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Abstract Evolution of the Arctic sea ice and its snow cover during the SHEBA year
were simulated by applying a high-resolution thermodynamic snow/ice model
(HIGHTSI). Attention was paid to the impact of albedo on snow and sea ice mass
balance, effect of snow on total ice mass balance, and the model vertical resolution.
The SHEBA annual simulation was made applying the besl possible external forcing
data set created by the Sea Ice Model Intercomparison Project. The HIGHTSI control
run reasonably reproduced the observed snow and ice thickness. A number of albedo
schemes were incorporated into HIGHTSI to study the feedback processes between the
albedo and snow and ice thickness. The snow thickness turned out to be an essential
variable in the albedo parameterization. Albedo schemes dependent on the surface
temperature were liable to excessive positive feedback effects generated by errors in
the modelled surface temperature. The superimposed ice formation should be taken
into account for the annual Arctic sea ice mass balance.
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1 Introduction

By regulating the exchange of heat, moisture, and momentum between the ocean and
atmosphere, thermodynamics of sea ice and its snow cover play an important role in the
Arctic climate system. Modelling studies of snow and sea ice thermodynamics have been
carried out for a few decades, but unsolved problems still remain. During a freezing sea-
son, the sea ice mass balance is relatively easy to be modelled well. A simple analytical
model, such as the Stefan’ s law, may give a good first-order estimate for the ice growth.
During the ice thermal equilibrium and melting seasons, however, an accurate modelling of
ice mass balance may require a better understanding of the surface albedo feedback mecha-
nism, effect of absorbed solar radiation on sub-surface snow/ice melting, snow-to-ice trans-
formation, and a good simulation of the temperature profile in snow and ice.
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Particular challenges remain in the parameterization of surface albedo and the radiative
energy absorbed and distributed within the snow and ice cover, as well as in modelling the
contribution of snow to sea ice energy and mass balance. It has been found out that the sim-
ulation of the Arctic sea ice responds most sensitively to the parameterization of the sea-ice
albedo''). Sea ice is involved in key climate feedbacks ( ice-albedo feedback, cloud-radia-
tion feedback ). For example, snowfall largely increases the surface albedo, reflecting a
larger portion of the incoming solar radiation and reinforcing the cooling of the atmosphere,
providing a strong support to the maintenance of ice cover. On the other hand, melting of
snow and ice will reduce the surface albedo favoring further melting. This positive ice-albe-
do feedback has a significant impact on climate change in polar-regions!>*. The effect of
surface albedo during the melt season is often poorly quantified mainly due to our inability
to accurately know the surface characteristics such as snow depth and melt pond fraction.
This was reflected in the results of Sea Ice Model Inter-comparison Project Part 2
(SIMIP2), i.e., during the winter season, various models yielded approximately similar
ice growth, while during the summer season melting of snow and ice were modelled differ-
entlyl®]. The onset of ice melt is mainly controlled by the time of disappearance of the o-
verlying snow cover. Since the classical sea ice thermodynamic model of Maykut and Unter-
steiner, models have been further developed by, among others, Ebert and Curry, Launiain-
en and Cheng, Bitz and Lipscomb, Liston et al. , and Huwald et al. (2005a) (6] The
High-Resolution Sea Ice Thermodynamic Model ( HIGHTSI) was developed in the Finnish
Institute of Marine Research ( FIMR) as a long-term Sino-Finnish collaboration. In the lat-
‘est model application'”) , the main focus was to investigate the impact of external forcing,
snow physics, and the model resolution on snow and ice mass balance by carrying out a
number of numerical experiments in synoptic (10 days in early autumn during the CHIN-
ARE-03 ice camp) and seasonal ( May-September) scales. However, due to lack of sea-
sonal validation data, various model experiments could only be compared against each oth-
er.

