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SUMMARY

I. Subject: Monitoring the Arctic sea ice through integrated modeling

of multi—sensor data.

II. Purpose and necessity of this research

® Arctic sea ice controls the climate system of the FEarth by

reflecting a large fraction of incoming solar radiation

® The recent reduction of Arctic sea ice caused by climate change
and global warming increases incoming solar radiation, influencing

polar and Earth climate systems..

® As Arctic sea ice extent and thickness effect the albedo of the

Arctic region, their quantification and prediction is crucial.

® Satellite altimeter sensors such as ICEsat and CryoSat-2 have been

used to monitor Arctic sea ice thickness.
® (CryoSat-2 data was used to retrieve the Arctic sea ice freeboard

in summer season(June to August between 2013 and 2015) using

random forest machine learning.
® As melt ponds on Arctic sea ice surface in summer change a
fraction of incoming solar radiation, they are considered as a

significant parameter in on-going climate change

® TerraSAR-x and airborne SAR (nanoSAR) data were used to
identify the spatial distribution of melt ponds.

M. Content and scope of the research

® To estimate Arctic sea ice freeboard in summer, CryoSat-2



Synthetic aperture interferometric radar altimeter (SIRAL) sensor
Llb and L2 was were used as a main source, and Moderate

resolution imaging spectroradiometer) was used as a ancillary data.

A total of 5 variables including Stack Standard Deviation (SSD),
Stack Skewness, Stack Kurtosis, Pulse Peakiness, and Backscatter
sigma-0 from CryoSat-2 were used to classify leads from mixed
sea ice and sea ice, sea ice, and ocean. Sea ice thickness was then

estimated using the classified leads in May and August between
2013 and 2015.

* Sea ice concentration data provided by the U.S. National
Oceanic and Atmospheric Administration was used as a
reference dataset for estimating sea ice concentration. Sea ice
surface temperature of MODIS, sea ice surface reflectance of
Clouds and the Earth’s Radiant Energy System 2 (CERES 2),
and 850 hPa wind field of Modern-Era Retrospective Analysis
for Research and Applications (MERRA) were used as predictor
variables in multiple regression analysis to estimate sea ice

concentration.

= Melt ponds, open water, and sea ice were identified through the
segmentation of nanoSAR data, and melt ponds were extracted
using random forest machine learning with polarimetric

parameters and its spatial mean and standard deviation values.

. Results of the research

Leads have waveform characteristics similar with mixed sea ice in
summer successfully distinguished by random forest.

Arctic sea ice freeboard in summer was retrieved, which has not

been operationally retrieved in the world.

Sea ice concentration in April through September 2008 was

estimated using sea ice albedo and relative vorticity at 850 hPa,



which resulted in R* ~ 0.7 and relative RMSE of 6 %.

While sea ice and open ocean produced the user’s and producer’s
accuracy ~ 80%, most melt ponds were misclassified into open

ocean and the user’s accuracy of melt ponds was low ~ 30.5 %.

The user’s accuracy of melt ponds increased to 78.3 % when using

the spatial mean and standard deviation of polarimetric parameters.

. Application plan of the results

This research proposed a novel approach to satellite-derived sea
ice freeboard in summer, which provides a basis of monitoring the

Arctic environmental changes.

The relationship between satellite based climate/atmospheric/oceanic
variables and the spatiotemporal variation of the Arctic sea ice

promotes the understanding of Arctic environmental changes.

The prediction of the Arctic sea ice distribution based on satellite
modeling provides valuable information in various application fields.
For example, it can provide key information to determine the

Arctic sea route in summertime.
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3 AAZE &8 lead F& (Farrell et al.,, 2009)

ICESat< laser altimeter®] o]Aro & 20084 o|&F & TS A 3t 2010
W 2 AkE ESA(European Space Agency)®] CryoSat-2 o] U stA Q1394 7]
Frow iy o] FAE A & F Ak

Laxon et al, (2013)2 CryoSat-2 L1B A5 E5& o] &3l sl T4, A8&
3, A8 5= 3% Polar 5 EM sensor, OIB(Operation IceBridge) L€
PIOMAS (Pan-Arctic Ice-Ocean Modeling and Assimilation system)2} H]n 43
At O FFE lead £A4E B 71 WHEGD © A e FAE F
R 8 k9o Row Aﬂrrﬁr%‘:}. A5 leadst e 2ol o]g7] wiol AF
A X freeboard®] FAol tigh 7| A= HFe B g fA=EE
(o= =9}, MODIS ISTUce Surface Temperature), SST(Sea Surface
Temperature), albedo & ©| &3l siHle]l ®Wsle) JaFs vH F A+ HFES
Rdgsta o2 3 WA/AAY Wstel AAEAS v ATV HE A=
Roem olF Fi wHHorE W WEe] dFRIE WL F Jds de=

9},

SR

}JA {i

!

