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Abstract

Snow ice and superimposed ice formation on landfast sea ice in a Svalbard

fjord, Kongsfjorden, was investigated with a high-resolution thermodynamic

snow and sea-ice model, applying meteorological weather station data as

external forcing. The model shows that sea-ice formation occurs both at the ice

bottom and at the snow/ice interface. Modelling results indicated that the

total snow ice and superimposed ice, which formed at the snow/ice interface,

was about 14 cm during the simulation period, accounting for about 15% of

the total ice mass and 35% of the total ice growth. Introducing a time-

dependent snow density improved the modelled results, and a time-dependent

oceanic heat flux parameterization yielded reasonable ice growth at the ice

bottom. Model results suggest that weather conditions, in particular air

temperature and precipitation, as well as snow thermal properties and surface

albedo are the most critical factors for the development of snow ice and

superimposed ice in Kongsfjorden. While both warming air and higher

precipitation led to increased snow ice and superimposed ice forming in

Kongsfjorden in the model runs, the processes were more sensitive to

precipitation than to air temperature.

Sea ice plays a key role in the global climate system

and ecosystem (AMAP 2011; Stocker et al. 2013; Meier

et al. 2014). It insulates the ocean from the atmosphere

and modifies the exchange of heat, water vapour and

momentum in the atmosphere�ice�ocean system. The

rapid decline of Arctic sea ice in extent and thickness

in recent decades (e.g., Comiso et al. 2008; Kwok &

Rothrock 2009; Hansen et al. 2013; Laxon et al. 2013;

Renner et al. 2014) affects the Earth’s radiation balance,

atmospheric and oceanic circulations and the Arctic

ecosystem (AMAP 2011; Meier et al. 2014).

Snow on top of sea ice has important implications

for the sea-ice evolution. After it accumulates on ice in

early winter, snow may slow down ice growth at the ice

bottom. Snow on ice may delay ice melting in late spring

since the snow has to melt away first. In the Arctic

summer, snow melting forms melt ponds, which sub-

stantially reduce the surface albedo and change sea-ice

thickness distribution (Pedersen et al. 2009). Moreover,

snow may increase ice thickness through the formation

of snow ice (Leppäranta 1983) or superimposed ice

(Kawamura et al. 1997) at the snow/ice interface. A

substantial snow cover on the sea-ice surface may result

in a negative freeboard*the distance from ice surface

level to the seawater level (counted negative if the ice

surface level is lower than the water level)*which

subsequently leads to seawater flooding of the ice surface

and basal snow to form a salty slush layer. Refreezing

of this slush layer then forms snow ice. On the other

hand, melted snow or liquid precipitation may percolate

downwards to the original ice cover to form a fresh slush

layer, and refreezing of this slush layer forms super-

imposed ice. In terms of timing, snow ice tends to form

in early winter (Leppäranta 1983), while superimposed

ice formation is more pronounced in early spring, when

snow melt starts (Kawamura et al. 1997; Haas et al. 2001;
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Nicolaus et al. 2003; Granskog et al. 2006). Besides

their contribution to the total ice mass, snow ice and

superimposed ice prolong the lifetime of the ice cover

in summer and can greatly affect the optical proper-

ties of the upper ice surface (Haas et al. 2001; Nicolaus

et al. 2003) as well as biota associated with the sea-

ice environment since radiation is crucial for these

organisms.

Snow ice and superimposed ice formation may con-

tribute significantly to the total sea-ice mass. In an

extreme case, snow ice can make up the entire ice floe,

as observed in the Sea of Okhotsk (Shirasawa et al.

2005). Snow ice and superimposed ice can contribute

up to half of the entire ice column (Palosuo 1963;

Kawamura et al. 2001; Granskog et al. 2003) in the

Baltic Sea. Snow ice and superimposed ice are extensive

in the Antarctic (Massom et al. 2001) with a proportion

from 5% (Haas et al. 2001) to 25% (Eicken et al.

1994; Jeffries et al. 1997) of the total sea-ice mass.

Snow ice and superimposed ice have been observed in

Kongsfjorden (Gerland et al. 1999; Nicolaus et al. 2003;

Gerland et al. 2004; Gerland & Hall 2006), where the

amount of superimposed ice was observed to be 8%

(Nicolaus et al. 2003) or 22% (Gerland et al. 2004) of

the total sea-ice mass.

Modelling snow ice and superimposed ice has been

carried out for the Baltic Sea (e.g., Leppäranta 1983;

Saloranta 2000; Cheng et al. 2003; Cheng et al. 2006),

the Antarctic (Maksym & Jeffries 2000; Maksym & Markus

2008) and the Sea of Okhotsk (Shirasawa et al. 2005).

However, in the Arctic, snow ice and superimposed ice

have not drawn much attention in modelling studies

so far. This is partly because the overall snow precipitation

in the Arctic is relatively small compared with that in

other high-latitude seas. Snow ice rarely forms because

of the low ratio of snow thickness to ice thickness, and

the superimposed ice usually deteriorates rapidly in the

following melting season (Holt & Digby 1985). Cheng

et al. (2008) modelled snow ice and superimposed ice in

the central Arctic, but a proper validation is missing

on account of the limitation of in situ measurements.

