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Abstract The annual cycle of the thickness and temperature of landfast sea ice in the East Siberian Sea has been examined using
a one-dimensional thermodynamic model. The model was calibrated for the year August 2012—July 2013, forced using the data of
the Russian weather station Kotel’ny Island and ECMWF reanalyses. Thermal growth and decay of ice were reproduced well, and
the maximum annual ice thickness and breakup day became 1.64 m and the end of July. Oceanic heat flux was 2 W-m? in winter
and raised to 25 W-m in summer, albedo was 0.3-0.8 depending on the surface type (snow/ice and wet/dry). The model outcome
showed sensitivity to the albedo, air temperature and oceanic heat flux. The modelled snow cover was less than 10 cm having a
small influence on the ice thickness. /n situ sea ice thickness in the East Siberian Sea is rarely available in publications. This study
provides a method for quantitative ice thickness estimation by modelling. The result can be used as a proxy to understand the sea
ice conditions on the Eurasian Arctic coast, which is important for shipping and high-resolution Arctic climate modelling.
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1 Introduction

In Arctic seas, the thermodynamic growth of first-year sea ice
is at most about 2 m'". Different growth mechanisms produce
layers of different ice classes. In the Arctic coast congelation
ice is strongly dominant, while frazil ice and platelet ice may
be observed at river mouths to a minor degree™™. Growth of
ice is forced by heat losses to the atmosphere, which take
out the latent heat released in the formation of ice crystals,
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while solar, atmospheric and oceanic heat gains cause sea ice
melting. Solar radiation is able to penetrate the ice surface
and cause internal melting of the ice cover. Sea ice is a thin
film in that its capacity to store heat is low, and volume
changes consequently follow external forcing with a small
time lag. When surviving over summer, sea ice becomes
multi-year ice and may reach thicknesses of 3—5 m by
thermal growth in the course of several years**,

In the recent 30 years, the Arctic sea ice has rapidly
become thinner. In the period 1980-2008 the winter ice
thickness in the central Arctic decreased by approximately
1.8 m", which is strongly related to the reduction of the area
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covered by multiyear ice. In the Russian Arctic as well, sea
ice concentration and thickness revealed remarkable changes.
In particular, satellite data analyses have shown a large
reduction in the summer sea ice extent in all Russian Arctic
seas. In September 2008, the record minimum ice extent was
observed in the East Siberian Sea®.

Sea ice thickness in the Eurasian Arctic Ocean has been
investigated in early 1990s. The average thickness of multi-
year level ice was 2.86 m in August'”. This is significantly
less than earlier results™®. The first documented landfast ice
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thickness chart in the Eurasian continental shelf (Figure 1) was
based on observations and results from a calibrated analytical
ice thickness model applied for ice season 1938/19395). The
maximum annual landfast ice thickness was about 1.8 m in
the East Siberian Sea decreasing from there toward west to
1.2-1.5 m in the Kara Sea and toward east to 1.5 m in the
Chukchi Sea. The variations of landfast ice thickness are
primarily dictated by air temperature and snow accumulation.
Along the Taymyr Peninsula, the landfast ice may survive
over the summer season to become multi-year icel.
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Figure 1 The Arctic Ocean along the Russian coast. The study site (green dot) was in the west coast of the Kotel’ny Island. Tiksi is

marked with a red dot.

The rapid Arctic sea ice retreat in recent years has
affected also landfast ice thickness in the East Siberian and
Laptev seas. Long-term measurements have indicated a steady
decreasing trend in May!'%. The upper limit of ice thickness
is observed in the East Siberian Shelf!'"), while toward the
west the thickness is less. The reason is the warmer climate in
Northeast Europe. In summer, the air temperature is close to
0°C in the coastal zone, and the melting process is accelerated
by the albedo feedback mechanism. Oceanic heat flux is the
least known external forcing factor in sea ice thermodynamics
in the region. In the Central Arctic Ocean, 2 W-m? is widely
considered as a reasonable annual average value!'*"*!, but in
the Siberian coast it may be larger in summer due to river
inflow and the presence of wide open water zones. The
influence of snow cover and turbulent heat fluxes are also
important factors.

Congelation ice is the dominant ice type in the Eurasian
landfast ice®!'?. In the annual first-year sea ice cycle, ice
disappears in late summer (August—September) due to melting
and transport, and then after summer new ice begins to grow
in the open water. Likewise, in Siberian lakes all ice melts
in summer. The Eurasian landfast ice zone is wide due to the
shallow continental shelf®. The landfast ice zone extends to
the depths of 20 m, up to 200 km from the shoreline at the
New Siberian Islands'!.

