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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

The rapid decline in Arctic sea ice extent and the proportion of multiyear ice has
significantly accelerated global warming and increased the occurrence of extreme
weather events, thereby highlighting the growing importance of accurate analysis
and prediction of sea ice conditions. Sea ice roughness and concentration, which
reflect the physical characteristics of sea ice, are key variables for understanding
Arctic sea ice variability, and the availability of long-term time series data is
essential for such analyses. In this study, deep learning models were employed to
generate a long-term time series of L-band—based sea ice roughness and to
predict sea ice roughness and concentration up to 12 months ahead. The resulting
datasets enhance the physical understanding of Arctic sea ice variability while
overcoming the spatiotemporal limitations of satellite observations, thereby
providing a foundation for long-term climate change studies and extended Arctic

sea ice prediction research.

lll. Contents and Extent of R&D
O Generation of Historical Arctic Sea Ice Roughness

L-band—based sea ice roughness was derived for the period from July 2015 to
June 2022 using SMAP L-band vertically and horizontally polarized brightness
temperatures and CMEMS surface temperature data. A Conditional GAN~based
Data-to-Data (D2D) model was developed to perform domain translation from
DMSP satellite 19.35 GHz polarized brightness temperatures to SMAP-based L-band
sea ice roughness. Using the trained model, virtual L-band sea ice roughness data
were generated for the period from September 1987 to June 2015, resulting in a

long-term time series spanning approximately 38 years.

O 12-Month Prediction of Arctic Sea Ice Roughness

A two-stage prediction framework was established to forecast future sea ice



roughness. In the first stage, separate D2D models were developed to predict
vertically and horizontally polarized DMSP 19.35 GHz brightness temperatures up
to 12 months ahead using the previous 12 months as input. In the second stage,
the predicted brightness temperatures were used as inputs to the L-band
roughness generation model to produce the final 12-month forecast of L-band sea
ice roughness.

(O 12-Month Prediction of Arctic Sea Ice Concentration

Long-term DMSP-based sea ice concentration data from NSIDC were collected,
along with meteorological variables affecting sea ice variability from the ERAS
reanalysis dataset. Variable importance analysis was conducted using four
machine-learning models, including Gradient Boosting Regressor and Light Gradient
Boosting Machine, implemented via the PyCaret library. Sea surface temperature, 2
m air temperature, surface pressure, 10 m wind speed, and evaporation were
identified as key predictors. These variables were integrated with sea ice
concentration data into the D2D model to construct a 12-month prediction system,
and the improvement in prediction performance due to the inclusion of

meteorological variables was quantitatively evaluated.

IV. R&D Results
O Results of Historical Sea Ice Roughness Generation

The virtual L-band sea ice roughness generated by the D2D model showed high
consistency with SMAP observation-based roughness products. Quantitative
evaluation during the test period (July 2021-June 2022) yielded a Pearson
correlation coefficient of 0.9289, a bias of 0.0037 cm, an RMSE of 0.0691 cm, and
an MAE of 0.0443 cm, corresponding to an error of approximately 2-3% relative
to the ~2 cm roughness range. Larger errors were observed during rapid freezing
and melting periods, and limitations were identified in thick winter ice regions.
Nevertheless, the overall spatiotemporal patterns were well reproduced, enabling
the successful reconstruction of historical L-band sea ice roughness from
September 1987 to June 2015.

