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Estimation and Analysis of Sea Ice changes caused

Radiative Forcing over Arctic Using Satellite data
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SUMMARY

(3 B 2 o %)

[. Title

Estimation and Analysis of Sea Ice changes caused Radiative Forcing over Arctic

Using Satellite data

[l. Purpose and Necessity of R&D

In recent decades, the near-surface air temperature of the Arctic has increased
two fold relative to the global average, which is called Arctic amplification. This is
closely related to various climate feedbacks and geographic characteristics of the
Arctic. In particular, the trend of Arctic amplification is more pronounced in
regions where Arctic sea ice loss has been significant. The instantaneous
perturbation to Earth’s TOA energy balance induced by sea ice changes is known
as sea ice radiative forcing (SIRF) and is used to measure the feedback of surface
cryospheric components to Earth’s radiation budget. Some studies have shown that
Arctic amplification is strong in winter when surface albedo is not observed. In
this study, as well as surface albedo-based radiative forcing according to sea ice
changes, skin temperature-based radiative forcing was also calculated. The purpose
of this study was to estimate the SIRF, to evaluate changes in the energy balance

directly caused by surface changes of the Arctic Ocean.

lIl. Contents and Extent of R&D
*  Suggestion of criteria for calculating radiative forcing in the Arctic region

* Collection and pre-processing of data related to long-term calculation of

radiative forcing in the Arctic region

* Analysis of spatial and temporal characteristics of radiative forcing in the Arctic

region according to sea ice changes
* (Calculation of sea ice surface temperature based on DNN

* Analysis of radiative forcing differences according to surface temperature data



IV. R&D Results

* Suggestion of criteria for calculating radiative forcing in the Arctic region
- Calculation of Sea Ice Radiative Forcing (SIRF) due to sea ice change
considering both factors (surface albedo and skin temperature) using a
radiative kernel
: The instantaneous perturbation to Earth’s TOA energy balance induced by sea
ice changes (W/m2)

* Collection and pre-processing of data related to long-term calculation of
radiative forcing in the Arctic region
- Collection of raidaitve kernels for two factors of five climate models

- Pre-processing of the radiative flux data

* Analysis of spatial and temporal characteristics of radiative forcing in the Arctic
region according to sea ice changes
- Annual, Monthly Characteristic of SIRFs in the Arctic
- Analysis of leading factors according to season and region

* (Calculation of sea ice surface temperature based on DNN
- Evaluation and selection of input data for IST calculation
- Optimal DNN model creation through hyperparameter analysis

* Analysis of radiative forcing differences according to skin temperature data
- Analysis of skin temperature-based radiative forcing characteristics according
to reanalysis data and DNN-based IST

- Evaluation of DNN-based IST model using other satellites and in-situ data

V. Application Plans of R&D Results

* Study on correlation of previous study and main research with result of this

study over Arctic

* Application for study on correlation of the climatic changes in previous

researches with result of this study
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WS GCOS(Global Climate Observing System)olA] AA3 A 7] ZHS=
(Essential Climate Variables, ECVs) & 3tU2X, &= A9 7§ ¥Meds WstsE
ety &= 4 A xgolth H59 a2 nEA AxrHY oyA dFad F JIF
= AL lom, o= " Aq L A A9 V|FA =T 7Y & A4S ot
At (Ledley, 1988). 19 12 1982 ¥ 20201 7}A] #A] -9 7]—?: Helers YEhd
ot o wEE IPCC 53 H7FE 1A (AR5, 2013)o] oatH, A Fdatz s x|yt
112:371(190172012%3) A 7+¢]  H7]2(near-surface air temperature)ol 0.89C

(0.6971.08C) A&stslom, AAF Hd7]eo] F7hFAE AL vk F7kstad
o S 5SS "W i) 2v) ojFow FrtEo] AA Y= olFE B TF
(Arctic Amplification, AA)©°] F-EZtH(Manabe and Wetherald, 1975; Serrez et al.,
2009; Screen and Simmonds, 2010; Cowtan and Way, 2014). &= S22 g% 7
2, AE7|F, 224 3Fe] ®stE dor Ry Foxe] IXd AP ow o
& v A (Cohen et al, 2014). @A H=9 F43 2dst= FHLAT A Jg A 3|
W &S WA A7) 7] a8 9l tH(Screeen and Simmonds, 2010). o] A& 117 %
(Hoffert et al., 1992; Miller et al., 2010), ¥#3%}5 (Bekryaev et al., 2010; Wang et
al., 2016; Blunden et al, 2019), 7]-¢ 22 (IPCC, 2013; Davy et al., 2020) &
A zeA 2 ARt FEskA el 9l

Annual J-D L-OTI{ “C) Change 1982-2020 0.78

-4.1-4.0-2.0-1.0-0.5-0.2 0.2 05 1.0 2.0 4.0 53

I 1. 1982~20204 5o 7L W&t}
(NASA, https://data.giss.nasa.gov/)
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NSIDC(National Snow and Ice Data Center)oll W= 17 29 o] 20121 sea
ice extent7} 7hd W& Fro]l #FEHASH AA 10d7F oF 13%9] HI &= FFAaskal Q)
tH(Nature, 2022). ol ves 715 sj=w 9 B9 23 543 P Aol
A TH(Taylor et al., 2013; Sejaset al., 2014; Boeke and Taylor 2016; Malte al., 2018).
53] e E4o]l AA doju= AdelA L= FF g =3 AA yehve A3
7F AtHAiguo et al, 2019). o] A thFel o] f = st WS H5 FHS TS
wagow, e Haw dorn AL ANEF Aow AdHi 9 thH(Nature,

2022).

Arctic sea ice summer minimum 2020

=

Russia = By - =
i median extent
(1981-2010)
S

O 2. 20209 ofE 7]%& sea ice extent.

