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Abstract. Two hindcast (1983-2007) simulations are per- 1 Introduction

formed with the global, ocean-sea ice models NEMO-LIM2

and NEMO-LIM3 driven by atmospheric reanalyses and cli- Current General Circulation Models (GCMs) show large in-
matologies. The two simulations differ only in their sea ice termodel spread in simulating future (decadal to centennial)
component, while all other elements of experimental desigreharacteristics of sea ic&lfang and Walsh2005 Arzel
(resolution, initial conditions, atmospheric forcing) are kept €t al, 2009. This disagreement appears for both sea ice ex-
identical. The main differences in the sea ice models lie intent and volume, with an even more striking scatter in the
the formulation of the subgrid-scale ice thickness distribu-Southern HemishpereFlato, 2004 Lefebvre and Goosse
tion, of the thermodynamic processes, of the sea ice salin2008. In addition, most of those GCMs present large dis-
ity and of the sea ice rheology. To assess the difference§repancies with respect to observations over the last decades,
in model skill over the period of investigation, we develop in terms of mean seasonal cycle as well as interannual vari-
a set of metrics for both hemispheres, comparing the mairbility, for both hemispheresP@rkinson et a.2006 Arzel

sea ice variables (concentration, thickness and drift) to avail€t al, 2006 Holland and Raphagl200§ Connolley and
able observations and focusing on both mean state and seBracegirdle2007 Lefebvre and Gooss2008 Stroeve et al.
sonal to interannual variability. Based upon these metrics2007).

we discuss the physical processes potentially responsible for The sources of this spread are manifold. First, the abil-
the differences in model skill. In particular, we suggest thatity of GCMs to reproduce the observed atmospheric state
(i) a detailed representation of the ice thickness distribu-iS not always satisfactoryBitz et al. (2002 show that the
tion increases the seasonal to interannual variability of icebiases in Arctic surface pressure and winds create anoma-
extent, with spectacular improvement for the simulation of lous ice exports and thickness patteriislland and Raphael
the recent observed summer Arctic sea ice retreats, (i) thé2006 come to similar conclusions for the Southern Hemi-
elastic-viscous-plastic rheology enhances the response of icgPhere (SH). In the Northern Hemisphere (NH), errors in
to wind stress, compared to the classical viscous-plastic apsimulated air temperatures, precipitation rates, clouds and
proach, (iii) the grid formulation and the air-sea ice drag co- humidities are other well-known sources of spread in GCMs
efficient affect the simulated ice export through Fram Strait(Walsh et al. 2002. Second, the initial conditions, and in
and the ice accumulation a|0ng the Canadian Archipe|agopartiCU|ar those of the Southern Ocean, are important for
and (iv) both models show less skill in the Southern Oceanthe multi-decadal evolution of sea icE€¢osse and Rensgen
probably due to the low quality of the reanalyses in this re-2009 but are still uncertain. Third, the model equations are

gion and to the absence of important small-scale oceanic prosolved differently from one model to another, using different
cesses at the models’ resolutionl(). numerical methods and horizontal and/or vertical resolutions

in the atmosphere, sea ice and ocean. Finally, the representa-
tion of sea ice-related thermodynamical and dynamical pro-
cesses differ from one model to another, ranging from simple
static models with no explicit ice thickness distribution to so-
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Only a few studies have attempted to investigate how sedight of these metrics. Finally, we discuss the physical pro-
ice simulations are sensitive to the representation of theseesses possibly responsible for the differences between the
physical processe®itz et al. (2001 focused on Arctic sea two simulations in Secb.
ice and noted that the inclusion of an ice thickness distribu-
tion (ITD) in their sea ice model led to thicker ice and higher 2 Models description
variability of ice export at Fram Straitlolland et al.(200])
found that Arctic ice thickness spatial patterns were more redn this study, we use two versions of the global coupled
alistic when including a dynamical ice componeHblland ocean-sea ice model NEMO-LIM. These versions differ only
et al. (2006 obtained similar results at the global scale. In in their sea ice component, as described in the next section.
addition, they noted that the presence of an ITD enhancednless otherwise stated, all other experimental conditions are
the ice thickness response to external perturbations. identical and are presented in Se&<, 2.3and2.4.

Here, we propose to continue the work initiated by those .
studies. We run two versions of the ocean-sea ice GCM2-1 Seaice models
NEMO-LIM 1 driven by atmospheric reanalyses. These two

simulations differ only in their sea ice component. Their dif- : : . -
pynam|c—thermodynam|c sea ice model. A full description

ferences will thus depend only on the model physics and no .
on any of all other sources of errors mentioned above. WeO]c the model can be found ifichefet and Morales Maqueda

evaluate these simulations with a comprehensive set of met(lgg.?)' T|mm§rman et al(2003 have validated the ocean-
rics adapted to our models’ resolution1®). These metrics sea ice coupling. Here, we only present the salient features

are designed to evaluate sea ice models at the global scaf%at are important fqr this study. LIM2 compnises the 3-layer
(allowing the comparison of the performance in each hemi-( of snow and 2 of ice) model G@emtne(197§ to account

sphere) and for seasonal to multi-decadal time scales. Wher];gr senIS|bIe geatt. it_oragt: .and vzrtlcal heat conduc?o;.bThe
ever observations are sufficiently distributed, we include di- ermal conductivities of ice and snow are corrected by a

agnostics about mean state and seasonal to interannual vamU|t'P|'Cat'V_e factor to account for unresolved th|gkness dis-
ability. tribution. Finally, the model takes into account in a rather

