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ABSTRACT:

The latest IPCC report clearly stated that the human influence is the main reason of sea ice reduction in the Arctic. Importance of sea
ice monitoring from space is increasing. In addition, the heat flux of ice in thin ice areas is strongly affected by the ice thickness
difference. Therefore, ice thickness is one of the important parameters of sea ice. The authors have been studying on extracting thin
ice areas using optical sensor such as MODIS for years. In this paper, the authors summarized the procedure of our study starting from
comparing in-situ measurement of ice thickness with high resolution optical sensor RSI data, and finally developing the thin ice area
extraction algorithm using MODIS. Estimating ice thickness from optical sensor data is not easy. However, through our study, the
authors have verified the possibility of extracting thin ice areas using optical sensor data observed from satellites. In this study, the
authors define “thin ice areas” as ice which thickness is less than about 30cm with reflectance much lower than thick ice. The basic
idea of the algorithm is to use the scatterplots of MODIS band 1 & 2 reflectance and extract thin ice areas using the distribution
difference of thin ice against water, thick ice, clouds. Not all but most of the thin ice areas could be extracted using the algorithm.

1. INTRODUCTION 4 This work
— Grenfell (1979)
The sixth Assessment Report of IPCC (2021) says that hume 05 4 weller (1972)
influence is very likely the main driver of the decrease in the 4 perovich and Grenfell (1981) [-10°C]
Arctic Sea ice area between 1979-1988 and 2010-201 o perovich (1990)
(decreases of about 40% in September and about 10% in Marcl 0.4

The importance of sea ice monitoring from space is increasing
Under the cloud free condition, optical sensors onboard satellite
allow us to monitor the detailed condition and distribution of se¢
ice with wide view. In monitoring sea ice, ice thickness is one o
the important parameters. Various studies on estimating ic
thickness with optical sensors onboard satellites have bee
performed in the past including Allison (1993), Perovich et al. 02
(1982), Grenfell (1983), Makynen (2017). Basically, the
reflectance of ice increases as the ice thickness increase
However, since the reflectance of sea ice is likely to be affecte 01
by the freezing condition and snow cover, the relationshif
between ice thickness and its reflectance (albedo) varies betwe

different observations (See Figure 1). Also, the reflectance of ic 0.0

would be saturated at certain thickness and snow cover. The "0 2 4 6 8 10
results suggest the difficulty of estimating sea ice thickness fror
optical sensor observation from space. However, since th
reflectance of thin ice is much lower than that of thick ice, theFigure 1. Relationship between ice thickness and albedo.
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extraction of thin ice area from optical sensor data should be (Allison, 1993)
possible. Since the heat flux of ice is strongly affected by the ice
thickness (Maykut, 1978), extracting thin ice area is quite 2. 2.TEST SITE

important. Thus, author has been studying the possibility of

extracting thin ice areas using optical sensor such as MODIS drhe authors have selected the Sea of Okhotsk as the test sites in
Terra and Aqua satellites. this study. As for the in-situ measurement, Monbetsu Bay and
In this paper, the authors summarize the procedure of our stuaroma Lake located along the coast of Hokkaido, Japan were
starting from comparing in-situ measurement of ice thicknesselected as test sites. Figure 2 show the map of the test sites. The
with high resolution optical sensor RSI data, and finallySea of Okhotsk is located at the north side of Hokkaido, Japan,
developing the thin ice area extraction algorithm using MODISsurrounded by the Island of Sakhalin and eastern Siberian coast
The definition of “thin ice areas” in this study is the ice areaKamchatka Peninsula and Kuril Islands. The sea is one of the
which thickness is less than about 30cm which reflectance imost southern seasonal sea ice zones in the northern hemisphere,
lower than thick ice. and many thin ice areas can be found in the sea.
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. reflectance. It is clear that if the measurement is performed at a

;":_':g-i... o et thin ice (which thicknesses were less than 15cm) area where the
e | sea ice froze in same condition with less snow cover, ice

thickness and reflectance show a proportional relationship.