The most extensive year-round data set on the Arctic snow and ice thermodynamics and
their forcing factors originates from the project Surface Heat Budget of the Arctic Ocean
(SHEBA, Uttal et al. , 2002) 8] in 1997-1998. The SHEBA data sets have been used to
validate surface albedo schemes and parameterization of melt ponds!®!. The impact of forc-
ing data on sea ice simulation was also investigated using SHEBA data sets ['°-''], Huwald
et al. (2005a) %) modelled the SHEBA year applying a multi-layer sigma-coordinate ther-
modynamic sea ice model. The results indicated that ice thickness is very sensitive to the o-
ceanic heat flux. In this study, we apply HIGHTSI to simulate the SHEBA year. We pay
detailed attention to the effect of albedo on snow and ice mass balance, and carry out sensi-
tivity tests to investigate the importance of model vertical resolution as well as the role of
snow to ice transformation. The HIGHTSI model is briefly introduced and various albedo
schemes are presented in Section 2. The results are presented and interpreted in Section 3,
and the final conclusions are drawn in Section 4.
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2 Thermodynamicc sea ice model and albedo schemes

The HIGHTSI model is targeted for process studies, i. e. , to simulate the evolution of
snow/ice surface temperature, in-snow/ice temperature, and snow/ice thickness. Special
attention is paid to the parameterization turbulent heat fluxes with the atmospheric boundary
layer ( ABL) stratification taken into account. The penetrating global radiation through the
surface is parameterized, making the model capable to quantitatively calculate sub-surface
melting. The model has been validated against field data and successfully applied to the Bo-
hai Sea, Baltic Seal 24! central Arctic, and the Antarctic!’). The validation studies
have yielded good results for the surface heat balance, snow/ice mass balance, and snow/
ice temperature regimes. It has been found out that a successful simulation of temperature
regimes within snow/ice during a melting season with large solar radiation requires a high
vertical resolution‘'®. Recent developments of HIGHTSI have also included attentiosuper-
imposed ice formation ( ice refrozen from melt water) (141 and sensitivity to precipitation
forcing[.":.

Many parameterizations of the snow and sea ice albedo have been developed. Most of
the schemes are based on measurements carried out in the Arctic. In this study, we carry
out model sensitivity studies in terms of various albedo schemes. The albedo schemes ap-
plied are listed in Table 1. We group these parameterizations into four categories (I, II, III
and IV) ranging from simple to sophisticated. A single broadband value as a function of the
surface status (e.g. snow, ice, wet snow, and wet ice) is defined as the simplest albedo
scheme normally applied in large-scale sea ice climate models. The next category of
schemes refers to surface temperature ( Tsfc) dependent albedo, i. e. , the surface status is
quantitatively taken into account. Some regional climate models ( e. g. HIRHAM,
ECHAMS, and HadCM3) favour such albedo schemes. In addition to Tsfc, more complexi-
ty can be included in albedo parameterizations by introducing the time development of snow
and ice thickness, as well as empirical threshold values of them determined from field ob-
servations. These threshold values are used to define the albedo function. Albedo schemes
in this category'!7-'3] are applicable for sea ice climate and process models. Pirazzini et al.
(2006) %] investigated albedo changes during a snow-melt season in the Baltic Sea and
made an adaptation of the Flato and Brown (1996) [18] scheme to be more suitable for the
Baltic Sea ice modelling. The most sophisticated albedo scheme is in our last category, i. e.
albedo is parameterized according to temperature, snow and ice thickness as well as the
spectral dependence, solar zenith angle, and atmospheric properties 2.

On the basis of SHEBA observations, a standard forcing data set has been created in
SIMIP2. It was particularly designed for comparison of sea ice thermodynamic models. Fig-
ure 1 shows those in situ measurements. The in situ snow depth measurements show signifi-
cant spatial and temporal variations. The SIMIP2 concludes!!!!. “the prescribed snowfall
ates produce snow accumulation that is considerably less than observed. This may be a con-
sequence of gauge under catch or local in-homogeneity in accumulation. Therefore, in order
to be more faithfully to reproduce local conditions at the test site, the snowfall rate was
manually increased by 50% , i. e. the observed snow fall rate was multiplied by 1.5”.
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Fig.1 The SHEBA observations used as external forcing data for the Sea Ice Thermodynamic Model Inter-com-
parison Project (SIMIP2). Rh is relative humidity, QI is the downward longwave radiation, Qs is the
shortwave radiation and Fw is the oceanic heat flux.
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A control run was made with external forcing from Figure 1. A high vertical resolution
in a Lagrangian grid mode with 30 layers in snow and 30 layers in ice was used. Instead of
parameterized radiative fluxes, we applied the observed downward shortwave and longwave
radiation in HIGHTSI. This eliminates the impact of cloudiness on the surface heat bal-
ance. The observed average surface albedo and oceanic heat flux were also applied in the
control run.