We incorporate diagnostics for the ice concentration,S'mp“St'C way the latent heat storage by brine pockets. Re-

thickness and drift. Each of these prognostic variables play. jarding sea ice dynamics, the viscous-plastic (VP) constitu-
. . - Tive law of Hibler (1979 is used. The model includes a lead
indeed an important role at the seasonal to decadal time

. . Parameterization and the momentum equation is solved using
scales. Ice concentration controls the open water fraction o . :
a B-grid formulation.

a given region and consequently the heat exchanges betweenl_”v|3 is based on LIM2 but presents notable differences
atmosphere and ocean. Ice thickness has important implica- b - I
tions for the memory of the sea ice system at Ioluri_ammalpresented.her_eaftgr. A complete description and validation of
. ) : : the model is given ivVancoppenolle et a{2009h. LIM3 has

time scales and directly affects ice dynamics as well as ther-

modynamics. Ice drift controls the large-scale sea ice thick-2 More sophisticated thermodynamic component than LIM2.

. . It has a finer vertical resolution (5 layers of ice and 1 of

ness patterns but has also important connections at the local : . AR
. . : . snow). While the storage of latent heat in brine is highly
scale since it determines the local divergence and shear of the

; . . arameterized in LIM2 using a heat reservoir, it is explic-
ice pack. In addition to the analyses focused on the regiona . ; . . :

- . itly represented in LIM3, using a vertically varying salin-

characteristics of the sea ice cover, we also evaluate the mod- ) - o L L

S " . Ity profile. In addition, salinity variations in time are re-

els using integrated quantities, such as the total ice extent in . : L .

. . . solved in LIM3 using parameterizations of brine entrapment

each hemisphere and the Fram Strait export, that are simple

but useful diagnostics. The interest of our metrics is clear'and drainage processes based on a simplification of the brine

they provide a quantitative method for evaluating the sensi-dralnage model oWancoppenolle et a(2007. LIMS also

o . . . : includes an explicit ice thickness distribution (5 ice cate-
tivity of a sea ice model to its representation of physics. In a

. : ories) that enables to resolve the more intense growth and
larger framework, our metrics can serve for the evaluation o o ST X .
. melt of thin ice, as well as the redistribution of thinner ice
other sea ice models.

onto thicker ice due to ridging and rafting. For the dynam-
The rest of the paper is organized as follows. SeQida- dging g 4

ibes th , del | 2ics, the elastic viscous-plastic (EVP) formulationtdfinke
scribes the two ocean-sea ice models, namely NEMOTLIM and Dukowicz(1997) is used. The momentum equation is
and NEMO-LIM3. In Sect3, we present the observations

d as the basis of luati d lain h deri solved using the new C-grid formulation Bbouillon et al.
used as the basis of our evaluation and explain how we deriv 009. The full sets of parameters for the LIM2 and LIM3

modgl metrics associated with the d|fferer,1t sealce W.i”.ablgsmodels result from independent historical tuning procedures
Section4 discusses some of the models’ characteristics iNWith these modelsTimmerman et a).2005 Vancoppenolle

INEMO: Nucleus for European Modelling of the Ocean et al, 2009H. They should be viewed as reference values
(http:/Awww.nemo-ocean.gu for each model based on earlier experience. For information,

LIM: Louvain-la-Neuve Sea Ice Modehfvw.climate.be/lim four of them have been reported in Tatile

LIM2 (Louvain-la-Neuve Sea Ice Model, version 2) is a
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Table 1. Main sea ice parameters and their values in the two config

689

urations discussed in the text.

Parameter Meaning LIM2 LIM3

P* Ice strength Bx10*[Nm—2] 4x10*[Nm~?]
Ca Atmosphere-sea ice drag coefficient .0k 1073 [-] 1.4x 1073 []
ho Initial thickness for lateral accretion .3®[m] 0.1[m]

Omelt Melting ice albedo 0.53 [] 0.53 []

2.2 Ocean general circulation model

At the same grid locations, LIM2 (LIM3) initial snow ice
thickness is set to 0.5m (0.3m) and 0.1 m (0.1 m). Given

The ocean component is based on version 9 of the finite difthe 35 years of spinup, the slight difference in Arctic initial

ference, hydrostatic, primitive equation ocean model OPA,
fully documented irMadec(2008. We run our experiments
on a global tripolar ORCAL grid (about 1 degree resolution)
with 42 vertical levels. This grid extends from°781to 9C N

with a mesh refinement down to 2/around the equator. A

ice and snow thicknesses used as standard values for those
two model versions, has virtually no influence on the sea ice
properties during the investigation period. For both simu-
lations, initial concentrations are prescribed to 95 % in the
NH and 90 % in the SH. The ocean model has a time step of

restoring term towards climatological sea surface salinitiesa sy = 3600 s= 1/24 day. Both sea ice models are called ev-

(Levitus, 1998 is added to the freshwater budget equation to

ery 6h, i.e. every 6 ocean time steps. Finally, the ocean-sea

avoid spurious model drift. Both sea ice models are coupledce drag coefficients are set td)5< 103 in both models.

to OPA following the formulation ofGoosse and Fichefet
(1999.

2.3 Model forcing

3 Seaice metrics

It is convenient to develop a set of metrics to quantify the

The ocean-sea ice models are driven by atmospheric reanaberformance of the two models. However, caution must be

yses and various climatologies. We use NCEP/NCAR daily
values of 2 m air temperature, and 10mandv-wind com-
ponents Kalnay et al, 1996, together with monthly clima-
tologies of relative humidity {renberth et a].1989, total
cloudiness Berliand and Strokinal980 and precipitation
(Large and Yeager2004). River runoff rates are derived
from Dai and Trenberti2002. The use of some climato-
logical forcings is motivated by the questionable reliability

taken. As underlined b¥nutti (2010 for climate models,
the choice of a metric is dependent on the intended applica-
tion. Hence, we are not claiming that the metrics described
below are exhaustive. They form a baseline for evaluating
sea ice models at climatic resolution and are especially de-
signed for seasonal to multi-decadal simulations.

