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A Study on Arctic sea-ice surface roughness using

microwave satellite observations
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SUMMARY

[. Title

A Study on Arctic Sea Ice Surface Roughness Using Microwave Satellite
Observations

[I. Purpose and Necessity of R&D

Identification of the characteristics of Arctic sea ice has been more important as
the Arctic sea ice decreases in recent decades; global warming has been
accelerated; abnormal weather events such as occurrence of cold waves, droughts,
and heat waves have been increasing. Sea ice roughness (SIR) is one of important
sea ice variables for estimating sea ice thickness (SIT) and concentration (SIC).
However, SIR information is lack of data and uncertainty. SIT data are also an
important variable for commercial activities such as the Northern Sea Route
(NSR) shipping, evolution of sea ice, and natural resource exploration. Thus, this
study presented the retrievals of the Arctic SIR using passive and active
microwave satellite, and a novel method to estimate thin SIT(<0.5m) and SIR using

a conversion relationship between them.

[II. Contents and Extent of R&D
O Development of a SIR algorithm based on passive microwave SMAP satellite

The daily Level-3 SMAP satellite data with 9 km spatial resolution from L-band
(1.41 GHz, = 21.41 cm) were used in this study. The polarized reflectivity(Z2; p)
was calculated through (Comiso, Cavalieri and Markus. 2003), and the Hong
approximation (Hong. 2014) was applied to calculate the SIR.

O Development of a roughness algorithm based on active microwave Sentinel-1
satellite

The Sentinel-1, an SAR satellite of C-band (5.4 GHz, 5.547 cm) was used in this
study. In particular, HH and HV intensity data from level-1 Ground Range
Detected(GRD) medium resolution data observed in Interferometric Wide swath



(IW) mode were used. A sea ice region was determined by applying the MAP
decision rule of the Naive Bayesian classification by dividing the image surface into
four classes. A SIR calculation model was developed using a small perfusion
method (SPM).

O A Study on the correlation between Arctic SIR and SIT(<0.5m), and
development of SIT and SIR algorithm

A conversion relationship was obtained through a regression analysis between
SMAP-retrieved SIR data and L3C SIT SMOS satellite data. A month data during
December 2017 was used to obtain the conversion relationship. It was appled to
other SMOS SIR and SMAP SIT data.

IV. R&D Results

O We retrieved the SMAP SIR data, which has the same temporal and spatial
resolution as that of SMAP observation. The SIR rangned from 0. to 1.81 cm,
which was similar to previous studies presented by Mannien (1997) and
Carlstrom (1991).

O The surface classification of Sentinel-1 data for detecting sea ice and retrieving
SIR data have the same temporal and spatial resolutions as Sentinel-1. The
surface was classified into four classes: fill value, sea, sea ice and land or
snow. The retrieved SIR data range from 0 to lcm. From the comparison with

the classified surface area, our results are reasonable.

O We retrieved the SMOS SIR and SMAP SIT data with the same temporal and
spatial resolution as SMOS observation. Those results were tested during
December from 2015 to 2018. Our results showed CC= 0.414, bias=-2.268cm,
RMSE= 15.919cm for SMOS SIR, as well as CC= 0.496, bias= 0.03cm, and
RMSE=0.228cm for SMAP SIT.

V. Application Plans of R&D Results

In the future, we will try to investigate and understand the characteristics of
climate change in view of SIR and SIT using a long-term SMAP and SMOS satellite
data and the results of this study.
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4| 7
; o Ewe] ARV = 3
°of o= AAY AR AAV F537] FE WFolth. Radar®t Laser
altimeter, scatterometry®} Z-& 3EH A& F4 WHE AHASE HlFgto] &
ol sl W3lE P&y dE Airborne lidars 3 W FFolMe A=

2 &>

Al FHA o2 e s o Adsty Aess HeA7F o =&t A7 Aok
Y A7) S dubHoR ALgEHE #HolA i1k s
70-170me] 7oA FAo] o]FoAH ojuf #Fu= AA7|= ey L=<
st ol AH7|E 9w g}, Hibler, 1972; Dierking, 1995; von Saldern et al. 20062]
A AFEANA W AR Aol FyHA oW, Airborne Laser Scanner
(ALS)E ©] &3t Ice drafte} AZ7|el AAAAE AFsAU(Doble, M. J et al.,,
2011), AZA7I7F 234 Hrlex WstE ©Ast7] 918 SMOSice2014 Campaign©]
70m An%x Hg dHolHE Al83le] el DEMS #1238 decimeter-scale?]
A AATVIE ALstE A7F o] FoH T Miernecki, M et al., 2019) #o]A 1L
EA9F ALSY Aol = Mgk A4+ (Beckers, J. F et al, 2015)7F low, 1 299
% Kurtz et al, 2008; Doble et al., 2011 52 Aol ALSE o] &3 A7 <
T7F 1€ v Qo

dojy] LEAE o] &3 ARV A8 EE Cryosat-2014 Ala= = LIB A57F 9
o 1650m x 380me| ¥ ¥ AEE ATEHa Juh 2y doly 389
HaAFHYHoR AlE5 7] wfjiFo] backscatter angleo] 3S Hrol weh=E 4 9l
= A7 EA g

TEY volamy S ol & Y AHY] AFEE Advanced Microwave
Scanning Radiometer Earth Observing System (AMSR-E)¢] 6.9GHzAE<& Al&
sto], I=3 5= A9l "ol tisl 0.2570.5cme] small-scaledl] 2] sy A=
7] 2bE A7F A (Hong et al, 2010) 543 AMSR-E 914l thal 370
A (6.9, 107, and 89 GHz)S AF&3}e] 6km x 4kme] FIFsfA =2 small-scale9
A A7 AF7F Adem, 2003-201003 ] 6.9, 10.7 GHzolAM ] AZE7]e] AlA
g Wsts 39l 7+ A7 —21 x 10-3 and —19 x 10—3 cm & #Aas=
AE & A+7F e vk v (Haibo Bi et al, 2013) %38 vwlo]a =3}
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Aol AEg sy ARV AR5 47 ofdus A A Sl = = H71d
AT Ao A SSMISIALEE AF&ste] W FHe ARAVIE AbE3] Algstar 3
o 1 9% scatterometer’t A Z7|o] WZFsithE 5AS o] &3ske, C-band
HH-polarization helicopter-borne HUTSCAT scatterometer datas A}-&-3to] 3"
Hol A7 digt FAH FE& AHAA(Markku Simild et al, 2001)3}Au
Radarsat-2¢} helicopter-borne laser altimeter®] &7 A& E Al&d] o] &
=89 W H AAZI7F C-band SARC WX &= &) digh A+ (Fors, A. S et
al., 2015)7F A8¥ ¥} a1, upward-looking sonar sensors(ULS)E =3 &y &
Hol AHZE ZAHIJAY, Ice Pict 2 fix mounted helicopter borne
electromagnetic (HEM) Al2=81& &3 31 AA7|7F A4 t). (Peterson, 1
et al., 2008)

I A A Y AR FAgE AMAE AFESt] AbEET 5 mlolA
23 948 o8 dlY T/ AEL FE L-bande] ¥7]2%=9 ¢ sl o
gF IAEE o]&a A7t o]FoA L e, Bremen tstiel ICDCe A ‘3*}
¥ = SMOS® af® 57 Ab=Eo] iAoty ey i FAVE FAYE

B axdo] F71stE EA7F 9lo] Alfred-Wegener—Institute(AWD ol A & 1mo| ’2}4
YA Fa3 Cryosat-22F SMOSe| #5 JRE A3t CS2SMOSE= W
A AEES AlFsta vk SMOSS] s 7 AsE 499 2%, 9%, &Y
o] B WIE ayete] HAF Ry 493 Bas 483 SMOS-Ice MFEE=E
T AlFEa o (Tian-Kunze et al, 2014), SMOS-IceS | ¥-31 = A =¥

0,

.