Nicolaus et al. (2006) modelled superimposed ice forma-

tion in Kongsfjorden with a snow model; however, neither

snow ice nor sea-ice evolution can be simulated with

a stand-alone snow model.

In this article, we study snow ice and superimposed

ice with a high-resolution thermodynamic snow and sea-

ice model (HIGHTSI) in Kongsfjorden. Our objectives are:

(1) to quantify the contribution of snow ice and super-

imposed ice to the ice mass balance on a seasonal scale;

(2) to investigate the effect of snow physics, in particular,

the time-dependent snow density and surface albedo,

on ice mass balance; (3) to identify the most critical

external forcing factors that affect seasonal snow ice

and superimposed ice formation in the Arctic fjords; and

finally (4) to assess the climatological conditions in the

Kongsfjorden region and their impact on snow ice and

superimposed ice formation. We are not aware of similar

studies that have been carried out before.

In Kongsfjorden, Svalbard, measurements of snow

and ice thickness and freeboard have been carried out

consistently since 2003 (Gerland & Renner 2007). How-

ever, the interannual variability of the fjord’s landfast ice

is high, and the amount of data that can be collected in

a season varies accordingly. The monitoring set-up pro-

vides a test bench to explore various snow and sea-ice

thermodynamic processes that play a role in Arctic sea-ice

changes at a large scale (Nghiem et al. 2007).

Model description

Originally developed by Launiainen & Cheng (1998), the

HIGHTSI model has been under continuous development

and has been applied in the Antarctic (Vihma et al. 2002),

the Baltic Sea (Cheng et al. 2003; Cheng et al. 2006),

the Arctic (Cheng et al. 2008; Cheng et al. 2013) and

sub-Arctic lakes (Semmler et al. 2012; Yang et al. 2012;

Yang et al. 2013; Cheng et al. 2014). The core of the

model is a partial differential heat conduction equation

for snow and ice:

qcð Þs;i
@Ts;i z; tð Þ

@t
¼ @

@z
ks;i

@Ts;i z; tð Þ
@z

� �
þ
@qs;i z; tð Þ

@z
; (1)

where the subscripts s and i denote snow and ice,

respectively, z is the vertical axis (positive downward),

t is the time, T is the temperature, r is the density, c is the

specific heat, k is the thermal conductivity and q is the

amount of incoming solar radiation penetrating below

the snow and ice surface. The thermal properties (c and k)

of snow and sea ice are parameterized in accordance with

Sturm et al. (1997) and Pringle et al. (2007).

The melting of snow is calculated on the basis of

surface energy balance (Cheng et al. 2003):

ð1� aÞQs � I0 þQd �QbðTsfcÞ þQhðTsfcÞ
þQleðTsfcÞ þ FcðTsfcÞ � Fm ¼ 0 ;

(2)

where a is the albedo, Qs is the incoming shortwave

solar radiation at the surface and I0 is the net shortwave

radiation that penetrates the snow or bare ice, contri-

buting to internal heating of the snow and ice. Qd and

Qb are the incoming and outgoing longwave radiation.

Qh and Qle are the sensible and latent heat flux. Fc is

the surface conductive heat flux, and Fm is the heat
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used for surface melting. All fluxes are positive towards

the snow or ice surface. The penetration of solar radiation

into snow and ice is considered so subsurface snow

melting can be quantitatively calculated (Cheng et al.

2003).

Estimation of liquid precipitation in the winter season

is challenging, primarily because of the lack of precipita-

tion data and the difficulty in discriminating the types

of precipitation that reach the ground. Whether precipi-

tation is solid or liquid from fall to spring seasons depends

largely on the temperature conditions (Auer 1974). A

recent study suggested that this critical air temperature is

highly geographically dependent, varying from �1.08C
up to 2.58C in northern Eurasia (Ye et al. 2013). To assign

precipitation to either snow or rain, we use a threshold

temperature of 0.58C (Yang et al. 2013). The slush from

wet/melting snow is assumed to be at the freezing point

and percolates downward to the snow/ice interface

without delay (Cheng et al. 2003).

The calculation of slush and snow ice formation is

based on Archimedes’ Principle. The process of snow ice

formation was initially studied by Leppäranta (1983) and

later by Saloranta (2000). The freeboard (fb) is calculated

from the equation of isostatic balance:

fb ¼
ðqw � qiÞ

qw

hi �
qs

qw

hs ; (3)

where hi and hs are the thicknesses of ice and snow,

respectively, and ri, rs and rw are the sea ice, snow and

sea water densities. When the freeboard becomes nega-

tive (fbB0), seawater reaches the ice surface through

cracks or pores (assuming the sea ice is permeable

enough) or from the edges of ice floes. The amount of

slush formed is computed in accordance with Saloranta

(2000), as shown below

hslush ¼
qwWs � B

qs þ qw � qslush

; (4)

where Ws is the weight of overlying snow in water

equivalent (WE). B is the buoyancy of the ice, snow ice

and old slush layers:

B ¼ hiðqw � qiÞ þ hsiðqw � qsiÞ þ hslushðqw � qslushÞ ; (5)

where hsi and rsi are the thickness and density of snow

ice, and hslush and rslush are the thickness and density of

flooded slush, respectively. The snow slush is a mixture

of water, ice and air bubbles. Its density is hard to mea-

sure accurately, varying from about 700 to 960 kg m�3

(Adolphs 1998). The slush density here is taken as

920 kg m�3, as by Saloranta (2000).

