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[i] An assessment of the performance of a state-of-the-art large-scale coupled sea ice- 
ocean model, including a new snow multilayer thermodynamic scheme, is performed.
Four 29 year long simulations are compared against each other and against sea ice 
thickness and extent observations. Each simulation uses a separate parameterization 
for snow thermophysical properties. The first simulation uses a constant thermal con­
ductivity and prescribed density profiles. The second and third parameterizations use 
typical power-law relationships linking thermal conductivity directly to density (pre­
scribed as in the first simulation). The fourth parameterization is newly developed and 
consists of a set of two linear equations relating the snow thermal conductivity and 
density to the mean seasonal wind speed. Results show that simulation 1 leads to a sig­
nificant overestimation of the sea ice thickness due to overestimated thermal conduc­
tivity, particularly in the Northern Hemisphere. Parameterizations 2 and 4 lead to a 
realistic simulation of the Arctic sea ice mean state. Simulation 3 results in the under­
estimation of the sea ice basal growth in both hemispheres, but is partly compensated 
by lateral growth and snow ice formation in the Southern Hemisphere. Finally, 
parameterization 4 improves the simulated Snow Depth Distributions by including 
snow packing by wind, and shows potential for being used in future works. The inter­
comparison of all simulations suggests that the sea ice model is more sensitive to the 
snow representation in the Arctic than it is in the Southern Ocean, where the sea ice 
thickness is not driven by temperature profiles in the snow.
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studies have shown the im portance o f the snow therm al |-3j p rocess o f heat transfer through the snow 
insulating effect on the sea ice grow th and decay [e.g., includes m ainly three mechanisms: (1) heat conduction
Eicken et ai., 1995; Fichefet and Morales Maqueda, th rough the ice m atrix form ed by the interconnected

grains, (2) heat conduction in the interstitial air, and (3) 
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‘G eorges Lem aitre C entre for E a rth  an d  C lim ate R esearch. E a rth  m ates from  w arm er grains to  Condense On colder ones.
k - N e t t e  B d l u m 6' Université Catholique de Louvain' Louvain'  W ith regard to  this, a variable called effective therm al

2L aborato ire  d ’O céanographie et du  C lim at (Expérim entations et Conductivity ( k ef j )  ÍS typically used, accounting for ali
A pproches N um ériques). Paris. F rance. three processes. However, the term  effective therm al

T akuvik  Jo in t In ternational L abora to ry . U niversité Laval conductivity ÍS probably not the m ost appropriate,
(C anada) an d  C entre N atio n a l de la R echerche Scientifique (France). because it includes transfer by latent heat, which is not
Quebec. Quebec. C anada. , ,• m u  • m  ; r m m  n

d e p a r tm e n t  o f  C hem istry. U niversité Laval. Quebec. Quebec. a Conductive process Following Calonne et al [2011],
C anada. wc therefore refer to  the variable regrouping the above

’British A ntarc tic  Survey. N a tu ra l E nvironm ent R esearch Council. three processes as the apparent therm al conductivity,
C âm bridgeU JK .  ̂ ^  ____ kapp■ A nother potentially im portant process, heat

advection by wind pum ping o f air over a rough snow 
surface, is not included in k app and has to  be simulated 

Ê2013. A m erican  G eophysical U nion. A ll R igh ts Reserved. separately if  represented in a model. The range of
1942-2466/13/10.1002/jame.20039 possible values for k app extends from  about 0.03 to

St M artin  d ’H ères. F rance.

542



LECOMTE ET AL.: SNOW REPRESENTATION IN  SEA ICE MODELS

0.65 W  m -1 K -1 [Sturm et aí., 1997, 1998], and several 
regression curves relating snow therm al conductivity to 
snow density ps were proposed (e.g., Yen [1981] and 
Sturm et aí. [1997], am ong the m ost com m only know n 
and used in the m odeling community). Yet m ost large- 
scale sea ice m odels (coupled to  ocean and/or atm os­
pheric general circulation m odels or not) have been 
using the 0.31 W  m -1 K -1 constant value proposed by 
M ayku t and Untersteiner [1971] and Semtner [1976]. 
U ntil now, the same constant has been used in the 
Louvain-la-Neuve Sea lee m odel (LIM ), which 
includes, like all those models, a relatively simple snow 
representation with only one snow layer and constant 
snow density and therm al conductivity. Even so, Wii 
et aí. [1999] and Fichefet et aí. [2000] showed tha t their 
simulated A ntarctic sea ice exhibits a strong sensitivity 
to  snow therm al conductivity, despite the ra ther sim­
plistic snow representation in their models. In  particu­
lar, they found the modeled average A ntarctic sea ice to 
be on average 10% thinner when using a value reduced 
by half for k app with respect to  the usual value.

[4] The present study aims at extending those works 
and investigates the sensitivity o f a large-scale coupled 
sea ice-ocean model to  the representation o f snow ther­
m al conductivity using a new, m ore elaborate snow 
therm odynam ic scheme. In  particular, we show the 
im pacts o f a newly developed and simple param eteriza­
tion  o f snow packing by wind on the simulated snow 
depth  distributions. The second objective is to  study the 
reproducibility o f Lecom te et aí.’s [2011] results and 
assess the differences in response o f the sea ice model to 
various therm al conductivity form ulations between 
bo th  hemispheres. Benefit is taken from  the host 
coupled model including oceanic feedbacks to  explain 
those dissimilarities. Lastly, we evaluate the ability of 
this m odel to simulate the sea ice extent and thickness 
in bo th  hemispheres with respect to  observations. The 
paper is laid out as follows: section 2 introduces the sea 
ice-ocean m odel and the snow scheme, section 3 details 
the experimental setup, and section 4 describes the 
observations used to  evaluate the model outputs. In  sec­
tions 5-6, we respectively present and discuss the m ean 
state and variability o f the sea ice extent/thickness for 
each sim ulation. Findings are sum m arized in section 7.

2. M odel Description

[5] F o r the purpose o f this study, we use the global 
coupled ocean-sea ice model N E M O -L IM , in the same 
configuration as in Massonnet et aí. [2011]. Both the 
ocean-sea ice model and snow scheme we use are 
described in the next two sections.

2.1. Sea lee and Ocean
[ó] LIM 3 (Louvain-la-Neuve Sea lee M odel, version 

3) is a state-of-the-art therm odynam ic-dynam ic sea ice 
model. Its comprehensive description is given in Van­
coppenolle et aí. [2009a]. This m odel includes an explicit 
representation o f the subgrid-scale distributions o f ice 
thickness, enthalpy, salinity, and age (using five ice ca t­
egories). The therm odynam ic com ponent is a m ultilayer

scheme (five layers o f ice) based on the energy- 
conserving m odel o f B itz and Lipscomb [1999] and sea 
ice halodynam ics are represented using an empirical 
param eterization o f the effects o f brine convection 
(gravity drainage) and percolation (flushing and snow 
ice form ation) on the vertical salinity profile. Sea ice 
dynam ics are solved using the elastic-viscous-plastic 
(EVP) rheology o f Hiinke and Dukowicz [1997] and the 
C-grid form ulation o f Bouillon et aí. [2009]

[7] LIM  3 is fully coupled with the oceanic general cir­
culation model (G CM ) OPA  (Ocean PArallelisé, ver­
sion 9) (see, M adec [2008] for the full docum entation) 
on the m odeling p latform  N E M O  (Nucleus for E uro­
pean M odeling o f the Ocean) following the form ulation 
o f Goosse and Fichefet [1999]. All sim ulations are per­
form ed on the m odel global tripo lar ORCA1 grid 
( I o resolution) with 42 vertical levels. A  sea surface sa­
linity restoring tow ard the Levitas [1998] climatological 
values is added to  the freshw ater budget equation  to 
prevent spurious model drift.

2.2. Snow Scheme
2.2.1. General Description

[s] Initially, the snow in LIM 3 was, as in m ost ice- 
ocean G CM s, represented as one single layer with con­
stant therm ophysical properties. F rom  this starting 
point, two general lines o f model im provem ent were 
considered. The first is the sophistication o f the physical 
and num erical fram ew ork used for snow representation 
(e.g., increasing the num ber o f layers, introducing vary­
ing density, etc.), which is a prerequisite for param eter­
izing im portant processes such as penetration of 
shortwave radiation , snow packing and drift. The sec­
ond line o f im provem ent, i.e., the representation o f the 
la tter processes themselves, is partially addressed in this 
study and will be further developed in fu ture studies. 
Thus, a m ultilayer therm odynam ic snow scheme of 
interm ediate complexity was developed and tested in 
the one-dim ensional (1-D) version o f LIM  (LIM  ID ) 
[Lecomte et ed., 2011]. This scheme was then modified 
and included into the full version o f N E M O -LIM 3 for 
the present w ork in order to  add a slightly improved 
radiation scheme, a new snow therm al conductivity fo r­
m ulation, and m ake it consistent w ith the structure o f a 
three-dim ensional m odel with horizontal advection. 
The final scheme, described hereafter, therefore p ro ­
vides a better characterization o f the snow layer p roper­
ties (density and therm al conductivity) and o f their 
im pacts on heat conduction through the snow ice sys­
tem, com pared to  the initial snow representation in 
LIM 3.