Melt pond®] B W9l e Hu, @3 #32 9 4oy 9 Aol me
g wabd BARE QT4 AL 8 9 melt pond Aol U] Bg

Hol gt 53] e dAAE gAg 9180 #ol AMEHI e, ol
pond”} s 2 R T (open water)¥ T-EEHE ¥ = ]
oty dwtAow Yo A 08 ol Wy = FW =S YERXRE A
W92 01 o]ste] m¢ w2 du=E HAtH(Perovich et al., 2002; Brandt et
al., 2005; Rosel and Kaleschke, 2012). ¥+ melt ponde] IH dHlE+ 0.3-062
, ol W 2 RSy FEEH= gholtH(Perovich et al., 2002; Brandt et al.,
2005, Rosel and Kaleschke, 2012). Melt pond®] #XW 971 vf$- FHSsH] wl &
o, MODIS(Moderate Resolution Image Spectrometer)®} o] 492 A F 5o
7Hegt FAAES] B AAM7E melt pond ATl FE AR EH AT

;
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Rosel et al. (2012)+ melt pond9] HHAF=ZF A A AA 5 Zxe)x w4 gl
W T Sl Aol S vEpithe ARl 7] &8
et al., 2008), MODIS 9/} ° 24 ¥ melt ponde] X ¥ *
Adatadnt (29 2).

(¥ 1; Tschudi
jl .

= ]
Aste Yy sS

| e ———
0.0 0.1 0.2 0.3 0.4 0.5
melt pond fraction

a9 102008 H=AYel] tidk MODIS 914 AR 2HEH 9
melt pond #3E H] &9 AR F7]

=

Aol A ®wrh AE3SE melt pond EX H &S FAHG L, B

Rosel and Kaleschke (2012)+= Rosel et al. (2012)9] A5 4HAA|#AH, MODIS <

3 3
melt pond £¥°] 4
I WgE skt 19 32 MODIS el FAE 2011 549 999 5=
melt pond ¥ H|Eo]tH(Rosel and Kaleschke, 2012).
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—— Dry snow -
—— Melting snow

~——— Bare white ice
—— Dirty bare ice G
—— Deep blue pond
~— Blue - green pond |
—— Dark pond

Albedo

|

400 800 1200 1600 2000 2400
Wavelength (nm)

2. 2004 69 <) ~7} Barrow A olA AR xwd
)

)
=
Z5Fo & spectral reflectance (9255 Band 3,1.2

6.18.2007 ] 6.18.2011

| Samesasem—
0.0 0.1 0.2 0.3 0.4 0.5
a7 3020079 6 8¥(3H) 201 649 18YU(F)9 FHAR0 melt

pond &3 H| &9 H|L
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H 3 & d7HMg=s

o2t

e 2 za

A 1 A CryoSat-2 $|8xEE ZFE&Y AEE &Y
freeboard +74 FA

1. d71e

ol e e 7S Wst ZEALA Fad 9TE stal ok sy S
Fol Ha WAEI} momm ATe] Boloi WE ofe] HAUAE WA
o 7ledstel X 2dstE Qs W 49 s =] AEEa 21004 el =
g BaYol AT Relat dAE ATk e Fo Aol ATy B3e
HepeaiE of HARIUAS BAAAA RaD Fa HEA e 44
A H=9] oUA| Alxdlo] FUXA fHrh H=9] oy A A|AElo] A <l
T PR BT B Aol ¥4, FHw pe ol4sFsh WA By
B ael A wAEl $8% 99E AR 8k F shbeal Y w9

? =
Fasg drand Qo Foa waA aNe FAg 3

3 2

A A AAAHoE AARE o]&ste sSHFAE =] A A7 et
2ol = RADAR/laser altimeter AAE o] &3te] Rl
, A48 HA (Hydrostatic equilibrium)oll whz} sfHle] Hx=e} &