3 Results

The modelled snow and ice thickness and temperature regimes are given in Figure 2.
The corresponding SHEBA measurement is given in Figure 3. There was a large difference
between the observed and modelled snow thickness between days 300 and 400. The meas-
urement was solely from Gauge 69. The large difference maybe explained by the local varia-
bility of snow thickness. From Figure 1d, we see a major snowfall event around day 380.
This event was, however, not clearly reflected in the Gauge 69 measurement, probably due
to the strong wind ( Figure 1a) resulting in gauge measurement errors. On the other hand,

0.5'.‘""""',"""""1'""""‘-'""'
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Fig.2 (a) The HIGHTSI modelled snow thickness and temperature (°C) field and observed snow thickness
( green line) at a single location ( Gauge No. 69) during the SHEBA year. (b) HIGHTSI modelled ice
mass balance and temperature during SHEBA year.
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the strong local snow accumulation at Gauge 69 from day 300 to 360 was not detectable from
the spatial average gauge-based accumulation ( Figure 4 in Huwald et al. 2005al''1). The
main factors that affect modelled snow thickness are the precipitation and snow melt. In
HIGHTSI, the precipitation was an external forcing, while snowmelt was a prognostic varia-
ble. After day 400, the modelled snow thickness showed reasonable agreement with the in
situ measurement indicating that the HIGHTSI well reproduced the snowmelt.

50
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Fig.3 Observed ice thickness and temperature regime during SHEBA. The internal ice temperature is dis-
played using color contours, with cold ( -20°C) as blue and warm (0°C) as red. The gray shaded ar-

ea represenls snow depth, and the black, missing data. The boundary between red and navy blue de-
21} ).

notes the ice-ocean interface ( Figure from Perovich et al. 2003'

The ice thickness was modelled reasonable well, in particular the bottom mass bal-
ance. This is because we applied the observed oceanic heat flux to minimize the uncertain-
ties originating from the ocean. The surface ice melting was underestimated compared with
the measurement ( Figure 3), because the surface albedo of the control run was prescribed
based on the average of observations, which were not made over melt ponds. The surface
ice melting may increase some 10 ~15% , if the albedo of melt ponds is considered.

The control run yielded good results by utilizing the maximum amount of observations
as external forcing. The precipitation was particularly important for a good snow thickness
simulation. Once the snow precipitation was specified, a proper modelling of the seasonal
evolution of the snow and ice strongly depends on the surface albedo.