Refreezing of the slush is calculated according to the

heat flux divergence at the snow/ice interface:

qsuiLf

dhsui

dt
¼ � ks

@Ts

@z

� �
z¼hs

þ ki

@Ti

@z

� �
z¼hi

; (6)

where hsui and rsui are the thickness and density of

superimposed ice or snow ice, and Lf is the specific latent

heat of freezing. The formation of snow ice and super-

imposed ice is naturally limited to the available total

snow slush created by flooding and surface melting and

sleet or wet snow/rainfall. After snow-to-ice transfor-

mation, the snow ice or superimposed ice becomes an

integral part of the total ice thickness.

At the ice bottom, the ice temperature is kept at

freezing point (Tf) in the model, and the heat is used to

grow or melt the ice:

� qiLf

dhi

dt
¼ �ki

@Ti

@z

� �
bottom

þFw

ðTiÞbottom ¼ Tf

; (7)

where Fw is the heat flux from water to ice. Table 1

summarizes the parameters used in the model.

In situ measurements and forcing data for
model simulations

Study site and in situ data

Located on the west coast of Spitsbergen, Svalbard,

Kongsfjorden (798N, 128E) is about 20 km long and

4�10 km wide (Fig. 1). Landfast sea ice in this fjord

generally forms between December and March and

lasts until June (Svendsen et al. 2002; Gerland & Renner

2007; Gerland et al. 2007; Pavlova et al. 2011). The inner

fjord is usually covered by landfast ice during the ice

season, with ice thickness B1 m (Gerland & Renner

2007). The fjord not only is usually dominated by cold

and fresh Arctic water, but also can be dominated by warm

Table 1 Numerical values of model parameters and constants in

high-resolution thermodynamic snow and sea-ice model (HIGHTSI).

Abbreviation Parameter/constant Value

ci Specific heat of sea ice 2093 J kg�1 K�1

cs Specific heat of snow 2093 J kg�1 K�1

ri Density of sea ice 910 kg m�3

rs Initial density of snow 330 kg m�3

rw Density of sea water 1020 kg m�3

rsui Superimposed ice density 850 kg m�3

rslush Slush density 920 kg m�3

Tf Freezing point temperature of

seawater

�1.88C

Lf Specific latent heat of freezing 0.33�106 J kg�1
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and saline Atlantic water, which flushes into the fjord

from the continental slope of western Spitsbergen (Cottier

et al. 2005) after persistently southerly or northerly winds

(Cottier et al. 2007).

The 2003/04 winter had the highest maximum of

snow and ice thickness in Kongsfjorden according to in

situ observations between 1997 and 2011 (Pavlova et al.

2011). In that year, snow and ice thickness, as well as

freeboard, were measured approximately biweekly by

the Norwegian Polar Institute (NPI) at four sites (K1�K4)

in the inner part of the fjord (Gerland & Renner 2007)

from 23 January to 21 May (Fig. 1). The large standard

deviation (SD) of the mean (average at the four observa-

tion sites) snow depth and ice thickness (Fig. 2a, b)

indicates that snow and ice thickness had large spatial

and temporal variability (Gerland & Hall 2006, see also

their figure 3a), for example, after 9 February for the

mean snow thickness, or on 10 March (98 cm), 22 April

(910 cm) and 7 May (98 cm) for the mean ice thickness.

The mean from the four observation sites is used in the

following model simulations.

In the beginning of the monitoring period, there

was on average 9 cm snow on top of 54-cm-thick ice

(Fig. 2a, b). Afterwards, the mean snow thickness started

to increase after the third visit (9 February) and reached

a maximum of 30 cm on 6 April. From then on, the

snow thickness decreased under the influence of warm

air and increased radiative forcing (Fig. 3a), reaching

8 cm on 21 May. The mean ice thickness generally kept

increasing until reaching a maximum thickness of 92 cm

by 8 May. Afterwards, the mean ice thickness decreased

slightly, reaching 89 cm on the last visit. The rate of

the increase of ice thickness was relatively large (ca.

1 cm day�1) before 20 March. Negative freeboard was

registered between 10 March and 22 April (Fig. 2c), with

the lowest value being �37 cm measured on 20 March.

The SD of the mean freeboard was small (B1 cm) before

9 February and became large (2�5 cm) afterwards, when

major snowfall events started (Fig. 3c). The large SD of

freeboard was correlated with the large SD of the mean

snow thickness (Fig. 2a).