FAE FAstE A9 e MAE Qv dRbA o
2 % A /‘1 ol FA4H FWAIE(Surface elevation)™ 7|+ 7|FEFY Al (Reference
Earth ellipsoid) =¥ Jolth. shxnt At HASE o] &slo HYFAE F
A8t AsiA = HE‘?ﬂ(Sea surface)oll A 3 A 74A] & = o] (Freeboard) 7} 2 &
sttt whebA #EE FHILEOA ER/EEHE EolE T F, FEE I
A FEH] EolAE o] &3l FreeboardE ZAAslo]of st} dubx oz 3 F
Fol= 3 Abe] 9 ﬂ d(lead)ol A F4HE £ol2 o]&st=d ol& #3 theFst
lead B+ 7]Wo] Aksar gleh 2 2HA|e] 3, 4 2pd el =3¥ 2011 2014, 3, 44
o & FA F4 AT VE dTES 3Ht'o] freeboard= 78 st ¥

&35t s FAE =AY (29 4).

lo
i

_4

o
—

NE ATES AVHOE ALW, B (114, 124, 1-49)9 94 71D A FA
g F2 34590 AW, BA AW $AY AFHA A5 240 2 ol
oA gAY FAE sl 2ol A FAE 23sed $28 99
g Su HE AYwn gt RIYR g T2 JRE ATT F delE
BFetm o8 AW FA FAl B AT AS ARsh BelA oAFow
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45E S0 YA HA W xWel melt pond7b Wol WA s} &R Y
melt pondT altimeter® #H=3FR S ul lead9te] F&o] Z <tE7] wiitol| s+
zol& F=3817] ot wEbA W freeboarde} T FAE ofHA
HoAFo A= MODISE 7|ytow Soto R 2% mixed sea ice(melt pond),
lead 22]31 &je] MEZE FZ313 random forestS F3l lead?} mixed sea iced
FRE 2 oJEH W freeboardE F4 3F3Ach

rh,
i 1/

Sea ice h.

SS

2. %34 YA dF JYAR 28

AFA AYFAE FES/ el tF AYARE v

Mo
1
g:_‘o_‘
£
re
rQ
-
=
X
rir
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RADAR altimeter A4S ®©A13F CryoSat-2 YAARZFEH S rR/aEHL] Fo]l=
FZ3t. £3], 9JE2 mixed sea ice(melt pond)$t leadE TH37] 93l
MODIS A8 & F7td o=z o] &3ttt al® freeboard2H-H d|W 4= A&d
e e, s, v 2R lﬂJ— w0 FA Hastt. sHx R o FH e L=
AAY A& = F7A AR 2 X, s, =Y 2k g g AR}
S 7] wiol s FAE AbESHA] FUTt 3, 4 Ad kel s FAE HEsr] 9
af ARESAY EM 385 Hld7]9 AR oAFHo e SAHA FETh
°4E7‘4°ﬂ o]-& 7}"8—7:5} 5= ] FA ARE Hojxarr du EE AR

1 ud ve AR delHHols 5
_—

CryoSat—2 L2A 2013 - 20154
(SAR, SARIn) (5 —84%)
3. Y719k 817 freeboard o) FA =l st

ARt o2 CryoSat-2 Az AA FTHILEE FAH37] #1184 & Retracking &t
2 AFE d} AW, CryoSat-2 Level 2 AFgEo] AA| ¥ o2 285 Retracking
duelFE YR EolE FES T AFetA e AR dEA Ut
ka2 Aol A= CryoSat-2 Level 1B x}eoﬂ %Ht”/oH o] Zo]= H] 7]

NE
=1 @%304 FHIEE FEIIIH. Fo® 7]FE lead ©A 7[HE A &35t

= TE FE% & 49 S F3 HAA el 125 At
=3 o é‘z] | 3™ %+E DTU 10(Technical University of Denmark 10) <t
%38 SSHA(Sea surface height anomaly)S Al2tslz SSHAS H
o HF sld o5 A% @tk TEMRA 7|WHomyH 4=
Eo} HF dlad =0l Aol Fal W freeboarde] =o|7} A

