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The dual-polarized ratio (DPR) algorithm is a new algorithm that enable calculation of Arctic
sea ice concentration from the 36.5-GHz channel of the sensor Advanced Microwave
Scanning Radiometer for EOS/Advanced Microwave Scanning Radiometer 2 (AMSR-E/
AMSR2). In this paper, we demonstrate results that the sea ice concentration data using
DPR algorithm (DPR-AMSR) are evaluated and compared with other eight Arctic sea ice
concentration data products with respect to differences in sea ice concentration, sea ice
area, and sea ice extent. On a pan-Arctic scale, the evaluation results are mostly very similar
between DPR-AMSR and the bootstrap algorithm from AMSR-E/AMSR2 (BT-AMSR), the
bootstrap algorithm from SSM/I or SSMIS (BT-SSMI), the ARTIST Sea Ice algorithm from
AMSR-E/AMSR2 (ASI-AMSR), and the enhanced NASA Team algorithm from AMSR-E/
AMSR2 (NT2-AMSR). Among of these products, the differences in sea ice concentration
agree within ±5%. However, European Space Agency Climate Change Initiative algorithm
from AMSR-E/AMSR2 (SICCI-AMSR), the European Organisation for the Exploitation of
Meteorological Satellites Ocean and Sea Ice Satellite Application Facility from SSM/I or
SSMIS (OSI-SSMI), the ARTIST Sea Ice algorithm from SSM/I or SSMIS (ASI-SSMI), and the
NASA Team algorithm from SSM/I or SSMIS (NT1-SSMI) are all lower than DPR-AMSR at
sea ice edge. And NT1-SSMI had the largest negative difference, which was lower than
-15% or even 20%.The difference of sea ice area was consistently within ±0.5 million km2

between DPR-AMSR and BT-AMSR, BT-SSMI, ASI-AMSR, and NT2-AMSR in all years.
The smallest difference was with BT-SSMI (less than 0.1 million km2), whereas the largest
difference was with NT1-SSMI (up to 1.5 million km2). In comparisons of sea ice extent, BT-
AMSR, NT1-SSMI, and NT2-AMSR estimates were consistent with that of DPR-AMSR and
were within ±0.5 million km2. However, differences exceeded 0.5 million km2 between DPR-
AMSR and the other data sets. When ship-based visual observation (OBS) values ranged
from 85% to 100%, the difference between DPR-AMSR and OBS was less than 1%. There
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were relatively large differences between DPR-AMSR and OBS when OBS values were less
than 85% or were recorded during the summer, although those differences were also
within 10%.

Keywords: Arctic, sea ice concentraiton, brightness temperature, remote sensing products, passive microwave

1 INTRODUCTION

Because sea ice and snow have high albedo to solar radiation,
they reduce heat exchange between ocean and atmosphere, and
thus, sea ice has a critical role in the global climate system (Chi
et al., 2019). Arctic sea ice has undergone rapid changes in the
past few decades, with minimum sea ice coverage decreasing at a
rate of 12.8% ± 2.3% per decade in summer (Meredith et al.,
2019). Simulated results based on the Coupled Model
Intercomparison Project 5 show that there will be ice-free
periods in the Arctic summer during 2041–2060 (Laliberté
et al., 2016). Rapid changes in Arctic sea ice area and extent
have significant effects on multi-year ice, annual ice, young ice
(generally less than 30 cm thick), open water, and sea ice
velocity (Lei et al., 2020). In addition, rapid changes in
Arctic sea ice are associated with increasing numbers of
extreme weather events in the middle latitudes of the
Northern Hemisphere, including increased frequency of heat
waves in summer and extreme cold in winter (Graham et al.,
2017). Therefore, the continuous acquisition of long-term sea
ice information in the Arctic is highly significant in studying the
climate of internal changes and external forcings.

Many ways are currently used to monitor Arctic sea ice, including
ships, buoys, aircraft, and satellites. Scientists can directly and
systematically observe sea ice of Arctic by ship, but this approach
is greatly limited in time and space.Multiple observation instruments,
such as a high-resolution camera, synthetic aperture radar,
radiometer, scatterometer, and altimeter, can also be installed on
aircraft to observe sea ice, which can provide information on changes
in sea ice within a certain space range. However, those types of
observations depend on aircraft trajectory and are also relatively
expensive. Visible spectral remote sensing can provide high-
resolution images, but this method can only monitor sea ice in
daylight under a clear sky (Kern et al., 2020). However, clouds often
cover most of the Arctic region, and there is also the polar night
phenomenon; therefore, it is very difficult tomonitor sea ice by visible
spectral remote sensing (Pichel et al., 2003). Passive microwave
remote sensing is superior to visible spectral remote sensing in
two aspects. First, atmospheric influence on microwave radiation
is relatively small in some microwave frequency channels, and thus,
microwaves are almost unaffected when penetrating thick clouds at
those frequency channels. Second, microwaves are radiation emitted
by sea ice itself without dependence on light (Comiso et al., 2003). As
a result, long-term and large-scale changes in sea ice have only been
monitored by passive microwave remote sensing technology of
satellites, and such observations covering more than 40 years. At
present, they provide large amounts of valuable data to study sea
ice–ocean–atmosphere interactions in polar regions.

Since 1972, a series of passive microwave data from satellites
(such as SMMR, SSM/I, SSMIS, and AMSR-E/AMSR2) have been

widely used in sea ice monitoring, as shown in Table 1.
Compared with other passive microwave sensors, the AMSR-
E/AMSR2 has greatly improved spatial resolution. The two
sensors can also monitor some key sea ice features (such as
sea ice lead, and polynya) by using 6.925-, 10.65-, and 89.0-GHz
channels (Lavergne et al., 2019).

Since Serreze et al. (2003) reported a historical minimum in
sea ice extent in September 2002; the minimum value has
continued to decrease. In 2007, 2012, 2016, 2019, and 2020,
sea ice extent in September reached the lowest level on record.
The smallest sea ice extent was recorded in 2012 (Gascard et al.,
2019). Therefore, AMSR-E/AMSR2 can be used to more
accurately monitor recent changes in sea ice. Sea ice
concentration is the fraction of a given area covered with sea
ice and is one of the most important polar parameters not only for
ocean study but also for climate study (Wayand et al., 2019). It is
often retrieved from passive microwave data. At present, more
than 30 sea ice concentration algorithms have been developed
using passive microwave brightness temperature, and they have
been subjected to much evaluation and comparison.