Forcing data for model simulations

Air temperature, wind speed and direction, relative

humidity, precipitation and cloudiness were recorded

at the weather station of the NPI’s Sverdrup Station in

Ny-Ålesund (78857.9?N, 11851.4?E; www.eKlima.no) at

the southern shore of Kongsfjorden (see Fig. 1). The time

interval of observation is one hour for air temperature,

relatively humidity, wind speed and direction, 12 hours

for precipitation and three times a day (6:00, 12:00 and

18:00 UTC) for cloudiness. Cloudiness and precipitation

measurements are linearly interpolated into hourly data

and used to force the model.

In the period between 23 January and 21 May 2004,

the air temperature (Fig. 3a) was generally low (below

�58C) until the end of February. In March, temperatures

were highly variable, with maxima temperatures above

08C in warm spells and minima as low as �278C in cold

spells. From early April onwards, the weather became

warmer, with more periods staying above 08C. In addition,

the diurnal variation became more pronounced in this

period. During the monitoring period, the dominant

wind direction (Fig. 3b) was south-easterly (1208), repre-

senting the prevailing winds in Ny-Ålesund (Svendsen

et al. 2002). The total precipitation was 165.2 mm WE,

mainly in March and early April (Fig. 3c). With a threshold

of 0.58C, the amount of solid precipitation would be

155 mm WE. This would result in an accumulated snow

depth of 39 cm by 6 April and 47 cm by 23 May (Fig. 3d)

using a snow density of 330 kg m�3. In contrast, the

measured snow thickness was 21 cm (from 9 to 30 cm)

from the beginning of the monitoring period to 6 April,

substantially lower than the estimated snow accumula-

tion during the same period. The difference (18 cm) may

be attributed to wind drift, snow-to-ice transformation

or local differences in precipitation between Ny-Ålesund

(where the meteorological observations are made) and

in the inner fjord.

Fig. 1 Map of Kongsfjorden, Svalbard, with the four measurement sites

in 2004. The Svalbard Archipelago is shown in the inset.
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The impact of wind on snow redistribution cannot

be assessed quantitatively without high-resolution spatial

wind and snow measurements. The ageing and den-

sification of the bulk snow layer can, however, be esti-

mated based on observed snow and ice thicknesses and

freeboard if it is assumed that the ice floe was in iso-

static equilibrium when the measurements were taken.

According to Eqn. 3, based on the fact that sea-ice den-

sity is relatively constant, the snow density can be

calculated as

qs ¼ qw � qið Þhi � qwfb½ �=hs (8)

The calculated snow density demonstrates large spatial

and temporal variability during the monitoring period

(Fig. 4). The mean snow density at the four observation

sites varied from 235 to 450 kg m�3 from January to May.

In May, it was from 372 to 450 kg m�3, which is similar

to the range of the snow density measured in late spring

2002 by Nicolaus et al. (2003). The temporal variation

of the mean snow density was nonlinear. Fitted with a

second-order (n�2) polynomial, the parameterized snow

density based on in situ data increased with time (Fig. 4),

which is close to that calculated from the parameterization

of Anderson (1976).

Model experiments

To investigate snow ice and superimposed ice formation

and factors affecting ice evolution, seven model experi-

ments were carried out during the monitoring period

(Table 2): one reference run (Ref), three experiments

involving snow physics (S1 [snow density], S2 [wind

drift] and S3 [albedo]) and three experiments involving

oceanic heat flux (F1, F2 and F3). In Ref, a parameterized

snow density (Anderson 1976), a constant oceanic heat

flux of 2 W m�2 (Maykut & Untersteiner 1971) and a

sophisticated surface albedo scheme (Briegleb et al. 2004)

were applied. In experiment S1, mean snow densities

derived from 2004 in situ measurements in Kongsfjorden

(black line in Fig. 4) replaced the parametrized snow
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Fig. 2 Observed in situ mean (a) snow depth, (b) sea-ice thickness and (c) freeboard, and their mean standard deviation (vertical bars) from 23 January

to 21 May 2004. In (b), zero refers to sea-ice surface and the blue curve indicates the ice bottom.
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density used in Ref. Under windy conditions, directly

applying solid precipitation as model input may over-

estimate the snow accumulation. In experiment S2, 85%

of the solid precipitation was used as input into the model,

arbitrarily assuming that 15% of the solid precipitation

was removed by wind. The snow melting which occurred

during the monitoring period can substantially reduce

the surface albedo and further influence the snow and ice

evolution during the melting season. To investigate the

impact of surface albedo on snow and ice evolution, model

experiment S3 was run with an albedo scheme derived

from measurements on Arctic landfast ice (Flato & Brown

1996) in which albedo is a function of snow and ice

thickness and surface temperature. The oceanic heat flux

(Fw) is crucial for the fate of Arctic sea ice (Polyakov et al.

