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Abstract

Sea ice concentration (SIC) is one of the most important indicators when monitoring climate changes in the polar
region. With the development of the Chinese satellite technology, the FengYun (FY) series has been applied to
retrieve the sea ice parameters in the polar region. In this paper, to improve the SIC retrieval accuracy from the
passive microwave (PM) data of the Microwave Radiation Imager (MWRI) aboard on the FengYun-3B (FY-3B)
Satellite, the dynamic tie-point (DT) Arctic Radiation and Turbulence Interaction Study (ARTIST) Sea Ice (ASI)
(DT-ASI) SIC retrieval algorithm is applied and obtained Arctic SIC data for nearly 10 a (from November 18, 2010
to August 19, 2019). Also, by applying a land spillover correction scheme, the erroneous sea ice along coastlines in
melt season is removed. The results of FY-3B/DT-ASI are obviously improved compared to that of FY-3B/NT2
(NASA-Team?) in both SIC and sea ice extent (SIE), and are highly consistent with the results of similar products
of AMSR2 (Advanced Microwave Scanning Radiometer 2)/ASI and AMSR2/DT-ASI. Compared with the annual
average SIC of FY-3B/NT2, our result is reduced by 2.31%. The annual average SIE difference between the two FY-
3Bs is 1.65x10° km?, of which the DT-ASI algorithm contributes 87.9% and the land spillover method contributes
12.1%. We further select 58 MODIS (Moderate-resolution Imaging Spectroradiometer) cloud-free samples in the
Arctic region and use the tie-point method to retrieve SIC to verify the accuracy of these SIC products. The root
mean square difference (RMSD) and mean absolute difference (MAD) of the FY-3B/DT-ASI and MODIS results
are 17.2% and 12.7%, which is close to those of two AMSR2 products with 6.25 km resolution and decreased 8%
and 7.2% compared with FY-3B/NT2. Further, FY-3B/DT-ASI has the most significant improvement where the SIC
is lower than 60%. A high-quality SIC product can be obtained by using the DT-ASI algorithm and our work will be
beneficial to promote the application of FengYun Satellite.
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1 Introduction

The high albedo of sea ice can effectively hinder the ex-
change of heat between the atmosphere and the ocean (Comiso
et al., 2003; Hall et al., 2004). With global warming in recent dec-
ades, Arctic sea ice has become one of the most obvious indica-
tions of global climate change (Comiso et al., 2017). Continuous
observations by satellites have shown that Arctic sea ice has un-
dergone tremendous decadal changes (Bjorgo et al., 1997; Cava-
lieri et al., 1997). These changes affect the absorption of solar ra-
diation in the Arctic during summertime and have a positive
feedback effect on global warming (Perovich et al., 2007). Arctic
sea ice even has a role in regulating the climate of the Northern
Hemisphere (Cvijanovic et al., 2015). The rapid melting of Arctic
sea ice and the extension of the melting season provide favorable
conditions for the opening of Arctic waterways (Li et al., 2016).

Sea ice concentration (SIC), defined as the proportion of area
covered by sea ice to the total footprint area, is an essential para-
meter to measure Arctic sea ice distribution. Sea ice extent (SIE)
and sea ice area (SIA) can be further obtained from SIC data.
With the development of remote sensing technology, more and
more satellite sensors, including visible light and near-infrared
radiometers, imaging spectrometers, and active and passive mi-
crowave (PM) radiometers, are now being used for SIC estimates
(Cao and Jin, 2006). Among them, SIC derived from PM remote
sensing data has a better temporal and spatial continuity.

Currently, many SIC retrieval algorithms based on PM data
are in use. The NASA Team (NT) algorithm (Cavalieri et al.,
1984), the Bootstrap algorithm (Comiso, 1995) and the Bristol al-
gorithm (Smith, 1996) all use low-resolution brightness temper-
ature (BT) at 19 GHz and 37 GHz from the Scanning Multichan-
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nel Microwave Radiometer (SMMR), the Special Sensor Mi-
crowave Imager (SSM/1), the Special Sensor Microwave Imager
Sounder (SSMIS) data. Markus and Cavalieri (2000) applied the
NT algorithm to the 85 GHz band for SIC retrieval which is called
the NT2 (Enhanced NSAS Team) algorithm. Kaleschke et al.
(2001) proposed the ARTIST Sea Ice (ASI) algorithm and applied
it to Advanced Microwave Scanning Radiometer-EOS (AMSR-E)
data to obtain information on SIC (Spreen et al., 2008). Based on
the ASI algorithm, Hao and Su (2015) developed the Dynamic
Tie-Point ASI (DT-ASI) algorithm from AMSR-E data. Wu et al.
(2019) enhanced the ASI algorithm by using the 19 GHz polariza-
tion difference to modify the 91 GHz polarization difference,
which was then substituted into the ASI algorithm to calculate
SIC. Tonboe et al. (2016) from AMSR2 data using the OSHD (OSI
SAF Hybrid Dynamic), namely, a fusion algorithm of Bristol and
Bootstrap. Also based on AMSR2 data using the TUD (Technical
University of Denmark) algorithm (Lavelle et al., 2016). Based on
the polarization ratio of the vertical polarization channel BTs at
18.7 GHz and 36.5 GHz, Zhang et al. (2013) developed a simple
double-bias proportionality (DPR) algorithm from AMSR-E data.
Table 1 lists the relevant information of the main SIC products
based on these algorithms.