Accuracy and precision serve as measures of performance of a
sea ice concentraiton algorithm or product. Accuracy (expressed by
root mean square error, RMS) is the range, within which are the
repeated retrievals of the same quantity scatter around the mean
value. Precision (expressed by bias) is the difference between the
mean retrieval and the true value. The NASA Team (NT)
algorithm and the bootstrap (BT) algorithm, two commonly
used algorithms, retrieve an average accuracy of sea ice
concentration within ±5% in high-concentration ice pack
during winter (Cavalieri et al., 1984; Comiso, 1986). Accuracy
of the BT-AMSR algorithm is 2.5% when standard deviation of the
scatter is around the ice line (Comiso, 2009). Spreen et al. (2008)
compared results of the ARTIST Sea Ice (ASI) algorithmwith those
of NT2 and BT algorithms and found the difference between ASI
and NT2 was less than −2% ± 8%, whereas that between ASI and
NT was −1.7% ± 10.8%. Andersen et al. (2007) validated and
compared seven sea ice concentration algorithms using reliable
synthetic aperture radar data and ship-based observations data in
the Arctic and found precision between 3% and 5%. However,
accuracy of different sea ice concentration algorithms can be as low
as ±20% during summer and along the ice edge (Meier and Notz,
2010). In addition, Ivanova et al. (2014) compared 11 sea ice
concentration algorithms in the Arctic and found differences of
2%–25% for consolidate sea ice areas in winter, 5%–12% for
intermediate sea ice concentration areas in winter, 2%–8% in
summer, and that exceeded 12% in the Canadian Archipelago
area in summer. Kern et al. (2019) evaluated and compared ten
global sea ice concentration products at 12.5–50.0-km grid
resolution for both the Arctic and the Antarctic, and then, they
grouped the products according to observed interproduct

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 8562892

Zong et al. Arctic Sea Ice Concentration Comparison

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


consistency and differences in intercomparison results. All these
study showed that there is no one superior algorithm, or a
combination of algorithms takes advantages of each algorithm.
Furthermore, GCOS (Global Observing System for Climate)
requires accuracy of sea ice concentration to be within 5%,
unfortunately there is no one sea ice concentration products
that can provide accurate sea ice concentration for studies of
the global climate system. Thus, the development of the global
climate model (or the global ocean model) impels many scientific
institutions and researchers continuously to develop new sea ice
algorithms (or improve existing sea ice concentration algorithms)
through new methods and new technologies. For example, Chi
et al. (2019) applies deep learning (DL) to retrieve Arctic sea ice
concentration from AMSR2 data, and Laverge et al. (2019)
improve existing algorithm to retrieve sea ice concentration.

Because of distinct differences in emissivity between water and
ice, most sea ice concentration algorithms apply linear
combinations of passive microwave brightness temperatures at
different frequencies and polarizations to distinguish sea ice from
open water (Chi et al., 2019). An essential parameter for most sea
ice concentration algorithms is a set of tie points, which are
typical brightness temperature points for open water (0% sea ice
concentration) and 100% ice coverage (100% sea ice
concentration). In early sea ice concentration algorithms,
including BT, NT1, NT2, and ASI algorithms, the brightness
temperature tie points are usually fixed.

Brightness temperature tie points may have a range of
variability for 100% sea ice coverage and open water owing to

varying emissivity of sea ice, atmospheric conditions, and sea ice
temperature of the emitting layer. Thus, the values of sea ice
concentration are greater than or less than 100% sea ice
concentration near tie points (Ivanova et al., 2015). According
toWillmes et al. (2014), a dynamic technique to retrieve tie points
is very advantageous when retrieving sea ice concentration using
algorithms. Spreen et al. (2008) obtained greater insight into
seasonal and regional stability of tie points in the ASI algorithm,
but they did not use dynamic tie points and instead used fixed
ones during retrieval of sea ice concentration in polar regions. In
the ECICE (Environment Canada’s Ice Concentration Extractor)
algorithm, the input is 100 probability distributions of brightness
temperature, which are randomly and simultaneously selected,
and then, optimal solutions for sea ice concentration are obtained
(Shokr et al., 2008). Therefore, the key to improving accuracy of
sea ice concentration algorithms is not only to determine the tie
points but also to determine their seasonal and regional
variations.

The dual-polarized ratio (DPR) algorithm is a new algorithm
that enables calculation of Arctic sea ice concentration from the
36.5-GHz channel of the sensor (AMSR-E/AMSR2). The DPR
algorithm can retrieve Arctic sea ice concentration from AMSR-
E/AMSR data and was first developed using vertically and
horizontally polarized brightness temperatures at the same
channel of 36.5 GHz (Zhang et al., 2013; Zhang et al., 2018).
With this algorithm, first, sea ice temperature of the emitting
layer cannot directly influence the value of sea ice concentration;
and second, sea ice concentration depends only on the ratio of dual-

TABLE 1 | Overview of multichannel passive microwave radiation satellite sensors, including vertical (V) and horizontal (H) polarization.

Sensor Channels (GHz) Footprint size (km) Period

Scanning Multichannel Microwave Radiometer (SMMR) 6.6 (V, H) 121 1978.10.25–1987.8.20
10.7 (H) 74

18.0 (V, H) 44
21.0 (V, H) 38
37.0 (V, H) 21

Special Sensor Microwave/Image (SSM/I) 19.4 (V, H) 41 1987.07.09 to present
22.2 (V) 39

37.0 (V, H) 22
85.5 (V, H) 10

Special Senor Microwave Imager and Sounder (SSMIS) 19.4 (V, H) 74 × 47 2003.10.18 to present
22.2 (V) 74 × 47

37.0 (V, H) 45 × 31
91.7 (V, H) 15 × 13

Advanced Microwave Scanning Radiometer on EOS (AMSR-E) 6.9 (V, H) 75 × 43 2002.05.05–2011.10.04
10.7 (V, H) 51 × 29
18.7 (V, H) 27 × 16
23.8 (V, H) 32 × 18
36.5 (V, H) 14 × 8
89.0 (V, H) 6 × 4

Advanced Microwave Scanning Radiometer 2 (AMSR2) 6.9 (V, H) 62 × 35 2012.05.18 to present
7.3 (V, H) 62 × 35
10.7 (V, H) 42 × 24
18.7 (V, H) 22 × 14
23.8 (V, H) 26 × 15
36.5 (V, H) 12 × 7
89.0 (V, H) 5 × 3
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polarized emissivity of sea ice. Zhang et al. (2013) originally
determined a fixed ratio of dual-polarized emissivity of sea ice to
retrieve the whole-Arctic sea ice concentration. A dynamic ratio was
then used in the DPR algorithm to improve estimation of sea ice
concentration in summer and in marginal ice zones (Zhang et al.,
2018). Originally, DPR algorithm’s result are compared and
evaluated by the results of ABA algorithm, NT2 algorithm, ASI
algorithm andMODIS optical data in some regional of Arctic. Their
study showed that the sea ice concentration of DPR algorithm is
improved in ice edge and in summertime in the regional
experiment. However, more systematic and detailed evaluations
of DPR algorithm’s results in the Arctic are not done by researchers,
although this work is very important for the application of DPR
algorithm in the global climatemodel (or the global oceanmodel, or
regional climate impact model) in future. Thus, in this paper we
evaluate and compare DPR algorithm’s results with others sea ice
concentration products, which are popularly (or commonly) used
in climate (or ocean) research.

In this paper, the sea ice concentration product of the DPR
algorithm (DPR-AMSR) was retrieved according to Zhange et al.,
2018. In Section 3, development of the DPR algorithm is detailed,
and others sea ice concentration algorithms are also simply
introduced. Then, DPR-AMSR and eight other sea ice
concentration products were compared for differences in sea
ice concentration, sea ice area, and sea ice extent (see Section 2.1
and Section 4). The DPR-AMSR was also compared with Arctic

year-round ship-based visual observations (OBS) of sea ice cover
(see Section 2.3 and Section 5). Results are discussed in Section
6, and conclusions are presented in Section 7.

