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Sea ice concentration
inversion based on different
Arctic sea ice types

Xingdong Wang, Zehao Sun*, Zhi Guo,
Yanchuang Zhao and Yuhua Wang

College of Information Science Engineering, Henan University of Technology, Zhengzhou, China

The ASI algorithm uses the same sea ice and seawater tie-points when inverting
polar sea ice concentration (SIC), but this approach does not fully consider the
differences between different polar sea regions and the impact of different sea ice
characteristics on SIC results. To make up for this deficiency, the SIC inversion
algorithm based on different types of Arctic sea ice is proposed. The proposed
algorithm selects pure ice and pure water sample points in different sea regions
to derive SIC inversion formulas, and subsequently obtains SIC retrieval results for
the entire Arctic. Compare the results of this study with those of traditional ASI
algorithm, and perform local validation based on the sea ice distribution obtained
from Landsat-8 data. The results show that compared with the traditional ASI
algorithm, the proposed algorithm has improved the accuracy of SIC inversion in
different sea ice regions by 2%-6%, with an average improvement of 3.3%.
Overall, our research has improved the ASI algorithm, which is of great
significance for obtaining higher precision polar SIC.
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1 Introduction

In the polar climate system, sea ice plays a crucial role, covering vast regions of the
ocean and exhibiting seasonal and interannual variations. Sea ice affects the climate system
in polar regions and globally by altering the salinity of the ocean surface and isolating the
exchange of heat between the ocean and the atmosphere, playing a significant regulatory
role in climate change (Comiso, 2003). In addition, sea ice has a profound impact on the
physical, chemical, and biological properties of the ocean, including inhibiting
photosynthesis and altering the exchange processes between the ocean and the
atmosphere. SIC refers to the ratio of sea ice cover area to total sea area which is an
important parameter for describing sea ice and is of great significance for navigation safety,
climate modeling, and regional weather forecasting (Ledley, 1988; Wu et al, 2019).
Therefore, the study of SIC inversion has important scientific significance and
application value.
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Due to the difficulty in reaching polar regions and the relative
scarcity of meteorological stations, remote sensing technology has
become an important means of studying sea ice. So far, the scholars
have proposed various algorithms for inverting SIC. (Svendsen
et al., 1983) proposed the Norwegian Remote Sensing Experiment
(NORSEX) algorithm in 1983, which uses SMMR (Scanning Multi
channel Microwave Radiometer) data to derive total SIC and multi-
year ice concentration through passive microwave radiation and
surface temperature measurements. (Cavalieri et al., 1984) proposed
the NASA Team algorithm in 1984 by introducing Polarization
Ratio (PR) and Spectral Gradient Ratio (GR), which can effectively
distinguish between one-year ice and multi-year ice, and improved
study was conducted by (Markus and Cavalieri, 2000; Liu et al.,
2015). (Svendsen et al., 1987) proposed the SVA algorithm in 1987
to invert total SIC from satellite borne dual polarization passive
microwave radiometer data near a 90 GHz channel. (Lomax et al.,
1995) proposed an algorithm in 1995 that uses SSM/I (Special
Sensor Microwave/Image) 85 GHz channel data to calculate total
SIC and multi-year ice concentration, which can indicate the impact
of volume scattering on satellite observed brightness temperatures.
(Spreen et al., 2008) applied the ASI algorithm to the Advanced
Microwave Scanning Radiometer for EOS (AMSR-E) 89 GHz
channel data, using the polarization difference between vertical
polarization brightness temperature data and horizontal
polarization brightness temperature data to invert SIC, and
improved research was conducted by (Wu et al, 2019; Xi et al,
2021; Shuang, 2022). (Kern, 2004) proposed the SEA LION
algorithm, which utilizes the polarization difference of 85 GHz
channels, combined with low-frequency SSM/I data and numerical
weather forecast data for radiation transfer calculation, and by
iteratively minimizing the polarization difference between
measured data and model data, SIC is inverted. (Tikhonov et al.,
2015) proposed the VASIA algorithm, which is based on the

