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Abstract

An enhanced ARTSIST Sea Ice (ASI) algorithm is presented based on a data fusion method of calculating total sea
ice concentration from high-frequency microwave data. Algorithms that use low-frequency data to calculate total
sea ice concentration are less affected by atmosphere, but their spatial resolutions tend to be lower. In contrast,
algorithms using high-frequency data have higher spatial resolution but are significantly influenced by
atmosphere. Although errors can be eliminated using weather filters, the concentration of mixed pixels cannot be
modified. Here, an enhanced ASI algorithm uses the 19 GHz polarization difference to modify the 91 GHz
polarization difference, which is substituted into the ASI algorithm to calculate total sea ice concentration. Arctic
total sea ice concentration results are obtained based on Special Sensor Microwave Imager Sounder (SSMIS) data
on January 3, from 2008 to 2017. Total sea ice area and average concentration using the enhanced ASI algorithm
are compared to traditional ASI and NASA Team results. In the Marginal Ice Zone, there is a considerable
difference between the enhanced and traditional ASI algorithm results, with the former much closer to the NASA
Team results. The proposed algorithm effectively modifies the concentration of the mixed pixels in the marginal

zone.
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1 Introduction

Sea ice concentration describes the area covered by sea ice in
space. It is one of the most important parameters describing sea
ice characteristics when studying atmospheric and ocean circula-
tion patterns. Furthermore, sea ice concentration has an import-
ant impact on the heat flux between the ocean and atmosphere
(Schmidtko et al., 2014). Changing Arctic sea ice is recognized as
one of the most important measurement indices among those in
the Arctic climate system (Budikova, 2009). Sea ice affects earth
ecosystem and is the biggest obstacle to developing the Arctic
channel (Spreen et al., 2008).

Andersen et al. (2007) summarized seven sea ice concentra-
tion retrieval algorithms designed for SSM/I data. NASA Team is
a widespread algorithm for calculating first-year and multiyear
ice concentrations (Swift and Cavalieri, 1985) and the Bootstrap
algorithm, based on the basic radiative transfer equation, is also
used to calculate total sea ice concentration (Comiso, 1986,
1995). The NASA-Team2 (Markus and Cavalieri, 2000), SEA LI-
ON (Kern and Heygster, 2001), and ASI (Kaleschke, et al., 2001)
algorithms include Special Sensor Microwave/Imager (SSM/I) 85
GHz band data, and they can provide 12.5 km resolution sea ice
concentration grid data. The ASI algorithm was developed in
1998 as part of the “Arctic Radiation and Turbulent Exchange
Study”. It is based on the concept of “polarization-corrected tem-

perature” (Spencer et al., 1989) and uses data near the 90 GHz
band to calculate sea ice concentration (Svendsen et al., 1987). At
the outset, the ASI algorithm was only used to conduct mid-scale
numerical simulations of the atmospheric boundary layer at the
Arctic sea ice edge using higher resolution SSM/I 85 GHz data
(Kaleschke et al., 2001). Zhang (2012) derived a sea ice concen-
tration algorithm called the dual-polarized ratio (DPR) method,
which is independent of sea ice microwave emissivity. Wang
(2009) proposed a method for calculating multi-year ice concen-
trations based on different characteristics between first-year ice,
multiyear ice, and sea water in the 89 GHz band. Su et al. (2013)
implemented a series of experiments, including interpolation al-
gorithm “tie-points” and a weather filter, based on the ASI al-
gorithm. Zhang et al. (2012) proposed a method that uses many
bands and dual-polarization to calculate sea ice concentration
depending on the characteristics of sea ice and seawater radi-
ation.

Kern et al. (2016) analyzed the influence of molten pool on
the summer microwave brightness temperature data and sea ice
concentration, and then improved the inversion accuracy of sea
ice concentration. Korosov et al. (2018) proposed an algorithm
based on Euler advection scheme to estimate the distribution of
sea ice at different ice ages. Gabarro et al. (2017) proposed a new
method for estimating Arctic sea ice concentration using maxim-
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um likelihood estimation combined with SMOS of luminance
temperature difference. Ye et al. (2016) by introducing the ana-
lysis of air temperature data, improve the accuracy of sea ice con-
centration inversion result.