The National Satellite Meteorological Center (NSMC) re-
leased a SIC product with a resolution of 12.5 km based on the
NT2 retrieval algorithm from the Microwave Radiation Imager
(MWRI) data carried by FengYun-3B (FY-3B), a new-generation
polar-orbiting Chinese meteorological satellite. Wang et al.
(2018) compared the FY-3B SIC product and AMSR-E SIC from
NSIDC for July to September, 2011, and verified SIC using MOD-
IS data, finding a mean difference and root mean square of 9.78%
and 19.53%, respectively. The accuracy of the FY-3B/NT2 prov-
ided is significantly lower than that of international products and
the SIE is too large. Therefore, improvement of the quality of SIC
retrieved by FY-3B satellites is necessary. Current approaches to
improving sea ice concentration of FY-3B include cross-calibra-
tion of brightness temperature data, the introduction of other
datasets for correction, and the use of different algorithms (Zhai
etal., 2017; Wu et al., 2020; Tang et al., 2020). In recent studies,
different algorithms have been applied to FY-3C or FY-3D to re-
trieve new SIC data, which are significantly improved compared
with international products (Liu et al., 2020; Wu et al., 2020).
Among these researches, no one has applied the DT-ASI al-
gorithms to FY-3B satellites, and the amount of sample data se-
lected in comparison is not systematic enough.

FengYun Meteorological Satellite is an important member of

the globally integrated observation system, needs to find more
applications to make further improvement of the satellite and op-
timize the data utilization nationally and internationally. Al-
though the observation frequency of the FY-3B microwave ra-
diometer is similar to that of the US DMSP/SSMIS, it has the po-
tential to become the main data source for polar sea ice observa-
tions. However, there are still few sea ice concentration products
based on FY-3B/MWRIL. So the application of better algorithms to
retrieval can not only increase the richness of data but also im-
prove the accuracy. In this paper, we apply the DT-ASI algorithm
to the FY-3B/MWRI to obtain 12.5 km resolution SIC data
and compare the results with some similar products such as FY-
3B/NT2, AMSR2/DT-ASI, AMSR2/ASI. Then we use MODIS vis-
ible-light data as the reference to verify the accuracy of new SIC
results. Besides, the land spillover correction is used to reduce
the erroneous SICs along the coastlines adjacent to open water.
Finally, we provide a summary and discussion about this work.

2 Data and method

Dual-polarization BT at the 89 GHz channel from FY-3B/
MWRI acquired from the NSMC (http://www.nsmc.org.cn) over
a time span from November 18, 2010 to August 19, 2019 are used
to retrieval SIC of 12.5 km resolution in this paper. BT data at 18.7
GHz, 23.8 GHz, and 36.5 GHz vertical channels are used for
weather filters. The details of the algorithm will be given in Sec-
tion 3.1. For climate research, calibration and correction of satel-
lite data from different sensors are necessary to obtain accurate
and consistent geophysical data (Cavalieri et al., 1999).

Although the channels of AMSR-E and MWRI are the same
(Yang et al., 2012), there are system deviations for different
sensors. Chen et al. (2021) cross-calibrated the brightness tem-
perature data of the 10 channels corresponding to the two
sensors on the up and down channels by conducting the monthly
bias of each channel of MWRI and AMSR-2 in the study area, and
then analysed the monthly bias between sea ice area and open
water. We used this cross-calibration method to obtain all grid
MWRI data after calibration with AMSR2.

Comparative data from similar products include the follow-
ing. The University of Bremen, using the ASI algorithm, released
an SIC product with a spatial resolution of 6.25 km, based on the
89 GHz channel of the AMSR2 data (https://www.uni-bremen.
de/). The NSMC, using the NT2 retrieval algorithm, released an
SIC product with a spatial resolution of 12.5 km. The Ocean Uni-
versity of China, using the DT-ASI algorithm, released an SIC
product with a spatial resolution of 6.25 km based on the 89 GHz
channel of the AMSR2 data (http://coas.ouc.edu.cn/pogoc/).

Table 1. Algorithms, data sources, resolutions, and time ranges of the main products for Arctic SIC

