several points of view. The presence of
fast ice restricts offshore exploration and affects
navigation. Variation of the extent of fast ice may
indicate climate change both locally and on a
global scale. The recurrent polynya bordering
fast ice is the area where intensive heat exchange
between the relatively warm water exposed to
cold air occurs, resulting in the intensive forma-
tion of new ice and dense water (Dethleff et al.
1998). 1t is also believed that regions of fast ice
and quasi-stationary polynyas are significant for
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Fig. 1. Topography of the

Kara Sea. The locations of
meteorological stations referred
to in the paper are numbered:

(1) Dikson Island; (2) Izvestiy
ZIK Island; (3) Sterlegova
Cape; (4) Isachenko Island;

(5) Pravdy Island; (6) Russkiy
Island; (7) Geyberga Island;

(8) Krasnophlotskie Island; (9)
Golomyannyy Cape; and (10)
Uedineniya Island. The dotted
line marks the study area. Two
extreme extents of fast ice in the
Kara Sea in April are shown: the
extent in 1979 (dashed line) was
especially large, while in 1985
(solid line) it was especially
small.

Peninsula

/

uptake of particulate materials and contaminants
into sea ice from seawater (Reimnitz et al. 1992;
Eicken et al. 1995; Reimnitz et al. 1995). These
materials tend to melt out of the ice in the Green-
land and Barents seas.

Here we investigate the temporal and spatial
variation of shore-fast ice extent in the north-
eastern Kara Sea during 1953—-1990 and its sen-
sitivity to annual and interannual variation in
climatic conditions in the study area. The years
1979 and 1985, which showed opposite scenarios
of shore-fast ice development over the course of
the cold season, are considered in detail.

The area under study is in the north-eastern
Kara Sea, east of the “line” between Dikson
Island and Zhelaniya Cape (the northern tip of
Novaya Zemlya), and south of the “line” connect-
ing the Zhelaniya Cape and the northern extremi-
ty of the Severnaya Zemlya archipelago (Fig. 1).

Data sets

Regular observations by the Arctic and Antarc-
tic Research Institute (AARI), in St. Petersburg,
during 1953-1990 provide data on fast ice extent
(Fetterer & Troisi 1997). The data set is mainly
based on gridded ice reconnaissance charts
derived from observations from aircraft, and visi-
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ble and infrared satellite imagery. The data’s spa-
tial resolution (pixel size) is 12.5 km. The tempo-
ral data coverage is one survey a month during
April to September 1953—-1966. Since 1966 the
number of surveys has been three per month in
the period of navigation from June to Septem-
ber. In 1980-1990 there were three observations
each month, year-round. Each survey is attribut-
ed to one of three 10-day periods of the month
when the survey was made. The total number
of surveys exceeds 500. When locating the fast
ice border, the data precision lies within one
pixel, according to the AARI estimates. Monthly
means of surface air temperature (Arctic Clima-
tology Project 2000), snow depth and totals of the
precipitation rate (Groisman et al. 1998) record-
ed by meteorological stations located in the study
area are used to assess the influence of atmos-
pheric conditions on fast ice. The 3h time record
of the wind strength and direction for Dikson
Island is used to estimate the influence of wind
stress on fast ice extent. Daily averages of sea
level pressure on a 2.5° latitude/longitude grid
were derived from the 6h data provided by the
National Centers for Environmental Prediction,
Camp Springs, MD. Monthly means of the flow
rates of the Ob and Enisey rivers, acquired during
19501987, are used in the present study as well
(Martin & Munoz 1995). We also used the twice-
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Fig. 2. Mean area of fast ice in the north-eastern part of
the Kara Sea (a) in March, (b) April and (c) May during
1953-1990. The linear fits (long dashed lines) and 5-year
running average (short dashed lines) are superimposed on
each figure.

Table 1. Results of linear trend analysis for the area of fast ice
in spring. The third column is a relative decrease of mean fast
ice area in 1953-55 compared to 1988-1990.

Month Trend magnitude Relative decrease
(kmZ*year) of fast ice area (%)

March -170 7

April —440 12

May =300 10
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daily Northern Hemisphere extratropical cyclone
data set (Serreze 1996) to analyse cyclone activity
in the study area in the winters of 1979 and 1985.

Results

Analysis of AARI data shows that shore-fast ice
extent in the north-eastern Kara Sea varies sig-
nificantly from year to year. For example, in 1979
the area of fast ice in the north-eastern Kara Sea
was as high as 125000 km? and in April 1985
it was as low as 58000 km?. Figure 2a-c show
time series of fast ice area in March, April and
May. Results of the linear regression analysis are
imposed on each figure together with a 5-year
running mean. All linear trends show decreases
in the area of fast ice. The magnitudes of trends
and relative decrease in the mean fast ice area in
1988—1990 compared to 1953—55 are presented
in Table 1. The value of the relative decrease in
April is close to the error interval in determina-
tion of fast ice area, which is about 6.5 % accord-
ing to the AARI estimates. More observations are
required for March and May to assess the statisti-
cal significance of the trends.