Although the ASI algorithm had advantages, compared with
the low frequency data, the 89 GHz band data is more influenced
by atmospheric cloud liquid water, rain droplets, water vapor,
and snow particle density on the ice surface; therefore, weather
filter processing is needed in the ASI algorithm (Spreen et al.,
2008). Although some errors can be eliminated using weather fil-
ters, the concentration of mixed pixels cannot be modified. To
achieve more accurate sea ice concentration results, the ASI al-
gorithm should be validated and improved. In this study, based
on a data fusion method, the polarization difference in the
91 GHz band was modified using the polarization difference in
the 19 GHz band sea ice concentration the 91 GHz band. The res-
ults obtained using this method can greatly reduce the error
caused by atmosphere by effectively correcting the mixed pixel
sea ice concentrations.

2 Data set

The SSMIS is a passive microwave radiometer launched
aboard the Defense Meteorological Satellite Program (DMSP) F-
16, F-17, and F-18 in 2003, 2006, and 2009. SSMIS increased from
7-channel and 4-frequency of SSM/I to 24 different frequency

Table 1. Radiometric characteristics of the SSMIS

channels; therefore, it collects brightness temperature measure-
ments at a number of different polarizations and frequencies (Li,
1996; IPCC, 2013; Hollinger, 1989). SSMIS data are obtained from
the National Snow and Ice Data Center (NSIDC), which provides
daily average Arctic brightness temperature images on a
25 km/pixel resolution grid in a polar stereographic projection
(Tschudi et al., 2016).

SSMIS measures surface/atmospheric microwave brightness
temperatures (TBs) at 19.35, 22.235, 37.0 and 91 GHz. The four
frequencies are sampled in both horizontal and vertical polariza-
tions (NSIDC, 2010). The sensor samples data at two different
spatial intervals, the first at 25 km (for the 19, 23 and 37 GHz
channels) and the second at 12.5 km (for the 91-GHz channel). At
these intervals, the footprint from the 37 GHz channel typically
overlaps with four or five neighboring footprints, while a foot-
print from the 19 GHz channel overlaps with seven to nine neigh-
boring footprints. Hence, in gridded SSMIS data, such as the 25 kmx
25 km grid used in the NSIDC data product, each observation is
actually an average of a number of neighboring pixels in the raw
data. In contrast, the sampling spacing for the 91 GHz channel is
almost equal to the footprint dimensions (13 kmx15 km); there-
fore, slight overlapping occurs between adjacent footprints in the
gridded data. The radiometric characteristics of the specific SS-
MIS are shown in Table 1.

Frequency/GHz Polarization = Along-trackresolution/km  Cross-trackresolution/km  Spatial sampling/km  Instrument noise/K
19.35 horizontal 69 43 25 0.42
19.35 vertical 69 43 25 0.45
22.235 horizontal 50 40 25 0.74
22.235 vertical 50 40 25 0.74
37.0 horizontal 37 28 25 0.38
37.0 vertical 37 28 25 0.37
91.665 horizontal 15 13 12.5 0.73
91.665 vertical 15 13 12.5 0.69
3 Algorithm 3.2 An enhanced ASI algorithm

3.1 Algorithm description

The ASI algorithm is typically used to calculate sea ice con-
centration from high-frequency data. The advantage of the ASI
algorithm is that it does not require additional data entry needed
in the other 85 GHz algorithms (Kern, 2004) while still producing
results similar to sea ice concentration by algorithms using other
channels (Kern et al., 2003). However, like other high-frequency
algorithms, it is susceptible to be interfered by surface water va-
por, which causes performances degraded over ocean areas, and
especially at the Marginal Ice Zone.

High-frequency data algorithms are often processed using
weather filters. In general, most weather effects can be removed
using two filters: Gradient Ratio (GR) (37/19) and GR (22/19).
However, the weather filter assumes that GR values are positive
for water, and close to zero or negative for ice. The weather filter
simply removes the water that is misjudged as sea ice but does
not change the mixed pixels for sea ice concentration. Therefore,
to get high spatial resolution sea ice concentration results more
accurately, we propose an enhanced ASI algorithm, which uses
low-frequency data to correct high-frequency results.