«

physical emission model of the “ surface of seawater - sea ice -
snow cover - atmosphere “ system to obtain SIC, minimizing the
impact of atmospheric changes on SIC inversion. (Liu et al., 2016)
used threshold methods to identify sea ice in visible light and
infrared observations, and used tie-points algorithm to determine
the representative reflectance/temperature of pure sea ice, in order
to invert SIC. (Gabarro et al., 2017) used the Maximum Likelihood
Estimator (MLE) to invert SIC by utilizing the significant
differences in sea ice and seawater radiation characteristics.
(Shugang et al.,, 2018) proposed the Dual Polarization Ratio
(DPR) algorithm, which does not use brightness temperature
values but is based on the sea ice emissivity ratio of horizontal
polarization brightness temperature data and vertical polarization
brightness temperature data in 36.5 GHz channels. (Feng et al.,
2022) proposed a new framework to accurately invert SIC using a
SIC network with encoder-decoder structure and atrous
convolution, using super-resolution and SIC estimation networks.
(Melsheimer et al., 2023) proposed a method in 2023 to invert
Arctic sea ice types and SIC using microwave satellite observations.
In summary, although some progress has been made in the SIC
inversion, there are still challenges in terms of accuracy. Among
them, the ASI algorithm, as one of the widely used high-frequency
algorithms, can generate high-resolution SIC results. However, the
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ASI algorithm is susceptible to external environmental factors and
does not fully consider the influence of sea ice types on the inversion
results when selecting sample points.

In order to improve the SIC inversion accuracy of the ASI
algorithm, in this study proposed an improved SIC inversion
algorithm based on different sea ice types. Firstly, based on the
sea ice data from 1989 to 2020, divide the Arctic regions into
different sea ice types. Secondly, select pure ice and pure water
sample points in different sea ice types regions and calculate the tie-
points to fit the inversion formulas for SIC in each sea ice region.
Once again, based on the fitted inversion formula, the SIC results of
each sea ice region are obtained, and the overall Arctic SIC results
are comprehensively obtained. Finally, compare and verify with the
ASI algorithm, and perform local accuracy verification with the sea
ice distribution results of Landsat-8 data.

2 Study region and data
2.1 Study region

The Arctic regions refers to a vast regions at north of latitude 66° 3 *,
and the Arctic Ocean is the core region of the Arctic regions,
surrounded by land, including the Eurasian and North American
continents north of the Arctic Circle. The Arctic Ocean covers the
waters within the Arctic Circle, including seven marginal seas, two
large bays, two deep-sea basins, and multiple straits (Quan and
Weiguo, 2011). The sea ice area in the Arctic regions varies
seasonally. In summer, its area is approximately 6 x 10° km?,
mainly covering the Arctic Basin and the Canadian Arctic Islands.
In winter, it is about 15 x 10° km? and extends southward to 44° N.
The seasonal and perennial sea ice area in the Arctic regions is
roughly the same, about 8 x 10* km? (Parkinson, 1987).

2.2 Data

2.2.1 AMSR-2

In May 2012, AMSR-2 was launched on the Japan Aerospace
Exploration Agency (JAXA) GCOM-W1 satellite to detect
microwave radiation on the Earth’s surface and atmosphere (Lin
et al,, 2022). AMSR-2 adopts a conical scanning mechanism with a
speed of 40 r/min and observes the Earth’s surface at a constant
incidence angle of 55°. Compared with AMSR-E, the antenna
diameter of AMSR-2 has increased to 2.0m, providing higher
spatial resolution at the same orbital height (approximately
700 km). In addition, AMSR-2 also provides an improved High-
Temperature noise Source (HTS) thermal control mechanism,
making its orbital performance more stable than AMSR-E. The
AMSR series satellites have larger antenna reflectors than their
predecessor satellites, significantly improving the spatial resolution
of SIC. In this study mainly uses 89 GHz brightness temperature
data for SIC inversion, while lower frequency data is used for
weather filtering to remove false sea ice in open water. The AMSR-2
data used in this study is obtained through https://data.seaice.uni-
bremen.de/amsr2/download.

frontiersin.org


https://data.seaice.uni-bremen.de/amsr2/download
https://data.seaice.uni-bremen.de/amsr2/download
https://doi.org/10.3389/fmars.2024.1422187
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Wang et al.