2 DATA SETS

2.1 Sea Ice Concentration Products
There are many algorithms and sea ice products, which can be
used in this paper. However, the criteria for our choice are 1)
length of the product time series, 2) grid resolution, 3)
accessibility and continuation. So we selected OSI-SSMI,
SICCI-AMSR, BT-SSMI, BT-AMSR, NT1-SSMI, and NT2-
AMSR with 25-km grid resolution, and we also selected ASI-
SSMI with 12.5-km grid resolution. These products were also
used in the Kern et al. (2019). In addition, we selected the ASI
algorithm sea ice concentration product, which was retrieved
from AMSR-E/AMSR2 on a polar-stereographic grid with 6.25-
km grid resolution and provided via the University of Bremen
(https://seaice.uni-bremen.de/start/). This sea ice concentration
product was abbreviated ASI-AMSR. Because ASI-AMSR and
ASI-SSMI use the ASI algorithm to retrieve sea ice concentration
(Spreen et al., 2008), ASI-AMSR was placed in Group III. All
these data information are summarized in Table 2.

As shown in Table 2, two products, OSI-SSMI and SICCI-
AMSR, adopted EASE2.0 projection (equal area grid projection),

TABLE 2 | Overview of passive microwave sea ice concentration retrieval algorithms and products used in this paper (Kern et al., 2019; Kern et al., 2020).

Group Product Sensors/input
data

Trusted root
certificate authorities

and URLs

Grid and
type

Period References

I OSI-SSMI SMMR, SSM/I,
SSMIS

EUMETSAT https://doi.org/10.15770/EUM_SAF_OSI_0008 25 × 25 km 197901–201512 Tonboe et al. (2016)

19.35, 37.0 EASE2.0
SICCI-
AMSR

AMSR-E,
AMSR2

EUMETSAT http://data.ceda.ac.uk/neodc/esacci/sea_ice/
data/sea_ice_concentration/L4/amsr

12.5 ×
12.5 km

200205–201705 Lavergne et al. (2019)

25 × 25 km
6.9, 18.7,
36.5, 89.0

50 × 50 km
EASE2.0

II BT-SSMI SMMR, SSM/I,
SSMIS

NSIDC https://nsidc.org/data/nsidc-0079 25 × 25 km 197810 to
present

Comiso et al. (1997)

19.35, 37.0 PolarStereo
BT-AMSR AMSR-E,

AMSR2
NSIDC https://nsidc.org/data/nsidc-0079 25 × 25 km 200205 to

present
Comiso et al. (2003)

18.7, 36.5 PolarStereo

III ASI-SSMI SSM/I, SSMIS University of Hamburg https://icdc.cen.uni-hamburg.de/en/
seaiceconcentration-asi-ssmi.html

12.5 ×
12.5 km

1992 to present Kaleschke et al.
(2001)

85.5 PolarStereo
ASI-AMSR AMSR-E,

AMSR2
the University of Bremen https://seaice.uni-bremen.de/data/
amsre/

6.25 ×
6.25 km

200205 to
present

Spreen et al. (2008)

89.0 PolarStereo
NT1-SSMI SMMR, SSM/I,

SSMIS
NSIDC https://nsidc.org/data/nsidc-0051 25 × 25 km 197810 to

present
Cavalieri et al. (1984)

19.35, 37.0 PolarStereo

IV NT2-
AMSR

AMSR-E,
AMSR2

NSIDC https://nsidc.org/data/ae_si25/versions/3 25 × 25 km 200205 to
present

Markus and Cavalieri
(2000)

18.7, 36.5, 89.0 PolarStereo
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whereas the other six products adopted polar-stereographic
projection. Therefore, the products of OSI-SSMI and SICCI-
AMSR needed to be interpolated into the polar-stereographic
projection of 25-km grid resolution. The time range of all
products selected in this study was from June 2002 to October
2011 and from July 2012 to December 2015.

2.2 Brightness Temperature Data
The AMSR-E/AMSR2 obtained measurements at six/seven
different frequencies from 6.9 to 89 GHz with both horizontal
and vertical polarization (as shown in Table 1). Compared with
SSM/I and SSMIS, the primary improvement with AMSR-E/
AMSR2 was a significant increase in spatial resolution because
of its footprint size. With the improved spatial resolution, AMSR-
E/AMSR2-based sea ice concentration products can monitor more
detailed sea ice distributions than those of SSM/I and SSMIS. In
this paper, all gridded brightness temperature products of AMSR-
E/AMSR2were published by the National Snow and Ice Data
Center (NSIDC: https://n5eil01u.ecs.nsidc.org), which provides
daily gridded products with 25-km, 12.5-km, and 6.25-km
spatial resolution in the polar-stereographic projection. To
compare all the sea ice concentration products, the brightness
temperature (H or V) products with 25-km spatial resolution in
Level 3 were chosen. Brightness temperature of other frequencies
was used as a weather filter to remove misestimates of sea ice
concentration caused by atmospheric water vapor in some
marginal ice zones, at ice edges, and in open water (Markus
and Cavalieri, 2000; Comiso et al., 2003; Spreen et al., 2008).

2.3 Ship-Based Visual Observation Data
Data on OBS were originally collected by the IceWatch/ASSIST
(Arctic Ship-based Sea Ice Standardization) initiative and can be
downloaded from http://icewatch.gina.alaska.edu. Kern et al. (2019)
processed those data according to the sea ice concentration visual
observation methodology recommended by the Antarctic Sea Ice
Processes and Climate (ASPeCt) protocol (Worby et al., 2008).
Those processed data are available via https://icdc.cen.uni-hamburg.
de.html. The ASPeCt protocol was initially proposed for Antarctic
sea ice concentration observations and was later enlarged to include
Arctic sea ice concentration observations. According to the ASPeCt
protocol, the ice condition was observed and recorded every hour (at
least every second hour) during daylight when a ship was sailing in
ice zones. A standard set of observations was collected from onboard
for an area of approximately 1 km around the ship, and the ship’s
position, total ice concentration, an estimate of the concentration,
thickness, floe size, topography, and snow depth were recorded
(Worby and Comiso, 2004).

In this paper, all observations were from June 2002 to
December 2019. The distribution of OBS data recorded during
this period is shown in Figure 1. Approximately 10,250
individual observations were prepared for this study. Figure 1
shows positions of OBS during the period. Observations were
primarily distributed in the Bering Sea, Beaufort Sea, Greenland
Sea, and the Central Arctic (north of 80°N), whereas other regions
had few or no observations. Grid resolution of the DPR-AMSR
was 25 × 25 km, whereas temporal and spatial resolutions of OBS
data were much higher than those of DPR-AMSR. Therefore,

direct comparison between them was difficult (Worby and
Comiso, 2004; Beitsch et al., 2015). To resolve the problem,
OBS data and DPR-AMSR data were averaged on each day
following the method of Beitsch et al. (2015). Thus, the sea ice
concentration of DPR-AMSR was co-located with the OBS by
calculating the minimum distance between the OBS location and
the grid cell center of DPR-AMSR. In this process, geographic
coordinates of all sea ice concentrations were translated to
Cartesian coordinates considering the different projections of
the sea ice concentration products. Then, daily averages of all
ship-based and corresponding satellite-based sea ice
concentrations were computed and compared following the
approach of Beisch et al. (2015). Data pairs with more than
six OBS of sea ice concentration per day were adopted, and
442 days were reserved in this study.