O Results of 12-Month Sea Ice Roughness Prediction

The first-stage DMSP brightness temperature prediction models maintained high
correlations, with CC values exceeding 0.95 for vertical polarization and 0.96 for
horizontal polarization. Although RMSE values were relatively high (approximately
8 K for vertical and over 10 K for horizontal polarization), the overall spatial
patterns were well preserved. Prediction performance was superior in winter
compared to summer, reflecting the more stable spatial distribution of sea ice
during winter. The final L-band roughness generated in the second stage showed a

high correlation (CC = 0.92) with SMAP-based roughness and similar regional

_6_



distribution patterns. However, an overestimation tendency in thick ice regions was

identified, indicating the need for incorporating physical constraints into the model

O Results of 12-Month Sea Ice Concentration Prediction

By integrating the five selected meteorological variables into the D2D model, the

correlation coefficient improved from 0.6996 to 0.7776 (approximately 11.15 %),
while RMSE decreased from 0.1540 to 0.1359 (approximately 11.75 %),
demonstrating a significant enhancement in prediction performance. The improved
model more clearly reproduced sea ice concentration gradients along the eastern
coast of Greenland and the Beaufort Sea, attributed to the effective incorporation
of coastal meteorological variability. Time-series analysis revealed some
overestimation during the summer melt season, whereas the increasing trend
during the refreezing period from October to December was accurately captured.
Overall, the seasonal cycle was well reproduced, confirming the stability of
long-term predictions.

V. Application Plans of R&D Results

The L-band—based sea ice roughness and concentration generation and prediction
techniques developed in this study can be extended to further research aimed at
improving the accuracy of Arctic sea ice analysis and forecasting. Future work will
focus on addressing winter season limitations in thick ice regions by accounting
for snow cover effects and on enhancing prediction accuracy during seasonal
transition periods through the integration of time-series—oriented deep learning
architectures and ensemble prediction techniques.
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AAg o] EAS HEIT(Han et al, 2022). D2D Rde] 7|E Fxo == C
GANZS AAdztel A= A9 s AAA 5s &3 A5s 1=3srh
A= 215 48 25 Mg oRE 53 AR yo FEXE FEstd 9 Gl)s
AASHA =, dEzE A" )9 yol BlaE Fd Rea/Fake oF&

A

A sto] AS 3F skip
connections Fd U4 dHolHe =4 AR HgFH HEHE FHHoR
Aagty, ddA= olvAle] HAAQ FHE ©d AT giFom iton,
7 o2 Patch-GAN 725 ARS8kl AlFAQl g1 HHe] Agrs Folks

A A} (Isola et al., 2017).

D2D Rde o]e]d Pix2PixeE 7|¥lo =z 3y, wd 9" zzo Axy 2@
FAg HAol FEAY. AAY A= nd
Min-Max B3-S 53 0914 1 Atole] M= Wi}

X—X .
Xnorm = - (9)
/ Xmax - Xmin

b fd AR B AREAL

o] 2

FEEE sy Ageld WAL £ Qe
g

XC)

Job Ry

st sty 8 sl gES> -1 A
A A 5F 3H(Demormalization) 78S
HEAR #e =g D2Deo &
L.ouv(GD)2 L1 &2, (@)E
1) E o,

o

)%

3 5
< o5 2& Ag4 &4 (adversarial loss,
|

g9 %4 WrE Adsas aHom

L.c,sv(GD)=E, llogD(zy)]+E,  [log(l— Dz, G(z,2)))] (10)

_’|8_



L, (G)=E,,.lly—Gx2)l] (1D

G = arg™MEX L (G.D) + ALy, (G) (12)

2. AR
7F. SMAP 914 917] &% A=

L-band 7|9t AZA7E 2F&E38H7] 918 Soil Moisture Active Passive(SMAP)
949 58 AXZFE AAE Enhanced Level 3 Radiometer Global Daily 9km
EASE-Grid Soil Moisture A& (SPL3SMP_E, Version 4)& A}&3t3th. SMAP
AE =594 &S B3 2= Aol dis] =2 AR NEE AlEeH,
°F 1000 kme #=5 Foz A AFE 2-3¢ oldldl AT & ok gHAE
EAMA = 1.41GHze] L-band WSl A <F 40°9] Azt o =2 A& #5351, Radi
o Frequency Interference &8 s}tz st AA7F 485 o]
SPL3SMP_E #}5+ SMAP Level-1C #H7]|=2% #=53S 7|wto =2 A€ Level-
2 AR AEES A 992 34 Level-3 A5 E, 9 kme| &7t
E 7RIt 2 dAFdA = AFEE AR 1 ShE R
AR ARE 2% kmz mEgen], 20159 78 195E 20