2.2.2 Landsat8

On February 11, 2013, Vandenburg Air Force Base in California,
USA successfully launched the 8th Landsat series of land satellites
aboard the Atlas-V 401 rocket. The satellite is equipped with two
main sensors, namely the Operational Land Imager (OLI) and the
Thermal Infrared Sensor (TIRS). Landsat-8 has a total of 11 bands,
with bands 1 to 7 and bands 9 to 11 having a spatial resolution of 30
meters, while band 8 has a 15 meter panchromatic band. Every 16
days, the Landsat-8 satellite can complete global coverage. The
satellite can obtain at least 400 images every day, which has the
advantage of greater flexibility. Compared to previous land satellites
that can only collect data on a certain width of ground on both sides
of the satellite’s trajectory line directly below, the remote sensing
sensor on Landsat 8 has the ability to point to deviation from the
trajectory angle to obtain information. The Landsat-8 data used in
this study is sourced from https://earthexplorer.usgs.gov/.

2.2.3 Sea ice concentration data

This study used sea ice concentration data published by the
National Snow and Ice Data Center(NSIDC) to further obtain the
tie-points of sea ice and seawater. The NSIDC in the United States is
a data center established by NASA, National Oceanic and
Atmospheric Administration, National Science Foundation, and
others, providing geographic information on glaciers in the United
States and around the world, including those in the North and
South Poles. The data used in this study is sourced from https://
nsidc.org/home.

3 Method
3.1 ASI algorithm

The ASI algorithm has unique advantages, as it does not require
additional data input and the spatial resolution of the 89 GHz
brightness temperature data used is four times that of the 18 GHz
and 37 GHz data. It can provide high-resolution SIC results and fine
structure of sea ice, and can effectively reduce the inversion error of
SIC near the coast caused by mixed pixels (Beitsch et al., 2014). The
ASI algorithm uses the polarization difference of brightness
temperature to invert SIC. In order to calculate the values of all
SIC between 0% and 100%, in this study will also continue to use
third-order polynomials to fit the numerical values of SIC. The ASI
algorithm was initially applied to SSM/I brightness temperature
data. When inverting SIC based on SSM/I 85 GHz brightness
temperature data, the used tie-points of seawater and sea ice were
Py = 47K, P, = 7.5K, and the corresponding calculation formula for
SIC was as follows (Equation 1):

C=6.46 x 10°P* = 6.05 x 10™*P* = 9.23 x 10°P + 1.10031 (1)

Where P represents the polarization difference of brightness
temperature and the detailed derivation process can be found in
(Svendsen et al., 1987).

When inverting SIC based on AMSR 89 GHz brightness
temperature data, the used tie-points seawater and sea ice were
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Py = 47K and P; = 11.7K. The corresponding formula for
calculating SIC was as follows (Equation 2):

SIC = 1.64 x 10°P> - 1.618 x 10™*P? + 1.916 x 10 2P +0.9710  (2)

Where P represents the polarization difference of brightness
temperature observed in the 89 GHz channel and the detailed
derivation process can be found in (Spreen et al., 2008).

The ASI algorithm based on SSM/I brightness temperature data
and AMSR brightness temperature data both use the same sea ice
and seawater tie-points to fit the SIC inversion formulas in polar
regions. However, there are significant differences between multi-
year ice and one-year ice in terms of sea ice thickness, structure,
salinity, and radiation emissivity. The selection regions of sample
points used to determine sea ice tie-points in SSM/I and AMSR data
were located near the Canadian archipelago, which is a stable multi-
year ice regions. This selection method ignores the difference
between one-year ice and multi-year ice, resulting in errors in
the results of SIC in different sea regions and reducing the
inversion accuracy.

