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1. Introduction

Sea-ice is ice arose by freezing open water regardless of its shape on
the ocean. It is an important component of the earth’s climate system
because it affects the surface albedo and the thermal energy release of the
oceans and regulates the exchange of water vapor - CO2 - the gas between
the ocean and the atmosphere (Allison et al., 2014; Seo et al., 2016). The
sea-ice also has extent differently for season; about 7.8 x 106 km? in
September with a minimum area of sea-ice, about 20.0 X 106 km? in
March with a maximum area based on the northern hemisphere (Parkinson
et al., 1987). And in the case of sea-ice, it is distributed to widespread area
on the earth, so it is difficult to approach human and there is variation with
time such as variability depending on the season. Due to the characteristics
of this sea-ice, from the 1960s, sea-ice was detected using satellite data,
and sea-ice detection using satellite data is now actively being carried out.
It is more temporal and spatial efficient than direct observation by human,
many previous studies are using satellite data; Moderate Resolution
Imaging Spectroradiometer (MODIS) onboard Terra/Aqua (Hall et al.,
2001), Visible Infrared Imaging Radiometer Suite (VIIRS) onboard
Suomi-NPP (Key et al., 2013), Advanced Baseline Imager (ABI) onboard

GOES-R (Liu et al., 2010). It is used in industrial areas such as shipping



and climate research such as sea-ice monitoring and utilized to calculate
Sea Surface Temperature (SST), sea-ice information; thickness, extent, age.
It divided into two methods on these day. One of methods is to use
reflectance threshold method. It has been used single, multi-channel
reflectance and Normalized Difference Snow Index (NDSI) to detect sea-
ice (Hall et al., 2001; Kawano and Kudoh, 2004; Liu and Key, 2010; Shi
and Wang, 2012; Mahoney et al, 2013). The Figure 1 is showed to
reflectance of sea-ice, water, cloud depending on wavelength. Ice-free
water is showed to confident difference from sea-ice. using the feature, we
can discriminate between sea-ice and ice-free water. But what we should
note in this Figure 1 is to show the difference in the reflectance new ice
and snow covered ice. Despite these differences, the sea-ice detection
method such as MODIS and VIIRS using reflectance has been detected
sea-ice using a static threshold technique. In addition, such as the Figure 2,
snow covered ice has had high variability depending on Solar Zenith Angle
(SZA). Due to the variability of reflectance depending on SZA, sea-ice
detection algorithms using a static threshold technique have potential false

and miss detection.
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Another method is to use Ice Surface Temperature (IST) value. It was
primally introduced by key ef al. (1992) and it has been developed on these
day, it has been actively researched for the detection of sea-ice. The
MODIS IST is based on IST calculation method of the Key et al. (1997).

The equation for calculating the MODIS IST is as follows.

IST=a+b-BTi1ym+ ¢ (BT11ym — BT12um)

+ d[(BT11,m — BT12,m) - (sec0—1y] !
*  BTiiym : 11 pum brightness temperature (K)
*  BTioum : 12 um brightness temperature (K)
= 0 :Sensor scan angle from nadir
* a, b, ¢, d : empirically-determined coefficients for

atmospheric effect, notably humidity

The above coefficients (a, b, c, d) are defined for temperature ranges of
BTi1um (~240 K, 240 K ~ 260 K, 260 K ~). The coefficients for IST
calculation are showed to Table 1. They are calculated using the multiple
linear regression method based on the snow age, topography, brightness
temperature calculated from the atmospheric radiation model and other

indices representing conditions such as humidity, wind. This complex



process must be preceded by each satellite sensor utilizing the IST for sea-
ice detection. In addition, since this method has different values of the
coefficient depending on the temperature (BTy1,m), there is a potential
error possibility in the IST continuity of the region when the coefficient is

changed.

Table 1. MODIS IST Calculation Coefficients for Eq. 1

Temperature
Range a b c d
(BTllpm)
<240K -0.159480 0.999926 1.390388 -0.413575
240 -260 K -3.329456 1.012946 1.214573 0.131017
>260 K -5.207360 1.019429 1.510250 0.260355

Considering features of sea-ice, we have detected snow covered ice
using Dynamic Wavelength Warping (DWW) based Dynamic Time
Warping (DTW), a pattern change recognition technique. The DTW
technique is an algorithm that determines the similarity of two temporally
consecutive data according to a time series and has been adapted by
Petitjean et al. (2012) for satellite image time series analysis. The DWW

is a technique for determining the similarity using the change pattern of the



reflectance of two data according to wavelength instead of the time of
DTW technique. Lee et al. (2017) was used DWW method for snow cover
detection. It is strong point because it is a technique that utilizes the
variability according to wavelength, not the static threshold method which
is mostly used in the prior research and advanced institutions.

And considering bare ice detection, we used a simple and efficient
method of using dynamic threshold value of 11 pm brightness temperature
instead of method using IST. Since the technique we used doesn’t need IST
calculation, the calculation process of IST coefficient was also not make
use of. In case of dynamic threshold method to detect bare ice, we analyzed
the correlation characteristics of MODIS IST - Brightness Temperature
Difference (BTD, BTi1 ym —BTi2 ym) * BTi1 ym and set threshold
according to the correlation analysis result. Continuing, to evaluate the sea-
ice detection technique proposed in this study, we compared and analyzed
with VIIRS sea-ice data and Advanced Himawari Imager (AHI) RGB

image.



2. Study area and data

2.1. Study area

We selected on of the representative areas where sea-ice is distributed
to the Himawari-08/AHI measurement area. The Figure 3 shows study area.
It is located at 29.69 ~ 65.29 N°, 114.61 ~ 170.55 E° and has been involved
sea of Okhotsk. The sea of Okhotsk is located to the northwest pacific,
where sea-ice appears from December, and sea-ice is distributed in 70-80 %
of a region in February. Therefore, previous many studies have used the
sea of Okhotsk as a research area to carry out studies related to sea-ice
(Cavalieri and Parkinson, 1987; Kimura and Wakatsuchi, 1999; Parkinson
etal., 1999; Jin et al., 2017).