[9] F or each sea ice thickness category in a given ho ri­
zontal grid cell o f the m odel, snow is considered as a 
horizontally uniform  snow pack on sea ice, with a th ick­
ness hs. A t each depth r  within the snow, the therm ody­
namic state o f the m edium  is characterized by 
tem perature T(z), density ps (z), and effective therm al 
conductivity k app (z). The vertical snow tem perature 
profile is governed by the one-dim ensional heat 
diffusion equation:
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d T  d
Csps d t dz { kapp dz

d T \  d l(z )
dz ( 1)

where cs =  2100 J k g -1 K _1, ps, and k app are the specific 
heat, density (handled as described in section 2.2.2.1), 
and therm al conductivity o f snow (param eterized as a 
function o f either density or wind speed, as detailed in 
section 2.2.2.2), respectively. I(z) is the solar radiation 
penetrating into snow at depth  Practically, the 
downwelling rad iation  decreases exponentially through 
the snow, except in its highly scattering upperm ost p o r­
tion  [Perovich, 2007]. This layer is usually referred to  as 
the "surface scattering layer” (SSL). In  the new rad ia­
tive scheme, we assume tha t the surface layer absorbs 
all near-infrared solar rad iation  [Dozier and Warren, 
1982; Warren, 1982], so tha t the rem aining radiation  is 
in the visible and U V  parts o f the solar spectrum. 
Therefore, the snow colum n is optically divided into a 
highly scattering surface layer o f thickness IiSsl  and 
several deeper layers. The solar radiation  penetrating 
under the SSL is:

I0 = ( l - a ) i 0F s' (2 )

I ( z )= I0e~ (3)

where r  >  hSs /  is the snow depth. The param eter hSs / is 
assigned to  3 cm (value o f Perovich [2007]). R adiation 
absorption into the ice is also treated using Beer’s law, 
with an attenuation  coefficient k¡ = 1 m ~ . The crude 
representation o f the radiative transfer in snow and sea 
ice should definitely be im proved, for instance through 
the use o f m ore sophisticated schemes [e.g., Briegleb 
and L ight, 2007; H olland et aí., 2012], which will be the 
subject o f future work.

[io] The surface energy balance provides the bound­
ary condition at the top  o f the snow cover (fluxes are 
defined positive downward):

F f  =  ( 1 -  a) ( 1 - I 0)F S"’+ F 1"’ -  eso T f+ F sh + F (4)

num ber o f  layers was chosen to  avoid an excessive 
increase in com puting tim e, closely related to  the num ­
ber o f  state variables advected in the m odel. C onsider­
ing th a t no optim ization o f the code was done at this 
stage, this configuration  leads to  a lengthening o f  the 
actual com puting tim e by ^4 0 %  com pared to  the 
standard  version o f N E M O -L IM 3 w ith a single snow 
layer. M ost o f this cost is due to  the advection o f  snow 
m ass and tem perature tracers (20 tracers) using the 
P ra th er scheme, the cost o f which significantly 
increases w ith a large num ber o f tracers. H ow ever, the 
snow vertical grid is refined in The therm odynam ics so 
th a t the heat diffusion equation  is solved w ithin six 
layers instead. This is done using an energy-conserving 
m ethod  and enables the therm odynam ic scheme to be t­
ter sim ulate the tem perature  gradient w ithin the snow 
cover.

[12] Once the new tem peratures are com puted, the 
snow m ass balance is calculated as:

dM s
d t ■ - R s - R m / su- R si (5)

where a is the surface albedo, F™’ the incident solar 
rad iation  at the surface, and /0 =  0.18 the fraction of 
solar radiation  penetrating under the SSL (value of 
Grenfell and M ayku t [1977]). The albedo is com puted as 
a function o f the surface state, cloud cover, ice thick­
ness, and snow depth  [Shine and Hender son-Seller s , 
1985]. R adiation  transm ission th rough the deeper layers 
is then com puted following Beer’s law, using a set of 
extinction coefficients k s  for dry and wet snow from  
Jarvinen and Lepparanta [2011]:

[11] F'f being the conductive heat flux in snow just 
below the surface, F1" the dow nw ard longwave rad ia­
tion, eç=0.97 and Ts the surface emissivity and tem pera­
ture, respectively, and F“h and h'll‘ the turbulent fluxes of 
sensible and latent heat. In  LIM 3, the heat content of 
three snow physical layers and the to tal snow m ass (per 
ice category) are advected horizontally with the sea ice, 
as suggested by Lecomte et aí. [2011]. This m inim um

where M s is the snow m ass per unit area (integral of 
snow thickness times density over all layers), R s  the 
snowfall rate, R Misu the melt o r sublim ation rate, and 
R SI the snow ice form ation rate. R M/si< accounts for 
bo th  surface and internal melts, and surface sublim a­
tion whenever the snow surface specific hum idity is 
larger than  the air specific hum idity. Basically, when 
the surface energy balance is positive for snow (taking 
into account all incoming and outcom ing fluxes) and 
surface tem perature reaches the m elting point, snow 
melts. I f  the snow surface specific hum idity (relative to 
the tem perature o f the surface layer) is larger than  the 
air specific hum idity and the air relative hum idity is 
lower than  100%, snow sublimates instead o f melting. 
Since the energy by unit m ass required to  sublimate 
snow is about 10 times larger than  the one for melting 
it, snow mass losses by surface ablation in case o f subli­
m ation are significantly reduced com pared to  regular 
melt conditions [Nicolaus et aí., 2009].

[13] R SI is param eterized as in Fichefet and Morales 
Maqiieda [1997]. W hen the snow pack is heavy enough 
to  depress the snow-ice interface below the sea level, a 
m ixture o f snow and sea w ater flooding the interface 
refreezes to  form  snow ice that is merged with the 
underlying sea ice. The thickness o f the snow ice layer is 
com puted assuming the hydrostatic equilibrium  o f the 
snow/ice colum n into the ocean.

[14] The snowfall rate, R s  is initially derived from  
climatological data , as a surfacic w ater mass flux 
(in kg m -2 s“ 1). Then, R s  is converted into snow 
accum ulation Ah ^a!!:

fc j f fa l l  = ƒ % / /  p J ' soIid R s A t (6)

where f oh‘\  f al\  and A t  are the fraction o f precipitation 
tha t falls as snow, the fraction o f solid precipitation fall­
ing on the ice-covered part o f the grid cell and the 
m odel time step, respectively. f ohd is com puted as a
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function o f surface air tem perature following Ledlev 
[1985], and f fal1 is defined as

j-sfall _  1 (1 ^ 0  ç j 'j

Cl i

where at is the ice concentration (area fraction) and ß  a 
blowing snow param eter (equal to  0.6 in the model) 
accounting for the im pact o f the wind on the am ount of 
snow blown into the ocean.

2.2.2. Parameterizations
2.2.2.I. Snow Density Profile

[is] The representation o f snow m etam orphism  in a 
m odel, implying the characterization o f the snow pack 
through the snow grain size and shape, requires a high 
level o f sophistication tha t is not com patible with both  
the spatial scales resolved explicitly by G C M s and the 
com putational costs o f such models. Despite being ben­
eficial for the representation o f some processes, such as 
the physics o f depth hoar form ation [see, e.g., Sturm  
and M assoni, 2009], a comprehensive description of 
m etam orphism  like the one used in complex land snow 
m odels (e.g., CR O C U S [Brim et aí., 1989]) was not 
included in LIM 3. Besides, in contrast with the density 
o f continental snow, the density o f snow on sea ice is 
affected by sea ice dynam ics and topography.

[16] Nonetheless, the im pacts o f such m echanisms on 
snow are so poorly understood tha t prognosing the evo­
lution o f snow density in a sea ice m odel is hardly feasi­
ble at this stage. Instead, a density profile is prescribed 
as a function o f the sea ice age and thickness, and only 
the snow m ass (not volume) is advected on the horizon­
tal grid o f the model. This is done by assuming tha t the 
snow depth and stratigraphy are highly conditioned by 
the history o f the underlying sea ice. Studies presenting 
specific snow stratigraphies on first-year ice (FYI) and 
m ultiyear ice (M YI), such as Nicolaus et aí. [2009], sup­
port this assum ption. Two m ain observational data sets 
were used to  build the snow density profiles for FY I 
and M Y I in the model. The first is from  the interdisci­
plinary lee Station PO L arstern (ISPOL) [Hellmer et aí., 
2008] project, W eddell Sea, A ntarctica. The cam paign 
was conducted in the western W eddell Sea, Southern 
Ocean in austral spring and sum m er 2004/2005. R egular 
m easurem ents (over D ecem ber 2004) o f snow density 
profiles were m ade in four sites including bo th  FY I and 
M Y I around the drifting station. A  full description of 
these data  can be found in Nicolaus e t aí. [2006] and 
Nicolaus et aí. [2009]. In  the Arctic, snow density data 
were taken from  the C anadian  Arctic Shelf Exchange 
Study (CASES) tha t took  place in 2003. This da ta  set, 
described in Langlois et aí. [2007], provides snow den­
sity profiles on first-year land-fast sea ice offshore in 
Franklin  Bay, N orthw est Territories, C anada.