3.2 Improved ASI algorithm

For the different sea ice types, there are significant differences in
the characteristics of sea ice and the heat exchange between the
ocean and the atmosphere. Therefore, the selection of sea ice and
seawater tie-points is crucial for the SIC inversion accuracy. The
ASI algorithm uses the same sea ice and seawater tie-points to fit a
SIC inversion formulas throughout the polar regions. This selection
method ignores the difference between one-year ice and multi-year
ice, resulting in errors in SIC results in different sea ice regions and
reducing the SIC inversion accuracy. Therefore, selecting different
sea ice and seawater tie-points for different sea ice regions and
determining the SIC inversion formulas for the different sea ice
regions can more accurately capture the characteristic information
of sea ice, thereby improving the SIC inversion accuracy of the
ASI algorithm.

By selecting different sample points for different sea ice regions
to statistically calculate the tie-points, the ASI algorithm can better
adapt to complex sea ice environments and help to more accurately
invert SIC. Therefore, in this study will consider the impact of
differences between different types of sea ice on the SIC inversion,
and the different tie-points will be selected in different sea ice
regions to determine different ASI SIC inversion formulas, in order
to improve the Arctic SIC inversion accuracy. This algorithm
effectively improves the problem that the ASI algorithm does not
consider the impact of one year of ice on the selection of the tie-
points. The main process is shown in Figure 1.

3.2.1 Distribution results of the Arctic different
sea ice regions

According to the sea ice seasonal variation, polar sea ice can
usually be divided into one-year ice and multi-year ice (Massom
and Comiso, 1994). The main difference between one-year ice and
multi-year ice is the sea ice desalination during melting period in
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FIGURE 1
Flow chart of SIC inversion algorithm based on different sea ice regions

summer, resulting in lower salinity of one-year ice. Compared to
one-year ice, multi-year ice is more prone to deformation, higher
surface roughness, and thicker snow cover. In addition, due to one-
year ice melting in summer and other processes, its surface is more
uneven and more sensitive to microwave scattering (Perovich et al.,
2002). These different features mean that their performance in
microwave radiometer data will also vary. Different sea ice types
have a significant impact on the energy exchange between the sea
ice surface and the atmosphere. Therefore, accurate classification of
different sea ice types is crucial.

The NASA Team SIC data is the most widely used dataset for
calculating sea ice area and range (Cavalieri and Parkinson, 2012).
Therefore, in this study uses the NASA Team SIC data from 1989 to
2020 as a reference, and obtains regional results for different sea ice
types based on the sea ice melting duration. That is, we based on the
daily average sea ice concentration data provided by NSIDC from
1989 to 2020, a 15% sea ice concentration threshold was used to
distinguish the sea ice edge region. The overall Arctic sea ice
distribution map was obtained for each year, and the entire Arctic
region was divided based on the annual Arctic sea ice distribution
map, combined with the average melting time of multi-year ice and
one-year ice and their definitions. Finally, the Arctic is divided into
stable one-year ice regions, one-year ice and seawater coexistence
regions, one-year ice and multi-year ice coexistence regions, stable
multi-year ice regions, and stable seawater regions. The results of
regional division are shown in Figure 2.

Frontiers in Marine Science

Due to the fact that the distribution results of different sea ice
types are obtained through the NASA Team algorithm, which is a
low-frequency algorithm and uses data with different spatial
resolutions compared to the ASI algorithm. In order to further
ensure the inversion results accuracy for various sea ice types, polar
stereo projection is performed on the distribution results of sea ice
types, and bilinear interpolation method is used to resample them.
The sea ice type distribution data is mapped to the same grid as the
data used by the ASI algorithm, so that they have matching
spatial resolution.