2010) and also for fjord ice. It may increase over time with

the intrusion of relatively warm Atlantic water (Cottier

et al. 2005) in Kongsfjorden, or as more solar radiation

penetrates through ice in spring and summer (Maykut &

McPhee 1995; Perovich & Elder 2002). With the shrinkage

and thinning of the Arctic sea ice in recent decades, more

solar radiation has been shown to penetrate through the

ice (Nicolaus et al. 2012; Hudson et al. 2013). This implies

that the oceanic heat flux likely increases as ice thickness

decreases, especially in spring, when more solar radiation

is available. To investigate the influence of oceanic heat
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Fig. 3 (a) Air temperature, (b) wind speed and direction and (c) precipitation (mm water equivalent [WE]) recorded at Sverdrup Station in Ny-Ålesund,

and (d) derived snow thickness from solid precipitation from 23 January to 21 May 2004, assuming snow density of 330 kg m�2 and taking a

temperature threshold of 0.58C.
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flux on ice, constant oceanic heat flux values of 5 and

10 W m�2 were prescribed in experiments F1 and F2,

respectively. Linking the oceanic heat flux with temporal

variation of ice thickness, a third experiment F3 was

carried out applying a simple parameterization of oceanic

heat flux (Fw) (see Table 2).

Results

The modelled snow thickness, freeboard and ice thick-

ness are presented in Fig. 5 along with observed data.

Prior to 10 March, the modelled snow thickness in

experiment Ref was in line with observations (Fig. 5a).

The simulation error increased between 10 March and

20 April, when snowfall episodes occurred. After-

wards, the modelled snow thickness remained quite

stable, overestimating the thickness towards the end of

the simulation (9 and 12 cm positive bias in May;

see Table 3). The modelled freeboard also agreed well

with observations until 10 March. It remained largely

lower than the observations in the remaining period

in response to the overestimation of snow thickness.

The mean bias of the modelled freeboard in April and

May was �7 cm. Until 10 March, the modelled total

ice thickness followed the observations well. Afterwards,

the ice thickness was overestimated by the model, with

the modelled thickness 11 cm larger than the observa-

tions in April.

The temporal variation of modelled snow thickness

in experiment S1 was more pronounced compared with

experiment Ref, particularly in April. This is because

snow density in experiment S1 followed more closely the

in situ conditions. The modelled snow remained over-

estimated at the end of the season. The modelled free-

board and ice thickness in experiment S1 showed some

improvement compared with experiment Ref.

When the solid precipitation input into the model

(experiment S2) was reduced, the modelled snow thick-

ness was the same compared with experiments Ref and

S1 before 10 March, because the snow precipitation
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Fig. 4 Calculated snow density (coloured symbols) based on individual snow and ice thicknesses and freeboard measurements at sites KF1�KF4

according to Archimedes’ Principle. The calculated mean snow density (black line with open circles), the polynomial (n�2) fit (red line) in a least-

squares sense of mean snow density and the parameterized snow density in accordance with Anderson (1976) (blue line) are also shown.

Table 2 Configurations of high-resolution thermodynamic snow and

sea-ice model (HIGHTSI) experiments.

Experiment run Parameters

Ref

(Reference run)

rs
a (initial)�330 kg m�3; rs calculated according to the

parameterization of Anderson (1976); Fw
b�2 W m�2;

Snow input�solid precipitation

S1 Ref set-up, but rs is derived from in situ data

S2 S1 set-up, snow input�85% solid precipitation

S3 S2 set-up, albedo scheme (Flato & Brown 1996)

F1 Ref set-up, but Fw�5 W m�2

F2 Ref set-up, but Fw�10 W m�2

F3 Ref set-up, but Fw time-dependent; Fw�2, if hi
c50.6;

Fw�hi�15�7, if 0.65hi51; and Fw�8, if hi�1

ars is the snow density. bFw is the oceanic heat flux. chi is the ice thickness.
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was small. Afterwards, experiment S2 produced slightly

thinner snow and ice but a larger freeboard as compared

with experiment S1 because of less solid precipitation

input. At the end of the monitoring period, the thinner

snow in experiment S2 resulted in an overall better

estimation of freeboard and ice thickness compared with

observations.

After applying the albedo scheme of Flato & Brown

(1996) into the model in experiment S3, the simulation

results did not show considerable differences to experi-

ment S2 until 6 April. Afterwards, the simulated snow

thickness in experiment S3 became lower than in experi-

ment S2 (Fig. 5a), especially after 22 April. This is because

the snow metamorphism and snow melting decreased

the surface albedo, which in turn enhanced the surface

melting during the melting season. The reduction in snow

lightened the overburden of weight on ice and, therefore,

the freeboard became positive faster in experiment S3

than in experiment S2.

Differences between simulated and observed snow and

ice thickness and freeboard are summarized in Table 3.

Overall, in experiment S3 the simulated snow and
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Fig. 5 The observed mean snow, freeboard and ice thickness (black open circles) compared to high-resolution thermodynamic snow and sea-ice

model (HIGHTSI) modelled results in model runs Ref (black lines), S1 (red lines), S2 (green lines) and S3 (blue lines).

Table 3 Bias, root mean square error (RMSE) and correlation coefficient of simulated snow thickness, freeboard and ice thickness compared to

observations.