(Michonscott, 2020, https://www.climate.qov/)
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(Radiative Forcing)ol& oW A7} zh= A -t 7] A|="lo] J3Fs Fof o] 3
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thoolg gk Aol whREm LS9 2ustE FEHA7|L o] H= S FE V&S]
skoH(Hall, 2004; Bony et al., 2006; Goosse et al., 2018; Thackeray and Hall 2019). 3f
Wwslo] wWE %52 TOA(Top Of Atmosphere) olU#] #&o] 3t =3t4e A&
(perturbation)& 3f® E-A}7FA] 2 (Sea Ice Radiative Forcing, SIRF)#} 3lw, o] WA
o] A% FA QL WE AFEA YA Y FEwWE SAFs=dH AMEET R W)
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H 2 & 2L 7|=lgt & &t
A 1A AE} HAH EAzkA Y

A A ® (Radiative Forcing, RF)o

] (¢}
= Fo duA BHS FA R WEAT = FFHY Holth o] g HAGAH
AAAQ 71¥¥ s MAUFS T8 Axolvy. G HAMAAE S 7HAH A7 &
Fote AUATE AR 29 AeS wEetH, 9 AAESs HAY biglE S
= A7 98-S k. IPCC 52F BaAe o5t <izte] oz sy <19
ARl BAGAH S +229W/m2= A& H vk ol gk A3FS 2000 ol o= H&
7hEStE AL Qlth 1 RIFEY] Es ¥ WA Avko] Ao WsteE FEs] dojvar 3l
owl, A3t oldFH AAAY AFe W= AZH M= FTHAA -

0.2W/m29] HA A= o2 vEptal )

A AAAoE A ;o Wste] wE JAGAH B3 A= ] Wy ol itk
Campra et al.(2008)2 ¥ FdHF A Hef o 2HF9
Albedo ®3} @ 1o wE Radiation Forcing <& 243}
al.(2007)3} Matthews, et al. 20032] AT = 2FA st o] HAHEEH HAA7ZLR EX I&
Walo] w2 2% Albedo W32 Q8 H AT Radiative Forcing ¥ 3 2418 433}
At Jun et al.(2014)= 990-20107FA] F=re] EX] & wste] ok X xd
Albedo % Radiative Forcing ¥3} #4S 3ttt X EH Albedo W3le] wE EX
&2 W3zt f2¢ wAYSF 3 Radiative Forcing 93 H7}F =3 3w At
(Pitman et al. 2009).

A AFEAA AR EE 99 G Ax HAIAH(Surface Shortwave Radiative
Forcing, SSRF)¢] AF=21° t}e3 7zth(Huang et al. 2014; Jin et al. 2012; Jin and
Roy, 2005; Lopez-Saldafa et al. 2014).

SSRF = R, x (a; — a,)

o] 7]4 R, + surface incoming solar radiation®]™, a;+ 33 A% ¥} Ao
Wl e Gl gy, AES WSt dojd o] -9 Ak s ojw| gttt g7
Aol A g% g IR AsE ARESIAT A9 54 2 3l wet ¢ A

29| 7lFo] gt AHE 5 w43 Wl dojys A9 I AlH He AR
S &E&3rt A st 2 Apubstel o] AA7|Fke] AA A ;e Wb Ao A Y
gl 7]uke] Potential Natural Vegetation(PNV)ell & 33l= 214 e 2] ‘”Hﬂ

AGRAY AG AT Hn s duE AR 4G AA AR

559 ti7l= & AR, $9% AR ddHom fdxert olg A
A FEL surface heat budgetol] Aol 314l Q49 BAL oX|o] & JFS 7
AE&He] AS, 5L incoming longwave radiations S7HA1A A EWS w3} A 3
t}. o]E9+= incoming shortwave radiatione A7)l 1ncoming longwave
radiations S7FA 71 F7FHA 98-S EF Aok oyt 4FS 759 T, H
%ol JAFZH(Minnett, 1999), A x| du= To ug} depxith ]3% Tl o



Fupel Aol Ealolgxe 8-S Cloud Radiative Forcing (CRF)g} 3l ko
CRF& F&°l 98] xS wsiA st AS 9gnsie, 59 CRFE F+5°] TH S
WA ZIth= AS YEbdth CRFE €83t B2 A7 (Shupe et al. 2003; Zhao et
al. 2015; Miller et al. 2015; Sedlar et al. 2011)7}F X & lom 2= v
Zt}H(Ramanathan et al. (1989)).

CRF = F(A,;) — F(0)

A7 A= TE A0l 100% FHE dnEte 02 FE flE dHE oudth
CRF= 7 Z3olA HArEe] ApelE yebdlth, FA4 o=z Axdo] tigh @3t CRF,
3k CRF, ¢ CRF& ths¥ o] ALbe

CRF; = FiylA,,) — Fly(A,,) — Fiy(0) + Fy0),

CRFgy = FéylA,) — Fdy(A,;) — Féy(0) + Fgyl0),

CRF.,= CRF,, + CRFgy

Fsy S Fryp = 2471 Aste} gvbe] 841 oluAg ouspe, 19| & 42 3
¢ 9 se ouidth o714 CRFE BAL duA7} ohel® @t AL Foz A
ol EAw

23 e e Aoy ge gy v wk deow Hudl Aot wehA o

T A xe WHEE v e 99 Wz AyE olzle wWsl
T w3 AP 9tk Flanner et al,(2011)2 radiative kernelS &-g&3fo] W Aol A
o] i A5 Wl ¥z

o of W& du W7t BAGAIEHORE o9 FHEHEA] ATFE
W33t A et Xiao et al,(2017)+= A 7IH A=, XH%*—*. 71¥b A g S o] &3]

radiative kernel 7|4¥Fe] wo A o] A= d=¥S AH3}3lal snow albedo radiative
forcingS AFE&dth § =EFA ALE&E WA EAA| 2 (Cryosphere Radiative
Forcing, CrRF) EA S OE ) 2
1 8a 0F
CrRF(t,R) = fS ——dA 7

A7NH CrRF(t,R)= Az tol wE ald A9 Ko W4 EE oA dx
7} 7] Aerel S w = radiative forcingS WeRdTh A(R)S HA AL o

RIS, S A S Bl g EE dE Sk w EE Ag e
wajol we e wa, ‘30[-5— AxW hulE wael W oy] A fluxE U
Bt A9 QTS A aa_gL Aol BEH Ane] gk AHsgon, 3—5

x

= radiative kernel& AF-g&3}e] AF=3F T}
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W&

vegetation-dependent &-&

jai]
=

1860 ~ 1999 7k#] o] E A Wsto] wE B ARG AE(RF) &4

d
.