TOPAZA| 2=®lo] A &3t= AF7F o] FoA 7% ATk (Jiping Xie et al,
2016)

A8 A=AE ol&F MW T/ AREE delA 1n=AE AHEE ICESat-1,2
(Forsberg and Skourup, 2005; Kurtz et al., 2009; Kwok and Rothrock, 2009)<} =
ol 1LE=AE A&3F ERS, Envisat, Cryosat-1,2 (Laxon et al., 2003; Giles et al.,
2007; Connor et al.,, 2009) $144 At=&o] txE Aot} ICESat 9142 9 HY W
A2S &3l freeboardd] SAH#S W FAR WBste] AFESH, 2cme] =2 =
A AEER AP E7 = gy ke gl dis Ao oAt A3 AbEEE
T W17 Ak @ AZE vk 284 Cryosat-29] A9, o] & Rst7] 93] 9

AH Aol SMOS f17d3te] Agtsto] Agetr]| &= gt
L-bande] SAR 7 &-&3 5

st REYS Fa W FAE AESIE e
g, o]& gk WA m @9 o]t ¥ ¥ HHEE AFsiH, iy FEA 59
Hog &8 7hgdltts FHL 7Y C-band SAR 942 dAEH oz s If
X oEE 27 F5 Y TF EUHAHA AMEE2 i (Maillard et al, 2005,
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Thomas et al., 2011, Walker et al,2006), 0.12m ©]3&}2] ¢k vl FA o 773}
o L-band SARE 0.12m°ﬂ/\1 0.36mel a9 FAG MpEE, o2 o] &84
71(4E54) sy F3& dodste AF7F AN (Casey et al.,2016), X(9.6GHz)
M= SARE oFe aiH E‘-ﬂ-ﬂoﬂ sl |% wzdsttta deiA vk =3 AA T
A R Ey, A FE, Au Sl ALS, ULSS Y AAE R&sle] A=
NASA®] IceBridge®t 22 afi® F7 #Zo] o]Fojx Yot 1o} d¥t #53
2 A #5 A5 AF 550 od9H AF #5ARE 3 A= 2
T5Y vlolaRT #F Azt vt of@roe A7 vk 1 Lo E o1
w279 2 o W FA #Fo] o] FojA il Tk

ol rL

K
32

Method Accuracy Spatial Temporal Spatial Real-time | Applied
of observed = resolution | resolution | coverage (km) | capability by N
variable (m) (m) individuals/
| institutions
Drilling o2 0.5-5 weeks-vears 0.1-10 Yes =100
EM sounding 01 5 wecks-vears 0.1-10 Yes 20
(ground-based)
Laser surveying 0.02 0.5 5 weeks vears 0.1-10 Yes 10
GPS 0.05 0.5-5 weeks—years 0.1-10 Yes 10

surveying

IMBs* 0ol nfa howrs-davs local Yes 10

ULS" submarine 0.1 1-5 vears 500 - 5000 No 2
decades

ULS" moored 0.1 550 minutes Local, or Mot yet 20
hours depending

on ice drift
speed (tens 1o
hundreds of

kilometers)

AEM 0.1 3.5 weeks-vears 10100 Yes ]
Airborne laser 0.1 0.2-5 weeks-vears 101,000 No 10
pru[ihtlg

Satellite laser 0.07 170 hours - days 10060 - 10,000 No 5
altimelry 25,000 hall-yearly*

Satellite radar 0.07 330 hours - days 1,000 10,000 No 5
altimetry 1 00,000 wievks

months
o loe muass balance f:-:inl_'r .:} M)
b Upward-looking sonar (ULS)
Airborne vlectromagmetic sounding (AEM )

d Depending on spatial and J'-'J:l:l‘rrmf AVCTREING

2 18 5o R AR FF 7ol e W Uiy YFH FFA (Eicken, H. and

Salganek, M. 2010)
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H 3 & daigdsrd e 3 Zof

A 18 5% nfo|a =23} 9|4 ARV LarelE g

7h B3 HAVE(R, p) AR

AA71eA EAS S S Hg WA RS AsHE dAAS A&kt
A = AA7IFe] 3 H A-T(0)e] A A719be] vlEo]  wet
WA -0)E  TAHSR RPN BEE Ze o] g8 2R R
#dA ¥ (Choudhury et al,, 1979; Wu and Fung. 1972)
x(h)=exp(=h « cos’d) (1)
where h= 4(2;) 2 (2)

Incoherent approachE 7]HFS. 2 3t semi-empirical modelol| 4] A% o] #H3P
WAL (Ry p)= ARHARY £W 9 A3 B (R )2 33 AT (Ulaby, Moore, and

Fung. 1982)

4 2
Rpp=Rgp e+ exp|— (—WO'COSQ) } 3)

v AF7] s U

small-scaleo| A1 2] 3" ARA7|= dlW FHeol WAL Fs nx== Y
¥ H3F vAlE A ARHVE AET 5 U A (3)E ARV dE deskd

ge3 2.

et \/ln(]};ii ) @
a8y YAeA BEHE EEe AN ZHd S glonz oo HAHES
AA AR xHo Ao AHAZE AE3A T 41, Brewster angle T3 ol A12] A%l
xHe HF v ANRARY W] dWg AR E by 22 dAE JHE
(Hong. 2009, 2010, 2013)
Rgy > Ry 5)
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Rgpy~ Rpy (6)

gt 2ol 4 @l 4 (5)F 14 4 Ak
. A R v
77 dmcosh \/ln(RR_’V) @

AR ZHAA Y AHTIE AFESH] sl A (Tl 4 (6)9F Hong approximation
(2] @)= ALoto], AUAbd Wl 24 HF WALR(R, )& 7% 2™ HF
T4 WG MAE (R, )= BFFAT(2 (9)) (Hong et al., 2014)

RS., = (RS,H)SeCZG (8)
Rcos%‘
-2 . m( ”] 9)
4w cost Ry g
Ry Ry + 20
o R e,
4w cosh RR v 1+ \/RHYHCOSQO

4 @F %1 Qe AW W, 4010e ol AW wel AR Aol
B ATNAE 4 OF Agstel AWe AL/E

O

7}, SMAP 914 A=

Agol= SMAP 9149 Enhanced L3 Radiometer Global Daily 9 km
EASE-Grid Soil Moisture, Version 2(SPL3SMP_E) A&7} AFE-E Atk SMAPS-
L-band(1.41GHz, A= 214lcm) wlolaA =3} A0 R F&5 AA % 55 AAME EF

gAstal vk & dATdde FE AR #S53I Level-3 AREE ARSI S

A A5 SMAP Level-1CY #7] £5& dd FAS Lelvel-2 E%k—’?l"&:
Ztzolt), slY AR+ HDFSHEIZ 20154 3¢ 31Y ol $HE AFHi om,
9km=9kme| FItedEet 1 day AZFSHEE 7RG ATl 2015E H-E
201874 wia} 129 wte] A £ WY W 2%(Ty ., Ty ) £