m
FHE FH 9 5 AY W) RES Agsdt,

T -=

\]
\]
r In
(@)
(5
w
o
e
x
2L

HE 97 29 A A-7] Abzel 283 = gE 4 fdg W
L= Asoy. olE s B o
Monitoring Service(CMEMS)oll A4 A
sttt AR E 59 5804 &
4 20 cmell A e 2R A RS 4 9
AgE A Ak dd ARE A=l 0.05° AAte] ¥ AR AlE

H

= 34

=2
o

&

o] = Copernicus Marine Environment
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th. DMSP 91744 Alg]l= 1935 GHz 7] &% A=

D2D EEs &8s #A sy A7 M-S 93] Defense Meteorological Satelli
te Program(DMSP) $14 Algl=el gAad =53 ﬂ}ﬂﬂiﬁ‘r A A el Special Sens
or Microwave/Imager(SSM/I)¢} SSMIS¢] A5 & &-83F%th DMSP 9142 ¢F 1,
700 kmell @l W ¥ FH3 EFAE —‘%%—% Zidto g2 A A 3tE 1-2¢
ool AWM 4= dom v DMSP F-Alg]|= SAHES T oF 40 AF
A e F7] #AF ARE AT F AA EF 1935 GHz, 22.235 GHz, 37
GHz thefell A oF 53°9] it o g AR5 #5skal Ut

2 Ao A= SSM/I9F SSMISe AIMES DMSP F-13 914 7lso 2 uxk
HASI] A F3ski= AlF < Calibrated Enhanced-Resolution Passive Microwave Da
ily EASE-Grid 2.0 Brightness Temperature ESDR A& (NSIDC-0630, Version 2)
& AMESAT B T oY T SMAP9 141 GHz Fdojde= 714
<43 1935 GHzel =4 3 9 313 W 2= R8s d4P%on, 19874 9¢
1978 2022 69 30¢7bA4 Fyskddnh ld Am= 25 kme] &3 =
dd Azt A EE 7HETH

g AE g5 A=

UM dEdE 94 AERES e AEE T w3 Jtestth
- SMAP 4}7] £ %: https://nsidc.org/data/spl3smp_e/versions/4
- CMEMS #W %! https://doi.org/10.48670/moi-00123
- DMSP ¥%7] %! https://nsidc.org/data/nsidc-0630/versions/2

3. AT &

B oATE 4 del AR BT AW AR/ P ABHS BAS) A% A9
AFEA, F7Ie) B Y AW ARE FHFE A BHoR Sk
AR QA FEH L-band 71wl Y AAs1E SMAP 914 & 71791 201
5449 olFRE J18E AUz, oF ol&d ¥ /el 10d oz

CEIESEET RIS
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Reconstructing Pre-SMAP Archives of Polarized
Brightness Temperatures in Arctic Sea Ice
Leveraging ResNet-Based Conditional GANs

