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SUMMARY

[. Title

A Study on variation of the Arctic sea-ice surface roughness and thickness using

microwave satellite observations

ll. Purpose and Necessity of R&D

Arctic sea ice has recently declined rapidly, making it thinner and more fragile
than in the past. Understanding Arctic sea ice information is essential because
these changes in Arctic sea ice have a significant impact on the acceleration of
global warming and the occurrence of abnormal weather events. Sea ice roughness
is one of the sea ice variables for providing information on sea ice thickness,
concentration, and reduction timing. Therefore, in this study, we improved the sea
ice roughness algorithm developed in the prior study and conducted a study to
analyze the spatiotemporal variability of Arctic sea ice using the improved
algorithm-based sea ice roughness output. Additionally, we developed a deep
learning model that generates past satellite data as a cornerstone for long-term

variability analysis on sea ice roughness.

lll. Contents and Extent of R&D
O Improving Arctic Sea Ice Roughness Algorithm

The sea ice roughness algorithm generated from the previous study, which could
only be calculated in winter, was improved to be calculated in summer through
data changes. The changed data were used in the sea ice region datasets, from
SMAP and Cryosat-2 data to AMSR2 sea ice concentration data.

O A Study on the Variation of Arctic Sea Ice Roughness

The change in sea ice roughness was analyzed using monthly sea ice roughness
data calculated based on SMAP data. Time series pattern analysis was conducted
by dividing it into the entire sea ice region and a thin sea ice region (<0.5m),
and time-space variability analysis through Imperial Orthogonal Function analysis
and roughness-related climate variable exploration research using Time Lagged

Cross-Correlation were conducted.



O Development of Virtual L-band Satellite Polarization Brightness Temperature

In order to secure long-term data on SMAP sea ice roughness, a study was
conducted to generate past and inexistent brightness temperature data during the
period when SMAP was not in operation using DataZData, a deep learning model
based on Conditional Generative Adversarial Nets. The D2D model learning,
validation, and evaluation used the pairs of AMSR2 6.9GHz and SMAP brightness
temperature (1.4GHz) from 2015 to 2020.

IV. R&D Results

O The sea ice surface roughness of the total sea ice and thin sea ice regions was
found to show the characteristics of sea ice changes that increase in winter and
decrease in summer every year. The major influencing factors of the change in sea
ice roughness were the surface temperature for the whole sea ice region, while
the sea ice extent was for the thin sea ice region. The time series trend changes
were analyzed. It was analyzed that the first principal component (PC) of sea ice
roughness is related to sea surface temperature, the second PC is related to the
reciprocal of wind speed and atmospheric pressure, and the third PC is related to
the Atlantic Multidecadal Oscillation (AMO) index. Sea ice roughness is 83.2%,
described as the sum of the three EOF modes, and the ocean current circulation

pattern in the Arctic area can be confirmed in the third mode.

O The virtual SMAP L-band polarization brightness temperature generated by the
Data2Data model showed almost the same level of accuracy as the original data.
Statistical accuracy resulted in 0.99 for CC, 0.62K of bias, 5.76K for RMSE at the
vertical polarization brightness temperature, 0.99 for CC, 0.54K for Bias, and 7.38K
for RMSE at the horizontal polarization brightness temperature. The model
performance evaluation indicators rMBE and rRMSE showed 0.37% and 3.10%,

respectively, confirming that the learned model performed very well.

V. Application Plans of R&D Results

Based on the results of this study, in terms of long-term climate change, we will
analyze the sea ice roughness variability using a developed deep-learning model.
Sea ice thickness retrieval and variability analysis will be conducted together..
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H 2 & =uHe 7=