[17] First, those snow pit data were processed to bring 
all densities and layer thicknesses back on a normalized 
vertical grid with depth  z  varying from  0 (surface) to 1 
(bottom ). The norm alized density profiles were then 
averaged over snow samples originating from  sea ice of 
similar type and thickness. F rom  this, a uniform  snow

density profile o f 290 kg m -3 and a vertical profile 
pJ( r )= 2 9 1 + 8 9 r[k g n D 3] were chosen to  be prescribed 
in the model for snow on F Y I and M Y I, respectively. 
Given the very high spatial (even at regional scale) and 
tem poral variability o f the snow cover on top  o f sea ice 
in bo th  hemispheres [e.g., Massoni et aí., 2001; Sturm  et 
aí., 2002], this m odeling choice m ight appear relatively 
simple. However, it is a first attem pt to  account for the 
im pact o f the variability o f the snow stratigraphy on the 
large-scale sea ice therm odynam ics. In  the context of 
the m ultiplication o f snow in situ da ta  sources, this 
m ethod could be refined to  add m ore detailed and dis­
tinct profiles as a function o f ice type in large-scale sea 
ice models.

2.2.2.2. Snow Thermal Conductivity
[is] The snow therm al conductivity is usually related 

to  snow density through data regressions. Here, we use 
those o f Yen [1981] (equation (8)) and Sturm et aí. 
[1997] (equation (9)):

k app= 0.138-0 .00101^+0.000003233/); (9)

with k¡ and pw being the therm al conductivity o f pure 
ice (2.01 W  K -1 m _1) and the density o f freshwater 
(1000 kg m -3 ), respectively. Those relationships were 
chosen in Lecomte et aí. [2011] because they are broadly 
used in the snow-modeling com m unity. However, due 
to  the dissimilar m eteorological conditions, sea ice types 
and thickness distributions in the two hemispheres, the 
Arctic and A ntarctic sea ice snow cover properties (in 
particu lar density stratigraphy) are substantially differ­
ent [Sturm and Massoni, 2009]. In  light o f the current 
state o f snow representation in sea ice models, these dif­
ferences cannot be well represented yet. The evaluation 
o f snow therm al conductivity based on such relation­
ships is therefore critical and sometimes leads to large 
errors in therm al conductivity (and subsequently in sea 
ice state estimates) according to  w hether they are used 
in the N orthern  or Southern Hemisphere. F o r these rea­
sons, we have sought to  develop simple param eteriza­
tions o f snow density and therm al conductivity that 
would be independent from  those considerations and 
would directly relate the snow density and therm al con­
ductivity to  climate variables such as the surface wind 
speed, the surface air tem perature or the tem perature 
gradient in the snowpack. Here, we briefly present the 
correlations obtained in [.Domine et aí., 2011b] between 
the snow density and the m ean seasonal surface wind 
speed and between the snow therm al conductivity and 
the m ean seasonal surface wind speed (Tv). The rationale 
is the observation, com m on and shared by virtually all 
field snow scientists, tha t the hardness and density of 
dry snow are largely determ ined by the wind intensity. 
This widespread observation has been published and 
used in continental snow m odels [e.g., Brun et aí., 1997; 
Vionnet et aí., 2012] but, to  the best o f our knowledge,
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never in sea ice models. Since bo th  snow hardness and 
density are good predictors o f the snow therm al con­
ductivity [.Domine et ai., 2011a], relating this la tte r vari­
able to  the surface wind speed also appears logical.

[19] W e used data from  field campaigns in Sodankylä 
(N orthern Finland), Barrow (Alaska) [.Domine et ai., 
2012], the Coi de Porte (French Alps), N y Alesund (Sval­
bard) [.Domine et ai., 2011a], and Summit (Greenland) 
for therm al conductivity. F o r density, in addition to  the 
aforementioned locations, we used data from  Fairbanks 
(Alaska) [Taillandier et ai., 2006] and Dom e C (A ntarc­
tica). The data from  places with references have been 
published, and m ost o f the others have been obtained for 
a purpose totally different from  that o f the current study. 
D ata  from  Coi de Porte, Summit, and Dom e C have not 
been published yet. As detailed in Domine et ai. [2012], 
the snow density was m easured with density cutters, i.e., 
by extracting and weighting a know n volume o f snow. 
The snow therm al conductivity was measured with a 
TP02 heated needle probe from  Hukseflux. The principle 
is to  measure the rate o f dissipation o f a 100 s heat pulse 
by m onitoring the tem perature rise of the heated needle 
[Sturm et ai., 1997; Morin et ai., 2010]. This rate is related 
to  snow therm al conductivity. M eteorological data was 
either measured during the campaigns or taken from  per­
m anent meteorological stations at the sites. The tem pera­
ture gradient within the snow was determined from  
vertical strings o f therm istors placed in the snow during 
the campaign. The site o f Sodankylä is in the forest and 
wind speed is measured above the canopy. This is clearly 
not representative of wind speed at ground level. A t this 
site, essentially no wind could be felt at ground level and 
there was never any blowing snow. These conditions 
were similar to  those experienced in Fairbanks, so that 
the wind speed above the canopy was scaled to  the ratio 
between the wind speeds above and below the canopy 
from  Fairbanks to  obtain the below canopy Sodankylä 
wind speed.

[20] The correlation between the snow density and 
the surface wind speed is shown in Figure 1 (left). In 
this figure, the surface wind speed is the seasonal one. 
The snow density is the average o f all density data  over 
a season, as in the case o f Fairbanks, or over the cam ­
paign duration , which ranges from  2.5 m onths (Sum­
m it) to  3 weeks (Finland). These data lead to  the 
following relationship:

pJ=44.6W +174(kgm ~3) (10)

[21] The associated correlation coefficient R 2 =  0.63, 
based on seven samples, is statistically significant 
(p <  0.05). It can be enhanced by adding a tem perature 
gradient com ponent. The rationale is tha t the tem pera­
ture gradient tends to  reduce the density in seasonal 
snowpacks, where the w arm er basal layers sublimate 
and lose m ass while not com pacting [Sturm and Benson , 
1997; Taillandier et ai., 2006]. Empirically, we found 
tha t p = w -0 A 3 V T ,  with V T ,  in K  m -1 , yielding the 
best correlation, R 2 = 0.82 (p  <  0.05). However, com ­
puting the seasonal m ean tem perature gradient in the 
snowpack significantly increases the num erical m em ory 
requirem ents o f the m odel, so tha t only the wind speed

(a)

Figure 1. C orrelation between (a) the m ean snow den- 
sity/(b) therm al conductivity and the m ean seasonal sur­
face wind speed at various locations (see section 2.2.2.2 
for details).

correlation was actually retained. The correlation 
between the snow therm al conductivity and the surface 
wind speed is illustrated in Figure 1 (right), and yielded 
the following regression:

kapp= 0.0424W+0.0295 ( W m ^ ' r 1) (11)

[22] Based on five points, R 2 = 0.88 (p <  0.05). It can 
be enhanced to  0.91 (p < 0.05) by adding a tem perature 
gradient com ponent but for the same reasons as above, 
this was not implemented in the model. Second-order 
polynom ial fits were also applied to these data  but were 
not statistically significant for snow density as a func­
tion o f wind speed, so they were not retained.
2.2.2.3. Basic Intercomparison

[23] The constant value o f 0.31 W  m -1 K -1 usually 
used for k app in sea ice m odels was historically taken 
from  the form ulation o f Abels [1892] for snow of

300
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Figure 2. Snow therm al conductivity versus density 
for Yen [1981] and Sturm et al. [1997] relationships. Col­
ored dots o f coordinates (ps, k v) represent snow therm al 
conductivity and density as functions o f wind speed 
from  Domine et al. [2011b].

density equal to  330 kg m -3 . As depicted in F igure 2, 
this value is greater th an  the therm al conductivities 
produced by all o ther relationships in troduced above 
fo r low to m edium  densities, and especially for light 
snow. E quation  (9) provides lower therm al conductiv­
ities th an  (8), because Sturm  et aí. [1997] studied depth  
h o a r o f subarctic taiga in large p roportion . Since this 
snow type has the lowest k app, this artificially 
decreased their values [Domine et ai., 2011a]. F o r this 
reason, the m odel sim ulations associated to  fo rm ula­
tions (8) and (9) in section 3.2 are nam ed K H IG H  and 
K LO W , respectively. The new regressions ((10) and 
(11)) lead to  therm al conductivity  values in between 
those o f  (8) and (9), fo r the usual range o f snow den­
sities in the m odel. Because regression 10 represents a 
simple param eterization  o f snow packing, the co rre­
sponding sim ulation is called K P A C K  in the following 
sections.

3. M odel Forcing and Experim ental D esign

3.1. Forcing
[24] A  com bination o f atm ospheric reanalyses and cli­

m atologies are used to  drive the sea ice-ocean model. 
W e use the N C E P/N C A R  daily reanalyses o f 2 m  air 
tem perature and 10 m  u- and v-wind com ponents 
[Kalnay et aí., 1996], and m onthly climatologies o f rela­
tive hum idity [Trenberth et aí., 1989], to ta l cloudiness 
[Berliand and Strokina, 1980], and precipitation [Large 
and Yeager, 2004]. R iver runoff rates are derived from  
Dai and Trenberth [2002].

[25] All forcing fields are spatially interpolated from  a 
2° X 2° latitude-longitude grid to the ORCA1 grid. Sur­
face radiative and turbulent heat fluxes are calculated 
following Goosse [1997]. The surface wind stress over 
sea ice is com puted with a quadratic bulk form ula 
assuming a drag coefficient Ca =  1.40 X IO-3 .