2R(Ty) AR Agearh
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Gridding

Froduct Cescnption (Resclution) Latency
L1A_TE Radicmetar Data in Time-Crdar . 12hms
L1a_20 Radar Deta in Time=-0rder . 12 hre
L1B_TB Radiomeler T, in Time-Order (64T km) 12 hre
L1B_S0_LoRes | LowResolbonRadara, in Tme-Order | (5x30km) | 1zhes | |"orumentDota
L1C_50 HiRes | High Resclubon Radero,in Half-Orbis {12‘:‘“’ 12hrs
LI1C_TB Radiometar T in Half-Crbits 36 km 12 hrs
L2_SM_A Soll Malsture (Radar) 3km 24hrs
L2_SM P Soll Maistura (Radiometer) 6 km 24hrs iﬂi;f;ﬁ?
LZ_SM_AP SallMolsture (Radar + Radiomaeter} Skm 24 hrs
L3 FT_A Freeze/Thaw State {Radar} Fkm 5 hrs
L3_SM_A Soil Moisture (Radar) Fhkm Siihrs Boianos Data
L3 SM_ P Sail Moisture {Radiomater} 3B XM B hrs iDaify Compesita)
L3 SM_AP Sall Moistura (Radar + Radiomster] Skm Eilhs
Ld_5SM Saoil Moistura (Surface and RootZone | 3 km Tdays B
L4 © Carbon Net Ecosystam Exchangs (NEE) 8 km 14 days Velue-Added

# 2 SMAP oA Algst= AtE=

U A5 g5 A=
https://nsidc.org/data/SPL3SMP_E/versions/291 4 A} 55 th&uto} A3},

3. ATuHE
7b 38 WAV (R, p) ALY
Ay AH7] AbE Ale W WA ETE ARG EER SMAP 9149 4, &

Tyy, Tpn)® EW ER(1) A82 Agde AQ
SR

1O (
FHOA O HF WALE(R, )& T3FA T (Comiso, Cavalieri and Markus. 2003)

oL o

T
Rpp=1——7= (P= VorH) (11)
S
oSy AR A=
T sec’d
A (1_ ;H)
—_ ° S
lr—— In - Tyy (12)
TS
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21 Qe A 1DE gdsted &y AR AE (12)s AFEAT A 0= 77
SMAP 949 A" 1A (wavelength,\)¢l 21.43cmet A2+
40° = A5kt

(incidence angle, 6)

b
re

723}

19,

AFEE SMAP 1A & AAY] A= °F 0.71.8lem® WHE 7HAM, SMAP
AT 53 9kmx9kme FANE} 1 day AP EE 7MY 28 1S
20158 H 20189 12€¢] g & A A ARZ AW GFdAg A7V
Hithol Aol AA7] FgrEY =A YedsE S ¢ 4 k. Manninen. 19973
Carlstrom. 1991¢] o]d dFEo|x HE & (Baltic Sea)?t B HE 3 (Beaufort
Sea)e] A&7 Fol Z+7zt 0.270.6cm, 027cm=Z & A o], & AFoA AtE4
AA7] AFEEC] fFEsdE As ¢ F Utk AEdE AE= SMAP A R4 33t
HAZE A @ol7] wjitel mith & ofye} S 1 AHTA AbE s
| o, s A7 BRI B3
& A3k 7lejsle] 55 Ao mgo] € ez AztHEr

{0

:?‘:4"
o
re
—
to
o
k1
-
oo T
o
N
N
olf
_OL
)
rlr
o)
e
o

(¢
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(a)

SMAP Sea Ice Roughness
=

Y
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A 28 5% npo|A=3} 9| AETY] Lzl Y

F59 vlolamst 94 ALY LuelZe WY WAES AL PR
33-12-1-7ho] FAsl A&k

L}. Bayesian &

(1) Bayes A

Bayes' Ael= F+ &8 W9 Al FEI AR SE Abolo BAIE dEUE
AR FAE AAHRBEEIZRE AFete] A 2AN FAHI} T AFRIEIES
FARY =l sl saHoer A dA wAS vFe Aol ol ST

P(BIA)P(A)

P(A|B) = P(B) (4= Hypothesis, B= Observation) (13)
2l 132 Bayes Az, P(A)+= A° AHdEEZ Bel| W] ojuwst JHE <X
%ol AS gvlsta, P(B)«= B Arst #35&, PBIA)T A7 Fo1x3S o Be
2% FEEL EUT.

Alligator

0.12

Posterior
o

o
o
&

0061
0.04

002 y

y 0 Body length s w0

1% 2 Bayesian classification®] <
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(2) Naive Bayesian &< MAP decision rule

Naive bayesian classifier< ZA5F 599 714 S 714 /322 dF= classs
kol AdAAE WA A il B Sgolgtal Jpysitt, 94, 215 gF Ao E
8 A 85bH oS 2ol YEld 4

p(0k|$1,""$n) = p(‘rl 7%,701«)

($1|$2 7x71’0k)p(x2,""$n’ck’) (14)

y Ly Ck)"‘p(l’nflu'n,ck )p(xn'Ck )p(ck)

- p(x1|x2ﬁ""xn’ Ck )p(xQ‘xS,“'

4 g =A% %9 2 sy 4 159 gol & £ vt

(Gl 2y on,) = Mmf[@Aq) (15)

i=1

AR FES 7 Aoz

olt}. wrebA Bayes Aol
=AY 592 F52 HAdstats] A4

3} Al7]H Naive bayesian classifier?] MAP decision rule®] ¥ i1, maximum a
%= @}l (4] (16)) Naive Bayesian ¥ ©dh Alata Aol H] &)

3ol e

Naive bayesian classifier®] MAP decision rule<
gt class® 7 JHAA =2 7HE S AdEs= W
}ZJa /\1 (15) = xqga % ﬂwz

N

posteriorig} il =
A3wsh £E7b ks

y = argmaxp(c'k)ﬂp(mi [C) (16)

i=1

t}. Small pertubation method (SPM)

rms height (sigma)$}t

AR mHAA e AbEEAelA xWe] AW 5L
correlation length (2)E H#vE 2 HAIHET FHO Eo] x9 BE7l 999 =
ol 2,8 7Tl 3y 2L AFwEdtta Mt ¥We U B ¥Xe U
o Zr
—(z—=,)*
P(rlz, o) L e (17)
2
210
o]714 o= rms height® FW e A3 A=S Fdst= ey T shvbolnt
AR FHe FHUE FAES correlation length WU E S Ea] £ 3
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4. AR EWe Adel dE A4 §4oh oea ol Aolsha,
p(r)= Corr(Z, s Zy i v ysy) (18)

AN Corr(Z, 2., .0 2R (xy)e EWa AZHIA ri of

°]
o ®We FRAFE JAvB NFHE0AMN o] F} B5F
&

off

gk A
A4
9l

PN

T
=]
H

el
r

oy B

L

1ol 002 #HAsHA FH=d, A% %W zp7]4 A (autocorrelation) &
HEe 1S TFgARE 5 () =exp (/L) FE AFE
(r)=exp(—|r|/0)Z 7F43ste] @ HT}. 97|14 LS correlation lengthelal
1 ZHE BASH:E debrE R &8HTh