(O g
L] onbetsu - SO
wo M However, since the reflectance of sea ice is likely to be affected

{ W+Ba“y'---- 5 by the freezing condition and snow cover, the relationship
st o between ice thickness and reflectance starts to scatter with the
b ”_‘3 = i enlargement of observation areas. Figure 6 shows such an
Sea of oo i example which measurements were performed in wider sea ice
Okhotsk i areas. These results suggested the possibility and limitation of

identifying ice thickness differences from ice reflectance. Also,
we have to recognize that the reflectance of satellite data is the
averaged reflectance of various types of ice and water in one pixel
size.

Saroma

lake

PEITN 2 -

e J,'ﬁ_. -5 YRR
Figure 2. Map of the test sites.
3.ANALYZED DATA - : \¥ 'y

The optical sensor data from RSI onboard FOROMSAT_Z(a)Reerctgnce measurement (b)Ice thickness measurement
satellite, OLI onboard Landsat-8 satellite and MODIS onboard Figure 3. In-situ measurement from a vessel.
Aqua satellite were used in this study. Table 1 show the
specifications of the three sensors. In order to utilize the highe:
spatial resolution of MODIS, only Band 1 and 2 which have™
250m resolution were used for the analysis. However, 250n~
spatial resolution is still too low for comparing with the in-situ
measurement. So, RSI data with the spatial resolution of 8m we
used for comparing the radiance measured from space with t
in-situ measurement data of ice thickness. In order the evalua
the thin ice areas extracted from MODIS data, the optical sensc
OLI images of Landsat-8 were used as references. The specti
bands similar to MODIS band 1 and 2 were selected from RS

and OLI bands respectively. 5.5
Table 1. Specifications of optical sensors ‘{
Sensor | Band Wavelength IFOV Swath = :
RS 3 0.63- 0.6%um 8m 24km > 6
4 0.76- 0.9Qum Figure 4. Sample points of ice reflectance and ice thickness
4 0.64- 0.681m
oLl & 30m 185km measurement. (Monbetsu Bay, February 22, 2007).
5 0.85 - 0.88m
1 0.6z-0.67um as
MODIS > 0.82-0.68um 250m | 2330km
K. Cho{Monbetsu Bay, Hokkaido, Japan, Feb.22. 2007)

MODIS(2010), RSI(2011), OLI(2014) 04 *
y= 0.2362x - 00759 &
4. METHODOLOGY R® = 09131

4.1 Comparison of Ice Thickness and Reflectance based on
In-situ M easurement

[=}
5}
*

Reflectance
8
*
\

In-situ measurement of ice reflectance and thickness wel
performed at Monbetsu Bay and Saroma Lake of Hokkaidc

Japan. The ASD FieldSpec HandHeld spectrometer (2006) wi o1 / ¥
*
*

used for measuring the ice reflectance. The ice thicknes
measurement was performed by using a drill and a measure.
small vessel was used for the measurement. Figure 3 show t ao

snap shots of the measurement. Figure 4 show the sample poi G tek Biek @n N We OF W N0 el den e

of ice reflectance and ice thickness measurement plotted on Ice thickness (cm)

aerial photo of a part of Monbetsu bay taken on February 2Zigure 5. Relationship between ice thickness and reflectance
2007. Figure 5 shows the relationship between ice thickness and (Monbetsu Bay, February 22, 2007)
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Monbetsu Bay, February 21, 2006 4.3 Comparison of RSI Radiance and M ODI S Radiance

y=°§‘ff;6;;’5°‘9‘ In the next step, the RSI radiance and MODIS radiance observed

/ on the same day over the Saroma Lake were compared. The RSI

and MODIS images analysed in this study are shown on the
Figure 9. Saroma Lake is a brackish lake connected to the Sea of
Okhotsk by the two mouths. In the images of Figure 9, open water
area can be seen near the one of the mouths, and dark purple area
P in the center of the lake. In these RGB composite images, red
e band (RSI band 3 and MODIS band 1) is assigned to R and B,
g Wavelength: 650nm and near IR band (RSl band 4 and MODIS band 2) is assigned to
~ G. In thin ice areas, the reflectance of both bands become low.
Moreover, the surface of thin ice is likely to be wet. As a result,
0 5 0 5 20 25 reflectance of near IR band becomes much lower than that of red
. band and appears in dark purple in these color composite images.
] e t.hlckness (cn.l) ) The radiance of RSl and MODIS of the box area in Figure 9 were
6. Relationship between ice thickness and reflectanc@ompared. Figure 10 shows the scatter plots of RSI radiance
(Monbetsu Bay, February 21, 2006) versus MODIS radiance for visible and near IR bands. Due to the
scheduling constraint, the authors could not measure the ice

