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Abstract Using the CICES sea ice model with ERAS atmospheric and ocean forcing, this
study investigates the fidelity of modeling Arctic sea ice extent and volume and their sensitivity
to key physical parameters. The model well simulated the overall seasonal cycle of sea ice
extent and sea ice volume, but exhibits systematic biases such as an overestimation of summer
sea ice extent and an underestimation of winter sea ice volume. These biases stem from the
model’s overestimation of sea ice concentration in the marginal Arctic Ocean in summer and
underestimation of sea ice thickness in the central Arctic Ocean in winter. A parameter sensitiv-
ity analysis is performed by changing values of physical parameters representing radiation,
thermodynamical and dynamical processes. The result indicates that the radiative and thermody-
namical parameters such as emissivity of snow and ice, ice density, snow density, and thermal
conductivity of snow exhibits the higher sensitivity, with the first two parameters having the
highest sensitivity. The dynamic parameters play little role. This information can be used to opti-
mize parameter setting in sea ice model and further to enhance the capability of simulating polar
climate in coupled model and Earth system model.
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et al., 2015; He et al., 2017; Xu et al., 2021).
Sof, RlZslg dY Bat drlFoR 92 PE
AAA 718k MslkE oA 553152 ofFste}
Auelol 715ke] ok S Fal Seiike st
FeS Frhal EA tHKim et al, 2014; Kim et
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PIA717] HBM = olE st FetrE e WIS
At HAs 2ot Aok W3 E Ade 7 9
ZrE o] W37t mYo] oS Aol m]X
Brhshs MHO R, o] B B9 Ag
o7 AAF 71F dF ALHE =Y F AUth

B Ao = Los Alamos National Laboratory
(LANL)oIA 7Hdkgt A2 sy Ry S A3t
(Hunke et al.,, 2015), s ¢] &2] ehvr|e o] Hslrt
Rk e WA g ey Fuje] AdA wEda
Ad HEAdol rAls UAEE BAstaA) gt o]
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FHEE Bl skl Urh(Feltham et al, 2006;
Turner et al, 2013). X3} linear remapping ice
thickness distribution (ITD) approximation3} linear
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(Lipscomb, 2001; Lipscomb and Hunke, 2004). ©] &
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Table 1. Description of parameters used in sensitivity experiments.

78k 103

Parameter Description Default value Changed values
Radiation Parameters
€ Emissivity of snow and ice 0.95 0.9215, 0.9785
Rice Delta-Eddington snow tuning parameter 0.5 0.35, 0.65
Ranow Delta-Eddington sea ice tuning parameter 1.5 1.05, 1.95
Thermodynamic Parameters
Oi Ice density 917 kg m™ 907.83, 926.17
Ps Snow density 328 kg m™ 326.36, 329.64
ko Thermal conductivity of fresh ice 203 Wm™ K™ 1.421, 2.639
ks Thermal conductivity of snow 03Wm' K 0.21, 0.39
Dynamic Parameters
Cr Empirical parameter accounting for frictional energy dissipation 17 11.9,22.1
Cs Fraction of shear energy contributing to ridging 0.25 0.175, 0.325
Foag Snow fraction that survives in ridging 0.5 0.35, 0.65
N Ratio of damping time scale to time step 0.36 0.252, 0.468
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Fig. 1. Seasonal cycle of (a) sea ice extent and (b) sea ice
volume of simulated CICES5 using ERAS atmospheric
forcing (black) and observations (blue; sea ice extent from
NSIDC and sea ice volume calculated using PIOMAS) from
1979 to 2018. Vertical bars represent the range of +1.0
standard deviations over 40 years.
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Fig. 2. Seasonal SST difference between NOAA OISST and simulated CICE SST (OISST minus CICE) from 1982 to 2018.
Black lines indicate that ice extent criteria (ice concentration > 15%).
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#Ho] & F U ERAS t7] ZHAIEs s+
SEE 7IRte R ALE Y 2] e 2xE
NOAA OISST (Reynolds et al., 2007)9} H]2st A3},

Aol wel SSTol| Hako] SRS gl 4 Utk
(Fig. 2). 53], sl W&ol v Roju= 5U5H 10
4 Aololle a-igh=sl e} il =afoll A ESal ek

o= $9] SST HEPe] FraFom ol EFPlA
yo] A=A wSsle A4 FHEE AeE B
Atk olH g ) BFP 9| A 2% HIFS ERAS
sl 2= 2Ae] A2k T H‘l‘x__ 259 A}
o] #W EFNA LS HaA AL T A=
A3 FHo] UtHGuemas et al, 2014; Sun and
Solomon, 2024). WehA], W] EHLS TE0=F A&
ol w= dlH 228 HEeR AH 59
ste Wy dial S 2E g FelA e 227t
]*}E]Ei S}3L ocean deep heat fluxs ©]-&-3f 34
9] ¥k-3-5 ZAH3 A (Turner and Hunke, 2015; Sun

and Solomon, 2024) =3 7PdAle] F-Zoilqt s
H 255 A3ty W WHalE 243k WH(Lim
et al,, 2022) E°] AFEEY. T8y B A3es A
W 257} Y B nXe JEFS BA6)
7¥ehz Alo] EAo]
Aol Xl =4l