3 THE ALGORITHMS

3.1 Dual-Polarized Ratio Algorithm
Because of the large emissivity differences between water and ice,
most sea ice concentration retrieval algorithms employ linear
combinations of brightness temperatures (TB) at different
frequencies and polarizations to distinguish open water from
sea ice (Svendsen et al., 1983; Cavalieri et al., 1984; Spreen et al.,
2008; Cho and Naoki, 2015; Lavaergne et al., 2019). Similar to

FIGURE 1 | Distribution of ship-based observation points in the Arctic
region.
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most other sea ice concentration algorithms, the DPR algorithm
also uses linear combinations of TB between sea ice and open
water. Therefore, TB can be calculated as follows:

TB � εiTiC + εwTw(1 − C) (1)
where C is the sea ice concentration, Ti is the sea ice temperature,
Tw is the seawater temperature, εi is the sea ice microwave
emissivity, and εw is the seawater microwave emissivity.

Vertical (V) and horizontal (H) brightness temperatures at
the same channel are TBV and TBH, respectively. The dual-
polarized emissivity of the sea ice is respectively εiV and εiH,
and the dual-polarized emissivity of the seawater is
respectively εwV and εwH. Thus, the brightness temperatures
can be calculated as follow:

TBV � εiVTiC + εwVTw(1 − C) (2a)
TBH � εiHTiC + εwHTw(1 − C) (2b)

Then, solving for those two equations, C can be derived from
the following:

C � 1 + αTBV − TBH

Tw(εwH − αεwV) (3)

where α � εiH/εiV. In Eq. 3, TBV and TBH are provided by
passive microwave remote sensors (e.g., AMSR-E/AMSR2,
SSM/I, or SSMIS), Tw is the mixing temperature of sea ice
and water, and εwV and εwH evaluate the emissivity of calm
seawater (Svendsen et al., 1983; Zhang et al., 2013; Zhang
et al., 2018). Eq. 3 shows clearly that if α is unique and well
known, the C within a grid can be calculated from a dual-
polarized channel observation of the brightness temperature
of the grid.

Scatter plots using dual-polarized brightness temperatures of
AMSR2 at 36.5 GHz are shown in Figure 2 for March and
September 2013. In the scatter plots, the cluster of data points
along the line AD (the slope is 0.92) represents consolidated 100%
sea ice (Comiso et al., 2003). Thus, it is expected that the α
inferred from Eq. 2a, Eq. 2b would be identical to that from the
channel at 36.5 GHz:

TBH

TBV
� εiHTi

εiVTi
� εiH
εiV

� α (4)

Thus, α is also equal to the slope of the line AD. The DPR
algorithmwith constant αwas used through the whole year and for
Arctic to guarantee consistent ice concentration from day to day.
The constant α � 0.92 was chosen by correlation comparison with
the sea ice concentration derived from MODIS (simultaneous
Moderate Resolution Imaging Spectroradiometer), BT-AMSR,
and NT2-AMSR (Zhang et al., 2013). The comparison showed
that the sea ice concentration obtained by the DPR algorithm with
constant α was at least as good as that obtained by the BT
algorithm, NT2 algorithm, and MODIS in winter or in a
relatively high sea ice concentration area. However, there were
large bias and RMS in a marginal ice zone (MIZ) in summer.

To gain further insight into seasonal and regional stability of α,
Zhang et al. (2018) provided a method to automatically ascertain
α to reference sea ice concentration. The α adaption was
conducted for the 10 years from 2002 to 2011 over the
complete Arctic. In this paper, the DPR-AMSR data sets were
produced according to the automatic adaptation of α.

The differences in brightness temperatures measured over
open water and land can cause spurious sea ice concentration
to appear along coasts. There are many methods to reduce this
land spill-over effect, which are applied in all sea ice
concentration products (Lavergne et al., 2019). For DPR-
AMSR, reduction of land spill-over effects is carried out for
the ASI-SSMI, ASI-AMSR, NT1-SSMI, and NT2-AMSR. Thus,
we do not further correct potential differences by this effect.
Meanwhile, the weather filter of DPR-AMSR is similar to ASI-
AMSR and NT2-AMSR. These weather filters are based on
brightness temperature gradient ratios at 19, 22, and 37 GHz
(Cavalieri et al., 1999; Spreen et al., 2008; Zhang et al., 2013).

3.2 Others Algorithms
3.2.1 The EUMETSAT-OSISAF-ESA-CCI Algorithm
The products OSI-SSMI and SICCI-AMSR have in common that
they are based on a self-tuning, hybrid, self-optimizing sea-ice
concentration algorithm (Lavergne et al., 2019). Brightness

FIGURE 2 | Scatter plot of AMSR2 brightness temperature data using H36.5 GHz vs. V36.5 GHz in 2013 on March 1 (left) and September 1 (right). Slope of the
line AD is 0.92.
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temperature measured by the SMMR, SSM/I and SSMIS instruments
apply this algorithm (Tonboe et al., 2016). Also, it is applied to
brightness temperatures observations of the AMSR-E and AMSR2
instruments for the SICCI-AMSR. The two products have not only
the same the input satellite data, but also the same processing chains.
This algorithm combine three frequency channels (V19 GHz, V37
GHz andH37GHz). And, they provide best accuracy in OpenWater
(the BOW algorithm) and Consolidated Ice (the BCI algorithm)
conditions by optimization, respectively. According to the
following formula, a hybrid sea-ice concentration C can be
calculated by the SICs obtained from the two optimized algorithms.

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

WOW � 1; for BOW < 0.7
WOW � 0; for BOW > 0.9 ; C � WOW × BOW + (1 −WOW) × BCI,

WOW � 1 − BOW − 0.7
0.2

; for BOW ∈ [0.7; 0.9]
(5)

Of which, C depends entirely on B
OW

when the sea ice
concentration is below 70%, and it depends completely on BCI

when the SIC is above 90%.

3.2.2 ASI Algorithm
The products ASI-SSMI andASI-AMSRhave in common that they
are based on ASI algorithm, which is a revised hybrid of the Near
90 GHz algorithm and the NASA Team algorithm (Svendsen et al.,
1987; Kaleschke et al., 2001; Spreen et al., 2008). By the brightness
temperature polarization difference (P) at ~90 GHz, water and ice
can be distinguished at high resolution.

P � TBV
90 − TBH

90 (6)
Based on the Near 90 GHz algorithm, the equation of the ASI

algorithm is as followed.

P � a × (C × Δεice × Tice + (1 − C) × Δεwater × Twater) (7)
Where, influenced by the atmosphere, a �
(1.1 × e−τ − 0.11) × e−τ .