1. Y AA7] b= Ve

-

He HolA nEAE o (Hibler, 1972; Dierking, 1995;
Von Saldern et al, 2006) =4 & 70-170m<e] Araol A o] Fo]At}. ojuf B=H =
AA7 = 71ekstd SHddA Y Y =& on| sl Kurtz et al, 2008, Doble et
al, 2011 %9 Aol A Airborne Laser Scanner (ALS)E o]&3% A7 A7}
APERom, el 3l FES o ste Ice draftet AR A#AAE ALS
£ o] &3] AT3FAY (Doble et al., 2011), #lolA =AeF ALSS] AFo]lE v sk
A (Beckers et al, 2015)7F 2t} 1 flo % SMOSice2014 Campaign® 70m #
Hl g dio]HE 7|Hte =z sHlwe] DEM= #|%}sle] decimeter scale ©<]9]
2 AlEeteE A7) ol Fol A th (Miernecki et al, 2019) dlojy XA S o]
7] Ag 2+ Cryosat-2014 AlF%H+= LIB A=7F 92, 1650m x 380m
FA Alsdr. ey dely 3o FHa Ay WHoR A=
T A 7} E A gt
A7]1E 6725kme] w2 F3F
e AR AEE
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=
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=
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AN jE
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St @l

I 7
. AP A= Advanced Microw
ave Scanning Radiometer Earth Observing System (AMSR-E)¢] 69 GHz A2
AbEete], e 55 A9 sl il 0.2570.5cm®] small-scaleell A 9] s
A7l A& AF7F Wa"E vk 9dal (Hong et al, 2010), 523 AMSR-E 94l
sl 371 zd (6.9, 10.7, and 89 GHz)s AF&3ste] 6kmx4kme] &3 3|/l A <
small-scale 31 A&7 & Harshs ARV AAE ¥©st FHAE At A7}
Z18)E vk vk (Haibo Bi et al, 2013) =Wl A& o #€7]dAF 204 SSMIS ¢
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TE=
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T (Fors et al,, 20157} 23 A}, &= Upward-looking sonar sensors(ULS)E %
& el 2o AAVE =AU, Ice Pic #-& fix mounted helicopter—born
e electromagnetic (HEM) A|2®8lS 23 sid] AZ7E A A7 2184

vl 2t} (Peterson et al., 2008)
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b AR AR (R, )

AR BAS B HA4d 0F waEse 45 Wg @
QA A5k g () o
2 FHOE SN LR

ry et al., 1979; Wu and Fung, 1972)

x(h)=exp(—h « cos’d) (1)
where 1124(2;r )202 (2)

H A A HE 7|HEe s 3 semi—empirical modeloll 4] AHEALA] ] HF
=y

WAL (Rg p) &N A FW e Hg WA (R, p)E 23T F ¢ (Ulaby et a
1982)
4 2
R]?P RS,P * exXp|— (TUCOSG) } (3)
Loy AR AtE dad s

b

A AR A ()2 ALY el elste] A @ o] o
Az 5 9

. A Rg p

77 drcost \/M(RR’P) @

a8y 1o A #FSEE SR XW-S AWM gl ojyrm g tgo 3}AgS
AH AR FTHo A9 SR AAVIE &S Brewster angle Ao Aol A X

Ee) WY AES Fuaby Ew
(Hong. 2009, 2010, 2013)

)

4 EE ge 2 #AE A,



Rgy > Ry y (5)

Ry~ Rpg (6)

A @l A B)F HE&ste] a3 2ol & 5 Stk

g A \/1n<RS'V> @

4mcosH Ry v

21 (7)ol 2] (6)¥ Hong approximation (2] (8))2 #&3}o], AwAlAd FHe
2 #1F AT (Ry)E AR BWe HEF 74

(2] (9)) (Hong et al.,, 2014) 3l 21L& w1 d& Ay A=Y Ao g 344 o]t}

>4

N,
=)
o
=

S

>

F
L
N

fru
(B
riet
ok
v

RS = (RS,H)SEC 0 (8)
) Rffsﬁj
77 dmcosh \/ln[ Rp g )
AF vAlEE A (107 2ol #4 2 £ AG INRE (I, Tp,)9% B
o] 7}set2 & (Comiso et al., 2003), HFT4H o2 AR FHo| A9