4.2 Comparison of Ice Thickness and RSI Radiance thickness of the area on this day. However, by comparing Figure

8 and 10, it may be fair to say that thin ice areas with less than

In order to evaluate the possibility of estimating thin ice thicknesground 30cm could be identified as dark purple areas in the

with optical sensors on board satellites, direct measurements RfopIS images.
ice thickness were performed in Saroma Lake and Monbetsu Bay

in February 2011 and 2012 (Cho et. Al., 2011, 2012). Figure 7

show sample points plotted on the RSI images. Figure 8 show the .8
relationship between the ice thickness and the radiance derivec[
from RSI band 3 and 4 data measured at the points shown in
Figure 7. Since thin ice areas are likely to be wet, the radiance of{!
band 3 (visible) were rather higher than band 4 (near IR). pw
However, basically, the proportional relationship was observed %
between the ice thickness and the radiance acquired by RSI forkr_
the thin ice area around the mouth of the lake when the ice,
thicknesses were less than 20cm. This result suggests the
possibility of estimating ice thickness of thin ice with high

cloud free condition. Since the data were taken in two different
places with one year interval, the result also suggested the
stability and reliability of RSI data. As for the ice thicker than

20cm, our previous study (Cho et. al., 2011) suggested the
difficulty of estimating ice thickness from reflectance mainly due |
to the snow cover on the ice.

(b) MODIS image

- ?
i o Figure 9. Comparison of RAI image with MODIS image
(&) Monbetsu Bay (b) Saroma Lake (Saroma Lake, February 19, 2011)
(Feb. 26, 2011) (Feb. 25, 2012)
Figure 7. Measured points plotted on RSI images
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Figure8. Relationship between ice thickness &gl radiance. (Saroma Lake, February 19, 2011)
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4.4 Thin Ice Area Extraction Algorithm In this algorithm, the key points are parameter setting of equation
(2). Originally the authors were using 5<B1<55 for extracting
The authors have been developing the thin ice area extractidhin ice areas. However, after evaluating many MODIS images,
algorithm using MODIS data for the past several years (Hayasfti has become clear that some of the thin ice areas were rejected
et al., 2017). After some modification, the following is the as open water. Finally, the lower limit threshold was changed
concept of the latest algorithm. Figure 11 shows a colofrom 5 to 2. In same manner, the upper limit threshold was
composite image of MODIS assigning blue & red to bandchanged from 55 to 35 to reject brighter ice areas. Setting upper
1(visible) and green to band 2(near IR). In order to investigatimit threshold of thin ice to 35% is quite reasonable considering
the possibility of extracting thin ice area using MODIS data, thehe ice reflectance measurements (See Figure 5 and 6). Also,
authors have selected the test areas for thin ice, open water, closihce the MODIS data is the average reflectance of 250m x 250m
and big ice floe from the MODIS image of the Sea of Okhotslarea, the reflectance of ice area may become lower in MODIS
observed on February 26, 2021 as shown on Figure 11. Figure #iata than the reflectance of pure ice.
show the scatter plot of the four test areas of big icesf)o#gin On the other hand, the dark areas in the MODIS image of Figure
ice(A), cloud@®), and open wates| plotted on the Band1 VS 13 look like open water. It is difficult to evaluate if they are open
Band2 diagram. The gray do#3( correspond to the whole Wwater or dark thin ice by only looking at the MODIS image. Also,
distribution of the data in the Sea of Okhotsk. Considering théhe light purple areas look like thin ice areas. So, authors have
distribution of each item in Figure 12, the authors have deriveglecided to collect MODIS and Landsat OLI images observed on

the following two equations to extract the thin ice areas. the same day and use OLI images for validation. The authors

have applied this algorithm to several scenes of MODIS and
B2<0.60xB1+3 (1) compared them with Landsat OLI images observed on the same
2<B1<35 ) day in the Sea of Okhotsk.