The temporal range of this study was selected from December ~

February 2015 ~ 2016, which is winter season on the northern hemisphere.
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Longitude

Figure 3. The study area on this thesis.

2.2. Study data

2.2.1. Satellite data

The channel data of the Himawari-08/AHI data is used to detect sea-
ice. Ancillary data to perform this sea-ice detection algorithm is 2013
MODIS Landcover product for identifying land/sea. Training data is
MODIS sea-ice extent product (MOD29 L2), MODIS Snow Cover
(MOD10_L2) and National Snow and Ice Data Center (NSIDC) Weekly
Snow cover and Sea-ice extent product to construct the necessary data in
this algorithm. And validation data is VIIRS sea-ice characterization

product.



2.2.1.1. Himawari-08/AHI data

The Himawari-08 is the first in a series of next-generation
geostationary satellite and AHI is weather imager onboard Himawari-08.
It has 16-channel multi-spectral bands including six visible and near
infrared and IR bands. The spatial resolution of AHI channel data consists
of 500 m, 1 km, 2 km. These are different depending on each channel data.
Detailed Information for AHI channel data we used is showed by Table 2.
We will explain the availability of each channel data on Table 2.

The AHI instrument produces on Full-Disk (FD) image every 10-min
and rapid scanning of Japan and target areas at 2.5-min intervals to sense
the reflectance and emitted energy from the environment of the Asia-
Pacific region. This study used channel data from FD format every 10-

minute. And we used AHI data with cloud masking,



Table 2. Himawari-08/AHI data which used by this study

Center Wavelength Spatial
Band  er Waveengtl o pesolution Availability
[pm] [km]
01 0.4703 1 km DWW processing input data, Rate (Ry.61/Ro47) test
02 0.5105 1 km DWW processing input data
DWW processing input data, NDSI test, Rate (Ro.64/R1.61) test,
03 0.6399 500 m _
Selection cloud library
04 0.8563 1 km Reflectance test, DWW processing input data, NDWI test
Reflectance test, DWW processing input data,
05 1.6098 9 km Difference [Snow spectral library Ry 61 um - Ri.61 um] test
NDSI test, NDWI test
07 3.8848 2 km DWW processing input data, BTD[BT11.2 yum-BT3.8 um] test
14 11.2432 2 km DWW processing input data, BTD[BT11.2 yum-BT3.8 um] test, ISTy test
15 12.3828 2 km ISTy test

10



2.2.1.2. MODIS Land cover

We used MODIS land cover product to distribute land type before
detecting sea-ice. It incorporates five different land cover classification
schemes through a supervised decision-tree classification method. The
primary land cover types identify 17 classes defined by the International
Geosphere-Biosphere Programme (IGBP) (Belward et al., 1999; Scepan,
1999; Friedl et al., 2002; Fiedl et al., 2010); including 11 natural vegetation
classes, three human-related classes, and three non-vegetation classes. This
product of data type is un-sign 1-byte integer.

The MODIS land cover type product supplies global maps of land
cover on every year from 2001 to 2013 and this study used 2013 MODIS
land cover product.

The map projection type of its product is provided to sinusoidal tile
grid map type and 500 m spatial resolution. On the other hand, as our study
area is geostationary projection map type, we performed match-up from
sinusoidal tile grid map to geostationary.

The Table 3 shows MODIS land cover IGBP type index information.
We distribute to ocean using MODIS land cover IGBP type index.

The Figure 4 shows land/sea mask using 2013 MODIS land cover on

geostationary projection map type.

11



Table 3. The MODIS Land cover IGBP type product Information

Data value IGBP Type Characteristic

1 Evergreen Needleleaf forest

3 Deciduous Needleleaf forest

Mixed forest

etation class

- Permanent wetlands

R
Urban and built-up

15 Snow and ice

254 Unclassified -



Land / Sea Mask

- Land D Sea

Figure 4. Land/Sea mask on AHI FD map using
2013 MODIS land cover product.

2.2.1.3. NSIDC Weekly Snow cover and Sea-ice extent product
NSIDC weekly snow cover and sea-ice extent product consist of snow
cover and sea-ice information and we used only sea-ice information. The
sea-ice information is made by the sea-ice concentrations from Nimbus-7
Scanning Multichannel Microwave Radiometer (SMMR) and Defense
Meteorological Satellite Program (DMSP) Special Sensor Microwave
Imager (SSM/I) — Special Sensor Microwave Imager/Sounder (SSMIS)

passive microwave data. When sea-ice concentration is greater than 15

13



percent in a majority of a given week’s sea-ice files. The 15 percent ice
concentration isopleth is a conventionally accepted cutoff for the ice edge
(Johannessen et al., 2004). The spatial coverage of its data is northern
hemisphere and spatial resolution is 25 km. The temporal coverage of its
data is from 23 October 1966 through 25 December 2015 and temporal

resolution is weekly. A week is defined as seven days.

Bl sc= [ Land [ seasice [_] Nodata

Figure 5. NSIDC Northern Hemisphere EASE-Grid 2.0 Weekly sea-ice
extent, 19810105-19810111.

2.2.1.4. MODIS Snow cover product
The MODIS snow cover product is generated using the MODIS

calibrated radiance data product (MOD02HKM), the geolocation product

14



(MODO02), and the cloud mask product (MOD35 L2) as inputs. The
MODIS snow cover algorithm (MOD10_L2) contains Scientific Data Sets
(SDS) of snow cover, Quality Assurance (QA) SDSs, latitude and
longitude SDSs, local attributes and global attributes. The snow cover
algorithm identifies snow-covered land; it also identifies snow-covered ice
on inland water. The accuracy of the MODIS snow extent product varies
with land-cover type, but overall, the accuracy under clear sky conditions
has been assessed at 92 % in various peer-reviewed publications. The
overall absolute accuracy of the well-studied 500 m resolution swath

(MOD10_L2) and daily tile (MOD10AL1) products if ~93 %.