C is the total SIC, T is the temperature, Δε is the difference
between vertical and horizontal polarization for the ice or water
surface fraction in surface emissivity, and τ is the total atmospheric
optical depth for Arctic conditions at this frequency and viewing
conditions. For ice free (C = 0), in the open water, the tie-points can
be expressed as follows: Pwater � awater × Δεwater × Twater; and
totally ice covered (C = 1) conditions, the sea ice tie-points can
be expressed as follows: Pice � aice × Δεice × Tice. In Taylor
expansions of Eq. 7, a pair of equations for P have been built for
around C = 0 and C = 1. Where, the atmospheric influences awater
and aice can be replaced by the tie point equations (it is assumed that
the variation of the atmospheric influence is small over water or ice)
(see Spreen et al., 2008). Thus, we can obtain the equations as below.

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
C � ( P

Pwater
− 1) × ( Δεwater × Twater

Δεice × Tice − Δεwater × Twater
), C → 0

C � P

Pice
+ ( P

Pice
− 1) × ( Δεwater × Twater

Δεice × Tice − Δεwater × Twater
), C → 1

(8)

The ratio of the surface emissivity differences can be assigned a
constant value (−1.14). We can use a third order polynomial
function to interpolate between the solutions of Eq. 8 to obtain
sea-ice concentrations between 0 and 1 as a function of P with the
aid of simplification and the assumption that the atmospheric
influence inherent in P is a smooth function of the sea-ice
concentration.

C(P) � d3 × P3 + d2 × P2 + d1 × P + d0 (9)
The coefficients di are derived with a linear equation system

based on Eq. 8 and their first derivatives (Spreen et al., 2008).

3.2.3 BT Algorithm
The products BT-SSMI and BT-AMSR have in common that they
are based on BT algorithm (Comiso, 1986; Comiso et al., 1997;
Comiso et al., 2003; Comiso and Nishio, 2008), which combines
brightness temperature observations in two modes, in frequency
mode (37 and 19 GHz, vertical polarization), in polarization
mode (37 GHz, vertical and horizontal polarization). It is
based on the observation that brightness temperatures
measured at these frequencies/polarizations over closed sea ice
tend to cluster along a line (ice line) while those tend to cluster
around a single point in the respective two-dimensional
brightness temperature space over open water. The total sea-
ice concentration is calculated as below

C � TBV
f − TBV

f,OW

TBV
f,I − TBV

f,OW

(10)

TBV
f , with the brightness temperature measured at vertical

polarization and frequency f = 37 GHz (polarization mode) or
f = 19 GHz (frequency mode), the open water tie point TBV

f,OW
at vertical polarization and they have the same frequency, and the
intersection between the ice line and the line of open water tie point
through the observed brightness temperature:TBP

f,l � A × B−W
Q−A + B.

A and B are functions of the ice tie points for first-year ice (FYI) and
multiyear ice (MYI) at 37 GHz at vertical and horizontal polarization
(polarization mode) or at 19 and 37 GHz, both vertical polarization
(frequency mode). Scalars Q and W are functions of the actually
observed brightness temperature and the water tie point at the
respective frequencies/polarizations. Because only the polarization
mode is used in high concentration conditions and the frequency
mode otherwise, the two algorithms in frequency and polarization
mode are combined.

3.2.4 NT1 Algorithm
The product NT1-SSMI is based on NT1 algorithm (Cavalieri
et al., 1984; Cavalieri et al., 1992; Cavalieri et al., 1999), which is a
combination of the large difference of the normalized brightness

temperature polarization difference at 19 GHz, PR � TBV
19−TBH

19
TBV

19+TBH
19
,

between water and ice, with the observation, that the normalized
brightness temperature frequency difference between 37 and

19 GHz at vertical polarization, GR � TBV
37−TBV

19
TBV

37+TBV
19
, is negative for

MYI and close to zero or slightly positive for FYI and open water.
The total sea ice concentration is obtained by the sum of the
fractions of MYI and FYI, which is yield to a maximum of 1:
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⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

CFYI � F0 + F1 × PR + F2 × GR + F3 × PR × GR

D

CMYI � M0 +M1 × PR +M2 × GR +M3 × PR × GR

D

with D � D0 +D1 × PR +D2 × GR +D3 × PR × GR

(11)
In which, Fi,Mi, Di contain the information of the tie point.

3.2.5 NT2 Algorithm
The product NT2-AMSR is based onNT2 algorithm (Markus and
Cavalieri, 2000; Comiso and Steffen, 2001; Comiso et al., 2003),
which develops to reduce impact such as layering in snow on sea
ice on the accuracy of the sea ice concentration obtained with the
NT1. The NT2 conceptually differs from the other algorithms
presented above. The three relevant parameters (see the equations
below) are modelled as a function of SIC in steps of 1% for 12
different atmospheric states using a radiative transfer model. The
sea ice concentration is regarded as the retrieved total sea ice
concentration, which results in the minimum cost function
between modelled and observed values of these parameters.
The three relevant parameters used are selected such that the
impact of layering in snow on sea ice is mitigated:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ΔGR � TBH
90 − TBH

19

TBH
90 + TBH

19

− TBV
90 − TBV

19

TBV
90 + TBV

19

PRrotated
19 � −TB

V
37 − TBV

19

TBV
37 + TBV

19

× sin θ19 + TBV
19 − TBH

19

TBV
19 + TBH

19

× cos θ19

PRrotated
90 � −TB

V
37 − TBV

19

TBV
37 + TBV

19

× sin θ90+

TBV
90 − TBH

90

TBV
90 + TBH

90

× cos θ90

(12)

In the space, the rotation is given by PR19 and GR or by PR90

and GR for PRrotated
19 and PRrotated

90 respectively, at an angle Θ
chosen so that the ice lines are parallel to the GR axis in the
respective space.

4 RESULTS

4.1 Sea Ice Area and Sea Ice Extent
Monthly mean sea ice area and sea ice extent derived from DPR-
AMSR were compared with those of the other eight sea ice
concentration data sets for the entire period. Sea ice extent was
calculated as the sum of the total grid-cell area with sea ice
concentration >15%, and sea ice area was calculated as the sum
of the total ice-covered portion of the grid-cell area with sea ice
concentration >15%. There were missing data around the pole
because of the satellite orbit inclination and swathwidth; thus, 100%
sea ice concentration was set. Figure 3 shows monthly sea ice area
and sea ice extent time series from June 2002 to December 2015
obtained from DPR-AMSR (black curves), as trends for all years
(green lines), and as the maximum for March (blue curves) and the
minimum for September (red curves). Sea ice area and sea ice extent
in the annual trend and for the maximum and the minimum
declined significantly. In addition, September trends were much
stronger than those in March not only in sea ice area but also in sea

ice extent. According to DPR-AMSR, the sea ice area minimum
value of 3.02 million km2 and the sea ice extent minimum value of
3.68 million km2 occurred on 15 September 2012.