= 5 e

3 #E mEfuE e MAEE
D= ERAS 8l 258 A
< AlEF o)A

(a) Ice Ex‘tent (JAS]‘; 10° kmz‘)
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Fig. 3. Interannual variability of (a) sea ice extent in summer
(JAS) and (b) sea ice volume in winter (NDJFM) of
simulated CICES using ERA5 atmospheric forcing (black)
and observations (blue; sea ice extent from NSIDC and sea
ice volume calculated using PIOMAS) from 1979 to 2018.
Dotted lines represent the trend over 40 years.
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(Fig. 3a). 1979bﬂ‘f’Ei 2018A7HA] A F--2dstol| whet
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HlsA W WAL Aoreste S 7RIt &
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2 9k 20x10° km® x}o]S Ho| o 20187}
A 2 zZpol7F SAHA 9o RMSEE 1.99 e
=

ALE W FH9 A9 A5F Y wAH v
72 B3 AFA BT TGhdle FAHE 2Y
ZThFig. 3b). JEH sYH &= th=A CICES)
] PIOMASe®] HlsiA sd F39& HAhEoshs A
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B33 ALHY W Fro Y FAS B30
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E}%D}(Flg. 4a). HF3l A= AR ohd ™ (multi-
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Sea Ice Concentration (SIC)

(b) JAS SIC (correlation)

—

(c) NDJFM SIC (bias)

Fig. 4. (a, ¢, e, g) Bias (model minus observation) and (b, d, f, h) correlation between sea ice concentration and sea ice thickness
from CICES and observations. Top panel shows sea ice concentration and bottom panel shows sea ice thickness. Left panel
shows summer season (JAS) and right panel shows winter season (NDJFM). In the observations, sea ice concentration is from
NSIDC and sea ice thickness is from PIOMAS. Note that the color bars are reversed in (a, ¢, e, and g).
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= e Aoz AHEth(Figs. 5d-g). 984
U EE Fo)A s ZE(ice strength)S 243}
A7 g Cp v Tl oA M=
e AT A (ridging)t HHEE CoF Fye 2
G Folx e RFEE JHAIAIRE EVP
(elastic viscous plastic) rheologyollX 4 3ke] 7H2E
zAdse Eje 29 172 %S Yehdth(Figs. 5h-k). Cp
= M AEE g aro] o A oA
A AAAY ol F=A] kol sl FE7F =2 AH
£ fAst=ES & 5 Aok C7F EokA™ Alo] o
UA7F Aol o B2 719E sk 2" ol
BolA o FAYAL FE7F Eok A 5 ATh Fy
7F AA™ Eo] ¥ BoldA dHlEE =9 i
TEE Y F Ak W, B AAE 2do] -y
ZolA =™ i Asto] A ZekEEl o 7t
A LA Aol E g UAINE ALE ARbe] 5o
WA = vF & s & A9 ket 22 A
of tigh wk-g-o] | =d + Ut} o] dAepu]Ert
ol F= AFHAQL A gk 42 ofHA R
aHHE Fo tEide 59 MRS Ve AE
vleter 4= ATth(Fig. 5k). CICE5S)A &2 &EFe
7gAr FoA N w2t FHES] Fo(Fig.
4a) 52 AA Y wH O AAN FriRe|E =

ook | &L po S
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(a) SIC (JAS; €) (b) SIC (JAS; R.,)

150W_7 Sl 150E

(c) SIC (JAS; Rqn)

(d) SIC (JAS; p)

150W R 150E

Fig. 5. Sensitivity test results of CICES parameters (a) €, (b) Rice, (€) Renows (d) i, (€) ps, (£) ko, (8) ks, (h) Cy, (i) Cs, (§) Forae, and
(k) E, for summer (JAS) sea ice concentration. All results are averaged for 40 years of the differences between experiments
with higher parameters and with lower parameters.

(a) Ice thickness (NDJFM; €) (b) Ice thickness (NDJFM; R,,)  (c) Ice thickness (NDJFM; Ry,,,)

(e) Ice thickness (NDJFM; p,) (f) Ice thickness (NDJFM; k)

Fig. 6. Same as Fig. 5 except for winter (NDJFM) sea ice thickness.

Atmosphere-Korea, Vol. 35, No. 1. (2025)
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Fig. 7. Parameter sensitivity for (a) summer sea ice extent and (b) winter sea ice volume in CICES. Vertical bars represent +1.0

standard deviation over 40 years.
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