4, &3 & 3 mixed sea ice(melt pond) ¢} leadE F-isl= 7| 7

el At npe} o] sy freeboardet W F7E F43517] 98l Lead
ex1 7| o] HAtlh, 7]1F Lead BA7IWE CryoSat-2 waveform A} ol A
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STD(Stack standard deviation)®} PP(Pulse peakiness) M+& F&3}4 LeadE %
A gt o)== s, lead Ul #FZFH+= waveform EAHo| uwrgl STDe
PP7} 2t2) ttav s AEE ol &3 Aotk A er 7| Aol STD < 4,
PP > 0258 2719 23S BAlo W&l waveform ARl A Lead?] Eol=

shleh. shxRE, Adel wet lead/si o] EE A 5o Wsly] wite] W
] STDS&} PPel nAHE SIAFCR leads "ASE WHE A7 d& F dHh
5| oAF&ol STD9 PPRE Ab&sta AR AAE AT s &ffd FH Y
mixed sea ice(melt pond)¢} leads &3] 22 A doh wepa] 2 Ao
A= o EZ mixed sea ice(melt pond), lead, 3ol A SAHE waveform A &=
o] 83le] STD, PP, stack skewness, stack kurtosis, backscatter sigma-0 WHI&E<
=% e, o] M4ES random forest ZFE5EF Wl A&l o F o FHA
H lead ®A 7IME& WEstmA etk (2E 4). 3, 4 AdECl cloud-free
ODIS <77} CryoSat 22 F&%H 3|7, lead, Y MZol| Fald® Aol F
=% mixed sea ice(melt pond) MZES F71ste] vl 7FA] class® THEQY. 29 6
2 lead, 34, mixed sea ice, ocean®l A 2] CryoSat 2 waveform W 5712 box
plote|t}h. 7} box plot W lead9} W2 AX+ HEo] AA 7 box plotd] T3+ #
o] #JA7F 27 vl random forestE &3 T3 T T UL mixed sea
icex lead$} sl o] =X Abolol f]x|&kaL Ttk o] = mixed sea ice’} lead®} &Y
o] B 5T 7R v AE v st} wEkA random forestE E3 A lead
¢} mixed sea iceZ7l THEE F AHE AS BHoFu EFe ARE HAH 56
28 mixed sea ice(melt pond)E S|H class®t F& 3] mixed sea ice(melt
pond), 3N, ¥ = 37}A class® WEUC}.

ofr

i

ﬂl
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.[ Lead Detection Technique ]
CryoSat-2 Track (red line) & MODIS

Parameters
Stack Standard Deviatian
Skewness
Kurtosis
Pulse Peakiness
Sigma-0

Lantude

1% 5. Lead detection®] =A%

{ =4
s 18 300
8 60 16
s i T 250 .
a 50 1% (2]
O 12 » 200
T 4 s e}
= : 2 10 =
: ? 5 150
g 3 H x 8 X
§ 2 " H n g ~ 100
-~ L] x [S]
] o 4 [CR)
x 10 S > )
8 [0} "
g o 0 —+ 0
%) -50
Lead Seaice Mixed Ocean Lead Seaice Mixed Ocean Lead Seaice Mixed Ocean
sea ice sea ice sea ice
06 60
o
? 05 & 50
g 0.4 € '
i~ : % 40
3 o3 b '
H
o L 3
[0) 0.2 © .
» 2 20
7 ot 2 '
[}
55 —— T 10
A m
0
Lead Seaice Mixed Ocean Lead Seaice Mixed Ocean
sea ice seaice

¥ 6 20133-2015, 589714 FEH CryoSat-2 7]¥F ¥4%29] box plot. (a)
Stack standard deviation, (b) Stack skewness, (c¢) Stack kurtosis, (d) Pulse

peakiness, (e) Backscatter sigma—0
2013-201543, 5-8¥71%] FZ% mixed sea ice(melt pond)E 7|F2] lead, a4,

ocean MEZo| F7}5Fe] random forest @& T3P TFEo] §lar CryoSat 2
oFe] AIZE AZol7b 30+ olulel MODIS 94s 2Zro} lead ©AE &A a3t 19