Differences in sea ice area between DPR-AMSR and the other
eight sea ice concentration data sets are shown in Figure 4. First, the
sea ice area of SICCI-AMSR, OSI-SSMI, and NT1-SSMI are always
lower than the DPR-AMSR, with greater differences in summer.
Overall mean differences between the DPR-AMSR and SICCI-
AMSR, OSI-SSMI, NT1-SSMI were −0.78 ± 0.81million km2,
−0.57 ± 0.59 million km2, and −0.84 ± 0.86million km2,
respectively. In addition, NT1-SSMI provided the smallest sea ice
area in summer. Second, the difference in sea ice area between ASI-
AMSR (or ASI-SSMI) and DPR-AMSRhas a seasonally variation.
The two sea ice concentration estimates were higher than that of
DPR-AMSR during summer but were lower during winter, with
overallmean differences of−0.16 ± 0.62 million km2 and -0.45 ± 0.67
million km2, respectively. Third, DPR-AMSR results were smaller or
larger than those of BT-AMSR, BT-SSMI, and NT2-AMSR. The
overall mean differences were −0.10 ± 0.14million km2, −0.0071 ±
0.093 million km2, and −0.18 ± 0.25million km2, respectively. Thus,
the smallest difference was between BT-SSMI and DPR-AMSR.
Results are summarized in Table 3.

On the one hand, sea ice area is computed by summing over the
ice-covered portion of the grid-cell area of grid cells with >15% sea
ice concentration. On the other hand, sea ice extent is computed by
summing over the grid-cell area of grid cells with >15% sea ice
concentration. Thus, the interannual variability of sea ice area and
sea ice extent was different between DPR-AMSR and the other eight
sea ice concentration data sets (seeFigure 4). Sea ice extent of SICCI-
AMSR and NT2-AMSR was smaller than that of DPR-AMSR, with
differences of −0.30 ± 0.32million km2 and −0.23 ± 0.27 million
km2, respectively. However, sea ice extent of OSI-SSMI and BT-

FIGURE 3 | Monthly sea ice area and sea ice extent from June 2002 to
December 2015 in Arctic obtained from DPR-AMSR. Green lines are trends
for all years, blue curves are the maximum for March, and red curves are the
minimum for September.
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SSMI exceeded that of DPR-AMSR, with differences of 0.32 ± 0.39
million km2 and 0.22 ± 0.28 million km2, respectively. Compared
with the sea ice extent of DPR-AMSR, the largest difference was with
ASI-SSMI (up to 0.77 ± 1.07 million km2), whereas the smallest
difference was with BT-AMSR (only 0.0054 ± 0.017 million km2).
Results are also summarized in Table 3.

4.2 Sea Ice Concentration Distribution in
Arctic
Two typical monthly mean maps (September and March) of the
differences between DPR-AMSR and the other eight sea ice
concentration data sets are shown in Figures 5, 7. In the maps,

We select the AMSR-E/AMSR2 measurement period (2002–2015)
to be able to evaluate and compare DPR-AMSRwith the others for a
similarly long time-period. The calculations were conducted for the
25-km polar stereographic grid. For comparisons, monthlymean sea
ice concentration distribution of DPR-AMSR in September and
March is shown in the first subplot of Figures 5, 7, respectively. The
corresponding scatterplots between DPR-AMSR and the other data
sets are shown in Figures 6, 8, respectively.

There were considerable differences between DPR-AMSR and the
other eight sea ice concentration data sets in September (Figure 5).
Differences in sea ice concentration were particularly negative (DPR-
AMSR larger than another sea ice concentration data set) for SICCI-
AMSR, OSI-SSMI, ASI-SSMI, and NT1-SSMI. However, differences

FIGURE 4 |Comparison of sea ice area and sea ice extent obtained from eight sea ice concentration data sets with those of DPR-AMSR: (A) include SICCI-AMSR
(blue) and OSI-SSMI (red); (B) include BT-AMSR (blue) and BT-SSMI (red); (C) include ASI-AMSR (blue), ASI-SSMI (green) and NT1-SSMI (red); (D) is NT2-AMSR (blue).

TABLE 3 | Overall mean differences in sea ice area and extent. Values are the bias ± root mean square error (unit: 106 km2).

Group I Group II Group III Group IV

SICCI-AMSR OSI-SSMI BT-AMSR BT-SSMI ASI-AMSR ASI-SSMI NT1-SSMI NT2-AMSR

Area −0.78 ± 0.81 −0.57 ± 0.59 −0.10 ± 0.14 −0.0071 ± 0.093 −0.16 ± 0.62 −0.45 ± 0.67 −0.84 ± 0.86 −0.18 ± 0.24
Extent −0.30 ± 0.32 0.32 ± 0.39 0.0054 ± 0.017 0.22 ± 0.28 −0.20 ± 0.54 0.77 ± 1.07 0.15 ± 0.23 −0.23 ± 0.27
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FIGURE 5 |Maps of differences between the multi-annual average monthly sea ice concentration of DPR-AMSR and other eight sea ice concentration data sets in
September (2002–2015): SICCI-AMSR (B), OSI-SSMI (C), BT-AMSR (D), BT-SSMI (E), ASI-AMSR (F), ASI-SSMI (G), NT1-SSMI (H), and NT2-AMSR (I). (A) is the sea
ice concentration map of DPR-AMSR. Differences were only computer for DPR-AMSR sea ice concentration >15%.
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FIGURE 6 | Scatterplots of ensemble mean multi-annual average monthly sea ice concentration of DPR-AMSR and other eight sea ice concentration data sets in
September (2002–2015): SICCI-AMSR (A), OSI-SSMI (B), BT-AMSR (C), BT-SSMI (D), ASI-AMSR (E), ASI-SSMI (F), NT1-SSMI (G), and NT2-AMSR (H). Red solid
lines represent the equality y = x. Black solid lines represent linear fifits of data points. Linear equations, correlation coeffificients (CC), and biases and root mean square
errors (RMSE) are also presented.
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FIGURE 7 |Maps of differences between the multi-annual average monthly sea ice concentration of DPR-AMSR and other eight sea ice concentration data sets in
March (2002–2015): SICCI-AMSR (B), OSI-SSMI (C), BT-AMSR (D), BT-SSMI (E), ASI-AMSR (F), ASI-SSMI (G), NT1-SSMI (H), and NT2-AMSR (I). (A) is the sea ice
concentration map of DPR-AMSR. Differences were only computer for DPR-AMSR sea ice concentration >15%.
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FIGURE 8 | Scatterplots of ensemble mean multi-annual average monthly sea ice concentration of DPR-AMSR and other eight sea ice concentration data sets in
March (2002–2015): SICCI-AMSR (A), OSI-SSMI (B), BT-AMSR (C), BT-SSMI (D), ASI-AMSR (E), ASI-SSMI (F), NT1-SSMI (G), and NT2-AMSR (H). Red solid lines
represent the equality y = x. Black solid lines represent linear fifits of data points. Linear equations, correlation coeffificients (CC), and biases and root mean square errors
(RMSE) are also presented.
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were in part negative or in part positive (DPR-AMSR smaller than
another sea ice concentration data set) for BT-AMSR, BT-SSMI, ASI-
AMSR, and NT2-AMSR in pan-Arctic sea ice conditions, with
differences of −0.24% ± 1.34%, 0.00% ± 1.24%, −1.6% ± 3.0%,
and −0.9% ± 1.5%, respectively (Figure 6). Thus, differences were
within ±5% in the overall Arctic Ocean. In addition, BT-SSMI
estimated ~1% more or less sea ice than DPR-AMSR for the sea
ice cover regions, whereas ASI-SSIM estimated less sea ice than DPR-
AMSR, with differences within −10%–−5% in all MIZs and the
Canadian Arctic Archipelago. However, differences in those two sea
ice concentration data sets remained within −5%–0.0% over the
higher sea ice-covered regions (sea ice concentration >85%),
according to Figures 5, 6. The SICCI-AMSR, OSI-SSMI, and
NT1-SSMI estimated less sea ice than DPR-AMSR, with
differences of −5.8% ± 6.8%, −6.4% ± 7.5%, and −10.7% ± 12.5%,
respectively. Moreover, NT1-SSMI produced the lowest overall mean
September sea ice concentration, which was lower than that of DPR-
AMSR by 15% or even 20% in all sea ice-covered areas.