Suna Jo*, Hyun-Cheol Kim"', Member, IEEE, and Sungwook Hong

Abstract—This study presents a deep-learning (D25) model to
generate historical vertically polarized (TBv) and horizontally
polarized (TBh) brightness temperatures (TBs) at the soil mois-
ture active-passive (SMAP) 1.4 GHz channels using TBv and TBs
polarization difference from the Defense Meteorological Satellite
Program (DMSP) satellite series” 19.35 GHz channels. The
proposed D2S model employed the ResNet¥-based generator and
PatchGAN-based discriminator, with a compositve loss function
synergizing mean squared error (mse) and L1 losses, similar to
the Pix2Pix architecture. Training, validation, and testing were
conducted using paired datasets of polarized TBs from SMAP
(1.41 GHz) and DMSP (19.35 GHz) collected between July 2015
and June 2022, followed by application to historical data spanning
from September 1987 to June 2015, The D2S model demonstrated
robust performance in generating hoth SMAP TBv and TBh,
achieving test set average correlation coefficients (CCs) of 0.994
and 0.992, biases of (L150 and -0.259 K, root-mean-square
errors (RMSEs) of 6.463 and 9.011 K, and mean absolute errors
(MAFEs) of 3.883 and 5518 K, respectively, Furthermore, this
study showed reasonable agreement between the D2S-generated
SMAP TBs and seil moisture and ocean salinity (SMOS) TBs
and provided preliminary results of thin sea ice thickness (SIT)
retrievals, which were further used for evaluating the limitations
of the D28 approach in specific sea ice regions, Consequently,
the D2S model can provide empirically consistent SMAP-like
polarized TB estimates over the Arctic, including periods prior to
the L-band operational era. The D2S framework offers significant
potential to enhance the reconstruction of historical Arctic sea
ice conditions and to support climate change studies by providing
surrogate L-band—equivalent information extending back to 1987.

Index Terms—Brightness temperature (TB), conditional gener-
ative adversarial network (GAN), defense meteorological satellite
program (DMSP), satellite remote sensing, sea ice, soil moisture
active-passive (SMAP).
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I. INTRODUCTION

EA ice plays a pivotal role in global climate processes due
S to its high sensitivity to thermal fluxes and radiative imbal-
ances. Over recent decades, the Arctic region has undergone a
substantial decline in sea ice extent and thickness [1], [2], [3].
[4], [5], leading to far-reaching consequences. This decline
has significantly influenced climate patterns [6], terrestrial
energy budgets [7], large-scale atmospheric circulation, and
global temperature trends [8], [9], [10]. Additionally, Arctic
sea ice varability affects the frequency of Arctic cyclones
[11], summer storm anomalies [12], and both tropospheric
and stratospheric circulation in the region [13], [14]. The
diminishing icc coverage has also created new opportuni-
ties for resource exploration and commercial ventures [15].
while simultaneously posing substantial threats to regional
ecosystems and environmental integrity. These diverse and
widespread impacts underscore the growing need for reliable,
long-term datasets Lo support continuous and comprehensive
monitoring of the Arctic sea ice environment,

Regardless of the importance of monitoring sea ice. in
situ observation methods involving buoys, ships, or airborne
platforms remain spatially and temporally constrained due to
the extreme Arctic environment. In contrast. satellite remote
sensing techniques have facilitated comprehensive and system-
atic measurements of key sea ice parameters, including extent
and thickness. over multiple decades. Various sensors have
contributed to this effort, encompassing passive microwave
radiometers, synthetic aperture radar, radar and laser altime-
ters, and scatterometers. In particular, passive microwave
instruments have proven indispensable. These efTorts began
with the electrically scanning microwave radiometer onboard
National Aeronautics and Space Administration (NASA)'s
Nimbus-5 satellite in 1972 and continued through subse-
quent generations of sensors such as the special sensor
microwavefimager (SSM/I; 1987-2009) and the special sensor
microwave imager/sounder (SSMIS; 2003—present) flown on
Defense Meteorological Satellite Program (DMSP) platforms,
the advanced microwave scanning radiometer for the Earth
Observing System (AMSR-E: 2002-2011) aboard Aqua, and
its successor, the Advanced Microwave Scanning Radiome-
ter 2 (2012-present), launched as part of the Global Change
Observation Mission-Water series. Collectively, these instru-
ments have enabled robust, long-term monitoring and analysis
of sea ice dynamics.

1558-0644 (© 2025 IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence and
similur technologies. Personal use is permitted, but republication/redistribution requires TEEE permission.
See hups:/fwww.ieee.org/publications/rights/index himl for more information.
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