Algorithm Data source Issued Resolution/km  Time range
Bootstrap SMMR/SSM/1/SSMIS National Snow and Ice Data Center (NSIDC) 25 1979 to present
AMSR-E/AMSR2 University of Bremen (UB) 12.5 2002-2011; 2012 to
present
Enhance NSAS Team (NT2) AMSR-E National Snow and Ice Data Center (NSIDC) 12.5 2002-2011
MWRI National Satellite Meteorological Center (NSMC) 12.5 2011-2019
AMSR2 Japan Aerospace Exploration Agency (JAXA) 10 2012 to present
OSI SAF Hybrid SSMIS European Organisation for the Exploitation of 10 1979 to present
Dynamic(OSHD) AMSR2 Meteorological Satellites (EUMETSAT) 10 2012 to present
Technical University of AMSR2 European Organisation for the Exploitation of 10 2012 to present
Denmark (TUD) Meteorological Satellites (EUMETSAT)
Dual-Polarized Ratio (DPR)  AMSR-E/AMSR2 Ocean University of China (OUC) 10 2002-2011; 2012 to
present
ARTSIST Sea Ice (ASI) AMSR-E/AMSR2 University of Bremen (UB) 6.25 2002-2011; 2012 to
present
Dynamic Tie Point ASI AMSR-E/AMSR2 Ocean University of China (OUC) 6.25 2002-2011; 2012 to
(DT-ASI) present
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The verification data was extracted from MODIS visible light
data, obtained from the NASA website (https://ladsweb.modaps.
eosdis.nasa.gov/). In this paper, the MODIS L1B data of band 1
(0.620-0.670 pm) at 250 m spatial resolution are used to obtain
SIC, and the ice water identification method is the tie-point al-
gorithm (Steffen and Schweiger, 1991; Cavalieri et al., 2010). The
specific method will be described in Section 5.

To perform a point-to-point comparison between SIC with
different spatial resolutions, an inverse distance weight (IDW)
method was used to interpolate the two sets of SIC data to a grid
of 12.5 km. The SIE of SSMI/NT2 obtained from the US National
Snow and Ice Data Center (NSIDC), and the SIE and SIA of other
products are calculated based on area files of different resolu-
tions, only calculate areas where SIC is greater than 15%.

3 Seaice concentration retrieval

3.1 Application of DT-ASI algorithm

The DT-ASI retrieval algorithm (Hao and Su, 2015), based on
FY-3B/MWRI data, includes the following steps.

In the first step, the ASI algorithm based on fixed tie points
(Spreen et al., 2008) obtains the initial SIC field C using the fol-
lowing equation:

C = dsP® + dyP* + di P + dy, 1)

where P is the polarization difference between the horizontal and
vertical BTs at 89 GHz; ds, d», d1, and dy are obtained by solving
equations for the conditions of the pure water point value P, and
pure ice point value P;. The initial values are as follows: P, = 47
and P; = 11.7; when P > Py, Cis assigned a value of 0% for sea-
water; when P < P;, Cis assigned a value of 100% for sea ice.

The second step is to calculate the new daily tie point values.
The daily average values of Py and P under true atmospheric cir-
cumstances are calculated without using any weather filter. Py is
the average of the 89 GHz polarization difference in all grid
points without ice in the region of 53°-75°N; P is the average of
the 89 GHz polarization difference of all grid points where the weather-
filtered SIC is greater than 95% in the region of 85°-90°N. Be-
cause the MWRI data has a larger hole than AMSR-E in the cen-
ter of the North Pole, the selection range of ice point values is
smaller. To determine the values of the open water tie point, the
vertical polarization BT ratios of the 18.7 GHz and 36.5 GHz
channels are introduced as a criterion (Zhang, 2012). Using the
statistics of Py and P as initial values, the BT polarization differ-
ence P is calculated again using the ASI algorithm, and the new
FY-3B/MWRI SICs are obtained based on Eq. (1).

The third step is weather filtering. Due to the influence of ab-
normal atmospheric processes, some errors will occur on the
open water surface, which will lead to false sea ice retrievals. It is
necessary to introduce weather filters to deal with these errors.
Hao and Su (2015) used two types of weather filters (Gloersen
and Cavalieri, 1986).

The gradient ratios of GR (36, 18) and GR (23, 18) were used
for judgment, and GR(X, Y)=[TB(X,V) — TB(Y, V)] / [TB( X, V)+
TB (Y, V)] can be used to filter the false sea ice generated by
clouds and water vapor, where X and Y are different frequency of
BT andV stands for vertical channel. The threshold values are
0.045 and 0.04 respectively, which at least keeps all SICs at least
15% above. We use these two weather filtering methods (Glo-
ersen and Cavalieri, 1986) and criteria to process the newly ob-
tained FY-3B/MWRI SIC.
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3.2 Land spillover correction

Limited by the wide diameter of the antenna, MWRI BT can
detect relatively weak ground echo signals (Parkinson, 1987; Zhai
etal., 2017). This makes it difficult to distinguish sea ice from
land near the shore, which affects SIC products. To solve this
problem, NSIDC SIC data has been introduced to identify pixels
near the coastline. Liu et al. (2020) used the microwave scanning
radiometer BT data from FY-3C to perform SIC retrieval in the
polar region and used the minimum concentration template to
remove land pollution effects. Similarly, in the FY-3B/DT-ASI SIC
obtained by our retrieval, the land coverage and ocean coverage
could not be distinguished. A land mask was applied to the ice
concentration maps and adopted the technique of land spillover
correction to deal with this problem. The errors in sea ice in the
marginal area of the FY-3B SIC were corrected according to steps
1-3 of the land spillover correction method issued by the Nation-
al Snow and Ice Center (Markus and Cavalieri, 2009). The specif-
ic steps of the algorithm are as follows:

(1) Classify all meshed pixels according to distance from the
shoreline. Water points directly adjacent to the shoreline are set
to 1. Outer boundary points are set to 2 and 3, respectively, and
open water points and points adjacent to points with values of 2
and 3 are set to 0. Land locations close to the shoreline are set to
4, and points far from the shore are set to 5.