To understand the impact of surface albedo on seasonal snow and ice mass balance, we
carried out a number of model runs with various albedo parameterization schemes. The mod-
el forcing is still from Figure 1, except the surface albedo was parameterized ( Table 1).
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Fig.4 The HIGHTSI calculated albedo ( thin line) versus the SHEBA measurements ( thick line). Various al-
bedo schemes were incorporated into the HIGHTSI ( See Table 1 for formulae).
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Table 1. _Various snow and sea ice albedo schemes applied in this study
Albedo . Applications of
category Albedo parameterization albedo schemes
Cy [(a)| a=0.75(snow) ;e =0. 5(ice) Parkinson & Washington (1979) |Large scale climate model
(h)| a=0.8(dry snow) ,0.77( wet snow) ;& =0. 57 (dry ice) , Climate/ process models
0.51( wet ice) Perovich (1996)
Cp ()| @a=ayy —exp( =0.5(T, . = Tie) ((@pux = Qin) Regional climate model
A =0. T30, =0.3 Liu et al. (2007) ( HIRLAM)
()| @a=0.85T; < -3°Cy=0.55-0.133(T,,, - Ty.) . Ty > =3°C Regional climate model
Kplizow et al. (2003) (REMO)
T °Ciax=0.8-0.03(T, +1 -10°C < T, <0°
(e) 2 0-8, 1 < -10°Cia= 03(Ty +10), T <0 Regional climate model
=0.5,T,, >0
« wle Liu. ] personal communication { HadCM3)
Cy [(1) | @ =max(a,,c;, (H,)%% +0.08,0=0.75,T; <T,, Sea ice process studies
| €0 =0.1,c,, =0.44,
a; =min( a,,; .¢;2 ( H; )2 +a,) 0, =0.65,Ty =T ., and climate models
f‘l" —0. 075,0‘:""- =0. 55.
a=aqa, H;' <Hlmil'r '-0 15 vam =0.001 m.
a=max(a,,a +H x(e -a;)/cy), H, ‘—"'Hmm,H ST
a=a, H; |>5Hmm ,H,>cy  Flato and Brown (1996)
(g) a; =min( ey, ,c;; X (H; ) +0.15),a,=0.8, ¢, =0.1,¢, =0. Process studies for
8= min[a, .o +H, x (a, —a;)/¢ig] H,=H_ H >cp a,y =0. .
55 snowmelt season in the
a=a, H,zH;, H, >cyq Pirazzini et al. (2006) Baltic Sea
(e, = a, + a‘( I + tanh(H; - 0.2)/0. 8) 32 - 0.1(1 + Climate model
tanh( (min{ T, - T, oy s Trery) +1.2)70.03))/2
a, =a, -0.1(1 +tanh((Ty + 1. 2)/0.03))/2 (Arctic Regional Climate
a, =0.1;0, =0.5;a, =0.9
a =a,,ifH <0.0lmia =a, + H/(H, +0. 1) (a,; - a;), System model )
if H, = 0.0lm
a = max(a.q, +0.05) Lynch et al. (1995)
Cy | ()| e, = @, - a;_,min(atan(4H;)/atan(2),1) +0.075min( T, ~ | Climate model ( National
Ty =1,0),0p =0.06
O pir = O ~ a, ",,min(atan(4H-)/aIan(2) 1) +0.075min(T,,, - | Center for Atmospheric
Ty -1.0) e = 0.73,a;_,, = 0.33
o = o (1 = H_‘/( H +0.02)) +a,_,,(H/(H +0.02) Research Comunity
Acpiy = 0.96 Oy = 0.68
a,, = (1 -H/(H +0.02)) +a,_,, (H/(H, +0.02) Climate System Model)
a = 0.53a,;, +0.47a,, Briegleb et al. (2004)
H ,H,T e and T,,, are snow and ice thickness, surface temperature and melting temperature (273. 15 K) , re-
bper-melv

Figure 4 shows the HIGHTSI calculated albedo compared with SHEBA observations.
From the observed albedo, we clearly see the linkage between the changes of surface albedo

and snow and ice melting. Until day around 475 (20 April, 1998),

the surface remained

snow covered and the albedo was fairly constant (0.85). From day 476 to 531 (15 June,
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1998 ), the surface albedo decreased from 0. 85 to about 0. 6. During this period, snow was
melting and elt ponds may have formed. After day 531, the ice was under continuous melt-
ing until the autumn freezing up in early August. The strong oscillations of albedo between
days 476 and 531 were probably due to the effect of snowfall. During the ice-melt period
(days 531—590) , the variation of albedo was about 0.1 (0.6 -0.7). Such albedo chan-
ges were probably linked with the development of melt ponds'??'. According to in situ re-
cords, the on set of snowmelt occurred on day 514 (29 May, 1998 ), so the actual time
window for snowmelt was just about 17 days (days 514—531).