3.2. Model Setup and Simulations
[20] All sim ulations are run  from  1948 to  2007, but 

the analysis and the com parison o f model output with 
observations are m ade over the 1979-2007 period, for 
which satellite da ta  are available. Initial ocean tem pera­
ture and salinity fields are taken from  Levitas [1998]. 
W herever the sea surface tem perature is below 0°C, sea 
ice thicknesses (snow depths) o f 3.5 (0.3 m) and 1 m  (0.1 
m) are prescribed in the Arctic and the Southern 
Oceans, respectively. Ice concentration is initialized to 
0.95 and 0.90 in the ice-covered regions o f the N orthern  
and Southern Hemispheres, respectively. Initial sea ice 
and snow tem peratures are fixed to  270 K, and sea ice 
salinity to  6 PSU. The ocean m odel time step is At0 = 1 
h and the sea ice model is called every six ocean time 
steps.

[27] From  the therm al conductivity and density fo r­
m ulations described in section 22 .2 .2 ., four simulations, 
hereafter referred to  as K PA C K , KCST, K H IG H , and 
KLOW , were performed. Table 1 makes explicit which 
param eterization was used in each run. The first simula­
tion (K PA CK ) was carried out using equations (10) and
(11). KCST was run  utilizing a constant snow thermal 
conductivity (equal to  0.31 W  m -1 K _1) for each snow 
layer. K H IG H  and K LO W  were conducted using rela­
tionships (8) and (9), respectively, and prescribing the 
snow density profile as described in section 2.2.2.1.

4. O bservations

[2s] In  the next sections, we assess the skill o f all 
m odel sim ulations in bo th  hemispheres by com paring 
their sea ice thicknesses, concentrations, and extent to 
observations coming from  different sources.

[29] Two sets o f observational data  are used to  vali­
date the modeled ice thickness. In  the N orthern  H em i­
sphere, draft data  (defined as the ice thickness below 
sea level) m easured by U pw ard Looking Sonars (ULS) 
onboard subm arines are available from  1979 to  2000. 
These data, described in Rothrock et aí. [2008], are p ro ­
vided by the N SID C  (N ational Snow and lee D ata  Cen­
ter). They include m ean drafts from  m ore than  3000, 50 
km  long transects and about 30 cruises. A ccording to 
R othrock et aí. [2008], the U LS observational errors 
have a standard  deviation o f 0.38 m  with no significant 
bias. In  the Southern Ocean, we use the ASPeCt 
(A ntarctic Sea lee Processes and Climate) data of

Table 1. List of the Simulations Performed With the Model, 
Using the New Snow Scheme

Sim ulation Param eteriza tion  U sed for Snow D ensity
N am e an d  T herm al C onductivity

K P A C K  D ensity  an d  effective therm al conductivity  o f
Dom ine e t a!. [201 lb], equations (10) an d  (11).

K C ST  Prescribed density (as detailed in section 2.2.2.1 ).
C on stan t therm al conductivity  =  0.31 W  m ~ K -1 . 

K H IG H  Prescribed density (as detailed in section 2.2.2.1).
Effective therm al conductivity  o f  Yen [1981],

K L O W  Prescribed density (as detailed in section 2.2.2.1).
Effective therm al conductivity  o f  Sturm  et a!. [1997],
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Table 2. Mean Absolute Value of the Difference Between 
Observed and Simulated Variables“1

K P A C K  K C ST  K H IG H  K L O W

M ean thickness N H  (D raft) 0.63 1.08 0.64 1.55
erro r (m) SH 0.36 0.36 0.35 0.34

(Thickness)
M ean  extent N H 0.35 0.44 0.40 1.00

erro r (IO6 km 2) SH 1.01 1.06 0.92 0.72
Ext. A n o .b trend N H 0.027 0.032 0.030 0.013

erro r (IO6 k n r /y r)  SH 0.012 0.013 0.008 0.005
Ext. A no  b std N H 0.16 0.21 0.19 0.005

erro r (IO6 km 2) SH 0.14 0.16 0.12 0.07

aF o r d raft an d  1thickness errors. the average o f  the difference
m od .— obs. (in absolute value) is com puted  over all observation  loca­
tions. F o r  sea ice extent, the m ean annual cycle over 1979-2007 is 
com puted  fo r the m odel an d  the observations, an d  the annual m ean  o f  
the difference betw een the tw o (in absolute value) is calculated. 
O bserved an d  sim ulated m onth ly  extent anom alies are retrieved w ith 
respect to  the m ean an nual cycles o f  sea ice extent, in o rder to  com pute 
their trends an d  standard  deviations over 1979-2007. The same 
m ethod  (absolute value o f  the difference m od.— obs.) is then  applied 
to  the la tter quantities to  get the errors. The best statistics for each 
diagnostic are enhanced using italics font. 

b“Ext. A n o .” stands fo r extent anom aly.

Worby et aí. [2008a], which consists o f about 14,000 
estim ates o f sea ice thickness over the 1983-2000 pe­
riod. Sea ice thicknesses from  this data set are observed 
from  ships when they break the ice and tu rn  it sideways. 
E rrors in the ASPeCt thickness range from  ±20%  to 
±30%  for undeform ed and deform ed ice, respectively 
[Worby et aí., 2008a; Kurt: and Markus, 2012].

[30] F o r ice concentration, we use in bo th  hem i­
spheres the data  from  the Scanning M ultichannel 
M icrowave R adiom eter (SM M R) and the Special Sen­
sor M icrow ave/Im ager (SSM/I) reprocessed by the 
E U M E T S A T  Ocean and Sea lee Satellite Application 
Facility (Tonboe and Nielsen, 2010), from  1983 to 2007. 
The data  were interpolated onto the m odel grid in order 
to  perform  the pointwise com parison with the simulated 
sea ice concentrations. Sea ice extent is then com puted 
based on m onthly fields o f ice concentration from  both  
m odel runs and satellite data , as the to tal area o f oce­
anic grid cells covered by m ore than  15% o f sea ice.

[31] Finally, we qualitatively com pare the model 
snow depth distributions to  those obtained by Kwok  
et aí. [2011] and K urt: and Farrell [2011], from  large- 
scale airborne surveys over the Arctic basin, and by 
Worby et aí. [2008b], who evaluated the EOS A qua 
Advanced M icrowave Scanning R adiom eter (AM SR- 
E) snow depth product in the Southern Ocean.

5. R esults

[32] In  the following, we discuss the m odel ability to 
simulate the m ean state and variability o f the Arctic 
and A ntarctic sea ice covers over the 1979-2007 period. 
All deviations between observed and simulated quanti­
ties are expressed in term s o f absolute value o f the dif­
ference m odel— observation. Absolute values were 
chosen to  avoid com pensation o f deviations with oppo­

site signs, and resulting in misleading small values. A 
sum m ary o f these errors is given in Table 2.

5.1. Mean State
[33] We invite the reader to  refer to  Figures 3 and 4 

together with Table 2. Figure 3 shows the m ean sea­
sonal cycles o f sea ice extent in bo th  hemispheres, for 
all sim ulations and as observed. Figure 4 displays the 
differences between the simulated and observed sea ice 
drafts in the N orthern  Hem isphere at places where 
observations are available. Red (blue) areas show where 
the m odel overestimates (underestim ates) the sea ice 
draft o r thickness. The equivalent m aps are not shown 
for the Southern Hem isphere for reasons that are given 
in section 5.2.2. The m ean snow state is illustrated in 
Figure 5, which shows the April m ean Snow D epth  D is­
tribu tion  (SDD) averaged over the last decade o f each 
run  on bo th  Arctic F Y I and M Y I (we use the category- 
averaged snow depths to com pute them), while Figure 6 
depicts the A ntarctic annual m ean snow depths over sea 
ice for each simulation.
5.1.1. Northern Hemisphere

[34] As shown by Figures 3 and 4, K PA C K  and 
K H IG H  both  provide a realistic m ean sea ice state in 
the N H . F o r K PA C K , the sea ice extent annual m ean 
deviation and the draft m ean absolute error with 
respect to  observations are 0.35 X IO6 km 2 (2.8%) and 
0.63 m , respectively. The m ean draft in this sim ulation 
is overestimated by 2.3%. W ith such errors, typical for 
N E M O -LIM 3 in the ORCA1 configuration [Massonnet 
et aí., 2011], bo th  globally and regionally, K PA C K  
exhibits the best skill in sim ulating the Arctic sea ice 
extent and thickness am ong all simulations. K H IG H  
has slightly larger sea ice extent and draft m ean errors 
(0.4 X IO6 km 2 and 0.64 m). K CST and K LO W  overes­
tim ate and underestim ate the m ean sea ice draft, with 
relative errors o f +34.5%  and —53.3%, respectively. 
K LO W  presents by far the largest ice extent absolute 
differences with observations, with a m ean value reach­
ing 1.0 X IO6 km 2 (-10% ).