FHAA S A7 A FA= g 78S vtE e R wedteto] Alg
Ao A&EAY. 55 AAY A #5eh= PR Z AHVE 7k
F o A= Kirchhoff *A} (Kirchhoff Approximation, KA)7} <

9 rms height®} correlation length7} 3Rt 22 5 E 9
Perturbation Model (SPM)e] &-8-¥ Tt} Sentinel-1 C-band 3%
xWe AX A=E SPME A8 F vk HIH YAl
<= (Bistatic scattering coefficient)= t&3 #Zo] #d & < At} (Ulaby et al.,
1982).

ke

—

[rtt

==

o714, ki= 5ol ko k= 27 el xR Wy ARow thgw o] A

o)},

k, = —ksinf,cosg, (20)
k, = —ksinfcosg, (21)
w3 0,9 0, A dAA RS AbebdEolal v = - JARGOl p-HF WAL
o Wskyl WAL S (reflection coefficient) ol vt Wik, k)= Tha¥ 7ol Aol
= correlation E3E 30 Fglo] Wgoltt
Wik, .k, )= i//oo plu v)e TR gudy (22)
R A7 Y

o171, &+ Wilk,, k)= correlation #XFHo] wet TrEA W E =, £ 3
A

=]
correlation T3 &oll W FEg]o] W32 o] A= gt}



Gaussian A AT _(Lksinﬂ')z

pg(k sinf) St = o 2
Exponential (.E.)2 i ¢ (XL)E e s L 1
pe(ksing) n n 2 1+ (2kL sinf)?

ghe g W] correlation X $FE7F R9AIRE XS wETHIL 7RG SO,

AR A #AFH= AN AT Alee vyt o] Fedh
ng :4L2k402COS40|7" |2 (kLsing)* (23)

7141, rms height (o)9} correlation length (L)S 3= (k)2 AF3} W2 vpy
rdstH o 2

l:Ll £

= 4(kL)? (ko )*cos'Olr, [P Km0V (24)

oA71A, Atst W oL kLS 277 rms height®} correlation lengthell 3@ sl
H

7}. Sentinel-1 14 A=

Sentinel> C-band(5.4GHz, A= 5547cm)¢] SAR A4S AT o=
HHAT Fopt AJAE AFdtl. SARE dolde Fwuabek(backscattering) S

Soted, dSolAe FHASe I8 xwe ARV A& 4574 5
22 244 Y& AA-En. e E AFdA = SN 'R 2 Y ARVE

=5 918 sentinel-19] F25 REE=Ql SIB ZAE 9] Interferometric Wide
swathUW)E == #=3} level-1 Ground Range Detected(GRD) medium resolution
Aag AHgstATh IWRE A= ol #HIH(VV+VH, HH+HV)9} ¢ #H3H(HH,
VV) A=7F AleE i, 5ol HH, HV #3 8571 AREEHJAY 532 A5
2017 74 39 0833UTC #Ams AHS 3L, AlZteldet et das ® 4, 19
49} 2t} Sentinel-12] AR sentinel SAFE(Standard Archive Fornat for
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Europe) 32l 0.2 A3 T},

LAY

—i LD R = L LAY —| L0 AW —
| i E—
L L% { [T — [EETT: — Lhdwe
ot
LE R L1 GA | L3 G
- Fusll B tian Figgh Roiriash rlian | - it Rt iy
Pt iy Mriashsbian
2 OEM | | LE C0H L CaR L CCh
|- | - oo I_'am -
" |-cwa ~]-ma |- |-
A | | |
L ] i
T3 32 BeoA AR 5 2 AlRS
Mode Resolution Pixel spacing Number of looks ENL
rgxaz rgxaz
&M B4x84m 40x40 m 22x%22 3084
w 8887 m 4040 m 225 818
EW 93BT m 40x40 m Bx2 10.7
wv 52551 m 25425 m 1313 1237
B 47 ned SN E £
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¢ Two satellifes i a 12 day orbit
+ Repeat frequency: 6 days (mportant for coherence )
« Revisilt frequency: [aac/dest & overiap): 3 days ot the equater, <1 day at high
latitudes (Europe ~ 2 days)
T2 4 Sentinel-1 9] #& Z7] @ AE HO

g Am #5 P

https://scihub.copernicus.eu/dhus/#/home oA A Z = t} ol AL-&33]c}
3. A4 A9

AT EE 2dH=(Crown

AAHA. Y g

Christian Land) 99L&
A2 ofE5HA

sol ol wirizh wolil, A
Aol wiThr} Aleb e EAL wol: A ool

Prince

(a)

(b)
Arcric Cean
: : Northeat
Pations Parck
Wl
Peary Lemd S
ot
:).1 ::;{“\t ":”a
. d GI!EENIAH[;H* / ‘u"“f
3 = ) -
i S i‘:_gg\a ‘,d“&’ ﬁ-n;:m‘
1 b A A, f
.'gnwm 7 Amnaat » -‘- -
J Semit —
Wipaieg 0
L § Oagortoq
Y 5 AP Y GA A7 g ‘
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4. A&

OrJ

Sentinel-19] ¢ == AZ o] Naive Bayesian 72 MAP decision rule 4
Aga W AAdS BA A, small pertubation method(SPM)S A3l &

A7 s R4S EEad

o o

—

7F Sy e X
(1) Sentinel-1 A& A A

SAR <474 5474 speckle wolz== <QIg G4 Ml oJgFol o] o
o]2& AAst= #AHo]l Hastth Sentinel-1 Al Fe ARV HE ALE5

we HAEES dE oA wol=sh wWol WS, olg Ay 98l SAR
A

=
WA AA] A(scene)2l AlaupE AAE & FHolE xS T HAS
TR Alavt HEY Jeo JdF FJAEe Hirgtoe= ATy wEA 2

RS =]
A= AT ZA FHAFE 7S (backscatter coefficient) %kl intensity
(e}

—

AaEs Fosk A o°F o2 calibraiondt ¥, Lee sigma ZEE AFE-3] speckle
wolz2E HAINFAT EE Am dAE BAHLS ESACA AFst= Sentinel

Application Platform(SNAP)& A}-&3to] 2183k th.

13 6 Sentinel-19] intensity_ HH @AHZH1}t Lee sigma filter A8 AIHL) oA
(B% a-ste, 2017/7/3)

et
1o
2
o
k1
>

(2) Bayesian ¥

Bayesian ¢ ASE=E gRlstr] & A (23)2 ol&ste 371 7ZHr] &
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7FeAIQE BEE VM E A3 E oA A s (dummy data)E AR A AT

—(z—w=,)?