]
A ART= A ADI o] S + U

T
Rpp=1-— ;SP (P= VorH) (10)
TB,H sec?d
A b Ty
= trcosd n - Ty (11)
Ty

an

o} B2 g AR -FA H3A 2

(

i

05m olste ¢k A W el FA (D) AW A7 (0,08 AH
(10¥749) sote] AL g2 #AXeR 32 4 Atk (Jo et al, 2019)

Dy, =a-+ o, (a=13.27,b=4) (12)
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HelAA AL FEd vojlmzEy ¢A2 Soil Moisture and Ocean Salinity
(SMOS)¢} Soil Moisture Active Passive (SMAP)9] si® FA e AA7] ABE
ZIRko 2 AT 2 (12)= 2 (13)3# 4 (149 #Zo] SMAP 94 7|8k 34
F718F SMOS #1484 718k s AR AEA o2 yebd 5 9la, 22 8.034em,
-0.139cmuHE9] A HA S xEs)

Dio sapap = G % Ooyap +8.034 (a=13.27,b=4) (13)

o] =

Diceﬁ SMOS
a

—0.139 (14)

OsMOS — (

2}. Empirical Orthogonal Function (EOF)

=94 AEs Bl & SA4R FEShe WHoRE A MEAdE A
AAE 5 Aok FAGeA ®o] AEHE FAE A (Principal Component
Analysis, PCA)¥ Y3t 7ldoz 7|$ AFdgAas ®sltele 33 ey} sie g
AlZbe] e W3tE Agete o AMSET EdlE s EOFe #4HS 25 gsid
A7 F By Sdaixn, duktzorE gxg BEAlo RS Adsis
2 Jfe] EOFE &3 ¢xsE& Adse. EOF A0 += Solzk 3] (Singular

A=UxsSxVvT (15)
21 (15)¢] x5 Ae Al e dE=R 23 7Hssiy, 38 U9 o] EOFelal S
o tizt 847t 7F AR A AWdES ouste gk, Vel de] EOF9
A4 WskE UeEdl= EOF Al AIEel 8@ttt (Hannachi et al, 2022; =241 a

nd 27, 2020)
2. A7 =
7k, SMAP $14 A&
L-band (1.41GHz, A= 21.4lcm) v}o]=Z =3} Soil Moisture Active Passive (SMA

P) $14 9] Enhanced L3 Radiometer Global Daily 9km EASE-Grid Soil Moisture,
Version 4 (SPL3SMP_E) A5 & AF&3t¥th. SMAPS 53 AXe 553
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AXE BF GAsta o 2 AFods 53 AAME #3549 Level-3 AR}
ALEE AT AlE B = SMAP Level-1Ce] #17]2% 7|9ke] Lelvel-2 A5 #W
dd FAHAE A EUdFE dAEE 9kmx9kme] F7F A= A4 AT
AFEE 7T AsE 2015 39 31Y o]$HE HAA|7Fx] HDFS FH o=
AT Qa, A= 20159 49 195H 20199 12€ 3197HA1Y 44, +4
Ag W7 X Ty oy Ty ) BEHZE(T,) A=7F ARE= ST

1. AMSR2 3" % 94 A=

T8 vlolma 2 YA Advanced Microwave Scanning Radiometer 2 (AMSR

2)2] Unified L3 Daily 12.5km Brightness Temperatures, Sea Ice Concentration,
Motion & Snow Depth Polar Grids, Version 1 (AU_SI12) Ago A A& = aH
T AaE AESAT. dlY AR 125kmx125kme] F3F =S 9 AlE
slges 20129 7€ 2 ol F-4-H @AZA HDF-EOS5 @402 Ags i 9lvh
Ao = 20159 4¢ 1€ H5H 20199 12¢ 31 7|3+e] A= 7t A& AT}

t}. ECMWF ERAS5 A&

FHZ7d B AE (ECMWE)l A A& 3= ECMWEF re-analysis 5th generation
(ERAS) €3 AZA A 57t AHEHAY 9 As5e A5 7o AHF53
7IHs &3 A=, 195995 dAZEA g 6478 HA 7] A=7E HH
olEHT. A= 20169 4€H-H 20199 12€9] S 2%, 10m L= A9
<, M71%F 59 AETE AR EA