Sea ice modelling work in Arctic seas has mainly
consisted of two-dimensional dynamic-thermodynamic
models for large basins with no particular attention to
the mechanics of landfast ice'*. One-dimensional, pure

thermodynamic sea ice models have been employed for
investigations of thermal growth and decay of ice. Although
the large-scale models deliver reasonable general features
of the spatial distribution of sea ice thickness, they do not
provide the detail temperature distribution, layer structure,
ice thickness cycle, and as well the sea ice properties, which
depend on the temperature and stratigraphy.

Sea ice thermodynamic modelling is performed along
two lines. First, analytic or semi-analytic models of ice growth
ignore thermal inertia and penetration of solar radiation into
the ice™". In that case, the temperature profile is piecewise
linear. These models can be called quasi-steady models, since
the temperature profile immediately shifts into a new steady-
state form when the boundary conditions change. During the
process of ice melt there is no conduction but the external
fluxes melt the ice at the boundaries and by the solar radiation
and brine dynamics also in the interior. Melting can therefore
be predicted as soon as the total heat flux into the ice is given.

Secondly, time-dependent models are based on a direct
numerical solution of the thermal conduction equation. They
may have coarse resolution"*'”! or high resolution with
0.05-0.10 m grid size™'®*"!, High-resolution models are well
capable of resolving the response of ice to daily cycles in
external forcing. The thermal diffusion coefficient of sea ice
is ~0.1 m*-d " and therefore the length scale of daily cycles is
0.3 m. Penetration of solar radiation into the snow can also be
properly included in high-resolution time-dependent models.

In this study, the annual cycle of the thickness of landfast
ice in the New Siberian Islands is examined using both an
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analytical model™’ and a time-dependent thermodynamic
model®. The models were forced by the surface heat fluxes,
which were derived from observations at the Russian weather
station Kotel’ny Island. The objectives were to investigate
the annual variation of landfast ice thickness, in particular the
maximum ice thickness and breakup date, for the site, and to
examine the sensitivity of the annual sea ice thickness cycle
to external forcing and parameterizations. Also the question
of the absence of multi-year landfast ice was examined.
The summer season, a critical part of the annual cycle, was
examined through model simulations with known initial and
final conditions.

2 Data and model

2.1 Ice season 2012-2013

The ice season August 2012—July 2013 was selected for the
modelling investigations. MODIS and Landsat-8 satellite
images were used to map the ice conditions in the season and
to serve as the regional reference. The formation, stability
and breakage of the landfast ice follow the evolution of ice
thickness and strength®*"],

_138°E

B
ol

iy B Laﬁ“ i

‘~_§Q' 5 10 km|

137°E 138°E

June(2015) Vol. 26 No. 2

High-resolution visible satellite images reflect well
the real ice conditions and provided a direct insight into
the ice seasons. The resolution of Landsat images is 30 m,
which gives detailed information of the sea ice conditions.
Additionally, MODIS images were used as a complement
to monitor daily changes of the landfast ice zone. Based on
their relatively coarse resolution (250 m), we obtained a good
general picture about the evolution of the ice conditions.

The satellite data revealed that the landfast ice around
Kotel’ny Island is seasonal. According to MODIS images,
landfast ice on Siberian Shelf started to form in late October
2012 and soon filled the whole area. In 2013 mid-July, the
landfast ice zone broke up and split into ice floes (Figure 2).
The area was totally ice-free in mid-August, due to the
melting, mechanical breakage and wind drift. Our modelled
freezing and break-up dates (c.f. Section 3) are in line with
these remote sensing observations. The Landsat-8 satellite
images suggest that mechanical ice breakup took place prior
to the total melting of the sea ice. Thus forcing by winds and
tides played an important role in the ice breakup. E.g., in
Prydz Bay, Antarctica, this often occurs in summer when the
thickness of ice is less than about 50 cm!*>26],

136°E 137°E 138°E

Figure 2 Landsat-8 images of coastal landfast sea ice west of Kotel’ny island. a, Image acquired on 2 July 2013; b, Image acquired on

17 July 2013. Blue areas represent ice.

Weather data were available from the Russian weather
station Kotel’ny Island (76°00°N 137°52’E, altitude
8 m above sea level) located in the New Siberian Islands.
Observations of wind speed and direction, air temperature,
relative humidity, as well as cloudiness were available
at 3-hour interval. Solar radiation was estimated using
astronomical formulae for solar elevation and atmospheric
corrections based in cloudiness and humidity®**"). In situ
precipitation was not available; it is an external forcing
factor for the modelling of snow thickness on sea ice.