_26_



7 599 dAE 447 AFA R JHgT] witel siW 3EWo] ofA EIHX] eFo}
random forestE H| %3t 7|E9] lead ©7] 7IHES (Rose, 2013, Laxon et al.2013)

o= N Y leads & ®A &3t

o 30

@ ey ® L, ©

P e e o IR .
|-+ ! -

BaON Lo A
20.00" 7

48" . = : ) E 5
50°W 48°W 4g°W 44°W 42°W 40°W 50 agy  agw AW azw AW S0°W  agw e AW aw AW

a9 7 (abe) 20149 59 5, (def) 2014 5¢ 259 7] A 8t<5(random
forest) & 283 lead BA 2 oA, (a, d) random forest, (b, e) Rose,
2013, (c, f) Laxon et al. 2013. ¥3F AL lead, & A2 W, 52 34

ghHo] 69 o] FHE = W EWol EAH R 7] AZAety] wjitel lead$t W
of F-&ol A &t 17 82 6¢€ 1199 <AE 19 random forest E -2
leadE A= TEA St BE AgolA s sttt (29 8a). v
Hol Rose, 2013 leadE v+ ®A] etk (29 8c). dHHHo® =7 @ 2
2 8 defollX+= 715 lead ©A WHELS lead9) WS HAe 231X S X g
random forest model lead$} s & & 5 Atk I 9, 10X %= 7]&E
lead &% WHL random forest ERol| H|3] leadE vt X sttt 220
random forest 2@ g WA AEH leadE Y oRFEH F23HA XS h
b olygt 29 7-10& FEE CryoSat-29 track & 3dhvpolr] wjito] RE
trackoll A 1§ 7-103 Zo] leadE T-Eetdttar & 4 gtk oAEF | EHel
4] mixed sea ice(melt pond)%} leadE YA FESH7I+= ALY E7Hs AW ¢
B AEHI Al sEl ols S5T 7 s Aotk
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a0 3 " o y ! 400 200 : 3 ”
42w’ 1410w 0 a0 dazew . Padnow ! 240w o B 14w T Dagiy

a9 8 (abe) 20159 6€ 11, (def) 2015W 69 20¢ 7|Ags5
(random forest)e &-&3%F lead A9 4 Al (a, d) random forest, (b,

e) Rose, 2013, (c, f) Laxon et al. 2013. "7+ 2 lead, &+ H2 3|
e

. B S
"M o0t svE 60°F avE 64 E

)

afg‘b“E 80°%E 819 62°E  Ba°E  64°E

a9 9 (ab,e) 2014 79 8Y 71 A g <5 (random forest)S 2831 lead BX 2] o Al

1
(a) random forest, (b) Rose, 2013, (c) Laxon et al. 2013. "3t A& lead, I+ 3
< A, 5 A
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34w a°w  30W o 2%

32°%  30°W  28°W W aPw | 30W | 28°W

a9 10 (a,b,e) 201593 89 154Y, (de,f) 2013 8¥ 15¥¢ 7] A 8F<5 (random
forest) S &-&3F lead B4 9 Al (a, d) random forest, (b, e) Rose, 2013,
(c, f) Laxon et al. 2013. M7t A& lead, 3+ 2 s, =& 3"

5. Random forest 7|8F o5& &)W freeboard +7 +4

a9 7oA E o glxo] 5l leadst drdo] #H FEEH A7 wiitel 59 s
freeboard™= 1 HEQl 4¥€9] W freeboard?] x 9} Hl==elA 2 A& HATH(
d 11). 69 o] 2+ random forest 7]8F lead ©A 7| % 497 lead®t mixed
sea ice(melt pond)E T&3tA %38t 7] wjtell W freeboard®] F3tE327F &
HAHom AZEEQITE 2013 8¢9 THTE HAEXAY M freeboarde] 77| 7F
2013 7ol Hls FAY X AL A

A AlEE 4 glo] Jgst &4

A2k AEE freeboard® FAE
& Fa AT oA,

_29_



May 2013

June 2013, July 2013 ww August 2013w

0.5 ? =
Cang |

04

0.3

0.5

0.4

03

0.2

01

0

0.4

0.3

0.2

0.1

0

79 11 2013-20159 5-8€ 81 freeboard 7
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3|8 =% (Sea ice concentration)w&3 2] &

2014)o A= E=ale] 7t

=]
He Fa sWstdey, A

ol st gl FoAdol #AAHAE wowA FTAA wHI (Drobot, 2007; Kang et
al., 2015), 9st# W (Blanchard Wrigglesworth, Armour, Bitz, & DeWeaver,
201D &% siyAAAS e BFeE A5 APHJT. o] F

al., (2015)°1A &= 6-7€9] AHEHLE di7] w3 53] 929 U4 S A
Aog dFstgrt. stARE olg g A= oA H=sle] dA |
Bl &= &AF o] A8kt