[35] All m odel sim ulations do reasonably well in 
reproducing the observed SD D  in the Arctic. In  all 
cases, the snow depth on FY I ranges from  0 to  45 cm, 
with a peak at 10 cm (instead o f 15 cm in K w ok et aí. 
[2011]) in the SD D . On M Y I, the m axim um  snow depth 
is about 120 cm for KCST, K H IG H , and K LO W  (peak 
in SD D  around 45-50 cm), while it is only 100 cm for 
K PA C K  (peak at 30 cm). W ith m ean snow depths (over 
1997-2007) varying from  7 (15 cm) to  17 cm (31 cm) on 
F Y I (M YI), the snow pack appears globally too thin 
but the shape and width o f the SDDs are relatively well 
captured given the possible errors in the precipitation 
climatology used to  force the m odel, especially in 
K PA CK .
5.1.2. Southern Hemisphere

[36] As revealed by Table 2, the model sea ice th ick­
ness is less sensitive to  the snow therm al conductivity in 
the SH than  in the N H . A  similar m ean erro r o f about 
35 cm is found for all runs, which explains why m aps 
equivalent to those displayed in Figure 4 are not shown 
for the SH. In  contrast, Figure 3 indicates tha t the SH
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Figure 3. Simulated and observed (Tonboe and Nielsen, 2010) m ean seasonal cycle o f sea ice extent over the period 
1979-2007, for sim ulations (a) K PA C K , (b) KCST, (c) K H IG H , and (d) KLOW . Extents are calculated as the 
to ta l area o f oceanic grid cells with ice concentration larger than  15%. The erro r bars denote the standard  deviation 
o f m onthly extents during the period o f analysis.

sea ice extent is relatively sensitive to  the snow therm al 
conductivity form ulation. W hile K LO W  is relatively 
p oor in the Arctic, it perform s better in the SH with 
respect to  ice extent (error o f 0.72 X IO6 km 2, i.e., 
10.5%) than  the o ther runs ÇH.O X IO6 km 2). The 
m odel tends to underestim ate the SH m ean sea ice 
thickness by ~30% . com pared to  the ASPeCt ice thick­
ness product. In  Fichefet et aí. [2000], a negative ice- 
ocean feedback was detected when reducing the snow 
therm al conductivity, with less ice grow th and therefore 
less brine rejection, in tu rn  resulting in weaker oceanic 
heat fluxes to  the ice due to  the stronger ocean stratifi­
cation. In  their study, the la tte r process triggered an 
enhanced sea ice therm odynam ic production  com peting 
with, and sometimes com pensating, the initial d rop  in 
sea ice grow th rate. Such a feedback is not clearly 
observed here, probably because some o f the model 
com ponents are substantially different. In  particular, 
N E M O -LIM 3 includes the sea ice thickness distribu­
tions, a prognostic salinity, a treatm ent o f the vertical 
mixing in the ocean different from  the one in the ocean

m odel o f Fichefet et aí. [2000], and was used at a higher 
resolution.

[37] A  com m on problem  o f all m odel runs is their 
inability to  reproduce the fast decrease in extent in 
N ovem ber-D ecem ber (see Figure 3). This typical fea­
ture for the N EM O -LIM 3 ORCA1 configuration o f the 
m odel was already observed in M assonnet et aí. [2011] 
and is still unexplained.

[38] As in the N H , although the observed geographi­
cal d istribution o f snow depth  is reasonably well rep ro ­
duced, in particular with regards to  the ASPeCt snow 
data, the m odel tends to  underestim ate the snow depths 
com pared to  the A dvanced M icrowave Scanning R ad i­
om eter (AM SR-E) snow depth product [Worby et aí., 
2008b] (not shown). The m axim um  snow depth is found 
in the W eddell Sea and reaches 25 cm in KCST, against 
19 cm only in K PA C K .

5.2. Variability
[39] Surprisingly, the sim ulations yielding the best 

estimates for m ean state are not necessarily those
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Figure 4. Differences (in meters) between simulated and ULS (N ational Snow and lee D ata  Center, 1998, 
updated 2006) sea ice drafts in the N orthern  Hem isphere (m od.— obs.), for sim ulations (a) K PA C K , (b) KCST, (c) 
K H IG H , and (d) KLOW . M odeled drafts have been chosen according to  the m onth  and year o f the observation. 
The corresponding grid cell has been chosen as the closest to  the coordinates o f the observation.

providing the ice extent anom alies in best agreement 
with observations. Figure 7 shows the time series and 
trends o f the m onthly anomalies in sea ice extent in 
bo th  hemispheres through 1979-2007 for K PA C K  
and KLOW . Because they are qualitatively similar, we 
only show these plots for K PA C K , and compiled the

statistics for the o ther runs in Table 2. Both Figure 7 
and Table 2 reveal tha t K LO W  systematically ou tper­
form s all o ther runs in reproducing the observed sea ice 
extent anomalies, with relative errors o f —25.3% 
(—23.1%) for the trend in extent anom aly and +0.8%  
( +  13.3%) for the standard  deviation in extent anom aly
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Figure 5. Arctic m ean snow depth probability density functions (1997-2007) on FY I and M Y I for simulations (a) 
K PA C K , (b) KCST, (c) K H IG H , and (d) KLOW . Category-averaged snow depths are used to  com pute the distribu­
tions. Vertical dashed lines represent the m odal snow depth from  K wok et aí. [2011], for FY I (blue) and M Y I (red).
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in the N H  (SH). C ontrary  to  the m ean sea ice state, the 
sea ice variability seems to  be equally sensitive to the 
snow therm al conductivity form ulation in both  
hemispheres.

6. D iscussion

6.1. Mean State
[40] As shown in section 5.1, K C ST overestim ates 

the A rctic sea ice volum e while such a behavior was 
no t observed w ith the form er represen tation  o f snow 
in the m odel [see, e.g., Vancoppenolle et aí., 2009a]. 
Two reasons can be invoked. F irst, as explained in sec­
tion  2.2.2.3., the snow therm al conductivity  in K CST 
seems to  be overestim ated com pared w ith o ther fo rm u­
lations, particularly  fo r snow on F Y I th a t has sm aller 
densities in the m odel. The result is a strongly 
enhanced F Y I grow th rate  in winter. Second, our 
snow scheme is m ultilayered and b etter resolves the 
vertical tem perature  profile in the snow, m aking the 
m odel m ore sensitive to  the surface therm odynam ic

forcing com pared to  its form er version. This feature is 
also observed in the Southern  O cean, although less sig­
nificantly. As clearly show n by F igure 8, presenting 
the seasonal cycle o f the sea ice m ass balance spatially 
in tegrated  term s, the surface energy budget in the 
Southern  Ocean is such th a t it rarely leads to  surface 
melt. Hence, the sea ice m ass balance in the South  is 
ra th e r driven by snow ice form ation , and form ation  
and m elting at the base. Therefore, the relative im por­
tance o f atm ospheric processes is likely sm aller th an  in 
the Arctic. C om pared to  K C ST or K PA C K , K LO W  
produces m ore insulating snow on to p  o f sea ice th a t 
curtails the heat loss from  the ice to  the atm osphere 
and thus lim its the basal ice grow th in w inter (see F ig­
ure 8). F Y I therefore covers a larger part o f  the Arctic 
O cean during w intertim e, in tu rn  leading to  a signifi­
cantly reduced sea ice sum m er extent. A m ong all sim u­
lations, K H IG H  leads to  the m ost realistic sea ice 
thicknesses w ith a snow therm al conductivity  re la tion­
ship natu rally  leading to  values widely varying 
between those produced by K LO W  and KCST.
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Figure 6. A ntarctic annual m ean snow depths (1997-2007; in m eters) for sim ulations (a) K PA C K , (b) K CST, (c) 
K H IG H , and (d) KLOW .

[41] The Arctic sea ice draft simulated by the K PA C K  
and K LO W  runs differ substantially from  each other, 
as depicted in Figure 4. Yet, the snow therm al conduc­
tivities for these two param eterizations look similar 
(Figure 2). To explain this apparent contradiction, we 
put forw ard two reasons. First, the snow therm al con­
ductivity in K PA C K  is a function o f the wind speed 
only, and the winds from  the atm ospheric forcing are 
large (~ 5—10 m  s-1 ). F o r this sim ulation, k app reaches 
values at the upper tail o f the distribution, say

—0.3 W  m -1 K -1 . In  the K LO W  run, k app is a function 
o f snow density only (—300 kg m -3 in the model), thus 
reaching lower values and limiting ice grow th in winter. 
Second, snow density is also a function o f wind speed in 
the K PA C K  sim ulation, and for the same reasons it is 
higher on average than  the K LO W  density. F o r the 
same snow mass, the snow cover will accordingly be 
th inner in K PA C K  (see also top  left o f Figure 5), thus 
enhancing heat transfers com pared to  KLOW . These 
two effects add up to  produce a thicker ice in K PA C K
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Figure 7. Simulated (red) and observed (black) (Tonboe and Nielsen, 2010) m onthly anom alies in sea ice extent 
(relative to  the m ean seasonal cycle o f sea ice extent) in the (top) N H  and (bottom ) SH over the period 1979-2007, 
for (a) K PA C K  Arctic, (b) K LO W  Arctic, (c) K PA C K  A ntarctic, and (d) K LO W  Antarctic. The plain lines indi­
cate the trends com puted from  linear regression over the same period.

than  in K LOW , and explain the significant difference in 
sea ice bo ttom  production between the two sim ulations 
(Figure 8).