Historical investigations have indicated that the snow depth
on landfast ice in southeastern Laptev Sea is 0.08 = 0.05 m in
April™. In Arctic coast, snowdrift is strong due to high wind
speed™. This often results in less net snow accumulation.
In this study, we used European Centre for Medium-Range
Weather Forecasts (ECMWF) reanalyses of precipitation as
the forcing; the horizontal resolution is about 80 km. The
data were linearly interpolated into 1-hour interval for our
modelling study. The time series of weather forcing are given
in Figure 3.
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Figure 3 The time series of observed weather station data from 1 August 2012 to 31 July 2013. a, wind speed; b, air temperature; c,

relative humidity; d, the cloudiness at Kotel’ny Island, and e, precipitation from ECMWF reanalyses.

The wind was strong (5.7 m-s™") in early winter
months (Oct-Dec). Weak winds were observed in February
(3.1 m-s™), while the maximum wind speed was measured in
April (6.9 m-s™). The annual average wind speed was 5.3 m-s”,
and the average wind speed was in winter months (Oct—-May)
5.4 m-s'. The annual mean air temperature was —12.5°C,
about 2°C warmer than the climatological mean value of
—14.6°C (1935-2013). The winter mean air temperature was
—20°C, while the average climatological mean air temperature
in the cold season (Nov—Apr) is —24.4°C. The daily mean
observed temperature and ECMWF reanalyses are compared
in Figure 4. The correlation coefficient and RMSE between
observed and ECMWF daily mean temperature were 0.96 and
3.3°C, respectively. In winter, the ECMWF temperature is
overestimated, especially in February.
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Figure 4 The time series of the daily mean air temperature at

Kotel’ny Island Station and 12-hour mean air temperature from

ECMWEF reanalyses.

2.2 Thermodynamic modelling of sea ice

Most of Arctic sea ice is congelation ice. Ice crystals grow
from the ice bottom, and the released latent heat is conducted
through the ice to the atmosphere. Heat transfer is in the
vertical direction, since the lateral length scales are much
larger than vertical. The basic equation is therefore the
vertical heat conduction law!"*2":

pe =5 (kG -0.) ()
Where p is ice density, ¢ is specific heat of ice, & is thermal
conductivity, T is temperature, ¢ is time, z is vertical
coordinate positive downward, and QO is the solar radiation
in the ice. For sea ice, the heat capacity pc and the thermal
conductivity depend on the temperature and salinity, while
for snow they depend on the density. The bottom boundary
condition provides the growth of congelation ice:

or
zZ= hd: T:T'/, pL%J’_Qw:kE (za)
where T;is the freezing point temperature, 4 is ice thickness,

hq is draft, L is the latent heat of freezing, and Q, is the
oceanic heat flux. The surface boundary condition is:

2=hy:pl Y0 =k LWL (ppy Bop (2p)
Where 4, is freeboard, O, is the surface heat balance, p,, is
water density, 4’ is atmospheric surface mass flux, P and E
are precipitation and sublimation, respectively, and D is net
snow drift. Egs. (2a, 2b) give the bottom and surface heat and
mass balances.

The surface heat balance is written in detail as
0= (1-a)(1-7)0s teo(eu T -T5) + Qe+ O+ 0, 3)
where O, is the incoming solar radiation, « is albedo, y is the
fraction of the net solar radiation penetrating the surface, ¢
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is the thermal emissivity of the surface, £,=(0.746+0.066
mbar ' e )x(1+0.26N) is the effective thermal emissivity
of atmosphere, e is water vapour pressure, N is cloudiness
(0 < N < 1), ois Stefan-Boltzmann constant, 7, and 7; are
the air and surface temperature, respectively, Q. and Q, are
the latent and sensible heat fluxes, respectively, and O, is the
heat flux from precipitation. The last term is significant only
when there are phase changes involved.