of

¢t As 95 A=

dolA SFE ARES obdlel FRE B3 £ sHesh
- SMAP: https://nsidc.org/data/spl3smp_e/versions/4
- AMSR2: https://nsidc.org/data/au_sil2/versions/1
- ERADS: https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis—era5-single-1

evels—-monthly-means?tab=form

3. A&

o AToA e AR AR JAPHJAY Y AHY] A dadsS skt
o
=

=
st Asdddrt AE bestd U dudss AR WA
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ARHAE AFW F UES AMSAL, o|F ANE FnFL Yo )
Ad7lel wEA B4 2 AdYe BEE JF WSE AL AR
Aue ATE AQsdch AW ARY) A& daeFel SMAP 94 At
A5 ATk SMAPE 40°9) 13 A $59 e eve s 559 dolr
ANE 2F At Q7] wiel ehrleviest deld Ane] A¥S F A
Okm 7 HYEE Fe 3w £5Y drery AnE ATt =@
F39) %(near-polar) % BFEF/NAE 94017 WE] A AF Aze] nHE
A4 AnE AFHm ol FAGY] Wat PuE FAsI Folsteh ol @
o fz W ANV AEel SMAP 49 F¥¥ dreny #rlem o2
EReE s} AFgE AT
7}y ALY daeE A

A ARAE Y G okl virkel §4 5 EW AA ] ALY AEol
Fed gnPdE (4 D) HE G9e AYom Awstel WEsA Ak
webd s 99e Agshs Bgel Fadke, oW AHEHE AR AT A7

3 =
Y AR A=Y ARE AMYAC FdFS HAA HAd 2 AT AR
Aol A= SMAP 91489 4 2 £33 #H3 Hrj2Es 1
Agsto] i AAVIE A=A, olwf W 3 Sft
gode HAE7] el SMAP surface flag®] model frozen ground flag A& 9
Cryosat-2¢] 3% 574 A=E AFEsktt. 184 model frozen ground flag
AEE YTFETY freeze/thaw F 9 A LudSE 7|wto= 3§17 i
Aggk Y F9s Awstar vkl ®BIld= ool i, 53] oA5H<

579de A, Y das A %JOMW Fakal Slvk (29 2) Cryosat-29] 3%
TA AR GA 59l = A HA Fom, A sidE B 289l dAtn ]V
del dd sy ALY ARE t%ﬁhloﬂ sy g AA WEks g st
FETE @A7E iy

“anE 160°E  180° 160°W  140°W

a3 1 SMAP 9km model frozen ground flag A&
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meb AlAde FEgs wx g dd W d9S dAsty] sk 71Ed
AbEstE 7 As Al AMSR29] Y sx AR= Wt AMSR29 &H
FToE volagy Fuge] ¥y 2%7F 100% st 100% sl A o] gk
FTHoRE TR Al 7wkt dd &3 WA (A (16)E &3 AEETh
(Zwally et al, 1983) 7% 100% W] ¥71e% 7% 100% AW T A<

WleE, o MY sEE ou| gt
Ty=T,C+ T,1— C) (16)

dutdow s WA AL AL, W FR 16%E AAIGeR dAste] 1 o]t
ol minrh se=w do v 5 (Meier et al, 2019) whebA
AMSR2 #® &%= A=7F 15% oSl 4=

=
AmE A7 daeFel AEste @Y ARVIE =it

2016/06/15

L7\
BO”E %f,

44
SMAP N P 0
Surface 1°°°E : '};‘é
flag 120°E
40°E 15 15" °W 140°W
%0
80
AMSR2 :
SIC

160°E

Ta0°E 160t 180° 160°W  140°W

a8 2 71 A s ARY] €Eol Aid AR sy ¥ ¥Y LAts
((A}) SMAP surface flag (3}) AMSR2 34 &%)
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=
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dEE A AT ARSE A
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