[42] In  all sim ulations and in bo th  hemispheres, the 
sea ice thickness and extent are also considerably sensi­
tive to  the SDDs. A lthough qualitatively those distribu­
tions seem to be ra ther well reproduced, quantitatively 
the observed SDDs o f K urtz and Farrell [2011] or Kwok  
et al. [2011] as well as the geographical d istribution of 
m ean snow depth in the Southern Ocean are not cap­
tured. E rrors can be attributed to  the forcing or to  the 
m odel itself. Regarding the forcing, using a climatology 
for precipitation involves the loss o f in terannual vari­
ability. Besides, the atm ospheric reanalyses and clim a­
tologies used to  force the m odel have know n biases 
[e.g., Bromwich et al., 2007; Vancoppenolle et al., 2011]. 
In  particular, a bias in snow precipitation is likely to 
affect the simulated SDDs by shifting them  tow ard 
thicker or th inner snow, thus im proving or worsening 
the quantitative com parison with observed SDDs, 
respectively. Interestingly, K PA C K  provides the best 
distribution shapes com pared to  the observational stud­

ies m entioned previously. This sim ulation uses regres­
sion (8), which emphasizes the im portance of 
accounting for the direct influence o f wind on snow 
depth, and ultim ately suggests tha t developing a repre­
sentation o f wind-forced snow redistribution in the 
m odel would significantly im pact on the results and 
m ay be a lever for im proving the simulated SDDs. We 
therefore recom m end this kind o f param eterization for 
snow density and therm al conductivity in sea ice models 
designed for climate studies.

[43] The m ean snow depths on Arctic M Y I (Figure 5) 
also indicate that runs with the smallest (largest) m ean 
snow therm al conductivities produce the smallest (larg­
est) snow depths. The reason is that a smaller snow ther­
mal conductivity induces less heat carried into the inner 
snow-sea ice pack, therefore leading to  an earlier onset 
o f surface melt at the end o f spring and a m ore intense 
thinning all along the snow melt period, and conversely. 
This also explains the early ice extent m inimum of 
KLOW , which is shifted from  September to  August.

[44] Similar observations can be made in the SH, 
although for different reasons since surface melt conditions
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Figure 8. Spatially integrated term s from  the simulated m ean sea ice m ass balance (over 1979-2007), for (a) 
K PA C K  Arctic, (b) K LO W  Arctic, (c) K PA C K  A ntarctic, and (d) K LO W  Antarctic. Positive (negative) diagnos­
tics represent sea ice m ass source (sink) terms. Snow ice form ation corresponds to  the surface production  o f sea ice 
whenever seawater floods the snow-sea ice interface and refreezes. Lateral production depicts the m ass o f sea ice 
form ing in leads. B ottom  production/m elt and surface melt are the integrated diagnostics for the basal therm ody­
nam ic accretion/ablation o f sea ice and the surface melt due to  positive im balance in the surface energy budget, 
respectively. There is no explicit lateral m elting in the model.

are rarely reached there. As sea ice is thinner in KLOW  
(due to the limited bottom  growth during winter), more 
snow ice production occurs due to more frequent negative 
freeboards and seawater flooding the snow-ice interface. 
This process, virtually nonexistent in the N H  (see Figure 8, 
top), enhances the snow thinning but counterbalances the 
sea ice thermodynamic thinning. The latter mechanism 
partly explains why, in the SH, the differences in ice thick­
ness between all runs are still small (as suggested by Table
2) relatively to the differences in mean snow thermal con­
ductivity through the various formulations that are used. 
Furthermore, even though KLO W  exhibits the smallest 
absolute deviations with regard to sea ice extent observa­
tions, it is the simulation with the smallest mean sea ice 
thickness and volume (not shown). The reason is that with

a smaller volume and minimum sea ice extent (see Figure
3), the larger area fraction of leads in late summer enables 
a more intense lateral growth of sea ice all along the fol­
lowing winter (Figure 8), hence compensating for the ini­
tial underestimation in the seasonal sea ice extent. Finally, 
the significantly less pronounced sensitivity of the SH sea 
ice thickness to the snow thermal conductivity representa­
tion is consistent with the findings of Massonnet et aí. 
[2011]. They showed in particular that the NEM O-LIM 3 
SH ice concentration, extent, and thickness are less sensi­
tive to the model physics compared to their N H  counter­
parts, in the ORCA1 configuration. This result is due to 
the crucial importance of the oceanic heat supply in the 
Antarctic sea ice mass balance. Because the average value 
of this flux is larger in the SH, sea ice responds more
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significantly to oceanic anomalies than to atmospheric 
ones, as already mentioned by M avkut and Untersteiner 
[1971],

6.2. Variability
[45] As shown by the model statistics, K LO W  p ro ­

vides the smallest errors for the m onthly sea ice extent 
anom alies with respect to  observations in bo th  hem i­
spheres. However, only the 2 m  air tem perature and 10 
m  u-v winds bear an in terannual com ponent in our 
setup, while the o ther forcings (hum idity, cloudiness, 
and precipitation) are climatological. Therefore, the full 
potential im pacts o f in terannual variability and trends 
o f the actual atm ospheric state on the sea ice cover are 
only partially accounted for in our simulations. As an 
example, a significant trend in the Southern O cean’s 
precipitation in the context o f a warm ing climate, as in 
Zhang  [2007], would likely affect the sea ice extent 
anom alies and trends over the sim ulation period. A ddi­
tionally, the restoring o f the sea surface salinities 
tow ard the Levitas [1998] climatology fu rther strength­
ens this problem . This in tu rn  suggests lim itations in the 
conclusions tha t can be draw n from  our analysis o f sta­
tistics in Table 2.

[46] K LO W  sim ulation yields a smaller sea ice volume 
and a M Y I areal coverage accordingly smaller, resulting 
in two consequences. First, the ice has a lower m ass and 
responds faster to  the dynam ic forcing from  the ocean 
and the atm osphere. Second, larger direct inputs o f so­
lar rad iation  are allowed into the ocean during the sum ­
m ertim e drop  in F Y I concentration, affecting the heat 
budget in leads and the oceanic turbulent heat flux at 
the ice base. A  positive ice-ocean feedback is then trig­
gered as the bo ttom  melt o f the rem aining ice is 
enhanced, subserving further decreases in ice concentra­
tion. Being aware o f the aforem entioned issues, the 
seemingly better ice extent variability in K LO W  may 
therefore be attributed to  larger oceanic interactions 
occurring during the sim ulation, while the im pacts of 
the clim atological forcing (clearly lacking o f atm os­
pheric feedbacks) are lessened. Nonetheless, this is to 
the detrim ent o f the modeled sea ice m ean volume, 
which seems to  be rem arkably underestim ated, espe­
cially in the N H .

7. Conclusions

[47] A  new snow therm odynam ic scheme was em bed­
ded into the sea ice m odel LIM 3 and the sensitivity of 
the global coupled ice-ocean m odel N EM O -LIM 3 to 
the representation o f snow therm al conductivity was 
assessed through four runs (at a Io horizontal resolu­
tion) using different snow therm al conductivity form u­
lations. These include a constant therm al conductivity 
(sim ulation KCST), relationships o f Yen [1981] 
(K H IG H ), Sturm  et aí. [1997] (KLOW ), and a new one, 
based on Domine et aí. [2011b] (K PA CK ), which is spe­
cifically designed for climate studies. The first result of 
this study is tha t the 0.31 W  m -1 K -1 value for snow 
therm al conductivity, which is com m only used in large- 
scale sea ice m odels with a single-layer representation of

snow, cannot be used in a m ultilayer snow scheme with 
varying density. This value, which seems too large, 
except for very dense snow, leads to  an overestim ation 
o f the Arctic sea ice thickness, particularly in a m ulti­
layer scheme tha t is naturally  m ore sensitive to  the ther­
m odynam ic surface forcing than  a single layer with 
constant therm ophysical properties. N one o f these sim­
ulations provides good results in term s o f all snow and 
ice variables and in bo th  hemispheres simultaneously, 
which stresses the specific response o f each hemisphere 
to  varying snow physics. In  the Arctic, the K PA C K  and 
K H IG H  sim ulations give a reasonable estimate o f the 
m ean sea ice extent (absolute erro r between m odel and 
observations o f 0.35 X IO6 km 2 for K PA C K , i.e. 2.8%) 
and thickness (absolute erro r o f 0.63 m, K PA CK ) 
although the observed m onthly sea ice extent anomalies 
over 1979-2007 are better reproduced with KLO W . In 
the Southern Ocean, K LO W  leads to  the m inim um  
absolute errors, with m ean values o f 0.72 X IO6 km 2 
(10.5%) and 0.34 m  (~30% ) for ice extent and thickness, 
respectively. However, these better statistics m ay be due 
to  com pensating errors. Like in the N H , the sea ice b a ­
sal therm odynam ic grow th is clearly curtailed by the 
low snow therm al conductivity values in the sim ulation, 
but it is partly  com pensated by both  lateral production  
and snow ice form ation m aintaining the hydrostatic 
equilibrium  o f the snow-ice column. In  the Arctic, low 
snowfall and thicker ice virtually prevent snow ice fo r­
m ation. K LO W  also seems to  feature a better sea ice 
variability com pared to  all o ther sim ulations, po ten­
tially allowing the oceanic feedbacks to  play a m ore 
prom inent role in driving the geographical distributions 
and tem poral evolution o f the ice concentration 
through the oceanic heat flux at the ice base. The new 
snow therm al conductivity form ulation used in 
K PA C K  seems the only one reasonably well suited for 
bo th  hemispheres even though the m ean errors with 
respect to  observed sea ice extent ( 1.01 X IO6 km 2 
(13.0%)) and thickness (0.37 m) are still quite large in 
the Southern Ocean, which could adm ittedly be due to 
o ther sources o f errors in the simulation. The m ost im ­
p ortan t peculiarity o f K PA C K  is its ability to  repro ­
duce the observed shape o f the Snow D epth  
D istributions, thanks to  relationships simply translating 
the effects the snow packing by wind, and indirectly 
influencing the snow depth. The im portance o f the 
Snow D epth  D istributions in the m odel physics u lti­
m ately suggests tha t accounting for snow redistribution 
by the wind would presum ably im pact positively on the 
m odel perform ance. Finally, because o f the lack of 
atm ospheric feedbacks and the intrinsic lim itations of 
the forcing, due to  potential biases in the reanalyses and 
climatologies, those findings will have to  be investigated 
using fully coupled configurations o f the m odel, once 
available. This contribution  stresses the need for further 
understanding o f snow processes on sea ice and of 
efforts tow ard better representation in large-scale 
models.