Frazil ice, snow-ice and platelet ice are not considered
here, since their contribution to the ice growth is assumed
small in the study region. In general, frazil ice may form
when there is open water present but here that has likely not
much influence to the maximum annual ice thickness. The
heat loss for the frazil ice formation is obtained from Eq. (3)
taking the surface temperature equal to the freezing point.
Snow-ice does not form since the snow cover is thin and dry.
Platelet ice growth is an important mechanism in parts of
the Antarctic landfast ice®”; in principle it can be found in
Arctic river mouths as, e.g., in Saroma-lagoon of the Sea of
Okhotsk®!. This has, however, not been reported in landfast
sea ice studies in the Laptev Sea ice®¥, and for East Siberian
Sea no work is known to the present authors. It still remains
unknown to what degree frazil ice formation takes place and
whether platelet ice forms in Siberian river mouths.

In this work the time-dependent model HIGHTS]!82!2627)
is employed for the congelation ice. The model solves the
heat conduction equation (1) with the boundary conditions
(Egs. 2-3) in the snow and ice layers for the evolution of
temperature and thickness of ice and snow. At the upper
boundary, the solar and terrestrial radiative fluxes and the
turbulent heat fluxes are parameterized, with the turbulent
fluxes taking into account the stability of atmospheric
stratification®!). The surface temperature is solved from the
surface energy balance that couples the snow and ice sheet
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with the atmosphere. Oceanic heat flux is prescribed as a
function of time, 0,=Q.(f), not coupled to the ice model,
since a proper treatment of the boundary layer beneath the ice
is missing from the model.

The thickness and density of new snow are taken from
precipitation assuming a given density. In the course of
time, snow density is changed due to packing determined by
wind and temperature. The thermal conductivity of snow is
parameterized based on its density®*. Both albedo and light
attenuation coefficient are important for the solar radiation
transfer. Albedo depends on the surface conditions (snow/ice
and dry/wet), and its time evolution is a major question in the
melting season due to the presence of liquid water.

An attenuation law similar to Bouguer-Lambert
absorption law is employed for the radiation transfer inside
the snow and ice with « as the attenuation coefficient. Ice
and snow have their own attenuation coefficients, and,
additionally, the topmost 10-cm layer has a larger attenuation
coefficient. This treatment of the top layer reflects the rapid
attenuation of ultraviolet and near-infrared wavelengths
close to the surface. The fraction iy, radiation absorbed in the
top layer, depends on the cloudiness N and the ice type; for
clear congelation ice, iy=0.43%(1-N)+0.63x N335 A more
sophisticated method to calculate the solar radiation transfer
in snow and ice would be an advanced transfer schemet®,
A comparison has shown, however, that the results based on
the linear attenuation law are close to Liston’s”® advanced
scheme, in particular for the snow layer®".

The vertical grid contains 10 grid cells in snow and 20
grid cells in ice, and at the maximum ice thickness of 2 m the
physical grid step is 10 cm. The grid size is small enough to
resolve the daily cycles in ice temperature and thickness. The
model parameters are given in Table 1.

Table 1 The model parameters applied for this study

Parameter

Value

Source

Albedo/a

Attenuation coefficient
- of sea ice/k;

- of snow/k;

Freezing point of sea water/7}
Initial density of snow/p;,

Sea ice volumetric heat capacity/pc;
Sea ice density/p

Sea ice salinity/s;

Snow density/p,

Surface emissivity/e

Thermal conductivity of sea-ice/k,;
Thermal conductivity of snow/k;
Time step of model/t

Number of layers in the ice

Number of layers in the snow

Function of 4;, A,
Function of 4;,, N
1.5-17m"
15-25m’!
-1.8°C

320 kg'm™
Function of T, s;
910 kg'm™

4%o

Time dependent
0.97

Function of T;, s;
Function of p,
3600s

20

10

Reference [35]

Reference [34]
Reference [35]

Sea water (35%o salinity)
Reference [38]
Reference [39]
Representative at the site
Representative at the site
Reference [40]

General reference
Reference [39]
Reference [33]

Model configuration
Model configuration

Model configuration

Note: h;, h, are snow and ice thicknesses, N is cloudiness, and 7; is ice temperature.
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3 Results

