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ABSTRACT: Due to global warming, sea ice extent in the prdgions, especially in the Arctic, has been dracadyi
reducing for the last decades. The importance diitming the global sea ice extent is increasingiefite passive
microwave radiometers have been observing the béalsaice distribution since the late 1970s. Tlaeic® concentration
derived from those passive microwave radiometaisiding AMSR2 on the GCOM-W satellite allows usnonitor the
detailed sea ice extent of the whole globe eveyy bhathis study, firstly. the authors have invgated the accuracy of
sea ice concentration (IC) estimated from AMSR2 dgtcomparing it with MODIS data simultaneouslgetved from
the Aqua satellite. Secondly, the authors have @vetpthe sea ice extent images extracted from i€ dkxived from a
time series of satellite passive microwave radi@mebservations. The dramatic reduction of seaxtent in the Arctic
was confirmed by composing the minimum and maxinaga ice extent images every two years from 20030g1.
Moreover, the result clarified the regional diffiece in the sea ice extent reduction. Especiallyséagice extent reduction
along the coast of Russia in the summertime wagaby

1. INTRODUCTION

Global warming is one of the most serious oty we are facing in the 2Century. The sixth Assessment Report of
IPCC (2021) says that human influence is very yikBe main driver of the decrease in the Arctic Beaarea between
1979-1988 and 2010-2019 (decreases of about 4Béptember and about 10% in March). These data anelym
derived from the time series of the passive micrevadiometer observations from space startin@#8by SMMR on
the Nimbus-7 satellite (NASA, 2023). Sea ice conicdion is the most typical sea ice parameter whan be calculated
from brightness temperatures observed by the mevewadiometers. Sea ice concentration can beedefis the
percentage of ice within the unit size of the smaarea, usually one-pixel size of the brightnessperature data. By
multiplying the sea ice concentration of a pixethaa footprint size of a pixel (for example 25kn2%km), one can get
the sea ice area within a pixel. Then, by summiegsta ice area of each pixel, one can calculatethlesea ice area of
the target area. There are a number of sea ice mwatien algorithms including the NASA Team AlgorithHCavarieli
et al., 1984), Bootstrap Algorithm (Comiso, 1995)d ASI Algorithm (2008). It is known that the $e@ concentrations
(IC) calculated by the different algorithms are itm but not the same (Comiso et al., 1997, Alekseet al., 2019).
Usually, in order to reduce the difference betwienIC algorithms, the sea ice extent is calculagedumming all the
pixels whose IC is more than 15% (NSIDC, 2008 guié 1 shows the trend of sea ice extent of théicAderived from
the time series of passive microwave radiometer
observation from space (NPIR, 2023). The reducti
trend of the sea ice in the Arctic is clear.

As for AMSR2 onboard GCOM-W satellite, th
AMSR Bootstrap Algorithm (Comiso et al., 2009, 3p1
is used as the standard algorithm for calculatesyise
concentration from ASMR2 data. Under the contre
with JAXA, the authors are evaluating the perforoen
of the algorithm. In this study, first, the authdrave
evaluated the AMSR2 sea ice concentration accuracy
comparing it with MODIS data under -cloudles
conditions. And also, evaluated the effect of rijecthe
ice concentration area of less than 15% and 10%&an e e | s e e S e U e
ice extent extraction. Secondly, the authors he & dim S meE g R’ g
compared the sea ice extent data derived from a t
series of satellite pass“/e microwave radiomete Flgure 1. Interannual Varlablllty of the Arctic dea extent
namely AMSR, AMSR-E, AMSR2, and SSM/I. Variou (197€-2023, data source: NASA, JAXA, NPI
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studies on the trend analysis of sea ice extenban@ derived from passive
microwave radiometer observations have been peédrim the past including
Parkinson et al., 1989, Comiso et al., 2008, Cariadit al., 2012, and Wang e
al., 2020. In this study, the dramatic sea ice r@xteduction in the Arctic was
confirmed by overlaying the minimum and maximum gemextent images of
every year from 2003 to 2021 for 19 years. Moreptee result clarified the
regional difference in the sea ice extent redudtiame Arctic.