Particular attention has been paid to the following points:

of the corresponding NCEP/NCAR atmospheric data sets in — We base our metrics on the three main prognostic sea

the polar regionsBromwich et al, 2007 Walsh et al.2009
Vancoppenolle et gl2011) as well as the realistic global sea
ice cover obtained in similar studies with these climatologies
(Timmerman et a).2005 Vancoppenolle et 3120098.

These forcing fields are all spatially interpolated onto the

ORCAL1 grid. The atmosphere-sea ice turbulent and radiative _

heat fluxes follow the formulation €dooss€1997). Surface

wind stress on sea ice is computed using a quadratic bulk for-

mula, with respective drag coefficients for LIM2 and LIM3
tuned after model calibration.

2.4 Simulations setup

Both simulations start in 1948, but only the period 1983-

2007 is compared to observations (as explained in the next

ice state variables: concentration, thickness and drift.

— We use the same metrics for both hemispheres. In this
manner, we are able to compare the hemispheric perfor-
mances on a common basis.

When observations are sufficiently well distributed in
time and space, we evaluate models both on their mean
state as well as on their variability (seasonal to interan-
nual).

When possible, we evaluate models on their ability to

reproduce observations at local and regional scales. In
this perspective, a simulation characterized by errors of
opposite sign in different regions, which compensate

when averaged globally, is still penalized.

section). We use initial sea temperature and salinity fields

from Levitus (1998. Where sea surface temperature is be-
low 0°C, LIM2 (LIM3) initial sea ice thickness is set to
3.0m (3.5m) and 1 m (1 m) for the NH and SH, respectively.

www.the-cryosphere.net/5/687/2011/

We chose to focus on the 1983-2007 period. Although
satellite measurements of ice concentration and drifts are
available from 1979, we decided to exclude the 4 first years
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because of a known bias towards kbl temperqtures In th?able 2. Summarizing metrics for the two simulations described in

NCEP/NCAR reanalyses during fall 1980 and winter 1981, ect 2, The metrics in this table result from the scaling of model

along Siberia and Alaska (Tartinville et al., unpublished errors (defined in Sec8) by a specified typical error. Lower values

manuscript). For consistency, we also excluded the yearsdicate better skill, and a simulation is skillful for a certain feature

1979-1982 from the diagnostics in the SH. if its metrics corresponding to this feature is lower than 1. See the
We discuss hereafter our choice of the metrics that are usetxt of Sect3 for complete description of the 23 diagnostics.

in Sect.4 to evaluate both simulations. We chose to pro-

ceed in two steps for each of the variables: (1) compute a se Metrics  Typicalerror 1.5
. . . Mean Conc. North 0.97]0.79| 0.15 =
of model versus observation errors (in absolute value) ant5’ sid ano Conoc. North 10310771 0.05 S
(2) scale these errors by typical, acceptable values of errors3. Trend Ano Conc. North 1.03[0.78| 0.02/decade 14 9
. . . . Mean Conc. South 1.07/1.12| 0.15 I
This procedure has the advantage to make inter-variable ans. std Ano Conc. South o8 ea o005 Ll <
inter-hemispheric comparisons possible. Thus, we get pos®6: Trend Ano Conc. South  [0.92[0.94] ' 0.02 /decade >
itive metrics, and lower values indicate higher skill. More- 7.  Mean Ext. North 0.8 16 km2 12k 8
i indi _8. Std Ano Ext. North 0.1 1e6 km2 b
over, metrics below 1 (above 1) indicate a better (lower) per o Tremd Anc Ext. North 0.2 106 kKm2/10y 3
formance than expected. 10.  Mean Ext. South 0.8 16 km2 1.1} S
11. Std Ano Ext. South 0.1 1e6 km2
. . 12. Trend Ano Ext. South 0.2 1e6 km2/10y
3.1 Seaice concentration and extent 1ir
13. Draft North im =
. . . 14, Trend Draft North 0.1 L o
We use the global sea ice concentrations from the Scanninis.  Thickness South 0.15m 0.9 5
X : . i =
l\/_lulnchannel Mlcrowave Radiometer (SMMR) and the Spe 16. Mean Kin. En. North 0.0004 Jkg osl g
cial Sensor Microwave/lmager (SSM/I) reprocessed by thei7. Circulation North 05 S
EUMETSAT Ocean and Sea Ice Satellite Application Fa- 18- Mean Kin. En. South 00004Jkg 5
- . 19. Circulation South 0.5 - s
cility (EUMETSAT OSISAF 2010. The observations are =
i i _ i ic20. Fram Areal Mean Cycle  [OEZZI0VA 20 1e3 km2 Q
available over the period ;983_ 2007_._ We interpolated this5 " ™20 T otd Aso M 00| 10163 km2 06 =
data set onto the model grid with a bilinear scheme to allow22. Fram vol. Mean Cycle 50 km3 @
pointwise (grid cell by grid cell) comparison. This interpola- 23- Fram Vol. Std Ano 9 g;’ 20 km3 05
tion also avoids the presence of systematic bias in ice exter s S
due to the difference in land-sea mask between model an T
observations.