3.1 Scaling of the annual cycle

We can obtain the scaling of the ice thickness cycle by
analytic quasi-steady models'". The basic model is':

dh _, T
pLg 0=k

=00(1,T2) “4)
This formula gives a good approximation for the growth
of ice, based on the heat transfer through the ice and
atmospheric surface layer, and analytic solution can be
obtained when the oceanic heat flux is ignored. The rate of
melting can be taken as a function of the heat fluxes at the
top and bottom surfaces. Then the solutions for the annual
growth (assuming O,= 0) and melting of sea ice become:

h=aS + &-d, a=;—’z (5a)
pp Q-0 <0 55

pL

where £, is the first-year-ice thickness, S is the sum of
freezing-degree-days (below the freezing point), d describes
atmospheric surface layer buffering of heat transfer from the
ice sheet, A% is summer melt, 7, is the length of summer,
and the notation <-> stands for time averaging. Eq. (5a) is
the Zubov solution®, while Eq. (5b) comes from the heat
balance integral over the melting period®. The length of
the summer can be taken as the period when the sum of the
total surface heat flux Q,+ (1-@)Q, stays positive. In the
study year, the mean air temperature was —20°C during the
ice growth season (Oct—May), in Jan—Feb the minimum was
—41°C, and the freezing-degree-days summed to S =4 781°C-d.

The original Zubov’s®! parameters were a =
8 cm?*°C'.d" and d = 25 cm, while later!"! a theoretical
value of ¢ = 11 cm?-°C'.d"" and en empirical value d =
10 cm have been used as representative values. The latter
parameterization worked well in almost snow-free site in
Prydz Bay, East Antarctica™, while Zubov’s®! semi-empirical
parameterization maybe better representative of the particular
conditions on the Siberian coast. The resulting maximum
annual thickness of first-year sea ice, using 2012-2013
Kotel’ny Island weather station data, was 172 cm with the
Zubov’s parameters!).

The air temperature was above 0°C from April. To
estimate the melt rate of ice, the positive degree-day method
has been widely used in sub-polar regions with a melt rate of
0.5 cm-°C!.d™" while in high Arctic values of 1 cm-°C'-d" have
been obtained in Canadian lakes™!. By the end of August,
positive air temperatures summed to 226°C-d, which means
that the amount of ice melt would be 113-226 cm. However,
the break-up date was rather close to the end of July, and
therefore the analytic analysis suggests that melting together
with ice breakage and drift were the cause of disappearance
of the landfast ice in summer, preventing the formation of
multiyear ice.

3.2 HIGHTSI experiment

The external forcing for HIGHTSI is based on the air
temperature, wind speed, relative humidity, cloudiness,
precipitation, and incoming solar and atmospheric radiation.
Snow cover is modelled from precipitation and metamorphic
processes. The initial ice thickness was taken as 2 cm. To
obtain the annual ice thickness cycle, the basic simulation
started with the freezing date of 8 October and was run until
31 August of the following year. These simulations showed
how the ice could decay and how the next ice season was
to begin. The site opened by mid-July-mid-August, due to
melting and mechanics (breakage and drift), depending on
the model parameterization. We carried out a number of
model sensitivity experiments, and in each experiment, one
external factor was changed for each experiment (Table 2),
and the standard experiment was fixed by Exp D+I+P. In the
resulting figures below the vertical zero level always refers to
the top surface of the ice. Therefore only total change in ice
thickness, top and bottom melting together, is seen.

Table 2 Model experiments with various combinations of
external forcing
Factor Parameterization Model experiment
Albedo 0.5 Exp A
0.6 Exp B
0.7
0.8 for dry SNOW Exp C
0.7 for melting snow Exp D
0.5 for dry ice
0.3 for melting ice
Oceanic heat flux 0W-m™ Exp E
5Wm? Exp F
15 W-m™ Exp G
25 W-m™ Exp H
October—May, 2 W-m™ Expl
_ June—July, 2 —>25 W-m™
Alr temperature Observation +1°C ExpJ
Observation —1°C Exp K
Observation +2°C Exp L
Observation —2°C Exp M
Precipitation 0 Exp N
ECMWF Exp P
2xECMWF Exp Q

The summer period is the most uncertain time
because of rapid rate of melting and the sensitivity to
forcing and parameterization. The factors selected for these
sensitivity experiments were albedo, oceanic heat flux, snow
accumulation and air temperature, which produce the main
uncertainties in the summer simulations. Melting of ice
is mainly due to solar radiation and oceanic heat flux. Air
temperature sensitivity is largely related to turbulent heat
fluxes, which may be important especially in the coastal
zone, and the role of snow is to strongly influence the start-
up of ice melting. Note that melting of ice is nearly additive,
i.e. independent of the melting in the previous day or week,
so that total melting is provided by total heat gain during the
period of concern.
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Figure 5 shows the time series of the modelled ice
thickness cycle for the different parameterizations of albedo.
The ice thickness is not much affected by the albedo in the
growth season, only from spring when the solar radiation
reaches a significant level. Large differences are seen in
summer. With a = 0.5 ice melts completely by the middle of
July while with a = 0.7 the ice has disappeared in the middle
of August, which reflect too much and too little melting,
respectively. With o = 0.6, the breakup of ice is at 28 July. For
small changes of albedo, the sensitivity of the break-up date ¢,
is 8, ~—0a X150 d.