Where B1: Reflectance of MODIS Band 1
B2: Reflectance of MODIS Band 2

By using the equation (1) and (2), the pixels which are plotted i
the red meshed area in Figure 12 will be classified to thin ice areg
in this algorithm. Figure 13(b) show the thin ice area extracte( &g
result overlaid on the MODIS image. It is clear that Most of thef&&& =
dark purple areas shown on the MODIS image are well extracte¢ @

(c) Ice floe

(a) Thin ice (dark)

(d) Cloud

(b) Thin ice (light)

(e) Open water

Figure 11. Extraction of test area from the MODIS image.
(Sea of Okhotsk, February 26, 2021)
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Figure 12. Concept of thin ice area extraction using the scatte
plot of MODIS Band 1 vs Band 2.
(Sea of Okhotsk, February 23, 2014)
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(b Extracted thin ice areas overlaid E)rr1 the MODIS |mage.
Figure 13. Thin ice area extracted result.

This contribution has been peer-reviewed. The double-blind peer-review was conducted on the basis of the full paper.
https://doi.org/10.5194/isprs-annals-V-3-2022-319-2022 | © Author(s) 2022. CC BY 4.0 License. 322



5.EVALUATION OF EXTRACTED RESULT

ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume V-3-2022
XXIV ISPRS Congress (2022 edition), 6-11 June 2022, Nice, France

Most of the thin ice area appearing in dark purple in the OLI
image were well extracted with this algorithm. At the same time,

Total of three cloud free OLI images including thin ice areas weréhe open water along the coast of Russia and bright ice area in the
selected in the Sea of Okhotsk as shown on Figure 14 for theenter of the OLI image are well rejected from thin ice areas. On
algorithm validation. The MODIS images of the same areashe other hand, some of the areas which look like open water
observed on the same days were processed and thin ice aralmg the coast of Russia were extracted as thin ice areas. This
were extracted. In this section, the MODIS color composite isuggests the importance of tuning the threshold of equation for
Band1l: blue & red, Band 2: green, and the OLI color compositepen water rejection.

is Band 4: blue & red, Band 5:green. The thin ice areas extracted

from MODIS are overlaid on each MODIS image.

(a) Site-A

Figure 15(a) shows the extracted thin ice areas overlaid on t

Figure 15(b) shows the OLI of the same area observed on tf

same day.

Figure 15. Comparison of MODIS and OLI images of Site-A.
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Figure 14. Test sites of the validation.

Open wate

(b) OLI image of the same area

(February 16, 2021, Sea of Okhotsk)

(b) Site-B

Figure 16(a) shows the extracted thin ice areas overlaid on the
MODIS image of Site-B observed on March 7, 2021, and Figure
16(b) shows the OLI of the same area observed on the same day.
Most of the thin ice areas appearing in dark purple in center of
the OLI image were well extracted with this algorithm. At the
same time, the open water along the coast of Russia and bright
ice area in the right-hand side of the OLI image were well
rejected from thin ice areas. However, the tuning of the threshold
of equation (2) for rejecting thicker ice based on the in-situ
measurement is necessary for improving the algorithm.

Figure 16. Comparison of MODIS and OLI images of Site-B.
(March 7, 2021, Sea of Okhotsk)
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(c) SiteC However, most of them were recognized as thin ice areas in the
Figure 17(a) shows the extracted thin ice areas overlaid on tl@L| images.

MODIS image of Site-A observed on February 16, 2021, andhe key point of this algorithm is the parameter setting of
Figure 17(b) shows the OLI of the same area observed on tlguation (2). Talking about the lower limit threshold, 3 is
same day. Most of the thin ice areas in the upper part of Gulf séasonable in most cases. However, sometimes 2 or 4 is better.
Patience of the Sakhalin appearing in dark purple in the OLAs for the upper limit threshold, the authors have chosen 35 so
image were well extracted with this algorithm. far. However, the tuning of the upper limit threshold for rejecting
thicker ice based on the in-situ measurement is necessary for
improving the algorithm. The authors are testing the algorithm to
the other seasonal sea ice zone of the northern hemisphere
including the Bering Sea and in the Gulf of Saint Lawrence. The
initial result is quite promising, and the detailed study will be
followed. Our next step is to identify the highest thickness which
can be extracted as thin ice areas with this algorithm.
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