Snow thickness (hs) Freeboard (fb) Ice thickness (hi)

Model runs Bias (cm) RMSE (cm) Corr. coef. Bias (cm) RMSE (cm) Corr. coef. Bias (cm) RMSE (cm) Corr. coef.

Ref 2.2 5.5 0.83 �3.0 5.5 0.54 4.7 6.3 0.98

S1 3.0 5.9 0.84 �2.2 4.5 0.54 4.5 5.7 0.99

S2 1.7 4.4 0.90 �0.8 2.9 0.68 2.6 3.6 0.99

S3 0.5 4.1 0.90 �0.1 2.7 0.80 2.7 4.0 0.98
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freeboard were more consistent with the observations,

having the least bias and root mean square errors (RMSE)

and higher coefficients.

Slush can form with flooding from the ocean or as a

result of snow melting or liquid precipitation. Time series

of these kinds of slush formation in the model experiments

are shown in Fig. 6. In the experiments Ref and S1�S3,

slush due to flooding started to form around 10 March

and increased in April (Fig. 6a). Afterwards, it decreased

to zero, with the freeboard becoming positive (Fig. 5b).

The amount of slush due to flooding was greater in

experiments Ref and S1 and less in experiments S2 and

S3 (Fig. 6a) in response to the overburden amount of

snow. Slush due to melting/wetting mainly formed

after 20 April (Fig. 6b) in Ref and S1�S3 experiments.

The amount of slush was similar among Ref, S1 and S2

experiments but was more in experiment S3, which can

be explained by the albedo feedback included in experi-

ment S3. We, therefore, conclude from the model results

that the slush was mainly formed by flooding processes

during March and April; its formation shifted from

flooding to snow melting with the enhancement of

snow melting in May. By the end of the monitoring

period, the total slush formation was 16, 15, 13 and 17 cm

in experiments Ref, S1, S2 and S3, respectively. Refreezing

the slush formed 14, 13, 11 and 15 cm of snow ice and

superimposed ice in experiments Ref, S1, S2 and S3,

respectively, accounting for 15, 14, 13 and 15% of the

total ice mass, and 36, 35, 34 and 32% of the total ice

growth during the simulation period. This suggests that

the ice growth at the ice bottom alone could not explain

the total seasonal ice growth and implies that the upward

ice growth at the ice surface was a major contributor.

Oceanic heat flux affected the ice bottom evolution.

Figure 7 shows the ice bottom changes in experiments

Ref and F1�F3. With larger oceanic heat flux, there was

less ice bottom accretion and more ice bottom ablation in

Kongsfjorden. During the simulation period, sea ice at

the ice bottom grew 25 cm in experiment Ref and 16 cm

in experiment F1, while the growth (13 cm) and melting

cancelled each other in experiment F2. In experiment

F3, the calculated oceanic heat flux gradually increased

from 2 W m�2 in early February to roughly 8 W m�2

towards the end of the simulation period. The modelled

ice growth at the ice bottom in experiment F3 did not

differ significantly from experiment Ref before 1 March.

Afterwards, there was less ice growth and more melting

at the ice bottom in experiment F3 compared with

experiment Ref, since the penetration of solar radiation

made more energy available at the ice bottom.
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resolution thermodynamic snow and sea-ice model (HIGHTSI) model experiments Ref, S1, S2 and S3.
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Discussion

2003/04 season

Long-term snow and ice monitoring indicated that during

the winter of 2003/04 ice formed relatively early in

the fjord (Gerland & Hall 2006). Prior to the in situ mea-

surements, the weather station record from Ny-Ålesund

showed that the air temperature was below �108C in

early December 2003, with a monthly mean of about

�178C. January 2004 was still cold, with a mean air

temperature of �15.88C. The prevailing weather condi-

tion favoured a total ice growth up to a half metre before

the in situ measurements started. The total snow pre-

cipitation was 46 mm WE before the in situ measure-

ment started, roughly corresponding to a total 14 cm

snow accumulation (using rs�330 kg m�3). The mean

snow thickness from measurements was 8 cm at the first

visit on the landfast ice (23 January 2004), which is

thinner than the expected snow accumulation of 14 cm

(using rs�330 kg m�3). This might suggest that snow

ice formation most likely occurred before 23 January,

as in other seasonal ice-covered seas, for example, the

Baltic Sea, partly because heavy snowfall on thin ice easily

leads to negative freeboard.

During the winter season 2003/04, the air temperature

rose occasionally above 08C in April. The parameterized

daily mean downward solar radiation under clear sky

conditions was 240 W m�2 in early April. This would

enhance internal and surface melting of the snow during

daytime, as clearly observed since April. Our simulated

superimposed ice formation (Fig. 6) is consistent with such

melting. In fact, superimposed ice formation in spring

has also been observed in other Arctic and sub-Arctic sea-

sonal ice-covered seas, for example, in Van Mijenfjorden

(Gerland & Hall 2006) and in the Baltic Sea (Granskog

et al. 2006).