2.2.1.5. MODIS Sea-ice extent product

The MODIS sea-ice extent product is made by MODIS instruments
onboard Terra/Aqua satellites and have been produced by MODIS channel
data (MOD021KM), MODIS geolocation data (MODO03) and MODIS
cloud mask product (MOD35 Swath). It is designed to identify the
presence of sea-ice in each 1 km pixel swath and to calculate the IST. The
temporal resolution of its product is 5-min.

This product is used as validation and comparison data in many studies

such as Gignac et a/ (2017). This study used MOD29 data as training data.

15



Maps of ice extent and IST in MOD29 under clear skies have RMS
errors of 1.2-1.3 K during the “cold months” or when there is no surficial

melt on the sea-ice.

16
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Figure 6. MODIS Sea-ice product (MOD?29).
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2.2.2. Validation data
2.2.2.1. VIIRS Sea-ice characterization product

The VIIRS Sea Ice Characterization (SIC) Environmental Data Record
(EDR) uses the VIIRS SIC Intermediate Product (IP) as a primary input.
The SIC EDR is an ice age classification map that contains classifications
for ice-free, New/Young Ice and all other ice categories. New/Young ice
has a maximum thickness of 30 cm, while All other ice is thicker than 30
cm. The algorithm has a daytime (reflectance threshold) branch and a
night-time (energy balance) branch. The night-time algorithm does not
utilize albedo as input, relying more on the IST EDR to determine ice
growth and subsequent thickness. The Figure 7 is 3 scenes of the VIIRS
sea-ice product. Each scene has black stripes as it moves away from nadir.
This is caused by eliminating the overlapping area of several pixels when
the Viewing Zenith Angle (VZA) is more than 32.0 degree in order to
attenuate the “bow-tie effect”, which the image is distorted as it moves

away from the nadir.
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Figure 7. VIIRS Sea-ice characterization (SWATH) product.
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3. Sea-ice detection

3.1. Overview

The sea-ice detection algorithm in this paper is divided into five
processes. Before performing sea-ice detection algorithm, we constructed
ancillary data for this study. The first step of this algorithm is pre-
processing before sea-ice detection. Next step is to distinguish between
confident sea-ice and ice-free water. After detecting confident sea-ice and
ice-free water, considering snow covered ice, we used DWW technique to
extra pixel. And we used dynamic threshold method (step 3). Last step is

cloud/ice re-check. The Figure 8 is flow chart on this algorithm.
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Figure 8. The flow chart on this algorithm (SZA < 80 °).

21



3.2. Building background data

3.2.1. Long-term satellite based sea-ice data

The sea-ice has been placed in high latitude area and polar region. In other
words, the sea-ice is distributed in the specific ocean and regions. In this
reason, many studies for sea-ice detection have used to set the sea-ice
candidate zone, mainly using latitude data. The setting method using
latitude data is used by recent studies commonly on these day. As more
detailed, it is set a sea-ice candidate area using latitude depending on
longitude. Although this method is easy and simple, the region where the
sea-ice is presented until now is set as the sea-ice candidate region as
shown in Figure 9. This feature has potential sea-ice false detection
possibility. So, in this study, to set accurate sea-ice candidate region, we
constructed and used long-term satellite based sea-ice data. It used NSIDC
weekly snow cover and sea-ice extent product for 50 years. To increase the
accuracy of the potential sea-ice area, we have collected more than 50 years
of data and set the sea-ice area as an area of sea-ice if there is at least on
sea-ice for 50 years (Figure 10 (a)). And as this process is just to determine
sea-ice candidate region, we performed to extend a sea-ice candidate
region. If certain pixel is sea-ice candidate, we extended 50 by 50 pixel to

sea-ice candidate region around certain pixel. The Figure 10 (b) is shown
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to long-term satellite based sea-ice data. However, since the NSIDC data
is a polar stereographic map projection, it differs from the map projection,
which is a geostationary map type. For this reason, it was necessary to
match-up NSIDC data with AHI map type. In this study, distance was
calculated using NSIDC geolocation data and AHI geolocation data, and
the pixel with the minimum distance was determined as the closest pixel.
Through this process, we matched the NSIDC data to the AHI map

projection.

Figure 9. Potential ice zone; Static boundaries depending on longitude and
ice is also mapped on lakes in high-elevated areas in the Tibet region
(Romanov P., 2016).
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Figure 10. Long-term satellite based sea-ice data for 1966-2015 NSIDC
Weekly snow and ice data.

3.2.2. Snow spectral library

The snow spectral library is made to use Dynamic Wavelength
Warping (DWW) process. The DWW process needs two data. One data is
snow standard data, another data is reflectance and BTD [BT11.0um - BT33s
um] on the sea-ice candidate pixel. We defined another data to spectral
profile. This part is to explain a standard data.

The sea-ice region is divided into two types. One type of sea-ice is
snow covered sea-ice and another type is bare ice. Although snow covered
ice region resembles to bare ice region, these regions have still difference

characteristics. One feature is albedo value. The snow covered ice region
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is higher than bare ice region (Figure 1). So, we divided into two type on
sea-ice and the DWW technique is used to detect snow covered ice region.