For each grid cell, we compute modelled and observed
(a) monthly mean ice concentration over 1983—-2007 (i.e. thdate the absolute difference between model and observations.
mean seasonal cycle of ice concentration), (b) standard devin summary, we evaluate a model in its ability to reproduce
ation of monthly anomalies of ice concentration over 1983—large-scale patterns. These 6 errors (3 for each hemisphere)
2007, and (c) ice concentration trend computed from linearare expressed in #&m? and we scale them by typical er-
regression on monthly anomalies over 1983—2007. For (a)rors shown in Table€, rows 7-12, to get the corresponding
we calculate the mean absolute difference between modeahetrics. Note that these metrics are less restrictive than the
and observations over the climatology. For (b) and (c), wemetrics for ice concentration: errors on ice concentration can
retain the absolute difference between model and observasomewhere be compensated by errors of opposite sign else-
tions. Finally, we average these errors spatially for eachwhere, with no net impact on the total ice extent.
hemisphere, weighted by grid cell areas. In summary, we
evaluate a model in its ability to reproduce regional patterns3.2 Sea ice thickness and draft
of seasonal cycle and interannual variability. Tableows
1-6 show the corresponding metrics (i.e. the errors describeth the NH, sea ice thickness has been measured from 1958
in the previous paragraph, scaled by typical errors). by the Upward Looking Sonars (ULS) onboard submarines.

We adopt a similar strategy for evaluating sea ice extentThe quantity effectively measured is the ice draft, defined as
we calculate the ice extent as the total area of grid cells covihe ice thickness below sea level (usually around 90 % of the
ered by more than 15 % of ice, based on monthly mean dat#¢otal ice thickness). In our study we use draft data from the
of ice concentration. For each hemisphere, we compute modNational Snow and Ice Data Cent€r998, updated 2006
elled and observed (a) monthly mean ice extent over 1983-during the period 1983—-2000. This data set, described in
2007 (i.e. the mean seasonal cycle of ice extent), (b) standetails byRothrock et al (2008, includes about 30 cruises
dard deviation of monthly anomalies of ice extent over thefrom which we used the mean drafts taken from more than
same period, and (c) ice extent trend computed from lineaB000 50 km-long transects. These averages, including open
regression on monthly anomalies over 1983—2007. For (a)water, are used here as a basis for the evaluation. In the SH,
we compute the mean absolute difference between model ande use the ASPeCT data seMubrby et al.(2008. Here, the
observations over the 12 months; for (b) and (c), we calcu-sea ice thicknesses are estimated visually from ships when

The Cryosphere, 5, 68899, 2011 www.the-cryosphere.net/5/687/2011/
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they break the ice and turn it sideways. We only retainedeach year: (a) we evaluate the mean kinetic energy per unit
observations that are at least 6 nautical miles apart, to ensun@ass:

independence of each observation. This data set covers about N
14000 observations over the period 1983—-2005. <KE>= 1 Z}(”_iz +77%) 2)
For each individual measurement, we pick the model N2

whose grid Gell oordinates are the clocest 0 the obsenatiolf"ere aNd3 are the zonal and mericional components o
€ 9 . ice drift after spatial smoothing &€1,..., N denote the grid
location. Then, for each hemisphere, we average all absolute

differences in thickness/draft (including open water ponder—ce"S)’ respectively. (b) We compute spatial correlation as the

. ; ) mean of componentwi ial correlation ween model
ation) with equal weight. For the NH (only), we also calcu- ean of componentwise spatial correlations between mode

. AR . and observations:
late the absolute error on relative thinning inside the ice pack

— 1
|Tm — To| where € = 5 (COMM(uto, um) +COM(vo, v) €)
1992-2000_ 19831991 .
- h; —h; o 1 whereu ; = [u1,...7y]; and so for; (j =m,o). Again, the
I= ;,1983-1991 J=mo (D) indices “m" and “0” denote model and observations, respec-
J

tively. Note that only grid cells containing non-zero mod-

. _ _ . elled and observed drifts were taken into account for the eval-
with A% and 15 Y denoting the modelled and ob- Uation

Zg,f",\?d mean |t|h[|j:|L(ge|SS Irt]' centrbaItArctlc (latitude ;nghzr th;m In summary, we evaluate here the model drift in terms of
) over a ocations between years yrl and yre. magnitude and circulation. For each hemisphere, we aver-

We are interested in quantifyindy, — T,| because there is age<KE> andC (Egs.2 and3) over all summers and win-

a strong climatic signal over the last decades in Arctic meary : -
. . ers. We are thus left with 2 errors for kinetic energy (one for
ice draft Rothrock et al.2008 Lindsay and Zhang2003. each hemisphere, in Jk§) and 2 mean correlations (with no

However we did _not include any c_ounterpart in Antarctic units). As higher correlation indicates higher skill (contrary
due to large spatio-temporal gaps in the ASPeCT data Setto all other errors discussed in this paper), we substract them
of Worby et al.(2008. _from 1 to get an error-like correlation (i.e. O is the best score,
In summary, we evaluate here the model for each hemi- yq \yorse). We obtain our metrics of ice drift after scaling
sphere in terms of mean absolute error with respect to obsase 4 errors with typical errors (rows 16-19 of Tabjle
served draft/thickness. The corresponding metrics are shown \ya 41s0 evaluate the model on its export of sea ice at Fram

in rows 13 and 15 of Table. In addition, for the NH, we  guait  ntegrated monthly exports of sea ice area and vol-
also retain the absolute difference between modelled and ol; e are available over 1983—2007 from a combination of
served r_elative c_hanges over tr_le period of interest. The Corhigh-quality data from different sensors onboard moorings
responding metrics are shown in row 14 of the same Table. ;4 satellites with high spatial and temporal coverdgedk
. . et al, 2004 Spreen et al2009. We break down the signals
3.3 Seadice drift and Fram export of monthly areal and volume export into (a) the mean sea-
sonal cycle and (b) monthly anomalies. For (a), we compute
We use the data set fowler (2003, updated 2007rom 1o mean absolute difference between model and observa-
SMMR-SSM/I satellite observatiofs The data covers the tions over the 12 months of the year. For (b), we compute
period 19832006 for both hemispheres. As for ice concenyhe apsolute difference between modelled and observed stan-
tration, we interpolated monthly values of ice drift onto the 4.4 deviation of ice export anomalies. The corresponding

model grid. _ N errors in mean seasonal cycle and standard deviations of the
Arctic sea ice drift can be viewed as the superposition of amonthly anomalies of volume and area ice export are then