o

d

T dEA87 desA el w2
s 1€ AT dAE SFEst 4 A1 Y F

2. % AR Y AHA4 AR doleulols TE W 4w A Py

2 Aol AHEE #E Nl ERE AR Ve A" (NOAA)ONA Alg 8k
OISST(Optimum Interpolation Sea Surface Temperature) A& ol X% 1At
(0.25°x0.25°) ¢ s s ARolth #59 W FsEARE T3 44 7+ &
el e & (U 29 s E - od "o SR vx)& AbEste] o
A wieE dAstA

e we Fe dF @ Jd5dAR MODIS I EE2E=AST)E,
CERES(Clouds and the Earth’s Radiant Energy System) 2 SARB(Surface and
Atmospheric Radiation Budget) A=5& 3 At&E3F S| EWe Albedo %,
MERRA(Modern Era Retrospective Analysis for Research and Applications)®]
850 hPa vtgds W42 dAste vF3#AE 3 d5& Adgsdtt. 1A

=
7 AR Aol wk FE dEF ¥ old Aol AYFEE B FANCE o

=2 @ o
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32 97 $ES 14U A5, 248 45, S99 42 For ol A% o
s CdE o AR Fu 33 AR fEL o

AE Rahel BAN HIE Fuasio, AFYdl 9E VT 14
Z

off
o
38
o
£
_l
:.:
o
ki
=
B
o)
[e)
X
O
B
@]
VO

u

lu}. NEAAE B Ao FEFAE %sm A% F gL
Mastgn F e B¢ A5 o4

ol 01§ 149 FH#AE BE oo %wﬂl % g5to] Azl

il

_1
. ro
Y
_IE
2L
o
=
X
3
i

* Predictors: Albedo (CERES2 1deg), Relative Vorticity (MERRA 0.5deg),
Ice Surface Temperature (MODIS 4km)
* Predictand: Sea ice concentration (OISST, 0.25°)

Predictors
(more than two variables for n*9 adjacent grid point)

/ Multiple linear regression (+Cross validation)

Gridded dataset (0.25° X 0.25°) a

a9 12, & T A5l e A

ol

3. 8% % 4

A

A} L cross—validation 2 3

=

M 24 o

o ZA}e] thal dAZ Albedo, Relative VorticityS ©]-&3le] 2008 49€-9¢¥
AEEE 1Y 5 A= a9 29 Zow, 9l Xol= A 7+ A
Hz oF 07459 R%Y 6%A %2 RMSE(Root-Mean Square Error) 3t 3%
UelE AS gl gl
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. - I

O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

238 13 1Y d&5E T s w59 ¥ Y9 Scatter Plot. #5 A2z ALgH
OISSTS} o8 BxX 5 Zh< vlal. 7]7k 20084 4-9¢

Dbncrvasios SIC (%) Dicrvation SIC ()

82 dFE 98 2' 13904 A5 Aot e WHES FH 12349 A
999 3Y F=®EE Albedo, IST, Relative Vorticity S 58 47hx] WyFgdo =
g A3E a9 1400M AlaLEs e, Cross-validationg 28 Al o545 0]
HAaste AL #dagd 4 Qvh. 235 B Cross—validation A8 Al 713 #H&
T Sl e d&HelH &g At yEETth ol ATl e 2ol
A 7hsAde] dernw 5 08 ASWHE Hest d4dss Eo Ade)
7l el A 3 oot}
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NO CV cv

nonCV_prediction - R (mon=09) CV prediction - R (mon=09)

IEJFH{F"' {} 51 nl
1o Alhidn 1.0 Vo
b rﬁ‘j ki Bi maﬁm
08 0.8
8 5
= 06 E 06
£ E
o 04 o 04
0.2 02
0.0 0.0
Imon-lead Zmon-lead 3mon-lead
nonCV_prediction - RMSE (mon=09) CV_prediction - RMSE (mon=09)
p P
15 15
B AR, B R,
] o
12 H REEARIS* " 12 H REgAIRIE* V"
€ €
2 &
= =
z ° z ¢
3 3
0 0

el Bandes  Seehat Glodsd ke Ocaded
Oy 14, ZF S E 250 w2 9Y S X ek Zhzh 12370 A
o (x5l digh 14d H+tHE o545 (Correlation coefficient, RMSE).
Persistent: 7]1% k& 53k o= =& (Cross validation 7| #-& A3},
TS5 A4

2ol Ao A= Cross-validationS %83+ 437t Cﬂlé/‘é o] Aotamx AT 4
DA mide] S el AHBEE o FQlake] wE F7HA Q]