Snow and ice thickness/cm

Oct INov IDec IJan IFeb IMar IApr IMay IJun I Jul IAug
Month, 2012-2013

Figure 5 The modelled annual snow and ice thickness in terms

of different surface albedo conditions. The oceanic heat flux was

2 W-m in winter and increased to 25 W-m? in summer (Exp I).

Note the different scale of snow and ice thickness (also in Figures

6,7, 8 and 9). The zero level refers to the top surface of the ice.

The oceanic heat flux was assumed to be within a
range from 2 up to 25 W-m 2. Figure 6 shows the sensitivity
result for the summer oceanic heat flux. Here the albedo was
within 0.3-0.8 depending on the state of the surface (Exp D).
The modelled ice breakup ranged within half a month. With
a fixed 15 W-m? oceanic heat flux, melting rate of ice was
3.2 cm-d . It is clear from the simulations that the oceanic
heat flux must increase during summer so that in July the
level is again at 25 W-m*. We obtained from the simulations

-80

Snow and ice thickness/cm

T~~~ Exp
---ExpK
-120 ExpL
_160 - Exp M

standard experiment
1 1 1 1 1

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
Month, 2012-2013

Figure 6 The modelled annual snow and ice thickness in terms
of different oceanic heat flux conditions. The surface albedo was
from 0.3 (wet ice) to 0.8 (dry snow) according to Exp D. The zero
level refers to the top surface of the ice.
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that the sensitivity of the breakup date to the oceanic heat flux
is 8ty ~ 00, (W-m?) ' x1 d.

By the success of freezing-degree-day models, it is
clear that the ice growth is largely determined by the air
temperature. In the case ice reaches thicknesses more than
1 m, the sensitivity of the ice thickness to air temperature is
not high (Figure 7), from the analytic model we have &4 ~ 2
a x h'x3S. However, in the melting season the turbulent heat
fluxes are important, and with temperature +2°C from the
mean, the range in the ice break-up date becomes 30 d, i.e. ¢,
~-37°C"'x 15d.