A prominent feature of fast ice regime in
the Kara Sea is a bimodality of fast ice area
noted by Borodachev et al. (2000). Figure 3
shows histograms of fast ice area in the north-
eastern Kara Sea for spring months. Two modes,
with areas of about 90000-110000 km? and
120000 - 130000 km?, are distinguished. Togeth-
er they cover about 55% of observations during
1953-1990.

Table 2 shows correlations between the aver-
age winter surface air temperature anomalies and
the anomalies of fast ice area in May. We define
the average winter air temperature for each cold
season as an arithmetic mean of air temperature
monthly means during September—April. Coeffi-
cients were calculated for 10 meteorological sta-
tions located in the study area. The air tempera-
ture anomalies at each station were normalized
by division of each monthly mean temperature by
the multi-year mean (1950-1990) standard devia-
tion for the given month. All correlations are sig-
nificant and close to —0.55. April shows similar
results.

To investigate the spatial variability of the
average winter air temperature, correlations
were calculated among all stations. The average
winter temperatures are highly correlated over
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the whole region. The correlation coefficients
lie in the range 0.8-0.9. With correlation coef-
ficients approaching 0.95-0.99, time series of
mean monthly air temperatures correlate even
more strongly than seasonal means. This shows
that the temperature anomaly is stable across the
entire north-eastern Kara Sea. We therefore con-
clude that the area of fast ice in April and May
in this region correlates—with a value close to
—0.55—with winter temperature.

No significant correlations were found between
fast ice extent and cumulative winter precipitation
or with average winthertime snow depth. Analy-
sis of the sensitivity of fast ice extent in April—
May to the wind direction points to the signifi-
cant role of eastward and north-eastward winds
in fast ice development during the winter season
(September—April). This relationship has a corre-
lation coefficient of —0.5. A weaker, but still sig-
nificant, correlation of about 0.4 characterizes
the sensitivity of fast ice extent to westward and
north-westward wind transport during the cold
season. This indicates that prevailing westward
wind transport across the north-eastern Kara Sea
creates favourable conditions for shore-fast ice
expansion and the eastward wind tends to impede
it. Wind data analysis also indicates that winds
from the north-east during June—July increases
fast ice destruction while winds from the north-
west tend to restrain it. This tendency decreases
for stronger winds from these directions. No cor-
relations were found between fast ice extent and
the preceding summer river outflow rate. Data
analysis shows that discharge from the Ob and
Enisey rivers is likely important in the outflow
zone around 100 km of the rivers’ mouths, since
fast ice tends to break up first in these areas in the

Table 2. Correlation coefficient (r) of average surface air tem-
perature anomalies in September—April for different locations
in the north-eastern Kara Sea and average fast ice area anoma-
lies in May. The stations are enumerated as in Fig. 1.

Station r

(1) Dikson Island —-0.57
(2) Izvestiy ZIK Island —0.60
(3) Sterlegova Cape —-0.58
(4) Isachenko Island —-0.51
(5) Pravdy Island -0.59
(6) Russkiy Island —-0.56
(7) Geyberga Island -0.45
(8) Krasnophlotskie Islands -0.57
(9) Golomyannyy Cape -0.47
(10) Uedineniya Island —0.53
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Fig. 3. Frequency distribution of shore-fast ice area in the
north-eastern part of the Kara Sea in March, April and May
1953-1990.

beginning of June.

The years 1979 and 1985 are two examples of
extreme formation of shore-fast ice in the north-
eastern Kara Sea. Figure 4 shows time series of
fast ice area during the 1978/79 and 1984/85 cold
seasons. Analysis of Fig. 4 and the surveys for
these years reveal that formation of a stable belt of
fast ice along the shore of the Taymyr Peninsula
were completed in 1984/85 with a delay of about
40 days compared to 1978/79. The most dramat-
ic difference between the two scenarios is in
March—April. Significant expansion of shore-fast
ice occurred during the second half of March to
the first 10 days of April 1979, whereas the devel-
opment of fast ice in the same period of 1985 is
characterized by a two-stage break-up. In the
first stage, which occurred during the second and
third 10-day periods in March, a partial break-up
of fast ice occurred between Russkiy Island and
the Severnaya Zemlya archipelago. In the second
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Fig. 4. Seasonal variability of fast ice area in the north-eastern
Kara Sea in the 1978/79 and 1984/85 cold seasons. Note that
the time axis is rearranged to coincide with the freeze season.
The number on the time axis accounts for the 10-day period
starting from the beginning of October.

stage most of the fast ice between Dikson and
Isachenko islands broke up; this took place in the
second 10-day period in April.