2. LOCATION MAP

As for the evaluation of the sea ice concerdraticcuracy of AMSR2, the Sei
of Okhotsk was selecte&ince theSea of Okhotsk is the southernmost sea
zone in the Northern Hemisphere, the sun radiasiomore intense than the othe
sea ice zones of the Northern Hemisphere. Thusehés suitable for evaluating
the sea ice concentration accuracy using opticed®eMODIS dataThe sea ice
extent trend analysis was performed for the Ardigure 2 shows the locatior
map of the analyzed areas. Figure 2. Location map

3. ANALYZED DATA

The AMSR2 sea ice concentration data were analyze Tablel. Specificationsof MODIS (NASA, 2015

this study (JAXA, 2012). The sea ice concentratiata is one

of the AMSR2 standard products produced by JAXAgsi Band Wavelength IFOv Swath
AMSR-E/AMSR2 Bootstrap Algorithm. One pixel sizetbé 1 0.620-0.67Qim

data corresponds to 25km. In order to verify tha &= 250 m | 2330 km
concentration calculated from ASMR2 data, opticahsor 2 0.841-0.876um

MODIS bandl and band2 data were used as refereraigle.
1 shows the specifications of MODIS Band 1 and Band
Under the cloud-free condition, detailed distribatiof sea ice can be observed from MODIS imagewxeShoth Aqua
and GCOM-W satellites are in the same orbit underftamework of NASA's A-Train (NASA, 2012), therstellation
of satellites, MODIS onboard Aqua observed the sam@ four minutes after the observation of AMSRBaard
GCOM-W. Therefore, MODIS data is one of the moftafve validation data for AMSR2 data. In ordentdize the
highest spatial resolution of MODIS, we used ondnB 1 and 2 which have 250m resolution. Time sefiddMSR-E
and AMSR2 sea ice concentration data derived by RNEFAMSR2 Bootstrap Algorithm were used for the iseaextent
trend analysis. In order to cover the data los?0d2, SSM/I sea ice concentration data derived dgt®rap Algorithm
were also used only for 2012 (NSIDC, 2010).

4. METHODOLOGY

4.1 Validation of sea ice concentration and sea ice extent of AM SR2

The authors have been evaluating |
estimated from AMSR2 data using th
data of the optical sensor MODI¢
onboard the Aqua satellite. Since tt
spatial resolution of MODIS bands :
and 2 (IFOV=250m) is much highe |
than the spatial resolution of IC data ¢ J l I
AMSR2 (IFOV=25km), detailed sea ic¢ g —
distribution can be observed witt
MODIS under cloud-free conditions
The procedures of the validation ar

AMSR2 IC image (IFOV : 25km)

Comparison §

l

described in Figure 3. Firstly, MODIS ﬁgg;i%iggigls
Band 1 data were binarized t
)

discriminate sea ice from open wate
and sea ice concentration (th
percentage of sea ice in the water)
each pixel size of AMSR2 was
calculated using the binarized MODI¢
data. In this study, the authors have

A
mage ( 50m) MODIS IC image (IFOV : 25km)
Figure 3. Procedure of validating AMSR2 sea icecenitration using

MODIS data.
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evaluated how the relationship between IC calcdlétem MODIS and AMSR2 changes with the threshedel of
MODIS data in the Sea of Okhotsk. Then the AMSR& ise concentration of each pixel was compared thighIC
calculated from MODIS data. Also, sea ice extergges of rejection levels 15% and 10% were prodaceldcompared
with the MODIS image of the same test site obseprethe same day.

4.2 Sea ice extent trend analysis of the Northern Hemisphere

In order to evaluate the sea ice extent redustamiability of the Northern Hemisphere, the maximand minimum
sea ice extent images every two years from 20@824, a total of 10 images for both, were extractte 10 maximum
extent images were integrated into one image twghe frequency of sea ice existence in the Nontl&amisphere at
the time of maximum sea ice extent during the pkriche 10 minimum extent images were also integratedone
image in the same manner. The procedure of the itnéggration is shown in Figure 4. In this casegéhtimes, namely
Year N, N+2, and N+4, images were integrated. Eigl{d) shows the overlay of the sea ice extent @vad the three
years. Black: no sea ice existed in the three imadpgrk gray: sea ice existed only once in thesthreages, middle gray:
sea ice existed twice in the three years, whita:ise existed in all three years. Finally, the reocy difference of sea
ice existence was assigned in 10 different colershewn in Figure 4(e). Originally, the authorststéto integrate 20
images of 20 years. However, the composite imadle 20 different colors was too busy to see the irtetthporal
changes of sea ice extent. As a result, the mutlerided to composite a total of 10 images frO@B82o 2021 at one-
year intervals.

seaice sea ice
sea ice

(@)Year N (b)Year N+2 (c) Year N+4 (d) Three yearsrtewe (e) Three years overlay
in gray level inleo
Figure 4. Theconcept oicomposing multiyear sea ice extent ima