The simple albedo schemes in category I were not able to represent the temporal varia-
bility of albedo. The albedos in category II show large oscillations probably in response to
the change of calculcated surface temperature. However, there was large bias between ob-
served and modelled albedo. The albedos in category III in general follow the temporal vari-
ability of measured albedo, particularly (g) of Pirazzini et al. (2006)!'%), which is modi-
fied from Flato and Borwn (1996 )[8) (f). The albedo from the most sophisticated
scheme (1) also follows the observed variability, but there was a systematic bias of 0. 1.
The calculated minimum albedo was about 0. 5. It is close to the albedo of melt ponds,
which typically varies from 0.42 to 0. 56.2! Hence, the albedo of (i) was even closer to
realty, although it showed differences compared with locally measured albedo.

The observed ( gauge 69) and modelled snow thicknesses using various albedo schemes
are shown in Figure 5. The onset of snow melting was directly affected by the albedo param-
eterizations. According to these model experiments, we may conclude that the simple snow
albedo (e. g. category I) may work as well as some of the more complicated albedo
schemes (e. g. categories Il and IV). The model run with albedo parameterization (b)
most accurately catches up the timing of the snow melt. This is because the albedo was
fixed to 0.75 for melting snow in (b) ; this value was just the same as the average albedo
during the actual snow-melt period (day 514—531). The results suggested that the model
run with albedo scheme in category II yield large errors, i. e. , the snowmelt onset was too
early compared with the measurements. The modelled snow thickness is improved when the
effect of Tsfc on albedo is eliminated ( category IIT). The modelled surface temperature is
normally liable to errors. These errors may produce an artificial ice-albedo feedback, i.e. ,
errors of surface temperature enhance the error of albedo and further enhance the error of
mass balance.

The observed and modelled total ice thicknesses are given in Figure 6. It appears that
during the freezing season, all modelled ice thicknesses match observed value quite well.
The largest differences were found during the melt season. The model results from the albe-
do category II have largest errors. These were mostly due to the fact that the incorrect sur-
face albedo triggers an artificial feedback, which lead to early onset of ice melt, particularly
for cases (c¢) and (e). All simulations produced less ice grownt than observed between
days 430 and 520. This is probably due to underestimation of snow and ice conductivities in
HIGHTSI. Further analysis indicated that differences of modelled ice thickness during sum-
mer season were mainly due to surface melting owing to the differences in albedo values.
The ice bottom melting also slightly contributed to errors in the total modelled ice thickness.
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Fig.5 The HIGHTSI modelled snow thickness ( thin line) versus the SHEBA individual station measurement
(thick line) at gauge 69. Various albedo schemes were applied in the model runs ( Figure 4).
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Fig.6 The HIGHTSI modelled ice thickness ( thin line) versus the SHEBA measurement ( SIMIP2 data). Va-
rious albedo schemes were applied in the model runs ( Figure 4).

It has been found out that snow may contribute to the ice mass by a procedure called

superimposed ice formation' +1424.25]  During the snow melt season, the melting snow can
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re-freeze at the snow-ice interface. This procedure may increase the total ice thickness be-
fore the ice starts to melt.

During the melting season in SHEBA | the solar radiation was strong and pentrated into
snow and ice leading to sub-surface melting. A high spatial resolution is needed to well sim-
ulate the exponential distribution of solar radiation within snow and ice. We made further
model sensitivity studies to investigate the importance of superimposed ice formation and
spatial resolution in the ice model. We made additional model experiments with the follow-
ing conditions: (1) without taking into account the superimposed ice formation and (ii)
with a coarse spatial resolution of only 3 layers in snow and 3 layers in ice.