Detailed analysis of the meteorological condi-
tions in the reference periods was carried out to
reveal the source of these differences. The tem-
perature regimes at three locations in the study
area (Fig. 5) in the cold seasons of 1978/79 and
the 1984/85 were rather different, elucidating
the above-mentioned relationships between the
anomalies of the surface air temperature and
extent of shore-fast ice. The difference in mean
monthly surface air temperature reaches 15°C in
the winter months. It should also be noted that if
mean monthly surface air temperatures in 1985
are close or slightly above the climate means,
the temperature regime in 1979 exhibits negative
temperature anomalies reaching 10 °C below the
average.

Wind regimes show different directions of wind
transport as well (Fig. 6). During September—
March 1978/79 the prevailing surface wind direc-
tion at Dikson Island was between 80°-160°,
which corresponds to a north-westward geos-
trophic wind, taking into account the tuning
angle of about 25° (Overland & Davidson 1992).
The wind regime in 1985 did not exhibit as clear
a picture as that of 1979. The monthly mean wind
direction changed between 100° and 260°, with
an average during September—March close to
2203 which means that a south-westerly wind pre-
vailed this year. One can expect in this case on-
shore ice drift from the western Kara Sea com-
pressing on fast ice in the north-eastern part of
the sea. The mean monthly sea level pressure
maps (not shown) confirm the surface wind data.
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Fig. 5. Mean monthly air temperature at Dikson Island,
Golomyannyy Cape and Russkiy Island in the 1978/79 and
the 1984/85 winter seasons. The time axis is rearranged to
coincide with the freeze season.
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Fig. 6. Mean monthly values of wind direction at Dikson
Island meteorological station during the 1978/79 and the
1984/85 winter seasons. The time axis is rearranged to coin-
cide with the freeze season.

A comparison of cyclone activity in the Kara
Sea for these particular years has shown that it
was nearly the same during September—February
for both seasons. However, a rather significant
distinction arose in March—April. While cyclone
activity diminished in March—April 1979, in 1985
five cyclones traversed the study area. One can
relate these facts to the observed events of shore-
fast growth and break-up.

The most likely candidates inducing the par-
tial break-ups of shore-fast in March—April 1985
are cyclones which tracked the north-eastern
Kara Sea during 12-16 and 22-27 March, and
16-20 April. Figure 7 shows sea level pressure
fields averaged over the passage time and tracks
of the cyclones. One can suggest that during the

31



Fig. 7 Cyclone passage time-averaged sea level pressure in (a) 12—18 March, (b) 22-27 March and (c¢) 16-20 April of 1985. (d)
Mean sea level pressure during 10 March to 10 April 1979. Straight lines show the track of the centre of the cyclonic system on
the 47x51 octagonal grid. The date (DD.M) and cyclone central pressure (mb) is given in the subscription near the open circle
designating the position of the system centre. Numbers 1 and 2 in (b) denote the first and second cyclones detected during the
reference period. The thick grey solid and dashed lines denote the border of fast ice at the beginning and the end of the reference
periods: 10-30 March 1985 (a, b), 10-30 April 1985 (c) and 10 March to 10 April 1979 (d). Note that these lines are merged on (a)
and (b) along most of the fast ice border, highlighting the zone of the partial break-up near the Severnaya Zemlya archipelago.

first stage two principal mechanisms of fast ice
break-up took place: a rise in sea level during the
passage of the cyclone, induced by an inverted
barometer effect, and the water drag stress. Pro-
shutinsky et al. (2001) has shown that the varia-
tion in atmospheric pressure in winter accounts
for the short-term sea level variability in the Kara
Sea. Borodachev (1998) has pointed to the key
role played by cyclone passage in inducing sea
level rise during the partial break-up of shore
fast in the south-western part of the Kara Sea.
The location of the break-up zone near Severnaya
Zemlya—ijust where the Western Taymyr Cur-
rent encounters the steep coast of the archipela-
go (Fig. 1) and where significant current veloci-
ties (up to 100 cm/s) are observed (Volkov et al.
2002)—suggests that these strong currents could
also have played an important role in the partial
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break-up of fast ice which occurred during 10-30
March 1985.

The second stage of the partial break-up was
initiated by sea level rise during the passage of
the cyclone across fast ice (Fig. 7c). At the same
time, the wind speeds registered at Dikson Island
during these periods do not exceed 12 m/s, with
average values of about 7.5 m/s and 4 m/s during
the first and second stages, respectively (Fig. 8).
This is close to or below the climate average for
March and suggests that the role of the wind
stress was diminished.