The snow covered ice has same feature with snow cover. Because of
this feature, we need snow standard data and MODIS Snow cover
(MOD10_L2) product has been used in many recent studies and very
useful as snow cover standard data. Collected period is from December
2015 to February 2016. We obtained 2,636,900 snow pixels using the
MODIS data collected during this period. To build snow spectral library,
it needs nine type information on snow pixel. Nine type information are
SZA, Digital Elevation Model (DEM), AHI channel No. 1 to 5 (0.46, 0.51,
0.64, 0.86, 1.61 pum), No. 7(3.8 um) and 14(11.0 um) data. The snow
covered ice has different reflectance and BTD [BT11.0 um - BT3.8 um] value
depending on SZA and DEM of the snow covered ice region has low value.
Another feature is BTD. The BTD on snow pixel is distribute -70.0 to 20.0.
but reflectance range is 0.0 to 1.0. In this feature, we need to normalize
between BTD and reflectance value and converted BTD range to 0.0 ~ 1.0.
In this process, we called to BTD normalization. Its equation is shown to

Equation 2.
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BTD Normalization

_ BTD value — BTD Min. (_70 O) Equation 2
" BTD Max.(20.0) — BTD Min.(—70.0)

Using these features, when DEM is 0 ~ 500 m, we build to seven snow
spectral library depending on SZA wusing reflectance and BTD

normalization. The Figure 11 is shown snow spectral library.
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Figure 11. Snow spectral library depending on wavelength and
BTD.

3.3. Pre-processing

This paper has two pre-processing before sea-ice detection algorithm.

First, the reflectance of visible wavelength range has been affected by SZA.
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In that case, we performed to normalize visible wavelength reflectance data.
Second, we used land/sea mask and long-term satellite based sea-ice data

to discriminate sea-ice candidate pixel.

3.3.1. Normalization using SZA data

The SZA of the sea-ice varies with local time and the AHI has observed
the same. This is because that AHI is mounted on geostationary satellite;
i.e., AHI visible range reflectance is affected by the SZA. The visible-range
channel reflectance of the same sea-ice area is subject to variation over
time. The higher the SZA value, the lower the reflectance of the observed
visible channel (Barker and Strahler, 1993).

The Normalization of channel reflectance using SZA is shown in
Equation 3.

it P
P& cos(SZA) Equation 3

p is the channel reflectance and p’ is the normalized channel reflectance
using the SZA. The Figure 2 shows the reflectance pattern variation of sea-
ice with wavelength before and after the reflectance normalization of each

channel. Before normalization, a higher SZA yields a lower reflectance
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(Figure 12 a, b), while after normalization, reflectance is similar among

different SZA values (Figure 12 c, d).

a) 20050129 b) 20050130
27 27
25 25
3 — 2 //2\
21 //‘49\\ 21 Z

VIS Reflectance

/ N\
L AN . AN

0201 0225 0301 0325 04130443 0525 0601 0625

VIS Reflectance
7}
2

02010225 0301 0325 0413 0449 0525 0801 0625
Time(UTC) Time(UTC)

C) After SZA correction (20050129) d ) After SZA correction (20050130)
57 - - 57 - - = -

@
o

8

VIS Reflectance

VIS Reflectance
3
ES]

A
&S

0201 0225 0301 0325 0413 0449 0525 0801 0625 0201 0225 0301 0325 0413 0443 (0525 061 0625
Time(UTC) Time(UTC)

Figure 12. Snow cover of visible reflectance before (a, b) and after
correction (¢, d) (COMS Algorithm Theoretical Basis Document, 2012).

3.3.2. Sea-ice candidate detection process

This process is simple test using two types data. One data is land/sea
mask. It is used to distinguish between land and sea. Another data is long-
term satellite based sea-ice data. The data presented above were

constructed using over 50 years of sea-ice data, which are of climatic
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significance. Since the area of this study is a part of the northern
hemisphere including the sea of Okhotsk, this data was also utilized only
in the northern hemisphere. Through these two processes, we classified the

candidate sea-ice pixels.

3.4. NDSI & 0.86 pm reflectance test

In case of sea-ice or cloud-free ocean, the energy due to moisture is
much absorbed on ocean, so very low reflectance is observed ice-free water
at 0.86 um compared to sea-ice or cloud. The Figure 13 shows a histogram
of 0.86 um observed in ice-free water and sea-ice. As in previous studies,
it has low reflectance in the ice-free water and high reflectance sea-ice.
Using these characteristics, this test could classify the sea-ice candidate as

0.86 pum or less 0.1 or more sea-ice candidate pixel.
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Figure 13. The sea-ice and ice-free water (No Sea-ice)
histogram depending on 0.86 pm reflectance.

The NDSI is useful for the detection of snow and sea-ice and for
separating snow/sea-ice and most clouds. The NDSI is a calculation of the
relative value of the characteristic reflectance difference between the
visible and short-wave IR reflectance of snow/sea-ice. The NDSI is
analogous to the normalized-difference vegetation index (NDVI) (Tucker,

1979). For Equation 4 is followed as:

R0.64 pm R1.61 pm

NDSI = |
Ro64 ym + R161 pm Equation 4

Pure snow/sea-ice has a high NDSI but NDSI decreases as other

features are mixed in a pixel. Snow/Sea-ice in mixed pixels has an NDSI
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that is less than pure snow/sea-ice. Pure snow/sea-ice can be distinguished
by NDSI value.

The Figure 14 shows a histogram of NDSI observed in ocean and sea-
ice. Using features, we set the threshold. If NDSI is over 0.9, we
discriminate confidently sea-ice. If NDSI is lower 0.4, we discriminate no

sea-ice pixel.
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Figure 14. NDSI histogram of Sea-ice/Ice-free water.

As result of applying 0.86 pum reflectance and NDSI test, it showed

99.6119 % accuracy when compared with VIIRS sea-ice product.
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In case of comparison with AHI RGB image, ice-free water pixel
classified by this test is judged to be well detected when compared with
AHI RGB image. And “a” area of Figure 15 shows step 1 ice pixel.

Comparing with RGB image, we judged to be well detected sea-ice.