HadAM3 R 2& o] g3ste] +4 78
surface shortwave radiation budget
= = D

H 1. Surface Shortwave Radiative Forcing
A =

Aa lekel AATHOR % 34
-5 W/m* 72 &

*

d=

A 2}
Biogeophysicalimpacts of land use on
o Ag

Su], ofalo} 2| ool A
Slo] WM& FEE
A &

present—-day climate: near—surface
o F9, &5

1860 ~ 2005 7k 9] EA] W3

HadGEM2-ES 2 ¢ A} &3] Xz W3l - 4

FERAZAY W AP L THow

RYA

2001
temperature change and radiative forcing

Richard et
al.

¢

Effective radiative forcing from historical
*

Andrews
2017
land use change
¢ 200172005 2=#H <21
9 o] & RF 9 —‘?JﬁI
MODIS-albedo, POTRAD X @ -solar insolation A& A&
o W3} - dM =TI}

et al.
23 A A A A

Surface temperature cooling trends and
negative radiative forcing due
— o H# RF -198 W/m? Z4&
| ohE el sl EAREAlY Ash 24

2008
to land use change toward greenhouse
farming in southeastern Spain
20039 =
A= Q3 A=A — FAFGARE 052 W/m
Fe) wahay

Campra
MEwstel ©E BAp 74
(e}

et al.
FA 9] Aol
MODIS : Reflectance, Albedo, ECMWF :surface incoming solar radiation
2
. > 371

o 74
=

Fire-induced albedo change and its
R sto] o g A 3%
57}A] Vegetation dataset / 37}A] Albedo dataset T3
[] 5 il [
BARAY @ e

radiative forcing at the surface in
northern Australia
bR:a

Jin
2005
et al.
DISORT Radiative transfer model ©]-&3}o] E-A}L7}A|
Vegetation 2 Albedo 7wl F4 5=

Fire-induced albedo change and its

Myhre and . .
2003 radiative forcing at the surface in
northern Australia

Myhre
- 21 -




H# 2. Cloud Radiative Forcing @& o3 =gF

A 2}

Shupe
et al

Zhao
et al

Miller
et al.

Sedlar
et al.

d=

2004

2015

2015

2011

Cloud radiative forcing of the Arctic

surface: The influence of cloud properties,

surface albedo, and solar zenith angle

Effects of Arctic haze on surface cloud

radiative forcing

Cloud radiative forcing at Summit,

Greenland

A transitioning Arctic surface energy

budget: the impacts of solar zenith angle,

surface albedo and cloud radiative forcing

W&
Ay 5 FAYCFLW) FA L84 @ 78 &%, o] ¥ WAS
ol L2 A2 (CFSW) FAL A 12 08 X E dux 2 g 247}

TE BAGAGe Fa o

. low-level stratiform liquid and mixed-phase clouds

TEL EHS A9 st Alaska, Barrow Aol A oA %W 2113}

ool=E AFe ALde 7§ =43 di5de 75 W4 43

=714 liquid water path® 2134 liquid cloudsel A 30-50% E9H A2 =7}
AF 3 CRFE 3BW/m’2 21d@d= (el AdHoz 5o o3 213} uh4y
g8 55 A9¥% gy 752 945 v 2 =243

aJdg@=o A A CRFE 2E 2ol 75 39 2493t a3 oaf 244

gy 5 AAE 0 -50 Wm® T 0 W/m?

. surface albedo, solar zenith angle, cloud liquid water.ol we} =LA <3
Ayt 5 ZAE 65 Wm® T8 W/m?

T2 ¢ ay= gde 243 7S
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& 3. Cryosphere Radiative Forcing ¥3 1 =

E

o

A 2}

Flanner
et al.

Cao
et al.

Pistone
et al.

Marcianesi
et al.

d=

2011

2015

2014

2014

A=

Radiative forcing and albedo feedback
from the Northern
Hemisphere cryosphere between 1979 and
2008

Assessment of sea ice albedo radiative
forcing and feedback over the Northern
Hemisphere
from 1982 to 2009 using satellite and

reanalysis data

Observational determination of albedo
decrease caused by vanishing Arctic sea

ice

Arctic sea ice and snow cover albedo
variability and trends during the last

three decades

197995 E 200874 %S w2370 Gl WA W] o @
BARAY G A1

land albedo : MODIS MCD43C3 collection 5

sea ice albedo : AVHRR APP, surface albedo radiative kernel : CAM3
WA WzhE s 0157032 W/m® i

1982 F-E] 2009 7h4] E=el tjg SIRF dA+5 3
surface albedo & 37FA] AF-&

: CLARA-A1, ERA-Interim, MERRA

Y A ste] 020 + 005 Wm® S7F B

surface albedo AF&.9| we} SIRFE Hd 26 W/m® Z}o] 7} A

60% o]l H= 3ol dldl albedo-SIRFE 4t&
CERES planetary albedo A& &&
Skl sy iR 91ste] 043 ¢ SIRF + 0.07 W/m® ¥ 3}

S 4855 o]l Aol Fhstel CERES EBAF A& &8
1982 ¥ 20159 7HA] 5= ol AAzF 1.82 + 0.07 W/m® ¢ dAleko] =
7}3te] sea ice albedo?] W3} WA
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H 3 & d7e sd g8 2 22t

A1 A ATAE

1 Surface Albedo
2 AFdAM= CM SAFAA  Al&3st= CLARA-A2-SAL (CLARA Dataset,
AVHRR 2nd release, Surface albedo) #A&E &&3%t. B A8+
CLARA-A1-SAL Dataset (Riiheld et al. 2013)S 7§X3% x & =2, National Oceanic
and Atmospheric Administration (NOAA) and Meteorological Operational (METOP)
Y4 2] Advanced Very High Resolution Radiometer (AVHRR)2] Red ¥ NIR A4
AsE vfgo g AAsIT 7] AL Simplified method for the atmospheric
correction of satellite measurements in the solar spectrum(SMAC) algorithm
(Rahman and Dedieu, 1994), Bidirectional Reflectance Distribution Function(BRDF)
algorithm-< Roujean et al. (1992)¥ Wu et al. (1995)2 Hl& oz S35tk &1kl
A 0.25%01H, 1982 F-E] 2015 7HA4] s o] EAcks A 9s A er dgt #
Aas HE&stdr. B A5 = surface albedo, insolation(SIS), incoming(SDL)/
outgoing long wave(SOL)9} #-2 thst oY= 2 W3E AlFsta ok g =

2 7} Weda ggs A7 SRR ATEa gon vEFow RnE HEE Y
A Axnz ATdAo. 9 A5 HEE= Greenland Summit A 99 A= A=)
le]