In contrast to 1985, March—April 1979 was
characterized by a total absence of cyclone activi-
ty in the study area. The area of the Kara Sea was
controlled by the high pressure system, located
to the north-east of Severnaya Zemlya (Fig. 7d),
which hinders the penetration of cyclones into the

Variability and climate sensitivity of fast ice extent
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Fig. 8. Relative frequency distribution of wind velocities reg-
istered at Dikson Island during the passage time of cyclones
during (a) 12—18 March, (b) 2227 March and (c) 16—20 April
1985 (dashed lines) and the multi-year average for these
months (solid lines).

Kara Sea and determines the north-westward off-
shore wind transport in the entire basin.

The thickness of fast ice registered at sever-
al locations in the north-eastern Kara Sea shows
a significant positive anomaly during the whole
winter of 1979 (Borodachev 1998; Volkov et al.
2002). At Isachenko Island, in particular, the ice
thickness anomaly amouting to about +35 cm—
close to the absolute maximum—Iasted through
March—May 1979. In contrast to 1979, the spa-
tial distribution of ice thickness in April 1985
is a negative anomaly—about —50 cm—over the
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entire north-eastern Kara Sea (Romanov 1995).
Simple estimates prove the weaker susceptibili-
ty of thicker fast ice to atmospheric forcing. An
assessment of the impact of wind drag stress
on fast ice shows that the critical wind velocity
required for failure in 1985 is about 0.75 that for
1979. Given the ca. 170 cm ice thickness for the
study area by the end of April, the stretch of fast
ice of about 100 km and the surface drag coef-
ficient at the upper limit of 5*1073, the estima-
tions with formulas given in Crocker & Wad-
hams (1989) yield the values of the critical wind
velocities for 1979 and 1985: about 30 and 23 m/s,
respectively. If the first number is on the very
edge, the second one falls well within the range
of wind velocities observed in the study area (see
example for March in Fig. 8). However, an assess-
ment of the sensitivity of shore-fast ice to varia-
tion of sea level requires detailed study involving
the modelling of the propagation of cyclone-
induced surge over the area with complex topog-
raphy.

We assume that conclusions drawn for these
two particular years can be extended over time.
However, the number of surveys, especially
before the middle of the 1970s, is insufficient to
capture the variability of shore-fast ice extent on
a synoptic time scale. However, the existing data
do catch the variability of shore-fast ice in the
north-eastern Kara Sea on monthly and interan-
nual time scales.

Summary

These results show that the extent of shore-fast ice
in the north-eastern Kara Sea undergoes signifi-
cant variability on both seasonal and interannu-
al time scales. The frequency distribution of fast
ice area in the north-eastern Kara Sea in spring is
bimodal. Modes with larger (120-130 *103 km?)
and smaller (90-110 *103 km?) areas are distin-
guished.

The linear trends for the time record of shore-
fast ice area in spring show a decrease during
1953-1990. The average areas in March, April
and May in 1988-1990, estimated from time
series of the AARI data, are approximately 7, 12
and 10% lower than in 1953-1955. We explain
these negative trends by the prevalence, since
1980, the mode with decreased fast ice area.

Among the examined hydrometeorological
parameters that are the potential sources of fast
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ice variability on the interannual time scale, the
surface air temperature and wind direction exert
the most influence. We found that the correla-
tion between average winter temperature during
October—April and fast ice extent in May is about
—0.55. A similar relationship characterizes the
negative role of westerly wind in fast ice devel-
opment. The easterlies, in contrast, promote fast
ice expansion. These two parameters account for
nearly the 50 % of the variability of shore-fast ice
in the study area.

Combined analysis of wind data and river dis-
charge volume in summer did not yield evidence
of any direct influence of river run-off on fast ice
development following the cold season. The river
discharge is likely important in estuaries, since
fast ice starts to break up first in these areas.

The investigation of shore-fast variation in 1979
and 1985 revealed that cyclone activity during
winter and spring might significantly influ-
ence its fast ice development by inducing partial
break-ups. Unfortunately, the temporal resolution
of the existing data is insufficient for the exam-
ination of this assumption over the whole time
span covered by the present study. We speculate
that the increased frequency of westerlies may
serve as an index for the increased cyclone activ-
ity during winter and consequently the probabil-
ity of partial break-ups. The increased frequency
of winds from the east during winter, in contrast,
may result in a decrease of the surface air tem-
perature in the study area, stimulating the thick-
ening of ice and the formation of new ice on the
borders of fast ice.

The examination of other parameters that
might be responsible for the rest of the variability
of shore-fast ice, such as water heat content in the
beginning of the cold season or ice thickness and
their spatial distribution, is problematic until the
relevant data become publicly available.
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