P(zlz, o) = LI (25)

A Am= oo 2
data = P(zlz, =—25.2,0=1.5) 12,0007}
+P(zlz, =—19.5,0=1.9) 25,0007}
+P(zlz, =—9.8,0=2.6) 80007}

AR Are IzEaY FEE I
bayesian classifier®] MAP decision rule
AREE e 2o,

POD (G1) = 92.6% (Group-1< Group-1%2 73 H| &)
POD (G2) = 95.8% (Group-2< Group—2% #3773+ 4] &)
POD (G3) = 96.9% (Group-3< Group-3% =53 H| &)
1600
4 —— Triple Gaussian curve
1400 - [ —-== Group-1
[ Group-2
1200 + - ~~~ Group-3
> 1000 - Ml
=
Y 800 -
o
@
= 600 -

400 -

200 -

—30 —25 —20 —15 —10 -5 0
variable x

3% 7 Dummy At&E ©]-83t Navie Bayes A& w2} 7FRAIE 45
(3) #= A= F2EIH EA
SARS] Fukiter Al YAz olEste 5AS 7HA L o], YA Zel] ue)

)W 7 < (open water)oll A ¢ ghol etz
T e dAZ I A AEA A, SdA W YoM Ao w
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8
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99} o] ME o 549 7t Bx7F Ao e A& & F v f
st el 44, 39 oAl Bxe) Fom FHse) Jee ¢ F At
(Incident angle = 30.6° 5 T5) (Incident angle =~38.57)
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3000 = o, AR —

I
g

2500 A

3
8

2000
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I
8

1500

2
=1
S

1000

500 500

°% -15 -30
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a4 9 oy YA TF S|AE T W)

oy AR s

(1) SPM¢] A&7 u7e 238

2l 242 XdE = SPM %W Abere] ubetr|E Wl wE $xkaber A% 7zt
T AFS s B 51 A (complex dielectric constant) 9t AteHA|S=7F H Q&)
o AEASFY A 98 2 A #ABo )3 Fresnell A4S AFET B4
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Liebe et
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Pure Ice
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7}, # FA =A) A L-band &I}

I FAe Fubare] T3 Zol(penetration depth)oll  €]E=sH7] wiEel e
#HZ5ol AHEHE FIee 9FE vAY L-bande  1-2GHzO  F3449)
30-15cm®] HFHE 7= =2 4 AErRE o i zlols: F3E & 9lo
X-(F3 8-12GHz, I&d 3.75-25cm), C-band(F3+4 4-8GHz, I+
75-3.75cm) Bt} ] o ze oA HAF o] Foy A 7] Wi T/ R
W7ttt L-band+ 0.12-0.36m, C-band+= 0.12m¢|3}, X-band+= I1HT} ¢
i T Mg Aow oelA Urh(Brekke et al. (2014))

Lt SMOS 914 ¢] s 57 k= WH

L-band g e SMOS 9172 #7] 2%(7)5 AH&ste] Imeolste] g2 s =

Qaacivany
(1) 31" F72F L-band ¢ 97 &%(7)9 84

% 172 SMOS 149 si® A Amek gyl 2=

222 L-band®] ¥7] &%= 1melste] gFe iR F77} 5

ok 4= 9lt}. (Steffen Tietsche et al) 0705mel 3" F7A7-2 7} L-band®] 7]

5o WZEH, 05m o] A= F @A 71L 7] (Th/SIT)7 ZrelA == 05m
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o1 M FAL W] exel G A WA Purhe AL L F Ak
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T2 17 SMOS 8H7] @=(Tb)?F SMOS a8 =7 Atz W

(2) SMOS #1429 =i F7 A=

SMOS¢ &y FA= s T #dd A H(homogeneous

dielectric-slab)& 7} 3Fe] AtE¥ ). single-ice-layer radiative transfer model(2]
(27))3} zero-dimensional thermodynamic sea-ice model (Kaleschke et al., 2012;
Tian-Kunze et al., 2014) =}eleol st HbE-(iteration) EA=Z AAtE ) ¥l7] &%
zkol7F 01K Hx= W 5719 zkol7F lem ©]st Y v 7bA] WHEgho}

(27)

1 Tp— T,
Do spios = ——° lﬂ( T, — 1T,

22N 9] RE(Tp# 72 W3 £ A3 dY He AR e
Ty SMOS®9| ¥7] =%, v+ 73] AlS(attenuation factor), 7,9t 7,+ 27 714
T (open water)Z} F3+3|(infinitely) +7 % 3@ olAle] ¥7] 2=& ou|gir},
#= o= 1,-19 EZAHdewr AAHZ] wEd ®W WAL =(surface
reflectivity) @] W54 (variability)ol]l ©]3+ A5 Eg]% B4

wekAl SMOS® sid FA dadEFe 7,9 EGAAdR sy =

FAL] e gk EgAAdS xdebH, sH
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wolm, SMOS W A Azl $HA4E 04me] sMFANA +002/Kelth
EoFO Ay Bl 9@ Eae 2EA @9m, 9e FRe U 2ol
4852 ekok A FHNA Y T HaPHE 54l vt

7} SMAP 914 A&
39-14-2-7k ol A 2] SMAP §14 Amst A& A=7}F ALgH e
Lt} SMOS 9174 A=

s A A== Hamburg tigholl A Ab&Ee gk &l =74 A=<l SMOS L3C
Sea  Ice  Thickness(SIT)7}F  AF&E ATt SMOS+  SMAPY 543
L-band(1.413GHz, A= 2lecm) 3gdie] o=, Ao AE&E SMOS L3C
SITAHE &= MIRAS AA=Z 252 #=% 1L3B 97 2% A2 FEH FEH A
Y A== 125kmx12.5kme] F3Hed et 1day AlZFSI =S 7AW, 10749 9
55 A9(G0-90°" N9 AEE netCDF FEHZ AFstct 2 AFol= 447
B3 A7 e g HA Hde 32787 ARSE S

o

AT A1719 20159 H-H 2018 71A] wis) 129 2] AR E AESHA T
LAZ T4, ICDC Kilmacampus Hamburg 29-4pr—15 e Hlé-; LAS 7.4, KBS Kimacompua Homburg  4-Moy =15 mwer -fé_
[ SRy Sy Aty D005 SR /et e, Wi et
TIME ¢ D1—APR-2015 12:00ATA SET: smos_icethicknass_2015 TIME : G1—APR-2D15 12-0MATA SET: smos_lcethickrass_2015

SMODS sea ice thickness (m) ice thickness uncertainty (m)
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Sea ice thickness (m)
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Aol = SAR® SARIn modez® 353 #7E 0|83t Centre for Polar
Observation and Modelling(CPOM)oll Al At=38] A|F%¥H+= 5Skm 3=
S ES 289 ARSI EE VHA= s T ARE ARESAT W
At 1074852 60° N o] o] Hukat g s 77 HETE netCDF FEH| =
AFsta dar, Aol = 201572018\ 129 A= 7F AFS-H STk

et As 95 A=

zkzre] 914 A s ofdfe] AEES E th ok
- SMAP: https://nsidc.org/data/SPL3SMP_E/versions/2
- SMOS: http://icdc.cen.uni—hamburg.de/1/daten/cryosphere/13c—smos-sit.html
- Cryosat—2:

http://www.cpom.ucl.ac.uk/csopr/seaice.html?show_thk_map_download_pane=1&sho

w_basin_thickness=0&basin_selected=0&big_thickness_image=0&thk_period=1&year
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Abstract: The variations in the Arctic sea ice thickness (51T) due to climate change have both positive
and negative effects on commercial human activities, the ecosystem, and the Earth's environment.
Satellite microwave remote sensing based on microwave reflection signals reflected by the sea ice
surface has been playing an essential role in monitoring and analyzing the Arctic 5IT and sea ice
concentration (SIC) during the past decades. Recently, passive microwave satellites incorporating an
L-band radiometer, such as soil moisture and ocean salinity (SMOS) and soil moisture active passive
(SMAP), have been used for analyzing sea ice characteristics, in addition to land and ocean research.
In this study, we present a novel method to estimate thin SIT and sea ice roughness (SIR} using a
conversion relationship between them, from the SMAP and SMOS data. Methodologically, the SMAP
SIR 1s retrieved. The SMAP thin SIT and SMOS SIR are estimated using a conversion relationship
between thin SIT data from SMOS data and SMAP-derived SIR, which is obtained from the spatial
and temporal collocation of the SMOS thin SIT and the SIR retrieved from SMAP. Our results for the
Arctic sea ice during December for four consecutive years from 2015 to 2018, show high accuracy (bias
=—2.268 cm, root mean square error (RMSE) = 15.919 em, and correlation coefficient (CC) = 0.414)
between the SMOS-provided thin SIT and SMAP-derived SIT, and good agreement (bias = 0.03 cm,
RMSE = 0.228 em, and CC = (1.496) between the SMOS-estimated SIR and SMAP-retrieved SIR.
Consequently, our study could be effectively used for monitoring and analyzing the variation in the
Arctic sea ice.

Keywords: sea ice; thickness; roughness; SMAF; SMOS; satellite remote sensing

1. Introduction

Sea ice is an essential climate variable thatis very sensitive to climate change. Sea ice thickness (SIT)
(Dy.) and sea ice concentration (SIC) are important sea ice parameters because of their high sensitivity
to heat flux and radiative balance. Recently, in the Arctic region, sea ice extent has been decreasing and
SIT has reduced in the past few decades [1-6], affecting climate [7,5], Earth's surface energy budget [J],
atmospheric CO2 [10], atmospheric circulation [11], water budget [12], clouds [13], fresh-water [14],
and global temperature [15]. Recently, the interannual changes of Arctic sea ice were found to be closely
linked to the Arctic cyclone numbers [16], abnormal summer storm activity [17], atmospheric internal
variability (AIV} [15], and changes in polar tropoespheric and stratospheric circulation [19]. Notably, sea
ice coverage has been increasing in the Antarctic n contrast to the decreasing trend in the Arctic [20].
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In particular, the reduction of 5IT and decrease in the sea ice extent are providing opportunities
for commercial human activities such as Northern Sea Route (NSR) [21] shipping, fishing, tourism,
and natural resource explorations [22], which have negative impacts on the ecosystem and Arctic
environment [23].

Satellite remote sensing using mult-polarization synthetic aperture radar (SAR), radar
altimeters [24,25], laser altimeters [26,27], passive microwave radiometers, and optical and infrared
sensors, plays a crucial role m monitoring and analyzing the Arctic sea ice properties, because it 1s
difficult to obtain enough in situ measurements and the sensors are capable of global observation,
providing plenty of long-term observation data of sea ice with sufficient spectral, spatial, and
temporal coverage.

Sea ice surface information, such as 5IC and sea ice extent (5IE), has been successtully monitored
for more than three decades by the passive microwave sensors such as electrically scanning microwave
radiometer (ESMR), scanning multichannel microwave radiometer (SMMR), special sensor microwave
imager (S5M/T), advanced microwave scanning radiometer (AMSR), special sensor microwave imager
sounder (55MI3), soil moisture and ocean salinity (SMOS), and soil moisture active passive (SMAP),
using a number of algorithms such as the National Aeronautics and Space Administration (NASA)
team [28,29], the Bootstrap [30], and many others. The accuracy of the retrieved SIC was reported to be
in the range of 5-10% in winter [31-33].

However, 5IT is known to be more difficult to retrieve from spacebome sensors than 5IC
and SIE. In particular, thin SIT (0 to 0.5 m) information is more important for understanding sea
ice-atmosphere-ocean interaction through heat flux [34], and for operational and commercial purposes
such as weather prediction, ship routing, fishery, and natural resource explorations. However, various
in situ methods have limitations in collecting sufficient SIT data. The SIT estimation using a freeboard
method, based on the assumption of isostatic equilibrium [24,27], with reflection data from satellite
radar altimeters [25], is disadvantageous owing to the validation issue and large uncertainty for
SIT < 1.0 m.

In addition, data from satellites with radar altimeters (ICESat and CryoSat-2) or microwave
radiometer (SMOS) have been used for SIT estimation. In particular, the SMOS SIT was retrieved using
the brightness temperature intensity [35] and the intensity and polarization difference [36]. The SMO5
with its microwave imaging radiometer using aperture synthesis (MIRAS) sensor (L-band (frequency =
1.4 GHz, wavelength = 21 cm) radiometer) has a lower uncertainty in estimating thin SIT about 0.5 m
under ideal cold conditions [37-39], compared with [CESat and CryoSat-2 observations, due to the
L-band’s sensitivity to thin SIT varations and the large penetration depth [40].

Surface reflection information is used as an approach for estimating SIC and SIT in passive and
active satellite remote sensing. Sea ice reflection is influenced by many geophysical factors, such
as wind-roughened sea [25]. In particular, the surface roughness affects the surface reflection by
SIC [41-43] and has been a difficult parameter to be estimated by satellite remote sensing, Large-scale
roughness has been previously modeled using geometric optics [44]. A small-scale sea ice roughness
(SIR) () retrieval and 1ts time-series using a satellite-based passive microwave radiometer wene
presented [1,45]. Previous studies have shown that the small-scale S5IR ranged roughly between 0.2
and 0.6 cm in the Baltic Sea [46] and 0.27 cm in the Beaufort Sea [47]. In SMOS SIT retrieval, the SIR
was parameterized as 0 = (.1-I);, using the incoherent model instead of the fixed value of SIR using
the coherent model [45].

Thus, this study presents a novel method to retrieve SIR and thin SIT (<05 m}) using a conversion
relationship between two variables. We focus on the marginal regions of Arctic sea ice as a study
area because of the existence of thin 5IT and abrupt changes in SIR. We used the data from the SMAP
and SMO5 satellites, which incorporate the L-band radiometers. We retrieved SMAP SIR, identified a
conversion relatonship between SMAP SIR and SMOS thin SIT, and estimated SMAP thin 51T and
SMOG SIR in turn.
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2. Data

In this study, we used the polarized brightness temperatures (T y and Ty ) and sea ice surface
temperatures (Ts) of SMAFP Level-3 (L3) data, which have 9 km x Y km spatial resolution and one-day
temporal resolution, for estimating the SMAP SIR. In addition, we used the daily SMOS L3C SIT data,
with 12.5 km x 12.5 km spatial resolution. The SMOS SIT data are available for winter, from October to
April, in the Arctic region. Thus, we consider the SIR and SIT only for the winter season. The study
area covers the Arctic sea ice within a circle of latitude from 70°N to %0°N. The study area of the Arctic
sea ice was determined using SMAP surface flag information with % km spatial resolution, CryoSat-2
L2 data with 5 km spatial resolution from SAR, and interferometric radar alimeter from the European
Space Agency (ESA).