In this study, we are not considering the turbulent-like fluc-

tuations. For evaluating the mean circulation appropriately,

Rampal et al(2009 suggest specific spatio-temporal averag-4 Results

ing scales of~2.5 months and 200 km in summer, ar8.5 ) , _

months and 500 km in winter. We follow these recomman- V& summarize the two models’ performance in Teblghe

dations for Arctic sea ice. As a first guess, and because néft and right columns of this table correspond to the simu-

equivalent study exists in the SH to our knowledge, we transJations using LIM2 and LIM3, respectively. The rows of the

pose this averaging method to the Antarctic sea ice. We prof@blé correspond to the diagnostics defined in the previous

ceed in two steps for each hemisphere and for each season 8ction: 6 for ice concentration (3 per hemisphere), 6 for ice

extent (3 per hemisphere), 3 for ice draft and thickness (2 for

2Note thatFowler (2003, updated 200 onverted the values of NH, 1 for SH), 4 for ice drift (2 per hemisphere) and 4 for

monthly sea ice drifts to velocity-like values, i.e. in crils Fram export (2 for area, 2 for volume).

www.the-cryosphere.net/5/687/2011/ The Cryosphere, 5,&872011
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Fig. 1. Simulated and observeB(UMETSAT OSISAF 2010 mean -2 i
seasonal cycle of NH (solid lines) and SH (dashed lines) sea ice -3 T e TP
extent over the period 1983-2007. Extents are calculated as th 79? 5 : 19? 9 ;19 9 5 : ?Opq : ‘20‘05‘
total area of grid cells with concentration larger than 15%. The 3r (c)i
error bars denote th&lo deviation of monthly extents during the ol OBS-SH i
same period. n LIM2-SH |
e
< or ]
4.1 Seaice concentration and extent < 1t i
In the NH, LIM3 clearly outperforms LIM2. LIM3 is con- -2 ]
sistent with observations not only for mean state (E)dout -3 8
also for interannual variability (Figb). LIM3 is particularly 1985 1990 1995 2000 2005
skillful in summer months: it catches the September 2007 5[~~~ " T T T T T T T T
minimum and displays realistic trend and monthly anoma- | OBS-SH (d)|
lies. LIM2 systematically overestimates the mean sea ice ex LIM3-SH
tent, particularly during summer months. It simulates too lit- s 1r il
tle interannual variability, particularly from July to October. < o- .
Linear trends of ice extent computed from classical regres- 2 il |
sion are excellent in both models, but LIM2 underestimates
the magnitude of observed deviations such as in Septembe  —2[ [ o
1996, 2005 and 2007, whereas LIM3 is skillful in this re- =3 S S

1985

1990

1995
Year

spect. The rows 1-3 and 7-9 of Tal#lesummarize these
findings. These metrics are in agreement with the statement.
drawn from Figs.l and2: LIM3 shows convincingly bet-
ter performance than LIM2 in terms of ice concentration an
extent in the NH.

2000 2005

dFig. 2. Simulated and observedEUMETSAT OSISAF 2010
monthly anomalies of sea ice extent in the NH (parseknd b)

In the SH. LIM3 exhibi b | le of i and in the SH ¢ andd), over the period 1983-2007. The dashed

nthe ’ exhibits a better geasona cycle o 'CE,E €X-lines indicate the trends computed from linear regression over the

tent than LIM2 but tends to overestimate the summer inter-game period.

annual variability (Figsl, 2d). As in the NH, LIM2 overesti-

mates the mean seasonal extent throughout the year. Despite

this systematic bias, the distribution of interannual variations . :
. . oo 4.2 Seaice thickness and draft

of ice extent around the monthly climatologies is better re-

produced in LIM2. This is mainly due to the absence of _ S

peaks present in LIM3 (Fid). The rows 4-6 and 10-12 Figure 3a—_b shows the .spat|a}l d|str|but|o_n of draft errors

of Table2 confirm these statements. Note that, following the (Model minus observations) in the Arctic for LIM2 and

metrics developed for ice concentration and extent in this tal-IM3. As shown in this figure, the spatial sampling of ice

ble, LIM2 and LIM3 display similar performance in the SH, draft is limited to the central part of the basin. From avail-

in general. In this respect, LIM3 is more realistic, but also
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LIM2 LIM3

Fig. 3. Spatial distribution of Arctic ice drafta, b) and Antarctic ice thicknesg, d) differences between simulations (LIMZ andc;

LIM3: b andd) and observationsNational Snow and Ice Data Centdi998, updated 20Q6Norby et al, 2008. Modelled drafts and
thicknesses have been chosen according to the month and year of observation. The corresponding grid cell has been chosen as the closest
the coordinates of observation. Differences are expressed in m.