Hl sk A3 RMSE 0.044, Mean relative retrieval difference [%] -3.88% U E}EC
(Karlsson et al., 2017), &=¢] surface albedo Aol A% &8st QrHCao et al,
2015; Xiao et al, 2017). #d A== 54 % dAl= ofef & 4, 19 59 Z}

# 4. CM SAF CLARA-A2-SAL

Sensor/Platform AVHRR

Spatial resolution 0.25 degree

Spatial coverage N: 90, S: -90, E: 180, W: -180
Temporal resolution Monthly

Temporal coverage 1982~2015

surface albedo ()

43 157 34 501 653 0%

= 5. CM SAF surface albedo AF&.9] 9
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2 Skin Temperature
952 % (Skin Temperature) = %W fluxe] Wslo] F74 o2 wbgd = & HA
BogH=e 22 Yt B dAFo A= European Centre for Medium-Range
Weather  Forecasts (ECWMF)olA  Al-&3  ERA5e] A=RE A&t
ERAS(ECMWEF ReAnalysis 5)& ECMWEFe] 5At] =#] 7]&di7] A4 2=
20171 ECMWF+= ERA-Interime wWAlst7] s St AAS 7Hdet= Al A&
7 EEAEE dE =9 5M0 ARAAEQ ERASE FA Ao R w|xEty] AlFgr)
ERA5+ 7] ERA-Interimell Blal o}t Fob7t /d= et WA o 22 994 #
= AHHA AAEH, dHAgd el FE st
AR R AFg ] - 3AIRH R
T E (=X E) 0.25° x0.25°= 4
A AFE3F Skin temperaturei= ERAS
monthly averaged data on single levels from 1979 to present®] At&E&E < S =M
A e o st FEEE 0.25° x0.25°8 AgstR e Y Ane 559 7%
HelE olsfst=dl Fast 9a& st} Y AE = the International Arctic Buoy
Programme (IABP), Multidisciplinary Drifting Observatory for the study of Arctic
Climate (MOSAIC), Cold Regions Research and Engineering Laboratory (CRREL) &
A buoy ZEIHNA FFHI Je= A5EYN HASES FAAT. FAAT 098=
E2> ASgEE YHEYTHYu et al, 2021).

# 5. ERAS skin temperature

=)
—10
it
(o]
o
™
—
>,
)
L
ey I
Lo
:(|>L_',
o
k1
Ll
N
N
A

Woold we SaE

3T

Sensor/Platform AVHRR

Spatial resolution 0.25 degree

Spatial coverage N: 90, S: -90, E: 180, W: -180
Temporal resolution Monthly

Temporal coverage 1982~2015

Skin temperature (K)

<4EET WA 3@ 32— >

2221 2405 259.0 2774 2958 3143

12 6 ERAS Skin temperature ofA]



3 Sea Ice Concentration

% H%(Sea Ice Concentration)t @97} gl ol d&o] Yolgs JIS
ARl gdor AWgit. By or 47Nt il d AAr Qhel] dwput
o] Hold=AE EEFSHH TEv AIFHeR HAAE(%) @R ZdTH

A .
(07100%: 15% olate] s w%9 A5 o= ). ¥ Ao = Sea Ice
Concentrations from Nimbus-7 SMMR and DMSP SSM/I-SSMIS Passive
Microwave Data, Version 2 (NSIDC-0051) At5E5 & 833t} 313 A=+ Scanning
Multichannel Microwave Radiometer (SMMR) onboard Nimbus-7, Special Sensor
Microwave/Imagers (SSM/I) onboard the Defense Meteorological Satellite Program
(DMSP)-F8, -F11, and -F13, and Special Sensor Microwave Imager/Sounder
(SSMIS) on DMSP-F17 5 t%3 passive microwave A ES &-83le] A=A
th o] AzE ALH 5%, 935 melt pond Tl 15% F=o EFHAS 7zt
(Cavalieri, et al.,, 1996). a9 A5+ A B2 5= AGdA &85 dtivanova
et al., 2014; Meier 2005).

B 6. NSIDC Sea Ice Concentration

Sensor/Platform Multi Microwave sensors
Spatial resolution 0.25 degree
Spatial coverage N: 90, S: -90, E: 180, W: -180
Temporal resolution daily
Temporal coverage 1982~2015

Daily Sea Ice Concentration (percent)

<4EET | g

0.0 02 04 06 0.8 1.0

= 7 NSIDC Sea Ice Concentration 9|A]
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4 Radiative Kernel

AL 719 (Radiative Kernel> AR & e W] 22 Adso] A9 oyx]
ol G A JFgFS v A =% der39,44]. HAF AE-2 general circulation models
(GCMs)< 7Idte 2 AAsith, aey GCME wel EA AdS Alsh= o AFS
He= 7] AE 7S diely Y 7 e vl v ued]. wetba] 2 Aol
Me AHREE GCMO e B4 S AAstaar & 5749 GCM 71WHe] HAL 7
95 A9t Community Atmosphere Model version 5 (CAM5) , Hadley Centre
Global Environment Model version 2 (HadGEM2), Hadley Centre Global
Environment Model version 3 (HadGEM3), Geophysical Fluid Dynamics Laboratory
(GFDL), European Center and Hamburg model version 6 (ECHAMSG).

BoAqto A= all-sky 7|2 =2 surface albedo®} skin temperature &+ £/F2 E-A}
AdS AFE3FY T surface albedo HAF AYEL EWO albedo’t 1% Wapsh uj
radiative fluxel "X+ YA (W/m2)& vttt 19 82 GCMel| W& surface
albedo FAF AE 59 U AAY FEXE YEdo AAA SR FARE FE5A0]
ERA R 5769 o= GCMell whe} & SA4o] vEhdth. CAMS model o539
Adu =] JFS 7 A B= Adow Yeiyy, w2 GFDLE At o2 albedo
Feol vt Edo] Hla] vA yetdrh 29 9% surface albedo AR S Aol 7t
7Hg A A= 69 7l CAMSSF GEDLe] #feole] F3hd ExX & el o
ol A YoA CAM5 surface albedo HAFAYES] 2 gho] AF=Fw, Chukchi,
Laptev, East Siberian seas 3l oA ¢ 2 W/m?e] x}o|7} ka3 &ic},

o©
o
1

|
©
N
1

|
<
B
1

i Model
-@— CAM5
—A— HadGEM2

Surface Albedo Radiative Kernel (W/m?)
S &
[00] ()]