The ASI algorithm is based on the polarization difference (P)
used to calculate the sea ice concentration (Svendsen et al.,
1987).

P = Ty — Tpn, ey

where Ty, and Ty, denote brightness temperatures at vertical and
horizontal polarizations, respectively.

To calculate all sea ice concentrations from 0% to 100%, a
third-order polynomial was chosen to fit 0% to 100% of the sea ice
concentration as follows:

C=dsP* + dyP* + d\P + dy. ®)

Assuming that point values for pure water and pure ice are
known, they are expressed as P and P,, respectively. Then, by in-
serting them into the first derivative formula of Eq. (2), another
two equations can be acquired.

Polarization differences on the ice surface are significantly
smaller than those of open water. When the C approaches 0 and
1, the P becomes P and P, respectively. As shown in Eq. (3), d,,
d,, d, and d, can be calculated.



‘Wu Zhankai et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 10, P. 93-99 95

Py PPy 1 ds 0

PP PPl |dy| |1 3)
3PP, 1 0 d, —L14}-
3p22p 1 o) Lo —0.14

These values of d,, d,, d, and d, are then be substituted into Eq.
(2) to obtain the sea ice concentration (Kaleschke et al., 2001).

Based on SSM/I 85.5 GHz data, sea ice concentration is calcu-
lated as follows (Kaleschke et al., 2001):

C =6.457 14 x 107°P® — 6.052 56 x 107 *P*—
9.225 21 x 10~3P + 1.100 31. 4)

Based on AMSR-E 89 GHz data, sea ice concentration is calcu-
lated as follows (Spreen et al., 2008):

C=1.640 x 107°P® — 1.618 x 107 3P+
1.916 x 1072P 4 0.971 0. )

In these expressions for sea ice concentration, values for d, d,,
d,, and d, can be determined and the polarization differences
calculated as long as appropriate data are used. Because SSMIS
91 GHz channel data is used in this study, and the properties of
SSMIS 91 GHz and SSM/I 85.5 GHz are basically the same, so use
Eq. (4) is selected for computing to sea ice concentration.

A large number of sample points from the 91 GHz and 19 GHz
bands are selected and the polarization difference at each sample
point is calculated. Then, the values are fitted to determine the
relationship of the polarization difference between the 91 GHz
and 19 GHz bands. Finally, using the matched datasets, we pro-
duce the following correction formula:

P = dPig® + cP1o® + bPyy + a. (6)

where P, 4 is the 19 GHz polarization difference after resampling
using the 91 GHz data and P' is the polarization difference in the
modified 91 GHz. Variables a, b, c and d are the four modified
parameters. Their values are -14.578, 2.214, -5.649x10-2, and

5.200x10-4, respectively. The Goodness of Fit for the revised for-
mula is 0.97. The P’ (modified polarization difference of 91 GHz)
is substituted into Eq. (4), and the sea ice concentration ob-
tained.

4 Results

4.1 Comparative analysis of polarization differences

To distinguish more intuitively between P (91 GHz polariza-
tion difference) and P’ (modified 91 GHz polarization difference),
we take the data from January 3, 2016 as an example; the 91 GHz
polarization difference (P) and corrected 91 GHz polarization dif-
ference (P') for color images are shown in Figs 1a and b, respect-
ively. By comparison, P values show more clutter in areas of open
water and the layering is worse, which indicates more significant
weather effects. The P’ values are more uniform, especially over
open water. Clear ring characteristics are observable, indicating
the significant differences between P and P'. In Fig. 1a, most
pixels in the two black rectangles in the lower right area of the
frame are the same as those in the central area of the Arctic
Ocean; however, pixels in this area should be seawater instead of
sea ice, which shows the effect of weather on high frequency
data. In Fig. 1b, after the polarization data have been corrected
for the same area, these pixels become consistent with open
ocean.