3.2.2 Tie-points

According to Wang’s study in 2009 on the polarization
differences between one-year ice and multi-year ice brightness
temperatures, it was found that with the arrival of summer, the
brightness temperature of one-year ice gradually decreases and the
polarization differences gradually increase (Wang, 2009). From July
to October, the trend of one-year ice brightness temperature changes
is almost consistent with that of open water. During this period, the
one-year ice is in a melting state, and its surface brightness
temperature characteristics are similar to open water.

Due to the fact that stable multi-year ice regions are year-round
sea ice, and the sample points for obtaining sea ice tie-points in the
AST algorithm are selected as pure sea ice regions near the Canadian
archipelago, which is a stable multi-year ice regions. The selection
regions for sample points of seawater tie-points is in the south of the
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FIGURE 2
Distribution results of different Arctic sea ice types.

Greenland sea ice outer edge, which is a stable seawater regions with
less seasonal variation than other sea regions. Therefore, the ASI
algorithm is still used for SIC inversion in stable multi-year ice
regions and stable seawater regions.

Based on the distribution maps of different sea ice types shown
in Figure 2, the selection of sea ice and seawater sample points in the
one-year and multi-year ice coexistence regions covers the entire
year of 2021. For the selection of sea ice and seawater sample points
in the stable one-year ice regions and the one-year ice and seawater
coexistence regions, the selected time range is from January to June
2021 and from November to December 2021.

To ensure the representativeness of the selected sea ice and
seawater sample points, the pixels that have been sea ice or seawater
for 330 days are selected as sample points in the one-year ice and

10.3389/fmars.2024.1422187

multi-year ice coexistence regions. Select the pixels with sea ice or
seawater within 200 days as tie-points in the one-year ice and
seawater coexistence regions and the stable multi-year ice regions,
and calculate the polarization difference. By performing probability
distribution statistics on the polarization difference calculated from
daily sample points, the maximum probability value of polarization
difference is selected as the polarization difference on the same day,
and the average value within the selected days is calculated as the
sea ice tie-points P1 and the seawater tie-points PO for each region
(as shown in Figures 3-5).

According to the statistical results, the tie-points of the seawater
in the stable one-year ice regions is Py, which is 47.2K, and the tie-
points of the sea ice is Py, which is 11.5K. The seawater tie-points in
the one-year ice and multi-year ice coexistence regions is 47.7K, and
the tie-points of the sea ice is 10.8K. The tie-points of the seawater
in the one-year ice and seawater coexistence regions is Py, which is
47.5K, and the tie-points of the sea ice is Py, which is 10.9K. The
polarization difference of the one-year ice is mostly concentrated
between 9K and 16K, while the polarization difference of sea ice in
the multi-year ice and one-year ice coexistence regions is mostly
concentrated between 8K and 14K, and the polarization difference
of seawater is mostly concentrated between 30K and 68K. In
addition, the polarization difference of the one-year ice brightness
temperature in June is greater than in other months.

By utilizing the SIC data from the National Snow and Ice Data
Center (NSIDC), we can further obtain accurate sea ice and
seawater tie-points. The specific operation process is as follows
that (1) Using polar stereo projection and grid interpolation
methods, map the reference SIC and the SIC results obtained
using the ASI algorithm on the same grid to minimize the least
squares regression error. (2) Calculate the fitting parameters (slope
and intercept) of least squares method between the reference SIC
results and the SIC results obtained by the ASI algorithm. When the
slope approaches 1 and the intercept approaches 0, obtain the final
tie-points Py and P;. Otherwise, adjust the tie-points and recalculate
the slope and intercept. (3) In the stable one-year ice regions, the sea
water tie-points Py is 47.4K, and the sea ice tie-points Py is 11.4K. In
the one-year ice and multi-year ice coexist regions, the sea water tie-
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points Py is 47.7K, and the sea ice tie-points P; is 10.8K. In the one-
year ice and water coexistence regions, the sea water tie-points Py is
47.6K, and the sea ice pixel value P, is 11K.