—1.0 4 =¥ HadGEM3
GFDL
—— ECHAMG6
_1.2 T T T T T T
2 4 6 8 10 12

Month

a3 8. GCMO| @2 surface albedo BAF HEE9] AdFHA A|AE B
surface temperature HAF AL ¥W 257 1K ¥H3s wf radiative fluxell vz =

AU AL (W/m2)S 9 v ght}. surface temperature 7122 surface albedo 71'd ¢l H] 3|
AAR o2 ¢ & JFHS 7HAA T, AdE Hede A yehdo(ad 10). 1 F
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ol = CAM5%} GFDL® 745 AAdd wE W-sido] oS AA vEdth. HadGEM2,
HadGEM3, ECHAM6+= Wl 528k 43S =y 19 112 #ol7b 7b aA $Ashe= 8
47| HadGEM3¢ CAM5 surface temperature EAF 7de] zolE& F7H4 E¥ 2
g3 Aol E= Ao el HadGEMS3 surface temperature EAF 7] 0.55
W/m2 YA veEbub A9 291 S LERLER] @Skt

2 Ao ALgH ARES 29k ¥ 7 Zr

0°wW

Differences between CAMS and GFDL (W/m?)

I 9. 69 7% GCM(CAMbB, GFDL)of| w2 surface albedo EA}A

£

§ 00 4 Model

= —8— CAM5

D —A— HadGEM?2

g —0.2 1 —% HadGEM3

v —&— GFDL

o ~#- ECHAM6

= —0.4 7 :

=

«

E _06 .

D

o

9 —-0.8 +

=

2@

Q _10 .

®

=

wn —1.2 T T T T T T
2 4 6 8 10 12

Month

=2 10 GCMof| -2 surface temperature EAF /@59 dH A4 A|AHE &2
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Differences between HadGEM3 and CAMS (W/m?)

a4 11 8¥ 7]& GCM(HadGEM3, CAMb)o] @2 surface albedo
BAP Atolo] Trb B

ouvT1 ™

%78 7o) 289 ooy 54

Horizontal

Variables Datasets . Temporal resolution Time span
resolution
Surface Albedo CLARA-A?2 25 km Monthly 1982-2015
Skin Temperature ERAS5 0.25° Monthly 1982-2015
Sea Ice Concentration NECI 0.25° Daily 1982-2015
CAM5 1.25°
HadGEM?2 1.88°
Radiative Kernels HadGEM3 1.88° Monthly -
GFDL 2.5°
ECHAMG6 1.88°
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2 2xF=(2021)

2AAEE HEARE 1o 2 Radiative kernel #7132 e, B3 Aolg| g
ol w2 BEAGAHY AlFt 54 +4& sttt WA Radiative kernels 123
Lo ol3] FrAoRE xRy I 5AE Hlwgth 7|FREe duit Jits
FE9star ql7] ot zF Rdo] WEsta e =gl s &4e] dasit o
o 7} 7]Erde mE AlFIE xpolE Blulsltw 37FX] o] 4ol V|ERYE A5 E o]
dasith oz #3259 Radiative kernel 7]¥F xtg9] vla 2 HrE 433
t}. X W 3H(Albeod, temperature)o] WE AY 7]¥re] TOA Flux W3S A&=351a,
= 7]9ke] TOA Raditation® # &S Bl gt} o]y HuwE Fa Z 7|$Rd

radiative kernel®] E5A& utofsttt, AlFitH o2 Albedo, Temperature 7|59 H-A}
AAES g2 2SS Ul ok weA 2 AT A e BEAGAE S AbEstE
F 7FAl 2921(Albeod, Tempertatue)S E 35t Net HA A H LS =6t H71E 2

A o] AAE 1E AT(Albedo T AL E AAAT) waLste] NBL 54
gal MA@ Tgow Add mE FEA 2l Loglx welury HIe] 45
A F AL Mok, ALl Fobrk QAHe] Aol uhE 5ol thE Ago] sl
g Eeistth o W ey wWaFe] wE BAGAY 54 st Aol

£ FE4 948 sefet frh 0gow A9d wE BAZAY 54 s 2
astth Aa AFel olsw WA I Aodo] weh L= wale] Age] v
gua ek 53 %39 Warmingol tel B G@e AE A9 og 24
4 g aheh

1AHAE | . Albedo-RF

T &1} |+ Surface Temperature-RF

2AA T

Radiative Kernel £ Sl tH3tof| 2 S AR A=

- SAZAHHE ST
(Albedo + Surface Temperature)
S ;'II'-IOI z"EPE 7-I "l':'l?_l'
Atz etolH|l L AS : 7‘||’“°|I e ZE2 Q01 B A
o . A0 et 4 B

+ Radiative kernel 2t=
:'t.jl. AJI al E}g Hé-!
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# 10. AlH9E A SIRFO] WHetsf

Arctic Ocean

Period (AlD) Baffin Barents Kara Laptev Beaufort Chukchi
Net 0.34 + 0.28 0.62 + 0.28 0.78 £ 0.42 0.60 + 0.29 0.28 = 0.06 0.24 +0.07 0.27 + 0.06
DJF * Albedo - - - - - - -
Temperature 0.34£0.28 0.62+0.28 0.78 £0.42 0.60 4+ 0.29 0.28 = 0.06 0.24 £0.07 0.27 £ 0.06
Net 0.41 +£0.39 Q.61 - 0.37 0.96 & 0.66 0.78 £ 0.36 0.61 £ 0.15 0.33 £ 0.13 0.48 £0.12
MAM * Albedo 0.16 +0.26 0.8210.29 0.59 £ 0.41 034 £0.26 0.20£0.17 0.11 £0.12 0.17=L 013
Temperature 0:25:-:70.19 0.30 +0.14 3B £ 0:27 0.45 + 0.06 0.41 +0.04 0.23 + 0.06 0.30 + 0.06
Net 0.35+0.28 0.41 +£0.27 0.48 +0.36 0.63 +0.34 (.51 =023 0.51 +£0.22 0.56 + 0.20
JJA* Albedo 0:35+0.31 0.41 £ 0.28 0.49 £ 0.39 0.63 = 0.40 0.51 £ 0.26 0.55 £ 0.24 0.60 £ 0.23
Temperature 0.00 + 0.05 0.00 & 0.02 0.00+0.04 —-0.01+007 0004004 —0.04+£003 —0.04+£0.03
Net 0.41 £+ 0.22 0.32::0.11 0.38 £0.24 0.51 +-0.21 0.56 0.1 0.51 £ 0.16 0.73 £ 0.22
SON * Albedo - - = = - - -
Temperature 0.41 +0.22 0.32 + 0.11 0.38 +0.24 0.51 +0.21 0.56 £ 0.1 0.51 +0.16 073k 0.22