12

| Snow

oo

-120

Snow and ice thickness/cm

-160

standard experiment
1 1 1 1

~~~~~~~

1 1
Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
Month, 2012-2013

Figure 7 The sensitivity of annual snow and ice thickness cycle

to the changes of air temperature. The observed time series and
that £1°C and £2°C are used. The zero level refers to the top
surface of the ice.

In the Arctic seas, snow adds on the insulation in the
growth season and protects the ice from melting in summer.
In our case, no snow and doubled snow thickness gave the
thicknesses from 120 cm to 219 cm, respectively, while the
standard case gave 167 cm (Figure 8). Also the more there
was snow, the later the melting of ice started, and the range in
the ice breakup date was 35 d.

— ExpN

Snow and ice thickness/cm
|
N
>
T

-160 - Exp P
200 ~ 7~ ExpQ

1 1 1 1 1 1 1 1 1 1
Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
Month, 2012-2013

Figure 8 The simulated snow and ice thickness using different
precipitation patterns: Exp P — observed, Exp N — none, and Exp
Q — double. The zero level refers to the top surface of the ice.

4 Discussion

The annual cycle of snow and ice temperature and thickness
reflects the cold growth season of Oct—May and the short
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summer (Jun—Aug). In the study year, the ice thickness grew
steadily, and the temperature in the ice surface layer was
below —30°C at coldest and at 1 m depth the temperature
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was higher than —15°C (Figure 9). In summer the ice was
isothermal.

-120

Snow and ice thickness/cm

-160

-10C

-15C

-20C

-25C

Oct Nov Dec Jan Feb

Mar

Month, 2012-2013

L -30C

1
Apr May Jun Jul

Figure 9 Snow and ice temperature and thickness in October 2012—July 2013 as produced by HIGHTSI standard experiment.

The heat budget is shown in Figure 10. The surface of
the ice varied between bare state and thin snow cover, and all
summer the surface was bare. The longwave radiation makes
an annual cycle dictated by the temperature and cloudiness,
while net solar radiation is weak in winter, jumping fast to
high levels in the melting season when the albedo decreases.

For a latent heat flux of 30 W-m™, mass loss by sublimation
would be 1 mm-d™'. In the growth season, because of the cold
conditions, the latent heat flux is about —20 W-m™, but in
summer the ice thickness would decrease by about 4 cm due
to sublimation.
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Figure 10 The HIGHTSI modelled surface heat fluxes (daily mean) for standard experiment.

The surface heat fluxes reflect the ice growth and
melt. Components of monthly surface energy balance were
calculated for the standard experiment (Table 3). The net
longwave radiation dominates the surface heat balance in
the winter season, while the net solar radiation is critical for
melting. The weather conditions in early winter and in early
spring are critical for the determination of the length of the
ice season. The positive surface heat balance led to the rapid
melting and breakup of landfast ice in July.

Finally, the potential multi-year ice cycle of ice
thickness was simulated by HIGHTSI. This was done without
including any mechanical ice losses. The standard parameters
were used: albedo equal to 0.6, and the oceanic heat flux
linearly decreasing from 25 W-m™ to 2 W-m™ from October
to May, and then in June—July it was linearly increased
back to 25 W-m™. The resulting simulation approached
asymptotically 161 cm at maximum, which is 11 cm lower
than obtained by the analytical model (Eq. 6). The reason is
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that the analytic model did not account for the oceanic heat
flux in the ice growth season. The resulting summer melt was
equal to the growth, leaving an open water period of about
1.5 months. This is quite long and means that ice may
disappear by melting but mechanical breakage and drift of
ice, if occurs, produces an earlier breakup date than pure
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thermodynamics. Taking the melt rate of 3 cm.d™" and the
ice thickness at breakage®*®, this means that the open water
period may be 15-30 d longer due to mechanics. The oceanic
heat flux is one more important parameter to control the ice
melting in summer.

Table 3 The monthly mean heat fluxes contributing to the surface heat balance (W-m™) in October 2012—1July 2013. The columns
are surface layer absorption of solar radiation (Q;), net longwave radiation (Q)), latent heat flux (Q.), sensible heat flux (Q.),
conductive heat flux from below (F.), all fluxes are positive towards the surface. Total solar radiation absorption and total
monthly fluxes are 44.75 W-m? and —123.45 W-m 2, respectively. Fluxes are taken positive when directed toward ice.

Oct. Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul.

O, 0.18 0.00 0.00 0.00 0.25 2.00 5.77 8.77 4.55 23.23

o -38.14 -49.76 -63.81 -68.64 -78.08 -63.95 -55.29 -41.70 -22.33 -0.59

0. -13.40 -5.80 -4.68 -2.79 -1.97 -3.52 -8.47 -16.51 -6.16 12.43

0. -0.35 -3.25 -16.18 -11.01 -20.10 -13.44 -4.45 -7.93 9.57 26.80

F. 64.48 72.05 63.96 53.00 52.79 39.06 30.02 25.60 7.74 -3.40

Unfortunately, we do not have any in situ snow and
ice thickness observations from study site. A landfast sea
ice survey in the previous ice season (2011) in Sogo Bay in
Tiksi Gulf (Figure 1) revealed that the maximum thickness of
landfast ice exceeded 2 m™?. Tiksi is located south of Kotel'ny
Island, and the thicker landfast ice maybe resulted by the cold
continental climate dominated by the Siberian high pressure.
The annual climatological mean air temperatures in Tiksi and