(2) Use a 7x7 window (about 87.5 kmx87.5 km) to judge the
concentrations of points with values of 1 and 2. Points with a
value of 0 or 3 are not included in the detection range.

(3) Determine whether all points with a value of 3 in each
window are open water. If they are, then the SIC of the points
corresponding to points with values of 1 and 2 in the window are
set to 0; otherwise, the concentration values of the correspond-
ing points do not change.

Through the land spillover correction, the errors in sea ice
near the shoreline were corrected to a major degree, and the SIE
was also significantly corrected. This is important for shipping
and resource utilization in the Arctic region, e. g., the Northwest
Passage, which runs from Greenland through the Canadian Arc-
tic Archipelago to the northern coast of Alaska, can greatly
shorten the route between the Atlantic and the Pacific and has
important economic value. Sea ice of the Canadian Arctic Ar-
chipelago is the key to the navigation time in summer, but PM
products are subject to deviations due to low resolution. So, it is
necessary to apply the land spillover method in these areas. Fig-
ure 1 shows the regional SIC distribution in the Canadian Arctic
Archipelago before and after land spillover correction and the
local satellite imagery on August 8, 2016. It shows that the land spillover
method does not change the distribution of sea ice in large areas
and only corrects the sea ice in small areas located at the edge of
land (Figs 1a and b). Comparisons with satellite imagery (Fig. 1c)
show that there is little sea ice for navigation in the western and
southern ocean passages, consistent with the results in Fig. 1b.
Most of the SIC in this area was greater than 15%, which would
affect the calculation of SIE. Then, we calculated that the SIE val-
ues of this region (66°-76°N, 70°~130°W) were 17.7 x 10* km?® and
14.3 x 10* km® respectively before and after using this method,
which decreased by 19.2%. Therefore, the land spillover method
can effectively correct a large number of misjudged sea ice,
downgrade the differences between different data sets, and guide
the determination of navigation time in the local sea area. Meier
etal. (2015) pointed out the land spillover issue can add false ice
along the coast, particularly during summer. In the Arctic Ocean
during wintertime, the landfast ice covers almost the entire
coastal area, so we improved to use the land spillover method
from July 1st to December 1st every year, because most of the sea
ice is not connected to land during this period.
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Fig. 1. Seaice concentration in the Canadian Arctic Archipelago on August 8, 2016. a. Without land spillover correction, b. with land
spillover correction, and c. satellite imagery from NASA Worldview (https://worldview.earthdata.nasa.gov) .

4 Results and comparison

By applying the DT-ASI retrieval algorithm to the FY-3B/
MWRI data, daily Arctic SIC data was obtained from November
18, 2010 to August 19, 2019 with a spatial resolution of 12.5 km.
Obtained 3 156 data, of which 3 120 valid data. The effective rate
reached 98.9%. We compared results of FY-3B/DT-ASI with re-
trieval data using similar ASI algorithms, as well as with FY-3B/
NT2 data. SIE and SIA from these datasets were also compared.

4.1 Comparison of SIC with other data derived from similar al-
gorithms

In this section, we compare our results with SIC products ob-
tained by the University of Bremen (UB) and the Ocean Uni-
versity of China (OUC), expressed as AMSR2/ASI and AMSR2/
DT-ASI. Both data have a resolution of 6.25 km.

All three sets of results show a similar seasonal cycle of the
SIC. We compare the monthly average Arctic SIC of the three
products for eight years. For example, Fig. 2 and Fig. 3 give the
SIC distributions of the three datasets for March and September.
In all three sets of results for both March and September, the
monthly average distribution of SIC is very similar and the values
are very close, especially the two sets of results of AMSR2. The
differences between FY-3B/DT-ASI and the two AMSR2 results
appear mainly in the ice edge area. For March, the differences
appear primarily in the Sea of Okhotsk and the ice margin zone of
the North Atlantic, with smaller values in the FY-3B data. However,
in September, FY-3B/DT-ASI is higher than AMSR2/DT-AS], es-
pecially in the East Greenland Sea, and lower than AMSR2/ASI.

The main differences are still in the ice margin zone along the
Northeast Passage, which facilitates navigation of the Arctic in
summer. Compared with the two AMSR2 products, FY-3B/DT-
ASI can describe the lower SIC in the edge and the hole at the
North Pole is bigger.

In summary, the three types of SIC obtained by similar ASI al-
gorithms resemble each other better in March than in Septem-
ber. The main reason for the difference between FY-3B/DT-ASI
and the two AMSR2 SIC products is the difference in the size of
footprints.

4.2 Comparison of SIC with FY satellite products

In this section, FY-3B/DT-ASI SICs are compared with the SIC
products distributed by NSMC, which are based on the NT2 al-
gorithm, referred to here as FY-3B/NT2. In most cases, our res-
ults are lower than those from FY-3B/NT2. For example, Fig. 4
shows that the two SICs differ greatly in the sea ice margin area
and at the edge of the land. SIC from FY-3B/DT-ASI is higher in
the north and east of the Beaufort Sea and the marginal ice zone
of the Barents Sea and lower in most of the Arctic Ocean, espe-
cially in the Greenland Sea and the Baffin Bay. The large differ-
ence in SIE values between the two sets of FY-3B data (11.19x
10° km? from FY-3B/DT-ASI and 13.07 x 10° km” from FY-3B/
NT2) comes mostly from the region close to the coast.