* DJF: December—January—February; MAM: March—April—May; JJA: June—July—August; SON: September—
October—November.
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JJA 7179l = net-SIRF 035 = 028 W/m? albedo-SIRF 035 = 0.31 W/m?
temperature-SIRF 0.00 + 0.05 W/m’% W3}#o] 42t& = vl ERAS skin temperature
o] Ex ujf-o temperature-SIRF= 18 199} 7o] Wzlzko] Ao elvpx] gkttt
g2 AdydeE 2y o] A7lele AAE A AYEe] HF HAA Hod v
net-SIRF2| Wal#o] =7 yelwttl Kara Aol net-SIRFe W3laFo] 063 +
0.34 W/m*sE 713 =LA vehwkon Baffin Aol Ahd o=z 041 + 027 W/m’=
A2 wgleko] AT

SON 7]7tell&= net-SIRF7F &= i 041 = 022 W/m’2 AXHA. Az
net-SIRF9] 7} & ¥W3li= Barents A GolA yelgon v & Add = o A Yol
B9 g2 A9t &4 2 net-SIRF ¥M3E Brh 18y SON 7]7te) =
net-SIRF¢] W3lako] 038 £ 024 W/m® & &= Hito] nls] @& wslako] eyt
ool HA AT 73E T 2HARE B Wt 7B = WS Chukchi 3
o 0 7 net-SIRF9 Wal#o] 073 + 022 W/m® &2 AArE Aok
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3 SIRFs2] €¥ wtE 54
v oﬂ?—oﬂﬁ—b 9 203 2ol zﬂiﬂ ATk wE 579 Hah Al

Z‘i‘i”—*.ﬂi R 57 —r/‘ﬂ% A E‘r 417692 o] aHERE F7] A &skE A7
o] Al7]el= albedo-SIRF7} net-SIRFol & <& w[H
net-SIRF= 992 A4FE AT 2 AFelA = siie] EAste= Aol 3éto] SIRF=
AEed = o] AVl HSelA siRe WMo 7P A2 Al7leltk. ERAS skin
temperature ¢ EA w]io] o] 7]7tol+= temperature-SIRF= A9 2F&% A ok},
a9 218 34y Fote] B A9S Yo R AEY net-SIRFe ¥d W Es U
Epdint o o EAAEL 57 VISR Highs AbEste] AE W EE AEE
o B AdE 005 oldke] frolds vkt i A+9] albedo-SIRFe] €4 W
st A At v =shAl AbEE A 28y net-SIRFe} albedo-SIRFE 37 H]
ol
A =2

ﬂl

S oo, ¥ A58 Ade dd Aok zolrp wAEth A8 A5l SIRFS] 7
WHel7l 576€ o] g WbH 2 AFol= 5769 ¥y ofyel 10711€eE &

W3l 2 Askdth. 5¥9¢9  net-SIRFE  albedo-SIRF(0.37 + 007 W/m)#
temperature-SIRF(0.13 + 0.05 W/m*) F SIRF9| 9&& BF Wgirh 692 iy
albedo-SIRF9] W a}afo] 7]l 10¥€ 7 119-S temperature-SIRF(ZZF 0.50 + 0.08
W/m?, 051 + 010 W/m*»)¢ dFo= 569 net-SIRF W&z FAE £X 5
ettt b Wsizl HE 71k 9¥olth. & 103 o]l 6€FEH  8E7bA
temperature-SIRF¢] W3l A velhbA] k=t (037 £ 007 W/m?, p-value >=
0.3). o83 EA o7 2lsle] temperature-SIRFe] zkel #X7H0.03 ~ 051 W/md)
albedo-SIRF %9 ¥ (0.05 ~ 049 W/mH) Rt WA bt

g% 22+ 5/ 7ISFEESY @i BAAE e vtE o R AFEE net-SIRFO| €
Wl ako] i3k ¥3hd ¥ 2 e albedo-SIRFS] W3l7F =24 YElE 678Y 9
B tE e vE] A mE Zolrt AA BASATE o] 7]3HE <t net-SIRF9]
sl a2 Barents, Laptev, Kara #| % 3t o}yl Baffin Bayd dF X FollA 15
W/m?* o] oz AxE et Wbl 2 49 9] East Greenland®} Arctic Central 3¢ <
F A e A = net-SIRF7} 7Hask= 7 3Fo] vERRTE 89 Arctic Central 3l 9l A &=
A Aol BEEA

a9 21914 HAAF Zo] 10€F 1192 temperature-SIRF2] 3o =z 23
net-SIRFe] WslgFo] A A Yepbdt) ojuf net-SIRFe] WS 476937 FAFSHY
4762 wls] A g2l zpolr} FHA wAYst) o]#dt ZAyl= Bintanja and Krikken
(2016) Aol A= YEb= A3 EAolth AN & Ao sd3 RS 485t
of BAMGA Y S AbEe A= AT
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| 4 A DNN7|QF 3 A
349 SIRF 4t= 9 &4 ZAulo M temperature-SIRF+= & o] =

I AYe] FHISLEE 0% 3+ ERAS skin temperature® &
gto] o 53 temperature-SIRF ] gko] 0l 7FgHAl Ab& 5= 3ol AN
2000 -5 2015977 69 H3t ERAS9F MODIS® iH-2%
% 2l= ERA5 skin temperature?] 69 Hirgtelw, 2% ¢ 1
H s debdd 9% ol MODIS ISTel| s 6¥€ 71+ HHo
pixel?] HAMEE YEldTE F 16d &<k 25 EAst o™ 100%, =AsHA] %S
AFols 0%E 7|8t 8% ofg 1yl afH 9 Oibzq(oﬂé} 8%
ERA59} MODIS? X =5 s|2Eadow 33390, ERASY 45 &in
T Esta oA A3 A AR ok 0k AR Ee TWUSLE o] AbE
i 9lout, MODIS® 7%l ERASe Hla] o 4% ve gro] BXE vl
ATk sHAINE ERASSF= aﬂ EE F9el disto] As7F SA6HA il oF 50%4
g vhesich ALHY] A9 a7 249 Zo] yErdTh o E 2 gE2A dAA
XS Aol AR AFHETE FANSE #3225 "t A% MODIS®| 7
Brightness Temperature 7]%WFo. 2 [ISTE 2t=st=dl o] w, gA9 A= 2 +&
FFoE AZFo] HAEA "