3.2.3 SIC inversion formulas in different sea
ice regions

Calculate the polarization difference P of the brightness
temperature based on the 89 GHz vertical polarization brightness
temperature and horizontal polarization brightness temperature.
Use a cubic polynomial to fit the SIC inversion formulas, and
calculate the coefficients dy, d;, d», and d; shown in Table 1.
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According to the results of the coefficients dy, d;, d,, and d;, the
SIC inversion formulas can be fitted. The SIC inversion formula in
the stable one-year ice regions is (Equation 3):

C=1.48 x 107°P* - 1.47 x 107°P? + 1.55 x 102P + 0.9927 (3)

The SIC inversion formula in the one-year ice and multi-year

ice coexistence regions is (Equation 4):

C=127x107°P* = 1.27 x 10°P? +9.92 x 107°P + 1.0245 (4)

The SIC inversion formula in the one-year ice and seawater
coexistence regions is (Equation 5):
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TABLE 1 Coefficients of different sea ice regions.

10.3389/fmars.2024.1422187

ds d, d, do
Stable one-year ice regions 1.48x107 -1.47x107° 1.55x10°° 0.9927
One-years ice and multi-
ne-years ice and muiti-year 127x10° 127x10° 9.92x10° 1.0245
ice coexistence reglons
One -year ice and seawater = 5 >
1.34x10° -1.33x10 1.17%10 1.0145

coexistence regions

C=134%x10°P* =133 x 10°P? +1.17 x 10 2P + 1.0145 (5)

3.2.4 Inversion of Arctic SIC

Using different SIC inversion formulas in different sea ice
regions, calculate their SIC, and combine them to obtain the
entire Arctic SIC results. Verify spatial consistency by comparing
the SIC results obtained from the traditional ASI algorithms, and
local validation was performed using the sea ice distribution
obtained from Landsat-8 data.

4 Results and validation

The winter in the Arctic regions lasts for six months, from
November to April of the following year. The spring and autumn
are from May to June and from September to October, respectively,
while summer only includes July and August. Therefore, in this
study selected four dates (February 15, May 15, July 15, and
November 15, 2021) to obtain the ASI algorithm SIC results and
the ASI SIC inversion algorithm results based on different sea ice
regions for spatial consistency verification as shown in Figures 6-9.

From the comparison results in Figures 6-9, it can be seen that
the spatial distribution of SIC results between the AST algorithm and
the proposed algorithm is basically consistent. However, there are
differences in the stable one-year ice regions, the one-year ice and

150° 0" 0

multi-year ice coexistence regions, and the one-year ice and
seawater coexistence regions, with SIC ranging from -0.027 to
0.058. In order to further validate the algorithm proposed in this
study, the data from the 15th day of each month in 2021 were
selected to compare the total sea ice area and daily average SIC
results obtained by the proposed algorithm and the ASI algorithm.
The comparison results are shown in Table 2.

According to Table 2, there is not much difference between the
ASI algorithm and the proposed algorithm in terms of total sea ice
areas and daily average SIC. In addition, the algorithm proposed in
this study has slightly higher results than the ASI algorithm in terms
of total sea ice areas and daily average SIC.

To further validate, in this study compared the sea ice
distribution results based on Landsat-8 data in May, July, and
August 2021 with the sea ice distribution results of the ASI
algorithm and the proposed algorithm. Due to the use of the
same SIC inversion formulas as the ASI algorithm in both the
multi-year ice regions and seawater regions, the validation regions
mainly focuses on the stable one-year ice regions, one-year ice and
multi-year ice coexistence regions, and one-year ice and seawater
coexistence regions. For Landsat8 data, this study used the
Normalized Difference Snow Index (NDSI) to detect sea ice. The
calculation formula for NDSI is as follows (Equation 6):

NDSI = (R1 - R2)/(R1 + R2) (6)
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Where R1 is the visible light channel reflectance (such as
0.55 um, 0.67 wm, or 0.86 um), and R2 is the shortwave infrared
channel reflectance (such as 1.6 wm or 2.2 pm). During the day, if
the defined solar zenith angle is below 85°, and the NDSI value is
greater than 0.45 and the reflectance at 0.86 m is higher than 0.08,
it is considered to be covered by ice (Riggs et al., 1999). For Landsat-
8 high-resolution optical remote sensing data, when the NDSI
values calculated for the 5th and 6th bands are greater than 0.45
and the reflectance at 0.86 um in the 5th band is greater than 0.08,
the pixel is determined to be covered by sea ice.