5.RESULTS
5.1 Validation of sea ice concentration and sea ice extent of AM SR2

The authors have been validating the accuradyM$R2 IC data by comparing it with MODIS IC forames (Cho et
al. 2019, 2020). Figures 5 (a) and (b) show agf@i#ODIS band 1 and AMSR2 IC images of a part ef 8ea of Okhotsk
observed on March 29, 2023. Figure 6 shows theespadts of AMSR2 IC versus MODIS IC. The RMSE wa8%.
The authors have validated AMSR2 IC for a total wéro20 scenes. In most cases, the RMSE of AMSRgiinat
MODIS IC was less than 10%. This result stronglygasts the reliability of AMSR2 IC for calculatisga ice extent.
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Figure 5. Comparison of MODIS image and AMS Figure 6. Scatterplots of MODIS IC versus AMSR2 IC
IC image (Sea of Okhotsk, Mar. 29, 2C (Sea of Okhotsk, Mar. 29, 2023)
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Figure 7 shows the sea ice extent images produoed AMSR?2 ice concentration data. The sea ice éxteRigure
7(a) was produced by extracting the area wherdfM8R2 IC was more than 15%, and the sea ice exfdrgure 7(b)
was produced by extracting the area where the AMER®@as more than 15%. MODIS image of the same mrea
overlayed as references. It is clear that the s2@xtent image of IC > 10% covers more sea icasdten the sea ice
extent image of IC > 15%. However, in this study awuthors used sea ice extent images of IC > b5fdllow the
traditional sea ice extent definition of NSIDC.

(a) IC >15% (b) IC>10%
Figure 7. AMSRE sea ice extent image comparison MifIDIS image overlay (Sea of Okhotsk, Mar. 29, 2023

5.2 Seaice extent trend analysis of the Northern Hemisphere

Figure 8 shows the time series of maximum seaxtent images of AMSR & AMSR?2 starting from 200221 for
every two years, and Figure 9 shows the multiyesgufency image of those. Figure 10 shows the teriesof minimum
sea ice extent images of AMSR & AMSR?2 starting fra603 to 2021 for every two years, and Figure ldwshthe
frequency overlay image of those.
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Figure 8. Time series of maximum sea ice extent  Figure 9. Frequency image of maximum sea ice extent
from 2003 to 2021 derived from from 2003 to 2021 derived from AMSR, AMSR2 and
AMSR, AMSR2 and SMM/I dat SMM/I data
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Figure 10. Time series of minimum sea ice extent  Figure 11. Frequency image of minimum sea ice éxten
from 2003 to 2021 derived from from 2003 to 2021 deriezm
AMSR, AMSR2 and SMM/I dat AMSR, AMSR2 and SMM/I dat

Each color of Figures 8 and 10 corresponds to aiodirequency of the sea ice that existed at tbattpvithin the 10
maximum and minimum sea ice extent images of etveoyyears starting from 2003 to 20221. Red meaasttte sea
ice existed only one time at that point within tha images. White means that the sea ice alwagseéexat that point
within the ten images. From Figure 8 we can undacsthat the multitemporal reduction of the maximaea ice extent
in winter is quite serious in the low latitude $e@ zones namely the Sea of Okhotsk, Bering SesnBaSea, and the
Gulf of St. Lawrence. However, the minimum sea k&gt of the high latitude zones including the Arédcean are
quite stable at the time of maximum sea ice extenwinter. If we see Figure 10, it is clear that thultitemporal reduction
of the minimum sea ice extent in summer on the Rossde of the Arctic Ocean is quite serious. ndther hand, the
minimum sea ice extent of the Canadian Archipetag8reenland is quite stable.

6. CONCLUSION

In this study, firstly. the authors have invgated the accuracy of IC estimated from AMSR2 bgteomparing it with
MODIS data simultaneously observed from the Aquellite. The RMSE of AMSR2 IC was 5.8% for the tast svhich
fulfilled the target accuracy of AMSR2 standarddurct. Since sea ice extent is calculated from a,dhe accuracy of
IC is essential. Secondly, the authors have condghresea ice extent images extracted from ICdkised from a time
series of satellite passive microwave radiometseplations. By composing the minimum and maximuanice extent
images every two years from 2003 to 2021, the diiameduction of sea ice extent in the Arctic wasfirmed. Moreover,
the result clarified the regional difference in #ea ice extent reduction. Especially, the seaxtenereduction along
the coast of Russia in the summertime was obvious.
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