4.2 Qverall area validation analysis

In general, due to the influence of weather, sea ice concentra-
tion results obtained from high-frequency data are often higher
than those obtained from low-frequency data. Studies have
shown that the overall sea ice area results obtained using the ASI
algorithm are larger than those obtained with the NASA Team al-
gorithm (Wang, 2009). The results obtained from SSMIS data are
shown in Fig. 2. All three results have been processed with a
weather filter. The total sea ice area obtained from the ASI, NASA
Team, and enhanced ASI algorithm for January 3, 2016 are 11.406x
106 km?, 10.313x10% km?, and 11.093x10% km?, respectively. The
enhanced ASI algorithm result is about 7% higher than that of the
NASA Team algorithm, while the result of the ASI algorithm is

Fig. 1. Polarization difference: a. 91 GHz polarization difference (P) and b. corrected 91 GHz polarization difference (P').
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Fig. 2. Sea ice concentration results, from the ASI algorithm (a), enhanced ASI algorithm (b), and NASA Team algorithm (c).

9.6% higher than that of the NASA Team algorithm. The en-
hanced ASI algorithm results lies between those of the other two
algorithms, which suggests that the enhanced ASI algorithm pro-
duces a reasonably accurate value for total sea ice. To verify the
feasibility and accuracy of the enhanced ASI algorithm, the same
date in January from 2008 to 2017 are used for statistical analysis,
as shown in Table 2 and Fig. 3.

As described in Fig. 3, the sea ice area calculated using the en-
hanced ASI algorithm lies between the original ASI and NASA
Team results. The differences shown in Table 2 indicate that the

results from the enhanced ASI algorithm are higher than those
from the NASA Team algorithm, with average errors of 6.531%.
The enhanced ASI results are lower than ASI, with an average er-
ror of -2.155%. Generally, the enhanced ASI algorithm proposed
in this study provides results closer to the ASI results and higher
than NASA Team results in terms of total sea ice area.

4.3 Comparative analysis of the marginal sea ice zone
As shown in Figs 2a-c, the center of the Arctic Ocean was
covered by sea ice on January 3, 2016 with an ice concentration

Table 2. Sea ice area results calculated from the three algorithms for the entire Arctic region

Date Enhanced ASI/106 km2? NASA Team/10%km? ASI/10°km? Enhanced ASI minus NASA Team/% Enhanced ASI minus ASI/%
2008-01-03 11.999 11.307 12.161 5.767 -1.350
2009-01-03 12.120 11.232 12.233 7.326 -0.093
2010-01-03 11.882 10.892 12.027 8.332 -1.220
2011-01-03 11.382 10.630 11.902 6.607 -4.568
2012-01-03 12.245 11.353 12.425 7.284 -1.469
2013-01-03 11.814 11.349 12.352 3.936 -4.554
2014-01-03 12.174 11.523 12.344 5.347 -1.396
2015-01-03 11.856 11.096 12.023 6.410 -1.409
2016-01-03 11.093 10.313 11.406 7.031 -2.822
2017-01-03 11.108 10.301 11.404 7.265 -2.665

Average 11.767 10.000 12.028 6.531 -2.155
13.0
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w120
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Fig. 3. Arctic sea ice area results for January 3 from 2008 to 2017.
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greater than 0.95. The biggest difference between Figs 2a, b and
cisin the ice near the coasts of Svalbard and Greenland. Com-
pared to the other two algorithms, the ASI algorithm results are
significantly higher NASA Team in the Marginal Ice Zone. To
identify an explanation, the Marginal Ice Zone is extracted and
the following results obtained. The sea ice area is 1.23x10°¢ km?
based on the ASI algorithm, while the results from the enhanced
ASI and NASA Team algorithms are 1.05x106 and 0.863x106 km?,
respectively; the ASI and enhanced ASI results are 29.8% and
17.8% higher than that of the NASA Team result, respectively.
Results from the three algorithms for the Marginal Ice Zone are

shown in Fig. 4. Figure 4a shows the difference between ASI and
NASA Team results, and Fig. 4b shows the difference between the
enhanced ASI algorithm and NASA Team results. On average, the
ASI algorithm results are 0.17 higher than that of NASA Team,
with a standard deviation of 0.15. On average, the enhanced ASI
algorithm results are 0.15 higher than that of NASA Team, with a
standard deviation of 0.10. In summary, the sea ice concentra-
tion obtained using the ASI algorithm is larger than that of NASA
Team. The enhanced ASI algorithm results are closer to those us-
ing the NASA Team algorithm, with much smaller differences in
concentration.