In this study, 0.86 um and 1.6 um were selected as R1 and R2
channels. This is because for water bodies with high green pigment
content, the NDSI value calculated for reflectance in the 0.55 um
wavelength band is too high, which may lead to misjudgment of

Frontiers in Marine Science

snow/sea ice. However, the NDSI value calculated for reflectance in
the 0.86 um wavelength band does not exhibit this situation.

The local verification results of the one-year ice and multi-year
ice coexistence regions are shown in Figure 10. The local verification
results of the stable one-year ice regions are shown in Figure 11.
Due to the fact that most of the regions where one-year ice and
seawater coexistence regions in July and August are seawater, the
validation of the regions was conducted in May, as shown
in Figure 12.

From Figures 10-12, it can be seen that in the stable one-year
ice regions, the one-year ice and multi-year ice coexistence regions,
and the one-year ice and seawater coexistence, the results of the
proposed algorithm based on different sea ice regions are closer to
the sea ice results of Landsat-8 optical data. Based on the sea ice
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distribution results obtained from Landsat8 optical data, the
accuracy of the sea ice distribution obtained from the proposed
algorithm and ASI algorithm is shown in Table 3.

According to Table 3, the ASI SIC inversion algorithm based on
different sea ice regions has significantly improved the accuracy of
sea ice distribution compared to the ASI algorithm in the stable
one-year ice regions, one-year ice and seawater coexistence regions,
and one-year ice and multi-year ice coexistence regions. Compared
with the ASI algorithm, the accuracy of the proposed algorithm has
improved by a minimum of 2%, a maximum of 6%, and an average
of 3.3%. Among them, the accuracy of the proposed algorithm has
improved significantly in one-year ice and multi-year ice
coexistence regions, with a rate of 4% -6%. In stable one-year ice

regions and one-year ice and seawater coexistence regions, the
accuracy of the proposed algorithm has improved by 2%.

5 Discussion

The ASI algorithm uses a unified sea ice and seawater tie-points
to fit the SIC inversion formulas for different sea regions in polar
regions. However, this method ignores the differences in the
characteristics of different sea ice regions, such as significant
differences in the thickness, structure, salinity, and radiation
emissivity of sea ice between multi-year ice and one-year ice.
Therefore, applying the same tie-points in different sea regions

TABLE 2 Comparison of total sea ice area and daily average SIC between ASI algorithm and the proposed algorithm.

Sea ice area of the

> ;Tgeo?'?teharr?/fkmg = pr(_)posed SIE ETE Al ElGetd propgls(édo;ltgh:rithm
algorithm/kmz2
2021/1/15 11871356.37 11925129.45 0.898 0911
2021/2/15 13030492.35 1307973831 0916 0.929
2021/3/15 12986147.11 13036004.61 0.910 0.924
2021/4/15 11879971.23 11927426.74 0.891 0.907
2021/5/15 10796873.28 10866294.02 0.892 0911
2021/6/15 8838319.90 8940840.74 0.867 0.893
2021/7/15 6035267.74 6120404.59 0.828 0.861
2021/8/15 4376605.24 445415275 0.783 0.826
2021/9/15 3800512.59 3859347.00 0.797 0.824
2021/10/15 5462486.08 5512194.90 0.854 0.877
2021/11/15 861290120 8742569.35 0.899 0916
2021/12/15 10659212.51 10702471.24 0912 0.930
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FIGURE 10

10.3389/fmars.2024.1422187

Local verification results of the one-year ice and multi-year ice coexistence regions based on sea ice distribution. (A) July 2, 2021, (B) July 6, 2021,
(C) July 10, 2021, (D) July 20,2021, (E, F) August 6, 2021 (In panels (A-F), from left to right are that the proposed algorithm, the ASI algorithm,