overestimates the ice thickness in the Beaufort Sea. Obseterns of error are similar along the coasts of East Antarctica,
vations in central Arctic (latitude higher than“gQ) reveala  with an underestimation close to the coasts and an overesti-
relative thinning between the periods 1983-1991 and 1992-mation away from them. Finally, in the Amundsen and Ross
2000 of 23.5 % (see Tab®. LIM2 (LIM3) simulates a cor-  Seas, LIM3 shows better skill than LIM2. Overall, the met-
responding relative thinning of 16.2 % (20.2 %). rics for ice thickness in the SH are favourable to LIM3 (Ta-
o ) ] ) ) ble 2). Note that the typical errors for NH and SH (1 m and
The distribution of ice thickness errors in the SH is de- g 15 m) have been chosen proportional to the mean observed

picted in Fig.3c-d. Both models overestimate the ice thick- grafthickness of all corresponding records. Comparatively,
ness in the eastern part of Weddell Sea (with a stronger over, o nwo models have thus more skill in the NH.

estimation for LIM2), and underestimate ice thickness along
the Antarctic Peninsula (western part of Weddell Sea). Pat-
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Table 3. Summary statistics for the two simulations, and comparison with observations (NA = Not Available) of: mean annual sea ice extent,
standard deviation of the monthly anomalies of ice extent, mean annual volume, standard deviation of the monthly anomalies of ice volume,
mean ice draft in central Arctic (latitude 80° N) between 1983 and 1991, and between 1992 and 2000. Parentheses correspond to the
Southern Hemisphere.

LIM2 LIM3 OBS
Mean Ext NH (SH) k10°km?] 13.66 (15.23) 12.33(13.20) 12.60 (12.37)
Std Anom. Ext NH (SH)  k10fkm?] 0.42 (0.43) 0.48 (0.59) 0.54 (0.48)
Mean Vol NH (SH) k103km3] 36.08 (12.23) 28.26(7.11) NA

Std Anom. VoI NH (SH)  k103km3]  3.27 (0.63) 4.98 (0.40) NA

Mean Draft NH 83-91  [m] 4.08 3.05 3.68

Mean Draft NH 92-00 [m] 3.42 2.44 2.82

— LIM2 — OBS — LIM3 — OBS
Fig. 4. Simulated and observed mean annual ice drifts (1983—2006), in the Northern Hemigphedd) and the Southern Hemisphere

(candd). Observations frorrowler (2003, updated 20Q'have been interpolated onto the model grid and are depicted with the black arrows.
LIM2 (aandc) and LIM3 (b andd) are represented in red. For readibility, the drift vectors have been plotted every 7 grid cells.
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4.3 Seace drift and Fram export 200 r——
(a) Area
The observed and simulated annual mean (1983-2006) ice LIM3
drifts in NH are shown in Figda—b. Both models show the 150¢ 8

expected circulation: an anti-cyclonic gyre in Beaufort Sea
and the presence of a Transpolar drift, from the coasts of
Eastern Siberia to Fram Strait. Ice drift within the ice pack is

underestimated in LIM2 but in good agreement with obser- «
vations at Fram Strait and northwards. LIM3 simulates real-
istic drift within the ice pack but overestimates the ice export
at Fram Strait. Annual mean cycles of ice export at Fram I OBS
Strait (Fig.5a) indicate that LIM3 overestimates the monthly

mean areal export of ice through Fram Strait nearly all year

«_ 1001 J

km

10

501 LIM2 1

long. LIM2 is closer to observations, but exhibits _aweaker‘ O A M b J A S 0 N D
seasonal cycle than expected. Furthermore, the interannu. 500 -
variability of this areal export is generally overestimated in (b) Volume
LIM3, while LIM2 is closer to observations. Monthly mean 400 OBS |
volume exports (Fighb) are better represented in LIM3, but
their interannual variability is more realistic in LIM2.

Figure 4c—d shows the annual mean (1983-2006) simu- %0 |
lated and observed drifts in the SH. Both models feature the., 200

same distribution of ice drift. They largely overestimate the £
magnitude of the drift away from East Antarctica. The ob-
served northward export of sea ice in Ross Sea is also exa¢ ~ 100]
gerated but has the right direction. In the Weddell Sea, the
simulations show a reasonable magnitude but the simulate Or
velocities are too zonal. The metrics in TaBléows 18-19
of thg table) reveal that S|mulateq ice drift in the SH isworse  -100 T F M A M J J A S o N D
than in the NH, for the same typical errors. Month

LIM3

. . Fig. 5. Simulated and observe&{ok et al, 2004 Spreen et a).
5 Discussion 2009 monthly mean sea ice arda) and volume(b) exported
. . . through Fram Strait, over the 1983-2007 period. Positive values
In the previous section we developed a set of metrics for eachhgicate southward fluxes. The error bars represeht deviation
of the simulation described in Seét. We illustrated the dif- of the month|y exports during the same period_

ferences of skill with appropriate figures of ice extent (Figs.

and 2), draft/thickness (Fig3), drift (Fig. 4) and export at

Fram Strait (Fig.5). In this section, we discuss some hy- variability. As shown in Fig.6, LIM2 artificially resolves
potheses about the physical processes and mechanisms thie ice thickness distribution by correcting the ice and snow
could be responsible for the differences in model skill. We thermal conductivities assuming that snow and ice are uni-
chose to split the discussion by hemisphere as suggested Bgrmly distributed between zero and twice their mean values

our metrics in Table. over the ice-covered portion of the grid celighefet and
. Morales Maquedal997. This correction has been origi-
5.1 Northern Hemisphere nally included to improve the heat fluxes representation, but