P
F o I 0
‘»L'\I -0.20

Fig. 4. D-values for ASI algorithm minus NASA Team algorithm (a) and enhanced ASI algorithm minus NASA Team algorithm (b).

4.4 Subarea validation analysis

To compare the accuracy of the enhanced ASI algorithm, the
sea ice area and concentration are analyzed in different regions.
We selected the central region of the Arctic Ocean and found that
the enhanced ASI and the other results show no large difference
in sea ice area and average concentration. Next, we chose the
small zone between Novaya Zemlya, Severnaya Zemlya, and
Franz Josef Land to compare and analyze, where the specific loc-
ation is shown in the red box in Fig. 5. Using the January 3, 2012
data for illustration, the distribution of sea ice concentration is
shown in Fig. 6. Furthermore, a statistical analysis of data from
January 3, from 2012 to 2015, is provided in Table 3. As shown in
Fig. 6, the average sea ice concentration results from the en-
hanced ASI algorithm for January 3, 2012 are lower than the ASI
results and higher than the NASA Team results. From the statist-
ics in Table 3, the enhanced ASI results always lie between the
other two results for both sea ice area and concentration.

5 Discussion

The enhanced ASI algorithm has some limitations. For ex-
ample, values for pure water and pure ice will change with the
seasons and depend on geographical variations. We obtained
these values using a statistical sample point correction equation
for winter Arctic sea ice. This exercise produces concentration
results more accurately than if we had used a data selection for
other regions or seasons.

In verification, we only use the results from the other two al-
gorithms based on microwave data to cross-compare. Because

Fig. 5. Location of subarea validation analysis.
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Fig. 6. Sea ice concentration results for a small region, from the NASA Team algorithm (a), enhanced ASI (b), and ASI algorithm (c).

Table 3. Seaice area and concentration results calculated from the three algorithms for the subarea

Date En}/11a (I)lﬁcgril?SI Sgﬁ::ncgg t/i\osé N?IS (;2 Eﬁlazm NASA Team concentration n ézsklmz ASI concentration
2012-01-03 0.276 8 0.9011 0.2125 0.733 6 0.2897 0.9337
2013-01-03 0.288 5 0.9318 0.2576 0.8319 0.3042 0.9255
2014-01-03 0.3437 0.9727 0.3388 0.958 8 0.3525 0.984 8
2015-01-03 0.367 4 0.984 6 0.3558 0.9537 0.3853 0.9877

optical data are influenced by weather, the cloud distribution
should be considered, which is not suitable for large area and
long-time series sea ice retrievals. There are some differences
between the radar data and SSMIS data according to the satellite
platform, which produces some uncertainty in the sea ice retriev-
al results. Of course, using optical data has obvious advantages in
validating local small areas, but weather conditions in the verific-
ation area need to be determined in advance to meet the calcula-
tion conditions.

6 Conclusions

In this study, SSMIS data from 2008 to 2017 were used to cal-
culate Arctic Sea ice concentrations. The enhanced ASI al-
gorithm is developed based on the ASI algorithm by using the
19 GHz polarization difference to modify the 91 GHz polarization
difference. We used NASA Team and ASI algorithms to test the
enhanced ASI algorithm. The results of three algorithms show
that the sea ice areas calculated from the enhanced ASI al-
gorithm are lower than those of the ASI and higher than those of
the NASA Team algorithm. Using data of SSMIS from January 3,
2016, the sea ice concentration calculated from the enhanced ASI
algorithm is lower than the result calculated from the ASI al-
gorithm in the marginal ice zone, with a difference in sea ice area
of 15%. Sea ice concentrations above 0.15 calculated using en-
hanced ASI algorithm are 28.6% less the same concentration level
calculated using the ASI algorithm. In the marginal ice zone, the
enhanced ASI algorithm significantly changes the ice concentra-
tion of mixed pixels, which by reducing the impact of weather on
high-frequency data.
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