web Al 4gel s Adel wAGel AEA i AN YEHLEE 2
o3 1 542 BAsnA @k B AT AT 4y wangs AANE 29
Fol M WAY BAS e
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H
At} Key et al, (1997) Aol A= W xE
}04 Xhﬂ He7E obd ool w1 7hE vEo =
Aol AFstATt ol olf= U7 T FEUIHd & dFS W
sttt A, Tetzlaff et al, (2013) A-olA &=
Tt o W ;W Frel wet tE WMIIYS HEleE A
&% =2 Chistopher A. et al, (2104) dFolA= 7|20l &5 IST9}
3 ] ‘j“ﬂa‘jr st om, Bzl uet 7]£*IST 2ol o] e W

il
o> off
ol
O
£ ¢
ol l-‘_>‘~_l
N

‘(H

ﬂi{?’ Bt
Olr

- o
fr °r
W, o
o,

)
(=
O_i_,r_{u
o

1o
ffo 2o
E

o mlo

U O1>_44
AL
d

N,

1o
oz b
o
N
-

ISTE 7[vte = 311%]%”“% 450} E} o] &k *463 Oﬂ?i HP%EE O}fﬂw} %ol
I

% DNN 7]4dF IST 4t& daugse 48 HI3E AASAY. 28 Ame 3804 A
AsE BAl A g 1 U3 AT A =R A AEEFe] AFE-E

- Ice Surface Temperature (IST)

Terra ¢14 2] MODIS AlAM oA FH5%+= MOD2EID A& 24 F7Hald % 4 km,
NZHAE daily AEolh o] A= ISTS SSTS 37 AlTats Qlon, sid%s
AR S o]&3te] W E=ETF 15% o] A A Ant efRAd o AAste] 2
sttt

OFO

— Sea Ice Concentration (SIC)

NOAAS A A|&3st= Ol (Optimal Interpolation) A&E 83ttt o AE8+=
AMSR-E, AVHRR, Ships, Buoy & %3 E3ES &7 AL&ste At &3¢
3= 0.25°, AlZHeEll =& daily el o

- Sea Ice Age (SIA)

Ol

NSIDCell A 5ok AAREA, AMSR*E, AVHRR, Buoy & Y%3t At55 2%t

A&
of A FdE 125 km, 79 F71E A

- 2m air Temperature (Ta), Total column Water Vapor (TCWYV)

AA7Iuke] ARES BT A9 EHor dste] B oA AEZAE JHA
Ak wEbA 2 dATell= o]Egk ZAE sl Ask A ERA-Interim A#A ARE &
L3t Y A w2 A (PreuBer, A., etal., 2016; Paul et al., 2020)°14 <=+
529 AFAMAEE I AFEst Atk B Aol s SRR 0.25°, AR

5
daily At5E AF&3F3 T

K

- Solar Zenith Angle (SZA)
SZAE HS-EA-HAA o] o]F+= Z4EE on|gitt. o]+ B A e ®sle & <
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&S T+ 84 T syl (Florent et al., 2016). Christopher et al.(2014)el] 2]3}=
SZA®] wel Ta®t IST zke] side] Wstsl=tl, SZAZ} 55 Taot ISTE Aol7}
AA B ST

- Local Solar Noon Angle (LSN)

LSNE AT F4-BA-Hgo] o] 2= 4= $oth 2Aggon 4o el
PARZFE A7 D fmel B wsEA fr o Wi A4 gud F
Mae waste] JYARR AAsack.

- Ta climatology
Hall et al.(2013)°] <93t 200158 20124 7% 2= XS A Taz} ~2°C/10W
S7Hghel wet IST+= ~251°C/10d S7bebvhar Hxetqnh di7] &% Wsl 43S ¥
Satua JdHEMEE HNA &Y E} AT A = 19824 F-E
ERA-Interim Ta daily A5& H 3} daily 71 7| F#S AHEsdth
- Latitude
A3ge] =ds bl
T st kol wet 18 Qg &% Aol= FEleA #FEHI Atk 53] 1L
LR 455 JAkets dyA R WEste Al A fe] BobA 2k =

A LRt

O
i
¢
u
o
4
=,
vy
2
¢
do
!
a
S
o
_04
ol
20
X
i
o
£
Ev)
wn
()
O
)
=
=N
o
(=}
D
=

) B2 IST 4H&E& #l3t Case &F
& 21 MODIS IST ATBD(Algorithm Theoretical Basis Document)ol A+ 11lum<] %}
71 =(T)E 722 IST cold (T11 < 240 K), IST moderate (240 K < Ty < 260
K), IST warm (T, > 260 K) % 374 A2 5o &3t 2}3} ol oA A
W3 Ay v &2 Key el al. (1997)01]"1 Ade g FiEET 2% wE ISTE
AbEske Aol o B_erx%o]a} stAth olE MEeRE & AFdAE sUI WY TIE
= HE o & Tags &8st 2ol we IST RdES /pEd o s st
F7I= SIAE &8st dda thdde] dis) /i 2ds AAdsiath SIAE S
Ho] AEs Jeys 2o duxzsg o 2 doatd waZ dgss 9e =4

)
3 X2 2835t dtH(Korosov et al, 2018). ©] AE+= Sea Ice Thickness®t=

_l

A3 Aol dom tha®(Mult Year Ice, MYD¥ ¥4 (First Year Ice, FYD®
TR 7F 7hsetth 538 thdwe dude] vls] ti7]-dl e WEtel v ®eEA oz w
Sotal o Y dEE B AdFaA ddy dUuRls FESY ATE 573
st gt} webd HEF BEFE Cases & 6712 v 2o