3. Method

3.1. Retrieval of Soil Moisture Active Passive Sea Ice Roughness (SMAP SIR)

The small-scale SIR affects the surface reflectivity of sea ice. In a semi-empirical model based on
the incoherent approach [44], the rough surface reflectivities (Ry p) could be expressed as a function of
the specular surface reflectivity (Rsp) and the SIR (), which is a height probability density function
with a Gaussian distribution [49,50]. A small-scale 5IR retrieval method was developed [5,51] and
applied to surface roughness studies on sea ice [1,45].

According to the previous studies, the 5IR could be approximately estimated using the following
Equations (1) and (2) [2]:

A R sect &
. (Ren) (1)
dnmcost Rrv
R 'Rry +cos28
e ln{ﬂ]nm[% @)
dmcos Rry 1+ /Rpycos26

where A is the wavelength (cm), @ is the viewing angle, Rgv and Rgy are the vertically(V}- and
horizentally (HFpolarized rough surface reflectivities,

The above two equations were derived by combining the Hong approximation (Equation (3)) [52
and the direct solution (Equation (4)) [53] with the Gaussian distribution (Equation (5}) [49,50] in a
semi-empirical model based on the incoherent approach [44] as follows:

Rsy = (Rsnu ik (3)

( yRsy —cos28)* +2{ \Rsy — Re{fy | cos28
Ry = Rey——— — : ) (4)
(1— Rsvcos28)? + 2( \Rev — Re(iy | cos 26)

|-
_ A | [Rsp ] 5
dmcosd \l Rpr

where Rs v and Rg 3 are the V- and H-polarized specular surface reflectivities. The subscript P is the V-
or H-polarization. Re(Fy ) is the real part of the complex Fresnel reflection coefficient #y.
The complex Fresnel reflection coefficient Py is expressed as follows [54]:

cos 8 — VA2 —sin? @
= (&)
cos 6+ Vit —sin” 6

where il is the complex refractive index.
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Equation (5) contains the specular surface reflectivity, which cannot be obtained from satellite
observation. Thus, the relationship near the Brewster angle between polarized rough surface
reflectivities and specular surface reflectivities was presented as follows [51]:

Rsv > Ryy (7

Rsy = Rgu (8)

Therefore, we can obtain Equation (1) after inserting Equation (8) into Equation (5) and replacing
Ry v by the Hong approximation (Equation (3)). Equations (1) and (2) were shown to be effective
for melting sea ice and frozen sea ice, respectively [B]. In particular, the surface roughness retrieval
method using Equation (1) is useful in microw ave satellite remote sensing,

In this study, we focus on thin SIT and SIR. Thus, we used Equation (1) to estimate the SMAT SIR
around the edge of the Arctic sea ice. In addition, in this study, sea ice rough surface reflectivity (Rgp)
is determined from SMAF satellite data with polarization P = V or H as follows [7]:

Finally, we use the following equation to retrieve the small-scale SIR from the SMAT observation
data:

(10)

where Tgy and T are the V- and H-polarized brightness temperatures observed by the SMAP
satellite. Ty is the sea ice surface temperature provided by the SMAP satellite at a fixed wavelength
A =21.43 cm at an incidence angle £ = 40°,

3.2, Conversion Relationship between SIR and SIT

The SMOS satellite provides the SIT (D) by assuming a homogeneous dielectric-slab of ice
thickness [39]. To obtain the conversion relationship between 5IT and small-scale SIR, we used the
SMO3 5IT data and retrieved the SIR using Equation (10 with the data of V- and H-polarized brightness
temperatures and sea ice surface temperatures from SMAP, In this study, we used four months of SMOS
L3 and SMAP L3 data during Decembers from 2016 to 2018. The conversion relationship between SIT
and small-scale SIR is obtained using a regression method as follows:

Dj'a, SMOos = ﬂ‘d?ﬁu‘qp (IIJ

where Dy, is the SIT provided by the SMOS data. o is the small-scale SIR estimated using Equation
(10} with SMAP-provided brightness temperatures and surface temperature data. 7 and b are the
coefficients to be determined using the collocations of SMAFP and SMOS data.

3.3. Retrievals of SMAP SIT and SMOS SIR

In this study, we estimate the SMAP SIT (D, smap) using Equation (11) and SMOS SIR (ospos)
using the inverse relationship of Equation (11) as follows:

1

D smos ')"

p (12)

OsMOs = [

The SIT from SMOS L3 product is obtamned using the iteration method when the difference
between the sea ice radiation model (Equation (13)) and thermodynamic models under the condition
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of a brightness temperature difference of less than 0.1 K, or a SIT difference of less than 1 cm between
the two models, as follows [25,30]:

1 (T]’,‘—T]] (13)

Dy zpmos = = In T,
where Tp is the brightness temperature from SMOS, T}, is the brightness temperature of open water, T;
is the brightness temperature of infinitely thick sea ice, and y is the attenuation factor. Tg —T1 includes
the measurement uncertainty as well as the geophysical uncertainty due to the varability of surface
reflectivity. The uncertainty of SMOS L3 SIT was estimated as =0.02 m/K for D;, 5p105 = 0.4 m [38].
We could obtain another form of SIT as a function of the SMAF or SMOS observations by inserting
Equation (10) into Equation (11) as follows:

b
I 9|.'|::U|
A (1-32) |
Diee = & dmcosB \ (] B T‘T&l (14)
=

In Equation (14), Tpy, Ty, and T are from the SMAP and SMOS observations. A and ¢ are
given from the SMAF and SMOS satellites. The unknown variables are T1 and p in the SMOS SIT
algorithm (Equation (13)), while they are # and b in our SIT algorithm (Equation (14)). Equation (14) is
bias-corrected using the result from December 2017 in this study.

3.4, Validation of SMAP SIT and SMOS SIR

For validation, the pairs of SIRs (0514 p and o5ygos ) and SITs (D, uga p and D, sp105) are compared
for different periods of observation: for December 2015, 2016, and 2018, Figure 1 shows the procedure of
this study. As a preprocess, SMAP and SMOS data are collocated temporally and spatially. First, we use
V- and H-polarized brightness temperatures and ice surface temperatures from SMAT and SMOS SIT
as inputs. We then estimate the V- and H-polarized rough surface reflectivities. The surface roughness
retrieval equation is then applied to calculate the V- and H-polarized rough surface reflectivities
for computing SIR. Later, we obtain a conversion relationship between SMAP SIR and SMOS SIT,
and estimate SMAP SIT and SMOS SIR. Finally, the comparisons between SIRs and 5ITs from SMAP
and SMOS are performed.

Input Data | SMAP:Tyy, Ty, 75 | | SMOS: Dicssmos
Rough l
lurfacnrn%eﬂvﬂr | Rgy & Rpy (Eqn. 9) |
Roughnass/Thickness. | Sapeap (Eqn.10) | | Dize siios (Bqru13) |

| ]

: |

Conversion | Oymap - Dicesmos relationship (Eqn.11) |

}

! l

Output Data | Diceswa (Ean1l) | | oguos (Eqn12)

Figure 1. A flowchart of the proposed research.