32



-

126°E l.;(ll"E 140°E 150°E
Result of Ry ge,m - NDSI test Himawari-8/AHI RGB Image Himawari-8/AHI RGB Image
(20160211.0050) (20160211.0050)

- SZA > 80° |:| Land |j Sea I:l Ice candidate - Step 1. Ice l:ITargetpixel

Figure 15. Comparison Ro.sspm*NDSI image this algorithm, VIIRS sea-ice image and AHI RGB image.

140°E

33



3.5. Dynamic Wavelength Warping (DWW) method

3.5.1. DTW technique

The DWW method is based on DTW process. This approach can also
be used to identify the optimal difference between two time-dependent data
series, and the algorithm finds the similarity with the least cumulative cost,
called the warp path (Keogh and Pazzani, 2001), using a shortest path
algorithm which starts at the last pair and works back to the first pair. The
commonly used cost is a quantitative measure of the similarity or
difference between two points. To better explain the inner workings of the
algorithm and its components, this part first describes the DWW method.
Next, we explained to input data on DWW method and the algorithm is
explained step-by-step with illustrative elements which help to explain

each component in the algorithm.

3.5.2. DWW method

This study used the DWW method with wavelength instead of time to
track changes in the reflectance pattern. In this research, we used the DWW
technique to detect the snow covered ice between snow library and data on

sea-ice candidate pixel. The snow covered ice is same feature to snow
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cover. Based on this fact, we used DWW method to detect snow covered

Ice.

3.5.3. Input data

The DWW method is based on the idea of measuring the similarity of
distance between two elements; snow spectral library(X) and AHI channel
data(Y). This is usually performed using a metric, such as the generalized
norm, or L, distance (Euclidean distance). The cost C(i,j) of mapping two
points (X, Y;) together is based on this calculated distance from the input

wavelength and BTD data sets X and Y.

A g Cost-matrix (i,j)
{ b 1
{ 7 'Q# » (
(a) Euclidian - ' é\{\% ;
y @é !
Cost-matrix (1,1)
Data X (i)
(b) DTW (b) Warping path

Figure 16. Two type of similarity and the warp path between time series, (a)
shows the time-rigid similarity used by Euclidean distance (L), (b) shows
the time-flexible similarity by DTW, (c) shows warp path (green line)
(Zhang et al., 2015).
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3.5.4. DWW algorithm process
DWW method detailed process is follow as.
Firstly, It progress to calculate cost-matrix point (1,1).

- Calculating the Euclidean distance (L) of each norm (Equation 5)

oy , _RA2
L,(i,j)= [(Ai—By) Equation 5

- Cost matrix of (1,1) (G) is equal to the Euclidean distance of the

(1,1) (Equation 6)

G(1,1) = L,(1,1)

Equation 6
- Calculate the cost matrix in row 1 (Equation 7)
G(i,1)=6(G(—-1,1) + L,(i,1) (i=1,m) Equation 7
- Calculate the cost matrix in column 1 (Equation 8)
G(Lj)=61,j-1)+L,(1Lj) G=1m) Equation 8
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- Calculate the cost matrix from left to right and from bottom to upon

in column from 2 to m (Equation 9)

G@,j) =min[6({i,j—1),6(i—1,j),6(i—1,j—1)] + Lp(i,j) Equation 9

- Find the minimum value of the path decision cost matrix from

G(m,m)

Find the minimum value of the path decision cost matrix from G(m,m).
The tracking path to find the minimum value is the warping path. The
warping path shows the similarity between the snow library and AHI data.
If warping path is 1 to 1, that pixel is snow covered ice (Figure 17) and if

warping path is not 1 to 1, that pixel performs the next step.
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Figure 17. In case of warping path between snow spectral library and
profile is fitting 1 to 1.
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3.5.5. Result on the DWW method

The result of DWW method is shown in Figure 18. VIIRS which is
validation data on this study have not been provided snow covered ice
information and no data on sea-ice product by satellite data. In this reason,
we compared simply our output with AHI RGB image. The comparison

result is high concordance rate on sea-ice and ice-free water.
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Figure 18. Comparison DWW method image on this algorithm and AHI RGB image.
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3.6. IST) test

On the clear sky condition, sea -ice detection method using IST have
potential error possibility due to IST calculation coefficients. Because of
discontinuity of IST coefficient depending on atmospheric condition,
Ti1 um,and so on, IST has difference between real-IST data and calculated
IST. Therefore, we propose a simple and efficient sea-ice detection

technique that omits IST calculation.

3.6.1. Analysis using MODIS IST

In the case of clouds, it is one of the major error factors of satellite-
based sea-ice detection as the similar characteristics of sea-ice and optical
properties. Therefore, in this study, we selected the training scene using
MODIS sea-ice extent and RGB image to perform accurate analysis of sea-
ice. To understand the characteristics of sea-ice, the correlation between
MODIS IST, BTi1 ym and BTD [BTyy ym - BTiz ym] was performed
on selected scenes. MODIS IST was calculated using the method of Hall
et al. (2001), and MODIS band 31 (11 um) and 32 (12 pm) channel data
were extracted for the pixels whose calculated MODIS IST was 273.0 K

or less, which is the freezing point of sea-water and converted from channel
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data to brightness temperature using scale factor and offset value. BTD was
also analyzed to take into account the water vapor effect, which is one of
the error factors in detecting sea-ice. According to the interrelation of three
values (MODIS IST, BTi; um, BTD), the relationship between BTy; ym
and BTD according to MODIS IST was linear. To understand the effect of
BTiy ym and BTD according to MODIS IST, further analysis was
performed by classifying MODIS IST (271.0-271.5 K, 271.5-272.0 K,
272.0-272.5 K, and 272.5-273.0 K) value at 4.0 K interval. As a result of
further analysis, the relationship between BTy, ., and BTD according to

the classified MODIS IST section also showed linear features (Figure 19).