The daily spatial average SIC difference and the monthly spa-
tial average SIC difference between FY-3B/DT-ASI and FY-
3B/NT2 are shown in Figs 5a and b. Overall, the daily spatial av-
erage SIC from our results is smaller than that from FY-3B/NT2,
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Fig. 2. Monthly averaged sea ice concentration in March. a. FY-3B/DT-ASI, b. AMSR2/DT-ASI, c. AMSR2/ASI, and d-f. sea ice
concentration differences between FY-3B/DT-ASI and AMSR2/DT-ASI, FY-3B/DT-ASI and AMSR2/DT-ASI, and AMSR2/DT-ASI
and AMSR2/ASI.
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Fig. 3. Monthly averaged sea ice concentration in September. a. FY-3B/DT-ASI, b. AMSR2/DT-ASI, c. AMSR2/AS], and d-f. sea ice
concentration differences between FY-3B/DT-ASI and AMSR2/DT-ASI, FY-3B/DT-ASI and AMSR2/DT-ASI, and AMSR2/DT-ASI
and AMSR2/ASI.

with an average of -2.31%. Several abnormally large differences 4.3 Comparison of SIE and SIA

are due to the SIC polluted by the lack or excessive orbital data Two parameters that proved a quantitative evaluation of the
(Fig. 5a). From Fig. 5b, it is not difficult to find that the difference  large-scale changes and trends of sea ice are SIE and SIA. The
of monthly averaged SIC from 2011 to 2018 is larger in the first  usual method for calculating SIE is the sum of the areas of all grid
half-year than in the second half-year. cells with SIC greater than 15%, and SIA is the sum of the

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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Fig. 4. Arctic sea ice concentration from FY-3B/DT-ASI (a) and FY-3B/NT2 (b) on May 14, 2016 as well as their difference (c).
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Fig. 5. Time series of the daily spatial averaged difference of FY-3B/DT-ASI and FY-3B/NT2 (a), and the monthly spatial averaged sea
ice concentration difference of FY-3B/DT-ASI and FY-3B/NT2 (b). The red line in a represents the monthly mean.

products of the area of each grid unit and the corresponding SIC.
Here, we compare daily SIEs obtained from SICs from five data-
sets (FY-3B/NT2, NSMC; FY-3B/DT-ASI, OUC; AMSR2/DT-AS]I,
OUC; AMSR2/ASI, UB; SSMI/NT2, NSIDC). For SIA, we compare
results from four datasets, excluding SSMI/NT2, which does not
provide SIA data.

A comparison of climatological daily SIEs for 2012-2018 is

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.

presented in Fig. 6a. It can be seen directly that the SIE time
series of all these datasets exhibit obvious seasonal changes, and
some SIE fluctuations due to changes in weather scale can also
be observed. The yearly average SIEs are 11.94 x 10° km?, 10.52x
106 km?2, 10.51 x 10° km?, 10.29 x 10° km?, 10.5 x 10° kim*, and
10.3 x 10° km? for FY-3B/NT2, AMSR2/DT-ASI, SSMI/NT2, AM-
SR2/ASI, FY-3B/DT-ASI(V0), and FY-3B/DT-AS], respectively.

http:// www.cnki.net
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Fig. 6. Time series of comparison of sea ice extent (SIE) from different datasets (a), differences of SIE with those from SSMI/NT2 (b,
DIF1), differences of SIE with those from AMSR2/ASI (c, DIF2), time series of comparison of sea ice area (SIA) from different datasets
(d), and differences of SIA with those from AMSR2/ASI (e, DIF1). The color coding of the lines in the different plots are the same as for
the respective SIE and SIA plots. The brown dotted line is FY-3B/DT-ASI (V0) which represents without using the land spillover

method.

FY-3B/DT-ASI(V0) stands for our SIC result without using the
land spillover method. Therefore, the reduction of SIE by the al-
gorithm accounted for 87.9%, and the land spillover accounted
for 12.1%. The SIE from the FY-3B/NT2 data is much greater than
that from the other data. Among the three datasets of results ob-
tained using the ASI and DT-ASI algorithm, in comparison with
SSMI/NT2, the absolute biases of the SIE are all within 0.8%

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.

10° km?(Fig. 6b). From January to July, their SIEs are less than
those from SSMI/NT2 (with the bias between AMSR2/DT-ASI
and SSMI/NT2 being the smallest), whereas from September to
November, larger than SSMI/NT2, so the deviation varies with
the seasons and exhibits similar fluctuations. As shown in Fig. 6c,
the SIE of FY-3B/DT-ASI is smaller than AMSR2/ASI, and the SIE
of AMSR2/DT-ASI is higher than AMSR2/ASI. Overall, the three

http:// www.cnki.net
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SIE results of the ASI algorithm are very close in summer.