The modelled snow thickness deviated more from the

observations during snowfall events. This is most likely

due to differences in the snowfall at Ny-Alesund and

inner fjord as well as the uncertainty of the model input

of solid precipitation and the crude estimation of the

wind drift effect on snow accumulation (see Fig. 5).

When snowfall started, the accumulated snow thickness

instantly showed spatial variation caused by the wind

and ice surface topography, which was not captured in

our study. Additionally, the inaccuracy of observed solid

precipitation could directly contribute to the deviation

of snow thickness. Improving snow information largely

relies on accurate measurement of precipitation and

better physics being taken into account in the models.

Applying prescribed snow density based on observations

somewhat improved the modelled snow thickness, parti-

cularly the snow growth. This was also demonstrated by

Semmler et al. (2012) in a study of lake ice.

The freeboard detection is crucial for large-scale sea-ice

monitoring conducted by space-borne (e.g., CryoSat-2) or

helicopter-borne altimetry in recent years. Freeboard

observation in the field is challenging, especially in

late spring. With increasing solar radiation and the air

temperature fluctuating around 08C, deteriorated ice,

metamorphosed snow, ice lenses and gap layers often

form within the snow or at the snow/ice interface,

resulting in difficulty in determining the snow/ice inter-

face when making in situ measurements (Wang et al.

2013). Simulating freeboard in the model was also

challenging. The modelled freeboard was lower than the

measured freeboard after the ice surface was below

the water level (Fig. 5). A bulk snow density application

for the whole snow layer may have resulted in errors of
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the modelled freeboard, since precipitation conditions

and snow metamorphosis during the season would

result in vertical variability in snow density. Improving

snow density and solid precipitation inputs to the model

could, to some extent, improve the model results (Fig. 5).

However, a better modelling of freeboard depends on a

better understanding of the snow physics.

In wintertime, for a thick ice floe with snow cover, the

upward heat flux at the ice bottom is greatly constrained

by the insulation of ice and snow, so that the bottom

ice growth largely depends on the oceanic heat flux.

Our study confirmed that the oceanic heat flux is a key

factor for sea-ice development in Kongsfjorden (Gerland &

Hall 2006). Kongsfjorden can be less influenced by the

Atlantic water in some years (Cottier et al. 2005; Tverberg

et al. 2007). This is represented in the model by a small

oceanic heat flux of 2 W m�2, which reproduced the

sea-ice evolution in 2004 well. The warming of the West

Spitsbergen Current (Pavlov et al. 2013) indicates that

there is more oceanic heat flux available if the Atlantic

water flushes into Kongsfjorden (Cottier et al. 2007),

which would have a significant role in the sea-ice evolu-

tion in the fjord. This will be further investigated in

different seasons. Solar radiation penetrating through

ice is also a source of oceanic heat flux (Maykut 1982;

Perovich et al. 2007) and plays an important role in

diminishing Arctic sea ice (Hudson et al. 2013). In this

study, the role of solar radiation was investigated simply by

assuming a dependence of oceanic heat flux on sea-ice

thickness (experiment F3). The reduced ice growth

from April to the end of the observation period in late

May indicated the importance of sea-ice thickness to the

oceanic heat flux, especially in late spring (April�May).

With snow thinning in late spring, there was more solar

radiation penetrating through the ice into the ocean,

warming the upper ocean and increasing melt at the

bottom of the ice.

Climatology investigation

Our seasonal study confirmed that snow ice and super-

imposed ice develop on the ice surface in Kongsfjorden. Air

temperature and precipitation are critical factors for snow

ice and superimposed ice formation. An increase in air

temperature has been found in Svalbard (Øyvind et al.

2014). It is one of the reasons for the less severe sea-ice

conditions in Grønfjorden, Svalbard (Zhuravskiy et al.

2012) and has been considered one of the factors contribut-

ing to the decrease of Arctic sea ice (Screen & Simmonds

2010). A recent study showed that the largest external

uncertainty for snow and ice thermodynamic modell-

ing originated from precipitation (Cheng et al. 2014).

The increase in total precipitation in winter could

naturally increase the overall snow load on ice and lead

to the formation of more snow ice. Rain and sleet falling

on ice favour superimposed ice formation. A mild winter

is usually associated with higher air temperature and

more snow, whereas a severe winter is usually associated

with cold and little snow.

In Kongsfjorden, the seasonal mean (December�May)

air temperature and accumulated precipitation demon-

strates large interannual variability during the past

30 years (1983�2012; Fig. 8). The mean air temperature

has a statistically significant (at the 95% level) positive

trend in the ice season (coefficient: r2�0.28; signifi-

cance: p�0.0013). For just the recent 10-year period

2003�2012, the mean air temperature still increased but

the trend was not statistically significant (r2�0.0015;

p�0.46). The accumulated total precipitation roughly

remains unchanged from 1983 to 2012. There was a slight

decrease/increase in solid/liquid precipitation during

the same period, but the trend was not statistically sig-

nificant at the 95% level. However, in the last decade

(2003�2012), a positive trend with statistically significant

levels (at 95%) is detected for the accumulated total

precipitation (r2�0.31; p�0.047), and the liquid pre-

cipitation (r2�0.32; p�0.044), but not for the snow

precipitation (r2�0.19; p�0.104).