[4S] Acknowledgments. This w ork  was partly  funded  by the E u ro ­
pean Com m issions 7 th F ram ew ork  P rogram m e under g ran t agree­
m ent 226520. C O M B IN E  project (Com prehensive M odeling o f  the

555



LECOMTE ET AL.: SNOW REPRESENTATION IN  SEA ICE MODELS

E a rth  System for B etter C lim ate Prediction  an d  Projection). M ost o f  
the field w ork  o f  F. D om ine was funded by the F rench  P o lar Institu te  
(IPEV). The cam paign in Sodankylä was funded by C N R S  th rough  
Program m e N atio n a l de Télédétection Spatiale (PN TS). an d  F. D o m ­
ine th anks Jean-L ouis R oujean  fo r his invitation. The w ork  a t C oi de 
Po rte  w as funded by M étéo F rance. L auren t A rnaud . G hisla in  Picard. 
Josué Bock. Jean-C harles G allet, an d  C arlo  C arm agnola all con trib ­
u ted  to  the field data . F . M assonnet is a  F .R .S .-F N R S  R esearch F el­
low. The au th o rs  are grateful to  tw o anonym ous reviewers for 
con tribu ting  to  the significant im provem ent o f  the m anuscript.

References
A bels. G. (1892). M easurem ent o f  the snow density a t E katerinburg  

during  the w inter o f  1890-1891. Acad. N auk, M em oirs, 69, 1-24. 
B erliand. M .. an d  T. S trok ina (1980). Global D istribution o f  the Total 

A m ount o f  Clouds, 71 pp.. H ydrom eteorol.. Leningrad.
Bitz. C .. an d  W . L ipscom b (1999). A n  energy-conserving therm ody­

nam ic m odel o f  sea ice. J. Geophvs. Res., 104(C1), 15.669-15.677. 
B ouillon. S.. M . M orales M aqueda. V. Legat, an d  T. F ichefet (2009). 

A n  elastic-v iscous-plastic sea ice m odel fo rm ulated  on  A rakaw a b 
a n d c g r id s . Ocean M o d e ll, 27(3). 174-184.

Briegleb. B.. an d  B. L ight (2007). A  D elta-E dding ton  m ultiple scatter­
ing param eterization  for solar rad ia tio n  in the sea ice com ponent o f  
the com m unity clim ate system m odel. N C A R  technical note. Tech. 
Rep. N o te  N C A R /T N -472+  STR . N atl. Cent, for A tm os. Res.. 
B oulder. Colo.

Brom w ich. D ., et al. (2007). A  tropospheric  assessm ent o f  the ERA -40. 
N C E P . an d  JR A -25 global reanalyses in the po lar regions. J. Geo- 
phvs. Res., 112, D10111. doi:10.1029/2006JD007859.

B run. E.. E. M artin . V. Sim on. C. G endre, an d  C. C oleou (1989). A n  
energy an d  m ass m odel o f  snow cover suitable fo r operational ava­
lanche forecasting. J. G lacial, 55(121). 333-342.

B run. E.. I. M artin , an d  I. Spiridonov (1997). C oupling  a  m ulti-layered 
snow m odel w ith a G C M . Ann. G lacial, 25, 66-72.

C alonne. N .. F . Flin . S. M orin . B. Lesaffre. S. du  R oscoat. C. Gein- 
dreau . F . St M artin  dH eres. F . G renoble, an d  I. G renoble (2011). 
N um erical an d  experim ental investigations o f  the effective therm al 
conductivity  o f  snow. Geophvs. Res. L ett., 38, L23501. doi:10.1029/ 
2011GL049234.

D ai. A ., an d  K . T renberth  (2002). Estim ates o f  freshw ater discharge 
from  continents: L atitud inal an d  seasonal variations. J. H ydrom e­
teorol., 3(6), 660-687.

D om ine. F .. J. Bock. S. M orin , an d  G. G irau d  (2011a). L inking the 
effective therm al conductivity  o f  snow to  its shear strength  an d  den­
sity. J. Geophvs. Res., 116, F04027. doi: 10.1029/2011JF002000. 

D om ine. F .. L. A rnaud . J. Bock. C. C arm agnola. N . C ham pollion . J. 
G allet. B. Lesaffre. S. M orin , an d  G. P icard  (2011b). V ertical p ro ­
files o f  specific surface area, theim al conductivity  an d  density o f  
m id-latitude, arctic an d  A ntarc tic  snow: R elationships betw een 
snow physics an d  clim ate. A bstrac t presented  a t 2011 F all M eeting. 
A G U . San F rancisco . C alif.. 5-9  Dec. C32B-01.

D om ine. F .. J.-C. G allet. J. Bock, an d  S. M orin  (2012). S tructure, spe­
cific surface area  an d  therm al conductivity  o f  the snow pack a round  
barrow . A laska. J. Geophvs. Res., 117, D 00R 14. doi:10.1029/ 
201 UDOI 6647.

D ozier. J.. an d  S. W arren  (1982). Effect o f  viewing angle on  the in fra­
red brightness tem peratu re o f  snow. Water Resour. Res., 18(5), 
1424-1434.

Eicken. H .. H . F ischer, an d  P. Lem ke (1995). Effects o f  the snow cover 
on  A n tarc tic  sea ice an d  poten tial m odu la tion  o f  its response to  cli­
m ate change. Ann. Glacial., 21, 369-376.

Fichefet. T .. an d  M . M orales M aqueda (1997). Sensitivity o f  a  global 
sea ice m odel to  the trea tm en t o f  ice therm odynam ics an d  dynam ics. 
J. Geophvs. R es.,1 0 2 (C 6). 12.609-12.646.

Fichefet. T.. B. Tartinville. an d  H . G oosse (2000). Sensitivity o f  the 
A ntarc tic  sea ice to  the theim al conductivity  o f  snow. Geophvs. Res. 
L ett., 27(2), 401-404.

G oosse. H . (1997). M odelling the large-scale behavior o f  the coupled 
ocean-sea ice system. P h D  thesis. 231 pp.. Univ. C atholique de L o u ­
vain. L ouvain-la-N euve. Belgium.

G oosse. H .. an d  T. Fichefet (1999). Im portance o f  ice-ocean in terac­
tions fo r the global ocean  circulation: A  m odel study. J. Geophvs. 
R es.,104(C  10). 23.337-23.355.

G renfell. T.. an d  G. M ayku t (1977). The optical properties o f  ice and  
snow in the A rctic Basin. J. Glacial .75(80). 445^463.

Hellm er. H .. M . Schröder. C. H aas. G . D ieckm ann, an d  M . Spindler 
(2008). The Ispol d rift experim ent, ice S tation  P O L arstern  (ISPOL): 
Results o f  interdisciplinary studies on  a  drifting ice floe in the west­
ern  W eddell Sea. Deep Sea Res. P art II , 55(8-9), 913-917.

H olland . M .. D . Bailey. B. Briegleb. B. L ight, an d  E. H unke (2012). 
Im proved  sea ice shortw ave rad ia tio n  physics in CCSM 4: The 
im pact o f  m elt ponds an d  aerosols o n  A rctic sea ice. J. d im . ,  25(5), 
1413-1430.

H unke. E .. an d  J. D ukow icz (1997). A n  elastic-viscous-plastic m odel 
fo r sea ice dynam ics. J. Phys. Oceanogr.,27(9), 1849-1867.

Järvinen. O .. an d  M . L ep p aran ta  (2011). T ransm ission  o f  solar rad ia ­
tio n  th rough  the snow cover on  floating ice. J. Glacial., 57(205). 
861-870.

K alnay. E., et al. (1996). The N C E P /N C A R  40-year reanalysis project. 
Bull. Am . Meteoro!. Soc., 77, 437-471.

K urtz . N .. an d  S. F arre ll (2011). Large-scale surveys o f  snow dep th  on 
A rctic sea ice from  O pera tion  IceBridge. Geophvs. Res. L ett., 38, 
L20505. doi: 10.1029/2011G L049216.

K urtz . N .. an d  T. M arkus (2012). Satellite observations o f  A ntarctic  
sea ice thickness and  volum e. J. Geophvs. Res., 117, C08025. 
doi:10.1029/2012JC008141.