BTD vs 11.0um BT vs MODIS IST

270
270
~ 260 < 260
@ -
£ [72]
3. wn
O —
— (a]
O 250
= 250 S
240
240
10 05 00 05 10 15 20

BTD [11.0um BT - 12.0um BT]
Figure 19. Scatter plot for the relationship between Ty, ,,, and

BTD[T11 ym — T12 um] according to IST 273.0 K or less (Jin et al., 2017).
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3.6.2. IST) test

From the analysis result, MODIS IST sets the line having the maximum
value per MODIS IST range as the reference line, and sets the set reference
line as the threshold value. In this study, sea-ice was detected by using the
threshold of solid line in the upper part line of the IST range (269.0-273.0
K). The specified threshold value is defined as ISTy, and the equation to

obtain it is as follows.

ISTO = a-BTD [T11 pm — T12 I»lm] +b Equation 10

In the Equation 10, the coefficient a is -2.056, the coefficient of b is
273.1, and IST) calculated by substituting each coefficient and BTD into
the equation means BTy; ym where MODIS IST is 273.0 K. In this study,

sea ice was detected when BTiq ., was less than IST,.

3.6.3. Result on IST) test
The result of [STytest is shown in Figure 20. On the clear sky condition,
the test is well-done performance to detect bare ice compared with AHI

RGB image.

42



gl
130°E 140°E ;
Result of IST, method Himawari-8/AHI RGB Image Ay g0
(20160211.0050) (20160211.0050) ‘

Himawari-8/AHI RGB Image

- SZA > 80° |:| Land |:| Sea |:| Ice candidate - Step 1. Ice - Step 2. Ice |:] Step 3. Ice

Figure 20. Comparison ISTy test image on this algorithm and AHI RGB image.
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3.7. Ice re-check

Although both test are high performance to detect sea-ice, they are tend
to over-detect a sea-ice pixel using DWW and IST, method. In this reason,

we performed additionally to discriminate no ice from detected sea-ice

pixel. The 0.86 um reflectance-NDSI-NDWI test are performed only on

sea-ice pixels separated by DWW method and IST) test.

The Normalized Difference Water Index (NDWI) is method that has
been developed to delineate open water features and enhance their
presence in remotely-sensed imagery. Previous studies have shown the
NDWI can be used for semi-automatic glacier lake detection (Huggel,
1998; Huggel et al. 2002; Paul, 2007) and it is used to detect slush, open

water (Bell ef al., 2017). The Equation 11 below is to obtain NDWI.

R0.86 pm R1.61 pm

NDWI = .
Rog6 ym + R161 pm Equation 11

This process has three test. One test is 0.86 pm reflectance test. If its
value is lower 0.15, the pixel is discriminated to ice-free water pixel.

Another test is NDSI test. If its value is lower 0.4, the pixel is discriminated
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to ice-free water. Last test is NDWI test. If its value is lower 0.45, the pixel

is discriminated to ice-free water (Figure 21).
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Figure 21. The histogram for NDWI on sea-ice free(ice-free water) and sea-
ice.

As a result of these process, For the pixels judged to be clouds in the
AHI RGB image, we classified them into pixels, not sea-ice, in this
algorithm. In addition, the area that was detected by sea-ice near the
boundary between the cloud and the ice-free water was also divided into

pixels, not sea-ice.
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Figure 22. Addition test to sea-ice pixel detected DWW and IST) test before (A) and after (B), (A-1,
B-1, C-1) shows before, after and AHI RGB image on red box, (A-2, B-2, C-2) shows before, after
and AHI RGB image on blue box, (C) shows before, after and AHI RGB image on yellow box.
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3.8. Cloud re-check

Sea-ice detection using satellite data is important to discriminate sea-
ice and cloud. Although this algorithm uses clear sky condition, cloud pixel
still exist on the area. The red box on Figure 23 is sea-ice area according
to AHI RGB image, but AHI image applied cloud showed it to cloud area.
This part of this algorithm was performed to compensate for this

phenomenon.

130°E 140°E

AHI Image applied cloud AHI RGB Image
(20160220.0300) (20160220.0300)

Figure 23. Comparison between AHI image applied cloud (left) and AHI
RGB image (right).

3.8.1. Difference [Snow spectral library Ri¢ium-Profile Ri.61um]
test

The 1.61 pum reflectance is important to discriminate cloud and sea-
ice/snow. Typical snow/sea-ice has low reflectance at 1.6 pm, while clouds

have relatively high reflectance compared to snow/sea-ice due to small
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grain size and low moisture content. In this fact, it is used to detect
snow/sea-ice (Hall et al., 2001) and it used to calculate NDSI. We used
difference between Risi ym snow spectral library and Riei um sea-ice
candidate. The Figure 24 is shown in histogram which is difference
between Ri.61 um Snow library and Ry61 um sea-ice candidate (profile). If the

difference is over 0.12, the pixel is discriminated to sea-ice.
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Figure 24. The difference [Snow spectral library Ri.6 yum — Profile Ri.6
um] histogram of sea-ice.
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3.8.2. NDSI & BTD[11.0-3.8 pm] test

The NDSI & BTD test is performed only for pixels classified as sea-
ice through difference [snow spectral library Ri i um - Ri61 um] test. NDSI
is an index for estimating snow/sea-ice, but it is difficult to distinguish
between snow/sea-ice and cloud when there is a mixture of upper cloud
and snow/sea-ice. To solve this problem, the difference between the BT,
um and BT37 m (BTD) was used. BTD is mainly used for the detection of
upper cloud mixed with snow/sea-ice, low value in snow/sea-ice and
relatively high value in upper cloud. Therefore, in this study, if a pixel
classified as snow/sea-ice through a was satisfying NDSI - BTD test, it was
not detected as sea-ice. Figure 25 (a) are before NDSI and BTD test and
Figure 25 (b) are after NDSI and BTD test. Figure 25 (c) are AHI RGB
image on that time. Before applying NDSI and BTD test, some clouds were
detected as sea-ice, but after application, the amount of false positives
decreased considerably.