The effect of temperature or precipitation on snow

ice and superimposed ice can be investigated by simple

model sensitivity experiments. With the reference model

run (Ref) conditions, an increase in seasonal mean air

temperature by 18C could reduce the modelled maximum

ice thickness by 5 cm, meaning roughly 5% reduction

of the total ice thickness. An increase in the total pre-

cipitation by 50% could result in 15 cm more maximum

ice thickness in the reference run due to ice formation

at the ice surface. The effect of temperature and preci-

pitation on maximum slush formation due to flooding,

melting as well as maximum snow to ice transformation

was demonstrated by a number of model experiments

forced with different combinations of air temperature and

precipitation (Fig. 9). Under cold conditions, the slush

formation due to flooding was almost linearly proportional

to the total available precipitation. With the large pre-

cipitation scenario, the formation of slush due to flooding

was sensitive to temperature changes. The slush formation

due to melting was less sensitive to precipitation in

cold conditions and more sensitive in warm conditions.

The formation of slush due to melting was also sensitive

to temperature changes when there was a great deal of

seasonal precipitation. The total granular ice formation

was more sensitive to precipitation than the temperature.
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Conclusions

Applying the one-dimensional thermodynamic snow

and ice model HIGHTSI in Kongsfjorden showed that

the total snow ice and superimposed ice formation

accounted for 15% of the total ice mass. This is likely a

typical value compared with the observations (Nicolaus

et al. 2003; Gerland et al. 2004) in the fjord. It indicated

that snow ice and superimposed ice formation at the

snow/ice interface was a major contributor to the total

ice mass in the fjord.

The modelled snow thickness appears to be sensitive to

the snow density used as input. The parameterized snow

density gradually increases in response to the snow ageing

and densification. However, the temporal variations of

snow density due to snowfall events and wind were

not included in the parameterization scheme. Applying a

prescribed snow density (experiment S1) based on field

measurements could improve the temporal variation of

snow thickness (Semmler et al. 2012). Large errors of the

modelled snow thickness occur during the periods when

snowfall happen, largely due to uncertainties of snow

precipitation and wind drift. Tuning the solid precipitation

has a minor impact on the total snow and ice mass balance

(experiment S2). We conclude that to improve the snow

input for ice models, the wind effect on snow drift needs

special attention. After the onset of snowmelt, surface

albedo plays a critical role and eventually affects the

modelled snow and ice thickness much more effectively

than the snow precipitation (experiment S3).

The modelled snow ice and superimposed ice accounted

about 35% of the total ice growth at the end of model

simulation. Unfortunately, we do not have in situ mea-

surements of snow ice and superimposed ice to verify

modelled results. However, results from various sensitivity

studies indicated that the total growth of sea ice could not
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be solely accounted for by bottom freezing. Modelling

showed that snow ice and superimposed ice developed at

the ice surface from the combined effect of air temperature

and precipitation (see Fig. 9).

The current modelling work was confined to the

observation period using meteorological data as model

forcing. A next step would be to focus on field campaigns

and modelling experiments for the entire winter season.

It is important to emphasize that our modelling work

identified the slush layer as a source of both snow ice and

superimposed ice formation. More detailed information,

for example, ice core analysis and ice salinity, would be

required to validate separately snow ice and super-

imposed ice. Intensive and long-term sustainable in situ

observations are critically important for better under-

standing snow ice and superimposed ice thickness as well

as tests and experiments with novel modelling ap-

proaches. Monitoring sea ice is much easier and more

cost-efficient at coastal sites, such as Arctic fjords, in

contrast to the Arctic Basin. Arctic coastal sites provide

us a good experimental base to further explore snow and

ice processes, especially with respect to thermodynamic

ice evolution.

Air temperature and precipitation are critical factors

for snow ice and superimposed ice formation. There is a

positive trend in air temperature and in total precipitation

in Kongsfjorden during the past 30 years (1983�2012) and

the past 10 years (2004�2012). The increase in wintertime

air temperature could significantly affect snow meta-

morphism and snow and ice temperature distributions

(Vihma et al. 2011). Our model sensitivity study illustrates

that slush formation and the total ice formation at the

ice surface are more sensitive to precipitation than to

air temperature. More precipitation would cause more

ice formation at the ice surface. With the thinning of

the Arctic sea ice (Gerland et al. 2008; Kwok & Rothrock

2009; Kwok & Untersteiner 2011; Maslanik et al. 2011;

Hansen et al. 2013; Renner et al. 2014), the warming of

the Arctic (AMAP 2011; Stocker et al. 2013) and projected

increases in Arctic precipitation (e.g., Kattsov et al. 2005),

snow ice and superimposed ice are most probably becom-

ing more extensive and will contribute more to the total

ice thickness in Kongsfjorden, other Svalbard fjords and

other Arctic regions.
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