K w ok. R .. B. Panzer. C. Leuschen. S. Pang. T. M arkus. B. H o lt, an d  S. 
G ogineni (2011). A irborne surveys o f  snow dep th  over arctic sea ice. 
J. Geophvs. Res., 116, C l  1018. doi: 10.1029/2011JC007371.

Langlois. A .. C. M undy. an d  D. B arber (2007). O n the w inter evolution 
o f  snow theim ophysical properties over land-fast first-year sea ice. 
H ydro l Processes, 21(6), 705-716.

Large. W .. an d  S. Y eager (2004). D iurnal to  decadal global forcing for 
ocean an d  sea-ice m odels: The d a ta  sets an d  flux clim atologies. 
N a tio n a l C enter for A tm ospheric R esearch  (N C A R ) Tech. N ote  
T N -460+  STR. Boulder. C olorado . U SA.

Lecom te. O .. T. Fichefet. M . V ancoppenolle. an d  M . N icolaus (2011). 
A  new snow therm odynam ic scheme for large-scale sea-ice m odels. 
Ann. G lacial, 52(57), 337-346.

Ledley. T. (1985). Sensitivity o f  a  therm odynam ic sea ice m odel w ith 
leads to  tim e step size. J. Geophvs. Res., 90(D1). 2251-2260.

Levitus. S. (1998). N O D C  w orld ocean atlas. N a tio n a l O ceanographic 
D a ta  C enter (N O D C -N O A A ). Silver Spring. M ary land . U SA  
[Available a t h ttp://w w w .esrl.noaa.gov/psd/.]

M adec. G . (2008). N E M O  ocean engine. In stitu t Pierre-Sim on Laplace 
(IPSL). Paris. France.

M assom . R .. et al. (2001). Snow o n  A ntarc tic  sea ice. Rev. Geophvs., 
39(3), 413-445.

M assonnet. F .. T. Fichefet. H . G oosse. M . V ancoppenolle. P. M ath io t. 
an d  C. B eatty  (2011), O n  the influence o f  m odel physics o n  sim ula­
tions o f  A rctic an d  A ntarctic  sea ice. Cryosphere, 5(3), 687-699.

M aykut. G .. an d  N . U ntersteiner (1971). Some results from  a  time- 
dependent therm odynam ic m odel o f  sea ice. J. Geophvs. Res., 76(6), 
1550-1575.

M orin . S.. F . D om ine. L. A rnaud , an d  G. P icard  (2010). In-situ  m on i­
to ring  o f  the time evolution  o f  the effective therm al conductivity  o f  
snow. Cold Reg. Sei. T echnol, 64(2), 73-80.

N icolaus. M .. C. H aas. J. Bareiss. an d  S. W illm es (2006). A  m odel 
study o f  differences o f  snow th inn ing  on  A rctic an d  A ntarctic  first- 
year sea ice during  spring an d  sum m er. Ann. Glacial., 44(1), 
147-153.

N icolaus. M .. C. H aas, an d  S. W illm es (2009). E vo lu tion  o f  first-year 
a n d  second-year snow properties o n  sea ice in the W eddell Sea d u r­
ing spring-sum m er transition . J. Geophvs. Res., 114, D17109. 
doi:10.1029/2008JD011227.

Perovich. D . (2007). L ight reflection an d  transm ission  by a  tem perate 
snow cover. J. G lacial, 53(1111), 201-210.

R o th rock . D .. D . Percival, an d  M . W ensnahan  (2008). The decline in 
arctic sea-ice thickness: Separating the spatial, annual, an d  in teran ­
nual variability  in a  quarter century o f  subm arine da ta . J. Geophvs. 
R es., 113, C05003. doi:10.1029/2007JC004252.

Semtner. A. (1976). A  m odel for the therm odynam ic grow th o f  sea ice in 
num erical investigations o f  climate. J. Phys. Oceanogr., d(3). 379-389.

Shine. K .. an d  A . H enderson-Sellers (1985). The sensitivity o f  a  th e r­
m odynam ic sea ice m odel to  changes in surface albedo param eteriza­
tion . J. Geophvs. Res., 90(D1). 2243-2250.

556

http://www.esrl.noaa.gov/psd/


LECOMTE ET AL.: SNOW REPRESENTATION IN  SEA ICE MODELS

Sturm . M .. an d  C. Benson (1997). V apor tran sp o rt, grain  g row th and  
dep th-hoar developm ent in the subarctic snow. J. Glacial., 42(143). 
42-59.

Sturm . M .. an d  R. M assom  (2009). Snow an d  sea ice. in Sea lee, 2nd 
ed.. edited by D. N . T hom as an d  G . D ieckm ann, chap. 5. pp. 153— 
204. W iley-Blackwell.

S turm . M .. J. H olm gren. M . K önig, an d  K . M orris (1997). The theim al 
conductivity  o f  seasonal snow. J. Glacial., 42(143). 26-41.

Sturm . M .. K . M orris, an d  R . M assom  (1998). The w inter snow cover 
o f  the W est A ntarc tic  pack  ice: Its  spatial an d  tem poral variability, 
in Antarctic Sea lee  Physical Processes, Interactions and Variability, 
edited by M .O . Jeffries, pp. 1-18. A G U . W ashington. D. C.

Sturm . M .. J. H olm gren, an d  D. Perovich (2002). W inter snow cover 
on  the sea ice o f  the A rctic O cean a t the Surface H eat Budget o f  the 
A rctic O cean (SH EBA ): T em poral evolution an d  spatia l variability. 
J. Geophvs. Res., 707(C10), 8047. doi: 10.1029/2000JC000400.

Taillandier. A .. F . D om ine. W . Sim pson. M . Sturm . T. D ouglas, and  
K . Severin (2006). E volu tion  o f  the snow area  index o f  the subarctic 
snow pack in central A laska  over a  whole season, consequences for 
the air to  snow transfer o f  pollu tants. Environ. Sei. Technol, 40(24). 
7521-7527.

T onboe. R .. an d  E. N ielsen (2010). G lobal sea ice concen tration  
reprocessing validation  report. E U M E T S A T  O cean an d  Sea lee Sat­
ellite A pplication  Facility  (E U M E T S A T  O SISA F).. Danish M eteor­
ological Institute, P roduc t OSI-409. [Available a t h ttp ://osisaf. 
met.no],

T renberth . K .. W . Large, an d  E. C. for M edium  R ange W eather F o re ­
casts (1989). N C A R  T renberth  w ind stress clim atology. N atl. Cent, 
for A tm os. R es.. B oulder. C olo. [Available a t h ttp ://dss.ucar.edu/ 
da tase ts/dsllO .l/].

V ancoppenolle. M .. T. Fichefet. H . G oosse. S. B ouillon. G . M adec. 
an d  M . M aqueda (2009). S im ulating the m ass balance an d  salinity

o f  A rctic an d  A ntarctic  sea ice. 1. M odel descrip tion  an d  validation. 
Ocean M odell.,27(1-2), 33-53.

V ancoppenolle. M ., et al. (2011). A ssessm ent o f  rad ia tio n  forcing d a ta  
sets for large-scale sea ice m odels in the sou thern  ocean. Deep Sea 
Res. Part II , 58(9), 1237-1249.

V ionnet. V.. E. B run. S. M orin . A . Boone. S. F aroux . P. Le M oigne. E. 
M artin , an d  J. W illem et (2012). The detailed snow pack scheme cro­
cus an d  its im plem entation  in S U R F E X  v7.2. Geosci. M ode! D ev., 5, 
773-791.

W arren . S. (1982). O ptical properties o f  snow. Rev. Geophvs. Space 
Phys., 20(1), 67-89.

W orby. A .. C. G eiger. M . Paget. M . V an  W oert. S. Ackley, and  
T. D eL iberty  (2008a). Thickness d istribu tion  o f  A ntarc tic  sea ice. 
J. Geophvs. Res., 113 C05S92.doi:10.1029/2007JC004254.

W orby. A .. T. M arkus. A . Steer. V. Lytle, an d  R . M assom  (2008b). 
E valuation  o f  A M SR -E  snow dep th  p roduct over east A ntarc tic  sea 
ice using in situ m easurem ents an d  aerial pho tography . J. Geophvs. 
R es., 113, C05S94. doi:10.1029/2007JC004181.

W u, X .. W . B udd. V. Lytle, an d  R. M assom  (1999). The effect o f  snow 
o n  A ntarc tic  sea ice sim ulations in a  coupled atm osphere-sea ice 
m odel. Clini. D yn., 15(2), 127-143.

Y en. Y. (1981). Review o f  therm al properties o f  snow, ice and  sea ice. 
R ep. 81-10. U. S. A rm y C old  Reg. Res. an d  Eng. Lab. (C R R EL ). 
H anover. N . H .

Zhang. J. (2007). Increasing A ntarc tic  sea ice under w arm ing atm os­
pheric an d  oceanic conditions. J. Clini., 20(11), 2515-2529.

C orresponding au thor: O. Lecom te. G eorges Lem aitre C entre for 
E a rth  an d  C lim ate R esearch. E a rth  an d  Life Institu te . U niversité ca th ­
olique de L ouvain. L ouvain-la-N euve. BE-1348. Belgium.

557

http://osisaf
http://dss.ucar.edu/