The time series of observed and modelled ice surface melting and total ice mass bal-
ance for these model runs are shown in Figure 7. The HIGHTSI model run with a high spa-
tial resolution is closer to the observed ice melting in the beginning. The coarse resolution
model run has a more rapid surface melting compared to the observations. The high resolu-
tion model run underestimated some 15 c¢m surface melting, while the coarse resolution
model run produced some 5 cm overestimation of surface melting. Note that the albedo pro-
posed in SIMIP2 data sets was the area average value, in which the effect of melt ponds was
not considered. In the absence of melt ponds the summertime surface albedo usually does
not fall below 0.56'%). In other words, for high resolution model, if we had taken into ac-
count the effect of melt ponds on albdo, the modelled ice surface melting would have been
closer to the observations ( decrease of albedo would increase the melting and overcome the
underestimation of the mass balance). For the coarse resolution model, however, the sur-
face ice melting would be even more overestimated.
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Fig. 7 HIGHTSI Modelled surface ice melting and the tolal ice mass balance compared with the observations.
The model runs were carried by a high ( red) spatial resolution (30 layers in snow and ice) and a coarse
( blue) spatial resolution (3 layers in snow and ice). The SHEBA observalions are given as green lines.
The thin black line in the upper panel is the observed surface albedo during the SHEBA year. The
dashed lines in the lower panel are the model results without taking superimposed ice formation into ac-
count.
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Figure 7b demonstrates that the model runs with superimposed ice formation taken into
account are in better agreement with the observations especially during the summer ice melt
season. During days 455—510, the observed increase of ice thickness was not very well re-
produced by the HIGHTSI. According to SHEBA measurements, there was a very cold peri-
od during that time. The air temperature dropped below -20°C for several days ( Figure
1b). The growth of ice probably occurred at the ice-ocean interface. The failure of the
HIGHTSI ice growth is perhaps related to the fact that the snow heat conductivity applied
was underestimated. According to Huwald et al. (2005a,b) (6.11] " the active heat conduc-
tivity of snow could be as large as 0.7 W/mK compared with the widely used value of about
0.31 W/mK.

4 Conclusions

We studied the seasonal-scale sensitivity of modelled snow and ice mass balance to
paremeterization of surface albedo, model resolution, and oceanic heat flux. The model
simulations were carried out using the SHEBA atmospheric and oceanographic observations
as external forcing, and validated against SHEBA observations on snow and ice thickness,
temperature, and albedo. The results indicated that the combination of improved parameter-
izations for albedo and superimposed ice formation together with a high vertical resolution
improves the simulation of the annual cycle of sea ice mass balance. We stress the following
conclusions.

Precipitation is an external forcing for thermodynamic sea ice models. To minimize the
inaccuracy in precipitation, which is essential for proper modelling of snow and ice seasonal
mass balance, one has to figure out what is the best source of precipitation data. Point
measurements are not necessarily representative because of spatial variations and gauge er-
rors due to blowing snow. According to this and previous studies'?®’ | the ECMWF short-
term forecasts (included in the reanalysis) for snow fall are reasonably accurate to be used
as forcing for sea ice models in the Arctic. The density of snow is another issue that needs
attention.

The surface albedo is one of the most important parameters in modelling of snow and
ice thermodynamics. The albedo change is very critical in the beginning of the snowmelt
season. During the pre-melt period, the albedo may remain fairly constant of 0. 8—0. 85,
but when the snow starts to melt, albedo will decrease and becomes strongly coupled with
the mass balance. The inaccuracy of albedo causes errors in the onset of snow and ice melt,
snow and ice mass balance, and the annual equilibrium ice thickness. Compared against lo-
cal observations at SHEBA , the albedo parameterization of Pirazzini et al. (2006) ("7’ yiel-
ded the best results, whereas the melt pond effects were best reproduced by the Briegleb et
al. (2004)!2°) scheme. Attention is needed to albedo schemes with a dependence on sur-
face temperature, because the errors of modelled surface temperature may trigger an artifi-
cial albedo feedback leading to an unrealistic sea ice mass balance.

The model vertical resolution controls the accuracy of numerical simulation of heat con-
duction and penetration of solar radiation in snow and ice, and the surface mass balance.
Coarse resolution models may configure more solar radiation to be absorbed for surface heat
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balance, which increases the sensitivity to changes in surface albedo and leads to an overes-
timation of surface ice melting. The superimposed ice formation should be taken into -ac-
count for the annual Arctic sea ice mass balance. The oceanic heat flux is a critical variable
in terms of sea ice mass balance. A reasonable annual cycle of oceanic heat flux is a pre-
condition leading to successful modelling of season/annual sea ice mass balance.
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