In March, differences betweenDPR-AMSR and the eight other sea
ice concentration data sets (Figure 7) remained within −5% to 0%
over most of the Arctic Ocean, Canadian Arctic Archipelago, and
north of Greenland, except for ASI-SSMI, which estimated smaller sea
ice concentration with differences less than −5%. The largest
differences were distributed in the MIZs and peripheral seas (such
as Sea of Okthosk, Bering Sea, Baffin Bay, Greenland Sea, and Barents
Sea). The sea ice concentration of BT-AMSR, BT-SSMI, and NT2-
AMSR was higher or lower than that of DPR-AMSR but was mostly
within ±5%, except around land areas, where sea ice concentration
estimates are usually spurious (Lavergne et al., 2019). The distributions
of differences for BT-AMSR and BT-SSMI were similar. The overall
meanDPR-AMSR inMarch exceeded SICCI-AMSR,OSI-SSMI, ASI-
AMSR, and ASI-SSMI by 5%–15%. Compared with DPR-AMSR,

NT1-SSMI underestimated sea ice along the peripheral seas, with
differences even less than −15%. For the entire pan-Arctic sea ice
(Figure 8), differences between DPR-AMSR and BT-AMSR, BT-
SSMI, ASI-AMSR, and NT2-AMSR were −0.53% ± 1.67%, −0.18% ±
2.34%, −1.8% ± 2.9%, and −0.4% ± 1.2%, respectively. Thus,
differences were within ±5%. Between DPR-AMSR and SICCI-
AMSR, OSI-SSMI, ASI-SSMI, and NT1-SSMI, differences were
−3% ± 4%, −2.8% ± 4.3%, −3.9% ± 4.9%, and −3.8% ± 5.9%,
respectively. Thus, the differences were mostly less than −5%.

5 OVERALL COMPARISONS BETWEEN
DUAL-POLARIZED RATIO-ADVANCED
MICROWAVE SCANNING RADIOMETER
AND SHIP-BASED VISUAL OBSERVATION

The histogram in Figure 9 shows the number of sea ice
concentration data falling into bins. There were relatively few
OBS, less than 50 daily average along-track mean sea ice
concentration values for bins <65%. Between 60 and 80 days,
OBS fell into bins at 65%–75%, 75%–85%, and >95%. The
maximum number of OBS was 107 days for bin 85%–95%. From
bin 15%–25% to >95%, days of DPR-AMSR continuously increased
from12 to 160. Days ofOBSwere fewer than those ofDPR-AMSR in
bins <15%, 55%–65%, and >95%. In all other bins, there were more
OBS days than DPR-AMSR days. Biases and root mean square
errors (RMSE) between sea ice concentration of OBS and that of
DPR-AMSR are shown in error bars in Figure 10. Bins of 85%–95%
and >95% provided the smallest absolute bias of <1%. In the other
bins, overall biases were relatively high but did not exceed 10%,

FIGURE 9 | Histogram of co-located daily average sea ice
concentrationfrom ship-based visual observations (OBS) (red) and from DPR-
AMSR (blue). Data were from 2002 to 2011. sea ice concentrations were
separated into the following bins: <15%, 15%–25%, 25%–35%,
35%–45%, 45%–55%, 55%–65%, 65%–75%, 75%–85%, 85%–95%,
and >95%.

FIGURE 10 | Error bars of co-located daily average sea ice
concentration from ship-based visual observations (OBS) and from DPR-
AMSR. Data were from 2002 to 2011. sea ice concentrations were separated
into the following bins: <15%, 15%–25%, 25%–35%, 35%–45%,
45%–55%, 55%–65%, 65%–75%, 75%–85%, 85%–95%, and >95%. Bias
(DPR-AMSR sea ice concentration minus OBS) is noted as red numbers.
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except in the 45%–55% bin. The >95% bin had the smallest RMSE of
±5%. The 85%–95% bin had the second smallest RMSE of 13%. The
difference between sea ice concentration of OBS and that of DPR-
AMSR was less than 15% for sea ice concentration >85%. Thus, the
DPR-AMSR was compared reasonably well to the OBS in areas with
relatively high sea ice cover.

Figure 11 shows the results obtained for entire years, summers,
and winters. Firstly, the two co-located sea ice concentration
products were asymmetrically distributed, with sea ice
concentration of DPR-AMSR much higher than that of OBS for
entire years and summers. Secondly, the two sea ice concentration
products were mostly symmetrically distributed around the blue
line (y = x). In winter, the difference between sea ice concentration
of DPR-AMSR and that of OBS was −3.1% ± 17%, which was
somewhat smaller than that in summer (6% ± 18%). Overall, linear
correlation coefficients were 0.82, 0.84, and 0.80 for entire years,
summers, and winters, respectively. Thus, DPR-AMSR sea ice
concentration values were reasonably matched with those of
OBS. Additionally, DPR-AMSR data pairs were along the y = 0
sea ice concentration line, which represents that a ship observed sea
ice cover but the satellite sensor did’nt. Those data pairs with zero
sea ice concentration were very likely the results of the weather
filters, which were originally designed to remove the false sea ice
caused by atmospheric effects but actually also remove true sea ice
(Kern et al., 2019; Xiu et al., 2020).