- FYI & IST cold

- FYI & IST moderate
FYI & IST warm

- MYI & IST cold
MYT & IST moderate
- MYI & IST warm

_55_



TH DW 2d 2 o == 7t
DNN& ¥
=

e o
HEA 9l A3 A AWy w72 H3ksk H]43 @7 (non-linear relationship) &< &
aagd 4= 9tk B Ao A= Google Colab 7 Keras 2.9.0 W Aol DNN 7|4k
IST dugl5S F+=53At @438 5+ Relu, gEVo] A= Adames 483150
HEHor MAE JEWHF= Ta, SZA. LSN, Ta cliamatology, Latitude, TCWV ©]
H B Y8 = MinMaxScalers &-859 0712 Afstste] A 88tk HE A

¥ stol ¥ ytelu] B = GridSearchCVE &-&3fe] Meledth(E 11). GridSearchCV &=

solsintehHE A0 FHAN F A ge EEs= PHolvh e B

[

FHAE 9ldtel EarlyStopping 25 &8stk @ 3 ASHCH, HolE
tlo]H+  StratifiedShuffleSplitE AF-&3te] 43 9& 7|Fo=2 247 60%, 20%,
20% = WE5ste]l AREStTh 19 25+ 2 A9 DNN +x2&5 =438 3 Zlojr}
%11 2 A7 K83 DNN sto]uueto]g]
Hyper— . .
Layer, Node Batch size Epoch Loss Function
parameter
. Mse
Setting value (128,128,128) 32 100
(Mean Squared Error)
Input layer Hidden layer Output layer

2m air temperature
(Ta)

Ta Climatology

4
R ATRA 5
SR N YT |
"‘" 1"/ yyq\ "(
Total Column Water Vapour Awf y '-.‘/ "\'}‘, ’%’\ :
(TeWv) Vg 20N .A O
A7\
P K
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OIS AR _
CNAL W
LIS -
CAUEA \\. ;

IST

Solar Zenith Angle
(SZA)

%
N
(Y )
e O
J/’ f".)‘
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Local Solar Noon angle
(LSN)
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B AT AE AsE Hoteks] Askel test 2o PSS BESA

- A7 A4 (R, correlation coefficient)

T W4 Alole] TAAY #AAE HEAE] HAd 5EAHS AT #A A=E
Yebd Algroltt, B Ao AL AAAFE yois A AlFoly F S
v )

= X
Sy zhe] AE e BAS A SAT dole A@ AFE ZA-fEEz
ol ofa +13} -1 Abele] g ZHAM, +1& @a kel AF Ay wA, 0 4P
AR A gle, 1S 9F oo AW AR DA ov @

- Root Mean Squre Error (RMSE)

T4 e Edo] o3 gy AA S A BRE= Fho] AolE vE W &
3] AFE3F= =Zolth. AW X (precision)E Zdst=dl Aol zhzte] Aolzke #+
ZHresidual) Bl 8t Ha AF Haks IAES e a2 T o AL
gk},

- Relative Root Mean Square Error (RRMSE)

RRMSE= 2 &42k7F AA gholl diell A4 H = B Aw o= Aatstd Ft
Alwrt 225 on gttt RMSE« A& 574 qfxel oaf A|ghe A7k RRMSE+ o
g 54 JleE vlaste b AREE = UTh dSo] AgstA o RRMSEZF 57t
Sttl, RRMSE® &/F& Auldoz = Hisg oz xdsit

- bias
bias Mean Bias Error(MBE)= oS3k A A gke] el H & own| s}
T 55 % oty #s 7T 4o biast AE7F Zd H7b
T A4 H7HEAYg=E AE st sEA R Y] erroret &2 error”f

)& bl EAwn
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. ZE Cased FTFOZ F 384628719 HIAE A7E o2 RS 094, RMSEE
346 K, RRMSEE 1.35 %, Bias 029 Ko A¥E Atedrh. dAzd o2 MODIS
ISTe} AAAHoZ FAE BE¥xXE yeldltl 714 22 Cold Regions Research and
Engineering Laboratory (CRREL)o| A A& 3}+= Ice Mass Balance (IMB) buoy A&
ot AFE FdFAH(LH 26(b). #F A MODIS IST+ A5 A= 5% 652
R 0.92, RMSE 451 K, RRMSE 1.7%, Bias -2.81 K& A&%lth 2 AFo)A A&
& DNN 7|9te] IST+= A5 AHE 4 17370 di&l R 0.98, RMSE 3.85 K, RRMSE
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(a) 280 200

R :0.94
RMSE :3.46 K 175
5704 RRMSE :1.35 % o ;
Bias :0.29 K i 150
v Count :384628 g i -
= 260- Y il
L 3 B 7 =
7 100 3
=
g 250 S | e
E 1 -
50
240 A
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230 T T T T 0
230 240 250 260 270 280
Estimated IST usina DNN (K)
(b) _
< 285
e + DNN
- X
= R :0.98 +
0 27371 RMSE :3.85K » X
=3 RRMSE :1.47 % " 2
S Jes | Bias:2.89K P x
: Count :173 & s 2
€ g W x  MODIS
3 2551 e S oW
A X e R :0.92
v TRPE S RMSE :4.51 K
>2a5] %5 RRMSE :1.7 %
2 T + Bias :-2.81 K
n] + + Count :65
= 235 . : : :
235 245 255 265 275 285

Ice Surface Temperature (K)

= 26. MODIS IST ¥ IMB bouy H|o]HE Foll DNN 7|8t IST A5 Zut. (a) DNN7|gF ISTe}t
MODIS IST9] &3, (b) DNN 7|gt IST & MODIS ISTQ} IMB buoy IST} H]1l.
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(a) MODIS IST (2015.02.11)  (a") DNN IST (2015.02.11)  (b) MODIS IST (2015.03.24) (b") DNN IST (2015.03.24)

AL

% 27. MODIS IST(a, b, ¢, d)?F DNN 7]8t ISTeHa', b', ¢', d")¥ &
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¥ 29 DNN oA 7 jig W= vjojshs s ¥7he Aol &
T-o A= SHAP (Shapley Additive exPlanations) #t< @83}ttt SHAPE Aol
o /] AF&3lE Shapley ValueE 71¥ro 2 o= ZAzto] t)dt 7zt Wi 7o =2 4
dh= Aotk SHAP duifte] 245 Rdd 2 7|9=s 2tetal 4o 7hs
th Zb caseol whel W] Yot Aol Ae &g Atk o]l d o]4tol thaiA
F7F EAlo] ot dAoln. aylox: =8l cased wel W a7l v
oty wlito] W] mE PR AFHolghs Ao A9 shEsith

FYI & IST cold case SHAP value WMYESIST ccld case SHAP value
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