A comparison of SIAs is shown in Figs 6d and e. The time
series of SIA from the four SIC datasets are similar to the SIE time
series. The SIA from the FY-3B/NT2 data is much greater and the
FY-3B/DT-ASI results are closer to the other two AMSR2 datasets.
The yearly average SIAs are 10.60 x 10° km?, 9.49 x 10° km?,
9.38 x 10° km?*, 9.51x10° km®, and 9.42x10° km® for FY-3B/
NT2, AMSR2/DT-ASI, AMSR2/ASI, FY-3B/DT-ASI(V0), and FY-
3B/DT-AS], respectively. The reduction of SIA by the algorithm
accounted for 92.4%, and the land spillover accounted for 7.6%.
Comparison of FY-3B/DT-ASI and AMSR2/DT-ASI with
AMSR2/ASI shows that the differences between —0.5 x 10° km?
and 0.5 x 10° km?. The changing trends of the two biases are
consistent, which is the opposite of SIE.

Figures 7a-d give monthly average SIE and SIA time series
from four SIC datasets for March and September from 2011 to
2018. The inter-annual changes of SIAs and SIEs in the four SIC
datasets in March and September were basically the same. Both
reached their lowest on record in September 2012. The SIEs and
SIAs from FY-3B/NT2 are clearly larger than those from the other
three SIC datasets. The SIEs from three used ASI algorithm data-
sets are lower for March and higher for September than SSMI/
NT2. The SIE and SIA for March from the FY-3B/DT-ASI are the
smallest, and very close to AMSR2/ASI in September.

5 Validation with MODIS SIC

In previous studies, high-resolution satellite image data has
generally been used to verify the SICs obtained from PM data by
different methods. For example, Zhao and Ren (2000) proposed
an intensity ratio threshold zone method in which a threshold
based on ice-water discrimination is used to calculate the pro-
portion of ice in the corresponding grid (Wiebe et al., 2009; Ye et
al., 2011). The SIC in the visible light image is thereby obtained.
In this study, we used the tie-point algorithm (Steffen and Sch-
weiger, 1991; Cavalieri et al., 2010) to extract SICs from MODIS.

Differences mainly occur in marginal ice regions (Cavalieri et
al., 2010). Therefore, we select 58 cloud-free case scenes with 250 m
resolution visible light channel data provided by MODIS on-
board the AQUA satellite from February to July during 2012 and
2019. The distribution of the location of these case scenes (Fig. 8)
covers almost all marginal sea areas in the Arctic (except the Bar-
ents Sea).

SIC was retrieved from band 1 of MODIS L1B visible light
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(MYD02Q KM) data. Select the sample with an area of 100 km x
100 km, and each window contains 160 000 pixels. Generally,
there are two peaks in the probability density functions (PDF)
histogram of the top-of-the-atmosphere (TOA) reflectance: the
value of the water point A, and the value of the ice point A;. Then
use the tie-point algorithm to calculate the SIC in each pixel.
When the reflectance was greater than A;, SIC was set to 100%;
when the reflectance was less than A, SIC was set to 0; when the
reflectance was between A, and A,, the value of SIC was linearly
scaled between 0 and 1.

Figure 9 shows three of the 58 samples (10, 29, and 34), cor-
responding to the colored frames in Fig. 8. Their acquisition
times were June 5, 2013, June 5, 2017, and July 12, 2017, respect-
ively. The three samples represent three types: (1) mainly broken
ice with a small size, but relatively high SIC; (2) the sea ice edge
zone, including large pieces of sea ice and with a relatively high
proportion of seawater; (3) pack ice with melt ponds, with a high
SIC.

We then projected the high-resolution MODIS SIC onto the
low-resolution SIC data grid (6.25 km x 6.25 km and 12.5 km x
12.5 km). Figure 10 shows the SIC distribution from MODIS and
the retrieval results from FY-3B/DT-ASI, FY-3B/NT2,
AMSR2/DT-ASI, and AMSR2/ASI. The results show that among
the three samples, the SICs from AMSR2/DT-ASI and
AMSR2/ASI give descriptions of the distribution characteristics of
sea ice that are closer to those from MODIS (Figs 10b1-b3) owing
to their higher spatial resolution. FY-3B/NT2 (Figs 10c1-c3), with
aresolution of 12.5 km, generally gives a higher SIC than MODIS.
It cannot clearly reproduce the distribution characteristics of
Sample 29 (Fig. 10c2). Our FY-3B/DT-ASI results with a resolu-
tion of 12.5 km (Figs 10d1-d3) generally have lower SICs, with
distribution characteristics more like those from MODIS results
than FY-3B/NT2.

For Sample 10, SIC from MODIS (Fig. 10al) with a spatial res-
olution of 250 m can characterize narrow open water. Limited by
spatial resolution, PM results cannot recognize tiny open water
areas in detail, but still reveal the water and low SIC value in the
upper right area, while FY-3B/NT2 gives a higher SIC than that
obtained from the other datasets.

For Sample 29, the sea ice and seawater points account for al-
most half each. SICs retrieved from the two AMSR2 datasets
(Figs 10e2 and f2) better reflect of the actual situation, and the
position of the sea ice edge is basically the same as that of MOD-
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Fig. 7. Monthly averaged sea ice extent (SIE) and sea ice area (SIA) of different datasets in March and September. a. SIE for March, b.