) ) , underestimates the concentration of thin ice in early spring,
LIM3 presents a more faithful representation of sea ice draft,;5 shown in the figure. For the same mean thickness, the
concentration and extent than LIM2. In particular, LIM3 yqqctions in ice concentration and thickness are thus en-
shows more realistic seasonal to interannual variability tharn,gnced in LIM3 compared to LIM2 when melting occurs. To
LIM2. We suggest that this is mainly due to the difference of 5 |3rge extent, this is a result from the sensitivity of the iden-
representation of the ice thickness distribution (ITD) in the (ic5| parameterization of surface albedo in the two models
two models. As an illustration, we show in Figthe distri-  (ghine and Henderson-Sellef985, to different ice thick-
bution of mean ice thickness in LIM3 in a given area at the hegs distributions. The mean LIM2 (LIM3) albedo over the
beginning of Spring 2007 (green bars), and the correspondie_covered surface shown in Figiis 0.52 (0.46), indicating

ing virtual distribution of LIM2 (red line) for the same mean 4t the summer melt is enhanced with a multi-category sea
thickness and concentration. We chose this particular box bege model.

cause it contains the actual ice edge and thus encloses much
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found differences in ice thickness locally up to 1 m in the
12.32 m T Arctic, but on the order of 30 cm averaged over the whole
Arctic Ocean. It is also shown that including salinity varia-

4.5

, tions reduces the model bias compared to ULS ice draft data.

35
Hence, differences in the thermodynamics and halodynam-
E N ics between LIM2 and LIM3 must share a significant part of
8o 71| the differences between the two models, but quantifying their
g o / | role precisely is difficult, given the other differences in the
£ model formulation — in particular the multi-category frame-
8 work — that most likely dominate the differences in simulated
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ice thickness between the two models.

Regarding the dynamics, LIM2 shows a better agreement
0.5- 8 with observations in terms of mean kinetic energy (Tadle
0 ‘ 7 An examination of all seasonal mean ice drifts from 1983
0 0.2 0.4 0.6 0.8 1 to 2006 (not shown here) revealed that both models gen-

Ice concentration erally overestimate the mean kinetic energy. The shift to-

. . . o . . wards higher speeds in LIM3 is possibly due to three ad-
Fig. 6. Sea ice thickness distribution versus ice concentration for .. . o -
LIM3 (green bars) on 1 April 2007, averaged within the black tri- d'“Ye eﬁeCtS', First, the $2|aStIC—VISCOUS—p|.aStIC rhe,OIOQy (on
angle shown on the map. The corresponding mean thickness is regVich LIM3 is based) is more responsive to wind forc-
resented by the dashed green line. The red line represents the id89 than the viscous-vlastic (LIM2) rheology, particularly
thickness distribution of LIM2 for the same mean thickness and to-for high (> 0.9) ice concentrationsHunke and Dukowicz
tal concentration. 1997. We indeed observed that LIM3 simulates higher ice
speeds within the ice pack in winter than LIM2. Second,
the ice resistance to compression is a monotonic function of
In this context, it is not surprising that LIM3 shows bet- ice concentration and thickness. Along the ice edge, LIM3
ter skill both for mean state and variability of ice concen- simulates thinner and less concentrated ice, as explained in
tration (rows 1-3 of Tabl®). Due to the presence of its the first paragraph of this section. Consequently, the mean
multi-category framework, this model is more responsive tosea ice drift at the ice edge is larger than that of LIM2, as
changes in atmospheric forcing, from seasonal to interannuathown in Fig4. Lastly, sea ice is particularly sensitive to the
scales. It simulates realistic seasonal cycle and anomalies afalue of the air-sea ice drag coefficief= 1.0 x 10~3 for
ice extent (Figsl and2). The total Arctic mean ice vol- LIM2, Ca=1.4x 1072 for LIM3) and it should be noted at
ume is significantly reduced when switching from LIM2 to this point that the models parameters (particularly have
LIM3 (Table 3), but the associated interannual variability is not originally been tuned to optimize sea ice drift. We also
enhanced (no observations are available). This is compatinote that the spatial patterns of ice circulation in the Arctic
ble with our hypothesis that the simple approximation of ice Basin are not sensibly different for both experiments, as the
thickness distribution in LIM2 retains too much ice in sum- metrics in Table2 suggest. It should be reminded that both
mer (and thus in winter), and that this model is less sensibleexperiments are driven by atmospheric reanalyses; given the
to atmospheric variability than LIM3. high dependence of sea ice dynamics to wind forcigard
It is argued here that the multi-category framework in et al, 2009, similar patterns were expected.
LIM3 is the primary source of its differences with LIM2, and  Finally, the grid formulation (B-grid for LIM2, C-grid for
this is supported by other studies: by increasing the numLIM3) seems to have an influence on the ice export at Fram
ber of ice categories in a multi-category sea ice model runStrait. A schematic representation of Fram Strait is given in

in a climate model frameworkBitz et al. (2001) and Hol- Fig. 7. The actual ORCAL1 grid resolves_Fram_S_trait Wi_th
land et al.(2006 found differences in ice thickness between 9 grid cells, but an example with 3 cells is sufficient to il-
1 and 2m, averaged over the whole Arctic BasirHow- lustrate our reasoning. On a B-grid, the ice velocity vectors