The Figure 26 showed in sea-ice data using this algorithm.
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Figure 25. Comparison NDSI-BTD test before(a), after(b) and RGB image(c).
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Figure 26. The sea-ice data using AHI channel data on this study.
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4. Validation evaluation

4.1. Validation strategy

The validation of sea-ice detection judges whether sea-ice exists or not.
It is better than quantitative or qualitative expression. In this reason, we
used categorical validation method. It uses forecast and observation pairs
based on threshold criteria that define the categories. Based on the defined
categories, a variety of statistical measures are computed. Categorical
validation methodologies can be applied to either deterministic or
probabilistic forecasts. Some scores are used specifically with
deterministic forecast validation, and others are used with probabilistic
forecasts. Table 4 is showed in contingency table. Contingency table is
used to describe the distribution of forecasts and observations in terms of
their frequencies for the difference categories. For validation with two
categories, the 2x2 contingency table is commonly defined. It is for a
yes/no configuration; in this study, sea-ice/no sea-ice. For this yes/no table,
the rows represent this algorithm output (estimation) and the columns
represent categories for validation data (observations). In a sea-ice/no sea-
ice categorization, “Yes” represents “Sea-ice”, either validation and/or

estimation. “No” represents “No sea-ice” either validation and/or
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estimation. The “a” bin indicates the number of detected sea-ice that were
correctly validation to be sea-ice, or hits. The “b” bin indicates the number
of detected no sea-ice that had been incorrectly validation to be sea-ice, or
false alarms. The “c” bin indicates the number of detected sea-ice that were
validation to be no sea-ice, or misses. The “d” bin indicates the detected no
sea-ice that were correctly validation to be no sea-ice, or correct negatives.
“a+c” and “b+d” are the total detected sea-ice and no sea-ice respectively.

“a+b” and “c+d” are the total validation sea-ice and no sea-ice respectively.

Table 4. Contingency table on this study

Validation
Estimation
Yes No Total
Yes a (hit) b (false) a+b
d (correct
No c (miss) c+d
rejection)
Total a+c b+d a+b+c+d

The Probability of Detection (POD) is proportion of validation data
that were detected to be sea-ice. The POD, or hit rate, in the case of sea-

ice/no sea-ice, is the proportion of sea-ice of the VIIRS sea-ice data that
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were detected to be sea-ice on this algorithm. It can range from a worse
case of 0 to a perfect score of 1, or 100 %. The Equation 12 for calculating

POD is as follows.

POD =

a+c Equation 12

The False Alarm Ratio (FAR) is proportion of validation data that were
not detected to be sea-ice. The FAR in our case is the proportion of detected
sea-ice on this algorithm that were not detected to be sea-ice on VIIRS sea-
ice data. A perfect score is 0 and the worst possible score is 1. The Equation

13 for calculating FAR is as follows.

FAR =

a+b Equation 13

The Comparison Index (CI) is the square root of the value of POD and
(1-FAR) to compare two data to show overall accuracy. The Equation 14

for calculating CI is as follows.

Cl= /POD x (1 - FAR) Equation 14
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The Correct Detection Ratio (CDR) is defined as the ratio of true pixels
to total pixel. The true pixels are defined as the sum of Hit and Correct-
Rejection when compared with VIIRS. The Equation 15 for calculating

CDR is as follows.

a+d

CDR = a+b+c+d Equation 15

4.2. Qualitative evaluation

On this study, we used VIIRS sea-ice data to evaluate our sea-ice
output. But, the observation area of VIIRS sea-ice data is based on
SWATH onboard polar-orbiting satellites and AHI data which used as
channel data in this algorithm, is based on geostationary satellites.
Therefore, we converted the VIIRS sea-ice data into geostationary data
suitable for the Himawari-8 observation area. Figure 27 shows VIIRS

SWATH sea-ice data and after match-up work, on the AHI map.
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Figure 27. (a) shows VIIRS SWATH sea-ice data, (b) shows VIIRS sea-
ice data performed match-up on the Himawari8 observation area.
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In addition, since the AHI channel data used in this study have been
produced data every 10-minute, the sea-ice data calculated by our
algorithm is also produced at intervals of 10-minute. On the other hand,
the temporal range of the VIIRS sea-ice data is from 5- to 6-minute. For
this reason, we matched between AHI and VIIRS data as difference
between AHI and VIIRS time interval is lower 4-minute. And the VIIRS
data on the AHI map worked this process had a gap on the AHI FD.
Therefore, the algorithm resolves to exclude pixel gaps in the validation of
this algorithm sea-ice data. In this study, we used the categorical validation
method used for mutual validation between satellite to verify the pixel
detected by sea-ice. Using it, POD, FAR, CI and CDR were calculated and

the accuracy of this study was quantified. The algorithm was tested using
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VIIRS sea-ice characterization data from study area for the period of
December 2015 to February 2016.