6 DISCUSSION

Currently, the channels of AMSR-E/AMSR2 provide higher spatial
resolution for extraction of daily available, global sea ice concentration,
and BT data than those of SSM/I and SSMIS. TheDPR algorithmuses
linear combinations of brightness temperatures at dual-polarized
36.5 GHz to retrieve sea ice concentration between 0 and 1. The
critical step in the DPR algorithm is how to fix α in Eq. 3. Zhang et al.
(2013), Zhang et al. (2018) obtained the value of α via analysis of the
respective TB cluster at dual-polarized 36.5 GHz in Figure 2. They

noted that the slope of the line AD (the cluster of data pairs along the
lineAD representing consolidated 100% sea ice) is the value of α. They
also fixed dynamic α in time but not in space to reference sea ice
concentration (DPR-AMSR), which were compared in this study. The
line AD is also used in the Comiso bootstrap algorithm to derive the
Arctic sea ice concentration (BT-SSMI and BT-AMSR), but the line is
determined in both TB spaces, with TBH37/TBV37 used for sea ice
concentration higher than 90% and TBV37/TBV19 used for sea ice
concentration lower than 90% (Comiso et al., 1997; Comiso et al.,
2003). The SICCI and OSI algorithms also use the line to retrieve sea
ice concentration (SICCI-AMSR and OSI-SSMI); however, the line is
determined from TB measurements over 100% sea ice within a
moving 15-day interval (Kern et al., 2020). All other algorithms of
sea ice concentration (NT1-SSMI and NT2-AMSR) are based on the
type and update of the tie points of 100% and 0% sea ice
concentration. The ASI algorithm uses two fixed tie points (Spreen
et al., 2008), andNT1 andNT2 algorithms usefixed tie points for first-
year ice and multiyear ice (Markus and Cavalieri, 2009). Thus, in the
comparison of all algorithms, the DPR algorithm only needed to
determine one parameter from TB spaces, and it provided a more
theoretical and simple method to retrieve Arctic sea ice concentration.
Furthermore, many attempts demonstrate that Eq. 1 cannot be solved
to obtain sea ice concentration because of unknown sea icemicrowave
emissivity, which depends on sea ice surface temperature, surface
roughness, wind, and water vapor (Andersen et al., 2006). However,
sea ice concentration can be directly calculated fromEq. 3, which does
not use individual sea ice microwave emissivity but uses the ratio of
dual-polarized sea ice microwave emissivity. Thus, the DPR algorithm
has its unique feature comparing with other algorithms.

Because we don’t know which product provides the best
representation of the actual sea ice coverage, one is left with a
relatively precise estimate of the sea ice extent, which might likely
be biased by an amount an order of magnitude larger. Thus, it is
very important to ascertain a standard when we compare DPR-
AMSR with other sea ice concentration products. Meier and
Steward (2019) pointed out that there was a clear bias (or
spread) of 0.5 million km2 to 1.0 million km2 between sea ice

FIGURE 11 | Scatterplots of co-located daily average sea ice concentration from ship-based visual observations (OBS) and from DPR-AMSR. Data from 2002 to
2011 were used for (A) years, (B) summers, and (C) winters. Blue solid lines represent the equation y = x. Red solid lines represent linear fits of data points. Linear
equations, correlation coefficients (CC), number of valid data pairs (N), and biases and root mean square errors (RMSE) are also presented. Summer includes May, June,
July, August, and September; winter includes the other months.
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extent estimates from different products. Thus, we employed 0.5
million km2 under certain circumstances for the Arctic sea ice
extent and sea ice area. At the same time, we employed 5% as a
certain circumstances for the difference of sea ice concentration.
Currently, DPR-AMSR provides a long-term data set of sea ice
concentration, which begins in June 2002. Thus, So it can be used
to derive past development or to forecast development of sea ice
cover. Meanwhile, all sea ice concentration products in this paper
are all popular in climate and ocean studies, and these sea ice
concentration products could be well compared with DPR-AMSR.

In sea ice area (Section 4.1), differences were usually less than
0.5 million km2 between DPR-AMSR and BT-AMSR, BT-SSMI,
and NT2-AMSR, with BT-SSMI providing the minimum
difference (only −0.0071 ± 0.093 million km2) and then ASI-
AMSR (0.5–1 million km2). With SICCI-AMSR, OSI-SSMI, ASI-
SSMI, and NT1-SSMI, differences often exceeded 1 million km2,
with NT1-SSMI providing the maximum difference (−0.84 ± 0.86
million km2). Such differences in sea ice area can often be caused
by a difference in sea ice concentration (Section 4.2). Differences
were within ±5% between DPR-AMSR and BT-AMSR, BT-SSMI,
ASI-AMSR, and NT2-AMSR, with BT-SSMI providing the
smallest difference. Differences with ASI-SSIM were within
−10% to −5%, whereas differences with SICCI-AMSR, OSI-
SSMI, and NT1-SSMI were often less than −10%. NT1-SSMI
had the largest difference, which was smaller by 15% or even 20%.

Sea ice extent was calculated from the grid nets of actual sea ice
concentration as long as it was above 15%. Thus, interannual
differences in sea ice area and sea ice extent were not similar
(Section 4.1). With BT-AMSR, BT-SSMI, NT2-AMSR, and NT1-
SSMI, differences were relatively small and within 0.5 million km2,
with the smallest differencewith BT-AMSR of 0.0054 ± 0.017 million
km2. With SICCI-AMSR, OSI-SSMI, and ASI-AMSR, the range of
differences was 0.5–1million km2. The largest difference was with
ASI-SSMI, which often exceeded 1million km2 (even up to 2 million
km2). According to Kern et al. (2019), such differences in sea ice
extent are potentially caused by differences in sea ice concentration in
MIZs and along ice edges, in correction of land spillover effect, in a
weather filter, or in land-cover fraction.

7 CONCLUSION

The DPR algorithm successfully calculated a new operational sea
ice concentration for the entire Arctic using AMSR-E/AMSR2
passive microwave brightness temperature (DPR-AMSR). A
dynamic parameter (α) was used in the DPR algorithm to
retrieve DPR-AMSR. This study focused on comparisons of
DPR-AMSR and eight other sea ice concentration products (or
OBS) in the Arctic Ocean from June 2002 through December
2015. The primary conclusions are summarized as follow.

First, DPR-AMSR, BT-AMSR, BT-SSMI, and NT2-AMSR
provided similar time series of sea ice area and sea ice
concentration distribution in the Arctic Ocean. In sea ice area,
the absolute difference was usually less than 0.5 million km2, with
BT-SSMI with the smallest difference (only −0.0071 ± 0.093
million km2). Differences in sea ice concentration were also
within ±5% in the overall Arctic Ocean, and BT-SSMI also

provided the smallest difference. However, NT1-SSMI provided
the largest difference of sea ice area (−0.84 ± 0.86 million km2) and
sea ice concentration distribution, which was lower by 15% or
even 20%.

Second, differences in sea ice extent were relatively small and
within 0.5 million km2 between DPR-AMSR and BT-AMSR, BT-
SSMI, NT2-AMSR, NT1-SSMI. And the smallest difference was
with BT-AMSR (0.0054 ± 0.017 million km2). However, The
largest difference was with ASI-SSMI, which often exceeded
1 million km2 (even up to 2 million km2 in some seasons).

Third, the comparison of DPR-AMSR with OBS showed that
bias and RMSE were relatively small for a high fraction of sea ice
concentration in the range 85%–100%. However, bias and RMSE
showed an overall increase in other ranges of sea ice concentration.
Use of DPR-AMSR resulted in a substantial improvement in the
comparison between winter and summer in Arctic, with
correlation coefficients increasing and bias and RMSE decreasing.

The results of this study present a process towards a better
understanding of the limitations of DPR algorithm, and provide
some reference data for improving DPR algorithm. The results of
this paper will also help facilitate navigation, climate study and
ocean study in the Arctic, especially when only passive microwave
data are available. In the future, more systematic and detailed
evaluations of DPR-AMSR products in the Arctic will be made on
the basis of collecting more in situ observations in various regions
and seasons in the Arctic.
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