Landsat-8 data)
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FIGURE 11

rr

Local verification results of the stable one-year ice regions based on sea ice distribution. (A) July 3, 2021 (B) August 23, 2021 (In panels (A, B) from
left to right are that the proposed algorithm, the ASI algorithm, Landsat-8 data)

may lead to errors in the SIC inversion results, thereby reducing the
inversion accuracy. If the different sample points are selected for the
different sea ice regions to calculate the tie-points, the AST algorithm
can better capture the differences in characteristics of different sea
ice types, thereby enabling the algorithm to more accurately
invert SIC.

The algorithm in this study still uses the fixed tie-points obtained
from the fixed tie-points method to invert SIC in the stable multi-year
ice regions and the stable seawater regions, just like the ASI algorithm.
In the stable one-year ice regions, one-year ice and seawater coexistence
regions, one-year ice and multi-year ice coexistence regions, different
from the fixed tie-points obtained from the ASI algorithm, the
algorithm in this study selects the tie-points from these three regions
and fits them to obtain for SIC inversion formulas. This makes the
algorithm in this study more accurate and adaptable to complex sea ice

Frontiers in Marine Science

environments than the AST algorithm in the stable one-year ice regions,
one-year ice and seawater coexistence regions, and one-year ice and
multi-year ice coexistence regions.

However, there are still some shortcomings in this study that
(1) There is a difference in the acquisition time between AMSR-2
data and Landsat-8 data, which may lead to errors in the sea ice
distribution results obtained from the two types of data. Future
study will consider incorporating radar data, higher resolution data,
or site testing data to validate the algorithm proposed in this study.
(2) Landsat8 data is susceptible to the interference of cloud and fog
when selecting Landsat-8 data for local validation, current research
only considers regions without cloud and fog interference, resulting
in fewer local regions available for validation. Future study will
consider cloud removal of Landsat8 data to more comprehensively
validate the algorithm proposed in this study.
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Local verification results of the one-year ice and seawater coexistence regions based on sea ice distribution. (A) May 19, 2021 (B) May 28, 2021
(In panels (A, B) from left to right are that the proposed algorithm, the ASI algorithm, Landsat-8 data)

TABLE 3 Accuracy of sea ice distribution obtained from the proposed
algorithm and ASI algorithm.

Accuracy of the Accuracy of the

5 roposed

ASI algorithm glgc?rithm
Figure 10A 85% 88%
Figure 10B 74% 78%
Figure 10C 81% 87%
Figure 10D 90% 94%
Figure 10E 80% 84%
Figure 10F 84% 88%
Figure 11A 87% 89%
Figure 11B 82% 84%
Figure 12A 90% 92%
Figure 12B 89% 91%

6 Conclusion

In this study addresses the issue of inaccurate inversion accuracy
caused by the inability of the ASI algorithm to fully capture the
differences between different sea regions and sea ice types when
inverting polar SIC. An improved ASI SIC inversion algorithm based
on different sea ice regions was proposed, and the SIC results in the
Arctic regions were obtained. That is, according to the fitted inversion
formulas, the corresponding SIC results are obtained in each region,
and they are combined to obtain the total SIC result of the Arctic.
Comparing the inversion results of the proposed algorithm with
those of the ASI algorithm, it can be seen that the Arctic sea ice space
obtained by the proposed algorithm is basically the same as that
obtained by the ASI algorithm, and the total Arctic sea ice area and
daily average SIC are not significantly different. However, the
proposed algorithm is slightly higher than the ASI algorithm in
terms of total sea ice area and daily average SIC. Moreover, in this
study introduced Landsat8 data for cross validation, and the results
show that the inversion accuracy of the proposed algorithm is 2% -6%
higher than that of the ASI algorithm in the stable one-year ice
regions, the one-year ice and multi-year ice coexisting regions, and
the one-year ice and seawater coexisting regions.
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