SIA for March, c. SIE for September, and d. SIA for September.
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Fig. 8. Selection of MODIS broadband top of the atmosphere re-
flectance images. The red, green, and blue squares show the pos-
itions of samples 10, 29, and 34, respectively.

IS (Fig. 10b2). The FY-3B/DT-ASI retrieval result can also accur-
ately capture the edge of ice and water, but the high SIC area is
smaller than the MODIS result. The FY-3B/NT2 result has the
largest difference from the actual value, and the range is much
larger than that from MODIS.

For Sample 34, FY-3B/DT-ASI, AMSR2/DT-ASI, and AMSR2/
ASI all give distributions of SIC that adequately represent the
sample SIC, although the first one with a lower value (Fig. 10c3)
while the last one (Fig. 10f3) with a higher value than that from
MODIS. FY-3B/NT2 SIC values are much higher than those from
MODIS and almost with a uniform distribution.

Among the three samples, we could see that the results of the
two high-resolution SICs are better than the results of the 12.5 km
SIC. FY-3B/NT2 results in the largest deviation. Although FY-
3B/DT-ASI cannot represent the details of the distribution char-
acteristics, compared with the results of MODIS, both the value
and the rough distribution are acceptable.

We acquired spatially averaged SICs for the 58 selected re-
gions from five different kinds of SICs, as shown in Fig. 11. All
sample results are ordered from 2012 to 2019 by date. The aver-
age SIC of MODIS, FY-3B/DT-ASI, FY-3B/NT2, AMSR2/DT-ASI,

and AMSR2/ASI are 65.0%, 65.4%, 81.5%, 64.5%, and 64.7%, re-
spectively. The SICs from the ASI algorithms are consistent with
those from MODIS, while those from FY-3B/NT2 are the largest.
In terms of the averaged SIC from FY-3B/DT-ASI, 31 samples are
greater and 27 samples lower than that from MODIS. And 62% of
the samples have an average difference within 10%.

Wang et al. (2018) compared the SIC data of FY-3B/NT2 and
AMSR-E and validated with MODIS, when the SIC was 95% or
higher, the root mean square difference (RMSD) was signific-
antly reduced. This indicates that the SIC difference fluctuates
less in high-SIC areas. In the verification process, this paper also
uses the method of statistical mean difference (MD), mean abso-
lute difference (MAD) and RMSD of the sub-concentration to di-
vide the MODIS retrieval SIC into three levels. The results are
shown in Table 2. When SIC > 90%, FY-3B/NT2 has the best per-
formance, and when SIC < 90%, FY-3B/NT2 has the largest differ-
ence. The MDs of the two AMSR2 products and FY-3B/DT-ASI
are close to zero. The MAD of FY-3B/DT-ASI, FY-3B/NT2, AM-
SR2/DT-ASI, and AMSR2/ASI are 12.7%, 19.9%, 11.2% and 10.8%,
respectively, and the distribution is similar to RMSD. Compared
with that from FY-3B/NT2, the total MD, MAD and RMSD from
FY-3B/DT-ASI are reduced by 16%, 1.5% and 8%, respectively.
The results of the three levels show that RMSD increases signific-
antly as the SIC decreases.

6 Summary and discussion

Sea ice concentration product from the Chinese FengYun
satellites has been publicly available since 2011, and there have
been a number of attempts to improve it (Zhai et al., 2017; Wu et
al., 2020). In this paper, we apply the DT-ASI algorithm, which
has been used in the GCOM-W1/AMSR2 sea ice concentration
retrieval in Ocean University of China to the FY-3B/MWRI 89
GHz BT data to retrieve Arctic SIC. A new daily SIC dataset is ob-
tained, covering 2010-2019. We also adopt the land spillover
method to correct the SIC for contamination at the edge from Ju-
ly 1st to December 1st that has obvious improvements to SIE and
SIA. By comparing with those from other PM SIC products and
with MODIS visible light data, the main characteristics of our res-
ults can be summarized as follows:

(1) The SIC results retrieved by the DT-ASI algorithm from
FY-3B/MWRI data show spatial distributions that are highly con-
sistent with those from ASI and DT-ASI algorithms based on
GCOM-W1/AMSR?2 data. The SIC bias is larger in the marginal
ice zone, and the deviations of the three sets of SIC results in
September are larger than those in March. Our SIC results are
lower than those from FY-3B/NT2 in most areas and the spatial

Fig. 9. MODIS broadband TOA reflectance images. a. Sample 10; b. Sample 29; and c. Sample 34.
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average SIC bias is negative, with an average of -2.31%, and is
bigger in the first half year than in the second half year. And the
land spillover method can effectively correct the differences in
SIC in the summer.

(2) Compared with FY-3B/NT2, FY-3B/DT-ASI has obvious
improvements in SIE and SIA, and the average value is very close
to that of several other released products. The yearly average SIE
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of FY-3B/DT-ASI is reduced by 1.65x10°% km?, of which the DT-
ASI algorithm accounts for 87.9% and the land spillover method
accounts for 12.1%. In some of the more complex coastal areas,
the land spillover accounted for a greater proportion of improve-
ment, such as the Northwest Passage. The SIAs and SIEs from all
four SIC datasets exhibit the same interannual variations in
March and September.
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Sample 34 (July 12, 2017)
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Fig. 10. Sea ice concentration (SIC) corresponding to the three selected samples. a. MODIS SIC with a resolution of 250 m, b. MODIS
SIC with a resolution of 6.25 km, c. FY-3B/NT2 with a resolution of 12.5 km (NSMC), d. FY-3B/DT-ASI with a resolution of 12.5 km,
e. AMSR2/DT-ASI with a resolution of 6.25 km, and f. AMSR2/ASI with a resolution of 6.25 km (UB).