S Az g vk 9 1504 dow sFAS Zil—ﬂr o] 7% Zk(Persistent)
oA o Falr] oHy FXE, 535 sAH oL o W WIE B ATelA ARE
g dSAAE T dFo] o AE JbE 3 AeR Hel

#1el Aol A= Cross—validations 283 A37F oS4 O] Avtas A4d
JA R wide] JEE ApAls] AHREE oSt wE F7HAR q Aol EA4
gopa Ad 9tk a9 150 fo® AR Al o] 1%k (Persistent)
A e F38t7] olele X, 53] SAHlgel e s WEE 2 ATl AHE

3 Al FUAAE B3 S| o= X bs @ AoE Bk
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Prediction Persistent Prediction

Prodcisd 200808 P

Persistent

a9 15 20E A A5 i el die] w53} IST, Albedos &
oA, V1w w9 dAFel g Axh 77k 2008 7104,
2011 84, 2013 84

2" 162 2 dol| mE s e H otk e wWE AddEde] 7HE 2
Al v 5 E A E£H 0w slo] FhAste] 9¥ol = o] HAVE drh 59
oAF Aol sl=snkat W) ajro] s fAches Eeg HolA dAdh v
H B9 FAAAAAE P WEol A vEhA Zev a9 17E AA
Hesdomnt oy sl esoltt AdusHoEE W 28 o= Ax &
et o X9k 7€l R e siehd S wel et Ao Ha #S
o A= 8Holl | =wbe o] $dT] ZHokot seEuke] o] Hol e F
o] #olE Hola 9tk

O 18 M= BARES ol&s dF5H AW FEE e vk AdHsA
Al EolskA xek 79 B etRe sk Fato] MAE HFoli, 8dol =Rk
o= ajo] s H&= AE A Rofstal dth aEy o EFH BEEA S Hin
(EHE-HX-sAHols]) AFeA & dds] FAaRostE= Aol glo )
Mol Hdadh Aow Bl dutdog HARS HE X2 3o Aol w&
tbdafy (Multi-year ice) H|Fo] ®L Xdog AL ZHJME Zd|H

(First-year ice)ol W8] F727F F412 @ H+

= kil
ol R sNAdel 23E Anst ATVGY § e £FEe] FARDZo)
3

b Aow HAd., a9 202 AENEAEE o&F oAFIe nus s 7
Zhe] FatAy2ax (RMSE)E 24 ARl A Aate adelth oA Eef & s}
Zro] EA o)A ol 3

_35_



5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
aH 16 e e Hat

Climatology May  Climatology Jun  Climatology Jul  Cimatology Aug  Climaiclogy

L ——— oo
2 4 6 8 10 12 14 16 18 20 22 24
_]

a9 17 A s ST FARD S Hd AL HA (RMSE)

oft
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5 1015 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

a9 18 SAREE oG J5d MY E=

5 1015 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
a9 19 AR TR oS4 lss

Glimatology May Climatology Jun Climatology Jul Climatolagy Aug Climatology Sep

' T ) = >
2 4 6 8 10 12 14 16 18 20 22 24
a9 20 AR EAAE FARDCG S Fyt A8 (RMSE)

[o] -
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A3 A ThE 914AIRS BE Melt pond R E]

1. A8

S0l A E 7l SR e W Ede] o] A diW AAle] &Fo=

s o] =ol ZFHo|7t FAAHEH, o|& melt pond2tar st} s|H] 3EH
=

o}
melt ponds= 7]-0] 2 AFH FE FAAHY, L= AA S HH Y oF 60%
7Rl A Asl7)1 %= $ch(Eicken et al., 2004). Melt ponde] =719} dol= nj¢ v}k
st o]l& el FAS FXH V|EEAA AA oF -} (Perovich et al,
2011). o]& g melt ponde] FA 2 W o] WA= Bl FEAPIUXE W
stA 71+ ddlo] 7] witel, 715 st AT okl M= =% e 229
F& WA= Fo AR wEEL Utk ole] Wk melt

o

=
ponde] B4 £E 54L& BUHY s AL S Fasddm @ 5 Ao
2 HAR % AT

2 ATl A= 20119 89 12l H= AHA & (Chukehi Sea)e] @™ A <
TerraSAR-X SAR 945 53t TerraSAR X+ T4 F35 9
X-band SAR A|28S SAstar oy, kst HYgRr oA A4S S53a 9
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