We performed to verify with 30 scenes on VIIRS sea-ice data during
temporal range on this study. As result on this algorithm, The POD is
90.62 %, FAR is 1.72 %, CI is 94.37 % and CDR is 95.88 %. The GOES-
R/ABI, which is a geostationary satellite, has a 87.6 % CDR accuracy and
The AMSR-E of Aqua has 97.2 + 3.6 % CDR accuracy. Compared with
other satellite sea-ice data, the accuracy of the sea-ice data of this algorithm
is similar or higher. The Table 5 is detailed validation score compared with
VIIRS sea-ice data. However, since VIIRS sea-ice data is based on
single/multi-channel and IST based threshold method, it is still possible to
detect potential miss and false possibility such as previous sea-ice
detection studies. Therefore, To more accurately evaluate the results of this
study, additional qualitative validation was performed using AHI RGB

image.
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Table 5. Validation score compared with VIIRS sea-ice data; hit is sea-ice
(both sea-ice algorithm and VIIRS sea-ice data, false is sea-ice on this
algorithm and no sea-ice on VIIRS sea-ice data, miss is no sea-ice on this
algorithm and sea-ice on VIIRS sea-ice data, correct-reject is no sea-ice
(both this algorithm and VIIRS sea-ice data)

Hit False Miss  Cor-reject POD FAR CI CDR

533,440 9,623 66,385 1,054,533 90.62 1.72 9437 95.88
(pixel)  (pixel) (pixel) — (pixel) (%) (%) (%) (%)

4.3. Quantitative evaluation

In the quantitative evaluation, we used AHI RGB image for evaluating
sea-ice data on this algorithm additionally. Another fact for using AHI
RGB image Another reason for using AHI RGB image is to further
evaluate areas except for the area provided by VIIRS sea-ice data. Since
VIIRS sea-ice data is onboarded on polar-orbit satellites, it has been
provided information on limited area every 5-minute. Because of this, we
can compare the sea-ice data detected by this algorithm only in the area
provided by VIIRS sea-ice data.

The Figure 28, Figure 29, Figure 30 are showed in comparison between
sea-ice algorithm and VIIRS sea-ice data and AHI RGB image. The purple
box (a), (b) on the Figure 28 is showed to miss detection of sea-ice pixel.

As we analyzed to the area in more detail, the pixels in the area were
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detected as noise. Compared with AHI RGB image, the area is a region
where cloud and ice-free water are mixed, and there isn’t sea-ice. In this
reason, it is judged that the area isn’t detected by this algorithm but
detected by VIIRS sea-ice data. The purple box (a) on Figure 29 is also
showed to miss detection of sea-ice pixel. The non-detected area at that
date also performed a detailed analysis. As result of the analysis, it was
found that the area of the detection pixels was like noise and the area where
clouds and ice-free water were mixed when compared with AHI RGB
images. The purple box (a) on Figure 30 is also showed in previous analysis
result. The red box (b) on Figure 30 is also showed miss detection pixels
on the specific area. As result of comparison analysis with the AHI RGB
image, the region was the sea-ice region mixed with the ice-free water.
These miss-detected pixels showed to specific feature. It is located on

boundary between land and sea.
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Figure 28. Comparison image between sea-ice algorithm and VIIRS sea-ice data (left side), AHI RGB image (right side),
20160112.0330 (UTC).

60



60°N : s et 8 60°N

50°N Tt U ~ s 50°N

40°N > 5 : S 40°N

300N fE - N > S 1 30°N

140°E 150°E 120°E 130°E T 140°E 150°E

- Sea - Land D Hit - False Miss

Figure 29. Comparison image between sea-ice algorithm and VIIRS sea-ice data (left side), AHI RGB image (right side),
20160204.0300 (UTC).
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Figure 30. Comparison image between sea-ice algorithm and VIIRS sea-ice data (left side), AHI RGB image (right
side), 20160220.0300 (UTC).
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5. Summary and Conclusion

The previous studies and advanced organization for sea-ice detection
is mostly used static threshold method using satellite channel data. The
static threshold method can’t consider to variability of reflectance on sea-
ice. For this reason, this study proposed a new hybrid-dynamic
thresholding technique that combines static threshold method, DWW
method, and IST, method considering sea-ice reflectance variability.

We detected sea-ice using AHI data onboard Himawari-8 geostationary
satellite which can be observed 24-hour in constant observation area. The
AHI instrument onboard Himwari-8 has produced channel data in 10-
minutes. This study has detected sea-ice using AHI channel data with these
characteristics. By using AHI channel data with this characteristic, this
study has an advantage in detecting sea-ice with temporal and spatial
continuity.

We analyzed sea-ice data detected by this algorithm. First, we built
ancillary data using satellite data prior to performing this algorithm. The
ancillary data are long-term satellite based sea-ice data using NSIDC
weekly snow and sea-ice extent data and snow spectral library using

MODIS snow cover product (MOD10_L2) and performed pre-processing;
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Normalization of the AHI channel data using SZA and discrimination to
sea-ice candidate pixel. Next, we performed to detect sea-ice using
threshold, DWW, ISTj test. First, we used the static threshold method to
distinguish confident sea-ice and ice-free water. The pixels of the sea-ice
candidate, which can not be distinguished by the static threshold method,
secondarily detected sea-ice using the DWW method to account for the
snow covered ice. For the pixels not distinguished by the DWW method,
ISTo method was used to distinguish the sea ice from the third one. In
addition, Ice re-check was performed on the sea ice pixels separated by
DWW and IST method, and cloud re-check was performed on the
previously separated clouds.

The accuracy of this algorithm is similar or higher than others sea-ice
detection algorithm. In addition to quantitative evaluation, qualitative
evaluation was also performed using AHI RGB image. Through qualitative
evaluation, the sea-ice detection algorithm had high similarity and showed
the following characteristics. One feature is that the false detection rate of
the sea-ice is low in the cloud region which is difficult to distinguish from
the sea ice. Especially, the VIIRS sea-ice data, which is the validation data,
have many areas where false sea-ice is detected in the region where cloud
and ice-free water are mixed. On the other hand, the area was separated to

the ice-free water on this study. In this way, the proposed sea-ice detection
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algorithm showed high accuracy through quantitative and qualitative
evaluation and this study detected sea-ice using geostationary satellite data,
not polar orbiting satellite such as MODIS, VIIRS.

In addition, the sea ice data produced by the new hybrid-dynamic
thresholding technique is used in various industrial areas such as weather
and climatic aspects and shipping transportation. Therefore, the sea-ice
data, which this study detected, can considered to be highly utilized in

various aspects.
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