(3) Compared with the SIC retrieved from 58 MODIS samples,
the MD, MAD and RMSD of FY-3B/DT-ASI results were 0.5%,
12.7% and 17.2%, obviously lower than those from FY-3B/NT2.
All PM products show that the inversion accuracy is better in
areas with higher SIC, and when the SIC is lower than 0.6, the
RMSD basically reaches 20%.

Our work has confirmed that the DT-ASI algorithm can be ef-
fectively applied to FY-3B/MWRI and got better SIC data based
on this sensor in the Arctic. The corresponding FY-3B/MWRI SIC
product has been released in Key Lab of Polar Oceanography and
Global Ocean Change at Ocean University of China operationally
since January 2019. The datasets can be obtained from the web-
site (http://coas.ouc.edu.cn/pogoc/). We analyzed the contribu-
tions of SIE and SIA brought by algorithms alternative and using
land spillover, proving that the application is very valuable. Com-
pared the results of FY-3B/MWRI retrieval using the DT-ASI al-
gorithm with the SIC from visible light with an MD of 0.5%, while
using ASI algorithm was 5.029% (Wu et al., 2020). However, there
are still some aspects that need further improvement. First, the
algorithm is currently not very good at retrieving SIC in the mar-
ginal ice zone. Second, daily tie-points still exhibit discontinuit-
ies when the BT at 89 GHz is affected by clouds and water vapor
during strong weather processes. An atmospheric correction
model will need to be incorporated to deal with this problem.
Third, Comiso and Kwok (1996) suggested that PM SIC al-
gorithms often underestimate high-value SIC in the melting sea-
son in comparison with SAR and AVHRR data owing to the influ-
ence of melt ponds. However, they drew this conclusion from a
statistical analysis of SAR and AVHRR results on sea ice using
simple binary discrimination rather than by linear scaling of SIC.
In addition, they assumed that grids with melt pond coverage
could be taken as pure ice grids. However, in reality, this may not

be appropriate for the estimation of radiation balance. Therefore,
we believe that if the PM signal is affected by melt condition, this
effect should be counted into the SIC calculation.

Although the land spillover method can effectively reduce the
influence of land pixels that is associated with low spatial resolu-
tion in most cases, it still cannot reduce the uncertainty in areas
with a complex shoreline. At present, Arctic navigation is a com-
mon concern of all parties in the world, and we will give more
consideration to the role of the land spillover method. Liu et al.
(2020) used the BT correction and the minimum SIC mask dur-
ing summer to correct the FY-3C/NT2, and the results are highly
consistent with the NSIDC product. But the minimum mask
chosen does not represent the SIE for all years. Therefore, the
land spillover method used in this study is based on SIC’s daily
search for judgment, which has greater flexibility. The results
showed that the land spillover method improved SIE by 19.2%,
which is higher than the average contribution of 12.1% of the
whole Arctic. Therefore, the land spillover method can down-
grade the differences between different data sets. It also shows
the advantages of improving SIE in special regions.

The MODIS SIC is taken as the ground truth in this paper.
However, MODIS results are also subject to errors (Wiebe et al.,
2009). According to Figs 10a, and b, the downscaling process of
the MODIS 250 m SIC onto 6.25 km grids reduced the SIC, lead-
ing to a certain degree of underestimation of SIC in the high-SIC
grids and overestimation in the low-SIC grids.

There are two main reasons for the large SIE and SIA from the
FY-3B/NT2 analysis. First, the SIC value was larger than the oth-
er PM SIC products. Second, errors in sea ice caused by land
spillover near the shore boundary were not dealt with. However,
if we take the melt surface ice as pure ice, and use a statistical
method to calculate SIC from MODIS data, the SIC from FY-3B/
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Fig. 11. Average sea ice concentration of 58 samples in different data.

Table 2. Statistical differences between the SICs from different data sets with MODIS (%)

FY-3B/DT-ASI FY-3B/NT2 AMSR2/DT-ASI AMSR2/ASI
Total MD 0.5 16.5 -0.9 -0.4
MAD 12.7 19.9 11.2 10.8
RMSD 17.2 25.2 14.8 14.7
SIC=90% MD -6.4 0.78 -8 -4
MAD 10.4 8.8 10.1 7.7
RMSD 12.3 9.6 12.2 9.9
60% < SIC <90% MD -2.3 10.5 -3.1 0.3
MAD 14 15.3 13.6 12.6
RMSD 17 17.4 16.4 15.7
SIC<60% MD 6.3 33.6 4 1.4
MAD 17.8 34.9 16 15.2
RMSD 21.6 37.6 19.9 19.3

NT2 will have smaller errors compared with that from MODIS.
Further validation needs to be done in the future.
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