Kotel’ny Island were —13°C and —15°C, respectively, and
during early ice season (Oct— Feb), the climatological mean
air temperatures in Tiksi and Kotel’ny Island were —25°C and
—24°C, respectively. The colder temperature in the ice season
in Tiksi results thicker landfast sea ice compared with that in
Kotel’ny Island, 2°C can produce 15% more ice thickness®.,
In addition, the landfast ice around Tiksi is affected by fresh
water inflow from rivers. Previous studies indicated that the
fresh water ice can be at least 10% thicker than the sea ice
formed by saline water®!.

In Kotel’ny Island, the wind was strong. The monthly
average wind speed in winter (Oct— May) was 5.4 m-s™.
A strong wind may contribute to spatial inhomogeneity of
snow distribution in early winter season, which eventually
affects the regional heat conductivity of snow!'®l. A sensitivity
experiment suggested that increase of snow heat conductivity
from 0.3 to 0.5 W-m™-°C ' in early ice season would result in
20 cm more maximum ice thickness and a week delay of ice
breakup date.

5 Conclusions

The annual cycle (2012—2013) of landfast sea ice thickness
west of Kotel’ny Island between Laptev Sea and East
Siberian Sea was investigated in this study. The remote
sensing data was used for landfast ice detection. The in
situ weather station data was used as the driving force for
the annual cycle of landfast ice. A one-dimensional, time-

dependent thermodynamic snow and ice model (HIGHTSI)
was applied to simulate the annual variation of sea ice
thickness. A number of model experiments were carried
out to study the sensitivity of various external factors on
variation of snow and ice thickness.

Under clear sky condition, high-resolution Landsat
images are very useful to understand the detail mechanical
features of landfast ice, in particular ice breakup. MODIS
images are also applicable to be used for landfast ice
monitoring. The annual temperature of 2012-2013 was
warmer than average climatological condition in New
Siberian Islands. The daily mean air temperature dropped
below 0°C on 26 September. Compared with average
climatological condition, the summer (August) was warmer.

The freezing-degree-days were 4 781°C-d in the ice
growth season in 2012-2013. This was 990°C-d smaller
than the average seasonal freezing-degree-days. The annual
maximum modelled ice thickness of 2012-2013 season
was 172 cm. Scaling analysis by analytical models was also
elaborated for the multi-year ice equilibrium cycle and the
annual maximum ice thickness. The time dependent sea ice
thermodynamic model HIGHTSI was also used to examine
the annual cycles of ice thickness and temperature and their
sensitivity to the forcing. The standard reference model
run yields 167 cm seasonal maximum ice thickness. Both
values are smaller than the maximum landfast ice thickness
measured in Sogo Bay around Tiksi™”. Tiksi is located south
of Kotel’ny Island, but the mean daily air temperature was
there a little colder than that in Kotel’ny Island in Oct—Nov
and Jan—Feb; Kotel’'ny Island is more dominated by the
marine environment and the weather was not that cold as in
Tiksi. The landfast ice around Tiksi was also affected by the
fresh water inflow from rivers. Some early studies indicated
that the fresh water ice could be at least 10% thicker than the
ice formed by saline water ice!).

Without snow, the ice thickness can reach 220 ¢cm in



Model simulations of the annual cycle of the landfast ice thickness in the East Siberian Sea

Kotel’ny Island. The effect of precipitation on ice thickness
is very complicated owning to the fact that precipitation is
highly dynamic, especially in early winter season™. In the
Arctic Ocean, the portions of precipitation contributing to the
snow accumulation or snowdrift are highly dependent on the
synoptic weather condition and the cyclone activities. In an
Arctic lake, snowfall in early winter season can contribute
significantly to the total ice thickness by forming of snow-
ice™, but in the Eurasian Arctic coast the challenges remain
not only to assess the correct quantity of precipitation but
also the observed snow thickness. The effects of wind can
make in situ precipitation measurements liable to as large
as 200% errors™!, To tackle these challenges further field
measurements and modelling studies are needed.

Sensitivity studies were particularly made for the
summer season to close the ice thickness cycle. The melting
and breakup of ice is the most difficult part of the ice season to
model. Sensitivity analyses were made for the albedo, oceanic
heat flux, air temperature, and snow accumulation. They
were all important factors, and realistic ranges of variability
produced about one month range in the date of ice breakup.
In summer, sublimation can add 4 cm to the loss of ice, based
on the modelled latent heat. Melt ponds were not explicitly
treated but they are reflected in the albedo algorithm.

The continuation of this research needs more work on
the ice break-up process using high-resolution satellite data.
The question about ice disappearance needs the understanding
of the mechanical breakage of ice, which is a challenging task
due to the highly variable strength of the warm summer ice.
In two-dimensional ice-ocean models, landfast ice zone is not
well represented for its physics but it has an important role in
the decay process when it breaks and drifts away.

The Arctic is expected to have ice-free summers within
the next few decades™”. Better understanding of the sea ice
thickness near the coastal region is important. The results
guide understanding of the sea ice thickness in the Eurasian
coast.
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