ever, there are other processes that might contribute to thare computed at the lower-left corners of the grid cells. Be-
differences between LIM2 and LIM3. For instandéan- cause of the no-slip conditions and the presence of the land-
coppenolle et al(20093 tested the impact of salinity varia- Sea mask, only 2 non-zero velocities are taken into account
tions in LIM3 compared to the referenBitz and Lipscomb  when calculating the total export of ice. In LIM3 however,
(1999 model, where the salinity profile is prescribed. They the ice velocities are defined at the centre of the cells edges.
Thus 3 non-zero velocities are taken into account for the in-
3These authors found the ice to be thicker with an ITD (contrary t€rpolation to the center of the grid cells. In conclusion, ce-
to our experiment, in which ice was found to be thinner), but one teris paribus, the B-grid formulation tends to simulate less ice
has to bear in mind that LIM2 already includes a first-order approx-export compared to the C-grid formulation. This effect, com-
imation of the ice thickness distribution. bined with higher drifts in LIM3 (see previous paragraph),
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LIM3 et al, 2001). Consequently, sea ice thicknesses (Bjgand
concentrations (not shown here) are misrepresented in both
simulations along the ice edge. Finally, the actual mean ice
thickness in the SH is smaller than in the NH. This implies
that the representation of sea ice thermodynamical and dy-
namical processes might be less important for the models
v=0 (no slip) LIM2 v=0 (mask) performance in Antarctica, the skill of models depending
more on other factors than the sea ice model physics.

R

Greenland Spitzbergen

Fig. 7. Models representations of the meridional sea ice velocities
at Fram Strait on a B-grid (LIM2, red) and a C-grid (LIM3, green). 6 Conclusions
Note that Fram Strait is actually 9 grid cells wide, but we show here

a schematic representation for readibility. . . L .
P Y We have investigated the sensitivity of an ocean-sea ice

model to the representation of physics in its sea ice com-
3 ponent: two hindcast simulations have been studied over the

t period 1983-2007, for both Arctic and Antarctic sea ice, with
an ocean General Circulation Model driven by atmospheric
sate for thinner ice north of Fram Strait (Fig), whereas regnalyses and various climatologies. For the Purposes of
this study, we have developed a set of comprehensive met-

LIM2 has too thick ice at the same location and accordingly . : . o .
: : rics designed for sea ice. These metrics involve the main sea
an excessive mean volume export through Fram Strait. The L . . .
. . . ice characteristics (i.e. concentration, thickness and drift), fo-
B- and C-grid formulations can also explain the better repro- X
. . : . ; . _cus both on regional and global scales, and take mean state
duction of ice thickness along the Canadian Archipelago in

LIVt Py Crannel (comnecng Bafn Bay and B 5242, 25 21201 o account. e chose i defe
fort Sea) is resolved with 2 grid cells on ORCAL. For the

X . servations error, and a typical, or acceptable error. The use
same reasons as explained above, sea ice tends to accu

mu- ; .
late faster in LIM2 (with a B-grid) because its flow through bt our metrics can _extend beyond the_ purpose of this study

. . and could be full of interest for assessing the performance of
the channel is underestimated.

fully coupled GCMs in the polar regions in terms of mean
sea ice cover and variability.

Following our metrics, we obtained similar resultsTas-
merman et al(2005 andVancoppenolle et a(2009). We

yields a higher mean areal export at Fram Strait for LIM
(Fig. 5). Note however that the volume export at Fram Strai
is more faithfully simulated in LIM3: higher drifts compen-

5.2 Southern Hemisphere

A careful look at Table suggests that the performances of

LIM2 and LIM3 in the SH are comparable for ice thickness concluded that the model ?k'” in the .NH was highly de-
and drift, and that none of the models is systematically Out_pendent on the representation of physics for ice concentra-

performing the other for ice concentration and extent. Wet|on, extent and thickness. We suggested that the inclusion

X - : ._of a detailed ice thickness distribution (ITD) in one of the
advance 3 possible reasons for explaining this observation

X ; ) model enhanced the interannual variability of sea ice ex-
First and foremgst, the qgallty of the atmospheric .reanalyse%ent and significantly improved and reduced the simulated
(NCEP./NCAR) in the SH is lower on average than in the NH’.ice thickness in the Arctic. We also emphasized that the ex-
essentially due to the sparse spatial coverage of records IBlicit formulation of brine entrapment and drainage in this
Antarctica and the Southern Oced@rgmwich et al, 2007).

Substantial biases in the surface energy budget due to errorns?Odel could reinforce the effects of the ITD, with higher melt

in the reanalysis have been suggesiahtoppenolle et 4, rates associated with the more sophisticated thermodynam-

2011 Vihma et al, 2002. It is also worth mentioning that ical module. Regarding ice dynamics, the simplest model

the poor representation of the Antarctic Peninsula in the re-(WIth viscous-plastic rheology) was found to be overall in

) . . - better agreement with observations, but still too energetic.
analysis land-sea mask introduces a bias in the representati . o . ?
’ : L o e other model (with elastic-viscous-plastic formulation)
of winds, with an overestimation of westerlieBramerman

et al, 2009. Accordingly, the simulated ice accumulates (is was performing worse, probably due to its more responsive

. : . ) rheology and to a higher air-sea ice drag coefficient. Both
drifted away) immediately west (east) of the peninsula, andsimulations showed similar patterns of drift, certainly due to

the simulated ice thickness is thus overestimated (underesti-. ! : . : ;
. T igh dependence of sea ice drift to the identical wind forc-
mated) at these locations (Fi§). The bias in winds are also . L . .
ing. In the SH, limitations in terms of model skill do not

potentially responsible for the unrealistic magnitude of the :
drift as depicted in Figd. Second, one has to bear in mind stem frpm model physics .bUt rat_her external causes, such as
o ’ resolution and atmospheric forcing. No model outperforms

that both simulations have been carried out at a coafge (1 . .
: he other systematically, and the global performance is lower
resolution. Important ocean small-scale processes (e.g. ed- .

in the SH than in the NH.

dies) are not represented in the models, although they trans-
port considerable amounts of heat and momentmtéul
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