_60_



Remote Sens. 20019, 11, 2835 6of 14

4. Results

Figure 2 shows the examples of the SMAFP SIR from December of 2015 to 2018 estimated using
the proposed method. The retrieved SMAP 5SIR ranges from approximately 0.01 to 1.81 em within
the thin SMOS SIT. These SIR values include values reported in the previous studies, between (.2
and (.6 cm in the Baltic Sea [46], and 0.27 cm in the Beaufort Sea [47]. We can identify that the SIR
exhibits a kind of oscillation pattern with positive and negative fluctuations (the SIR shows significant
changes). In addition, the average value of SIR tends to decrease as time passes. In this study, we did
not investigate the effect of climate change on our SIR because we only have data for four years, which
are not sufficient for climate change studies.

60°E F B0E |y

80°E BOSE p. /A

100°E 100°E

120°Ef= 120" :

il

140°F  160°E 180° 160°W 140°W

140"W
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0
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| —— ] =
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Figure 2. Spatial distributions of soil moisture active passive sea ice roughness (SMAP SIR) during
December of (a) 2015, (b} 2016, (¢} 2017, and (d) 2018.

Figure 3 shows the scatterplots between the SMAP SIR and SMOS SIT during December of the four
consecutive years from 2015 to 2018, The SMAP SIR and SMOS SIT are highly correlated with averaged
correlation coefficients (CC) = 0.462 during December for 2015 to 2018, To obtain the best conversion
relationship between SMAT 5IR and SMOS SIT, we applied a regression method (Equation (14)) to the
data for December 2017. Accordingly, we obtained the conversion relationship between SMOS SIT and
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SMAP SIR witha = 13.27 and b = 4. Figure 3c shows the conversion relationship with the statistical

results of CC = (1506 and root-mean-square-error (RMSE) =
between SMATP SIR and SMOS SIT during December 2017.
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Figure 3. Scatter plots between the SMAP SIR and soil moisture and ocean salinity sea ice thickness
(SMOS SIT) during the month of December of years: {a) 2015, (b) 2016, (c) 2017, and (d) 2018. In this

case, 8 =13.27 and b = 4 in Equation (14) were applied.

Figure 4 shows the scatterplots between the SMAP-derived 5IT and SMOS 51T during December
of 2015 to 2018. This result shows the CC = 0.414, bias = —2.268 cm and EMSE = 15.919 em for all
the data pixels between two SITs during December of the years 2015 to 2018. The CC ranges from
(.370 to 0.461. The RMSE, ranging from 15.705 to 16.392, is stable. Figure 4c shows the best statistical
results (CC = 0.461, bias = 0.000 cm and RMSE = 15705 cm) because the conversion relationship
between SMOS SIT and SMAP SIR was obtained using the data from December 2017 and was applied

to December of 2015, 2016, and 2018,
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Figure 4. Scatterplots between the SMOS SIT and SMAP-derived SIT during the month of December of
years: (a) 2015, (b) 2016, (c) 2017, and (d) 2018.

Figure 5 shows the spatial distributions of the SMOS SIT and SMAP-derived 51T on December
2017. The CC of IV, ., standard deviation (STD) of the ice thickness I}, from aircraft measurement
and of D, estimated using Equation (13) were 0.5, (.82 + 0.4 m, and (.65 + 0.3 m for SMOS SIT
respectively [38], and 0.88, 0.79 + (.5 m, and 0.55 = 0.4 m for SMOS SIT, respectively [458]. A CC of
0.58 between SMOS-SMAP-derived ice thickness and the ship observations was estimated during the
period of October 5 to November 4, 2015, in the Beaufort and Chukchi seas [55]. The values of bias
{(—=0.12 m) and RMSE (0.26 m) from November to December 2018 from the comparison between the
Ocean and Sea lce Satellite Application Facility (OSISAF) and SMOS ice thickness was reported [56].
Therefore, our nesults show excellent agreement with those estimated by the previous studies.
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Figure 5. Spatial distributions of (a) SMOS 51T, (b) SMAP-derived SIT, and (c) SMOS SIT-SMAP-derived
SIT during December 2017,

Figure 6 shows the scatterplots between the SMAP-derived 5IR and SMO5-derived 5IR during
December 2017, This result shows the CC = 0.496, bias = (L03 cm, and RMSE = (.225 cm for all the data
pixels between two SIRs during the month of December of years 2015 to 2018. Notably, the CC of 5IRs
15 higher than those of 5ITs between SMAP and SMOS. The CC ranges from 0.441 to (.542, and the
RMSE varies from 0.219 to (1237 cm. The SIR during December 2017 also shows the best statistical
results (CC = 0.542, bias = 0.000 em and EMSE = (.21% em) because of the same conversion mlationship
between SMAP 5IR and SMOS 51T obtained from the data retrieved during December 2017,
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Figure 6. Scatter plots between the SMAF SIR and SMOS-derived SIR during the month of December

of years: {a) 2015, (b) 2016, (c) 2017, and {(d) 2018.

Figure 7 shows the spatial distributions of the SMAP SIR (Figure 7a), SMOS-derived SIR (Figure 7h),
and the difference map between SMAP SIR and SMOS-derived SIR during December 2017, This result
could not be validated because of lack of in situ measurements, The derived SMOS SIR is estimated to
be between (049 and 1.25 cm, which is lower than the SMAT SIR values from 0.01 to 1.81 cm. The SMOS
SIR is higher than SMAT SIR in the Beaufort and Kara Seas, while it is lower than SMAP SIR in the
inner part of the circumpolar region. Thus, our SMOS-derived SIR tends to be relatively lower than
SMAP 5IR as the 5IT increases in the circumpolar regions.
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Figure 7. Spatial distributions of {a} SMAP 5IR, (b) SMO5-derived SIR, and (c) SMAP SIR-SMOS-derived
SIR during December 2017.

5. Summary and Concluding Remarks

The Arctic sea ice is sensitive to climate change and affects Earth's environment and ecosystems.
Nevertheless, the sea ice melting provides an opportunity for commercial human activities. During
the past decades, satellite microwave remote sensing has been used for monitoring and analyzing the
Avctic SIT and SIC. Physically, the sea ice parameters, such as SIC, 51T, and SIR are estimated from
the variation of sea ice surface reflection signals for the different types of sea ice, such as new, young,
and multivear ices. Thus, we assumed the correlation between SIT and SIR derived from L-band
radiometer, due to its high sensitivity to SIT variations and large penetration depth.

We retrieved the SIR and presented a novel method to estimate thin SIT and SIR using a conversion
relationship between them, using the data of SMAP-retrieved SIR and SMOS-provided thin SIT.
Furthermore, this study provided the SMAP thin SIT and SMOS SIR, non-existent data, using the
conversion relationship between SMOS thin SIT data and SMAP-derived SIR.

The validation of our results in the Arctic sea ice during winter showed high accuracy (bias
= —2.268 cm, RMSE = 15.919 cm, and CC = (,414) between the SMOS-provided thin SIT and the
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SMAP-derived SIT, and good agreement (bias = (.03 cm, RMSE = 0.228 cm, and CC = 0.496) between
the SMOS-estimated SIR and the SMAP-retrieved SIR. Consequently, our study contributes with a novel
insight into the SIR and SIT retrievals in the Arctic marginal seas during winter, and the Arctic climate
change from sea ice variations that are highly correlated with abnormal summer storm activity [17]
and cyclone behavior [16,57]. This correlation can be attributed to sea ice variations, especially n
their marginal zones, having a high impact on the heat fluxes, atmospheric circulation, and cyclones
through strong interaction between the ice-ocean surfaces and atmosphere.
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