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Abstract

A conceptually new algorithm of sea ice concentration retrieval in polar regions from satellite microwave radiometry data is discussed.
The algorithm design favorably contrasts with that of known modern algorithms. Its design is based on a physical emission model of the
“sea surface – sea ice – snow cover – atmosphere” system. No tie-points are used in the algorithm. All the calculation expressions are
derived from theoretical modeling. The design of the algorithm minimizes the impact of atmospheric variability on sea ice concentration
retrieval. Beside estimating sea ice concentration, the algorithm makes it possible to indicate ice areas with melting snow and melt ponds.
The algorithm is simple to use, no complicated or time consuming calculations are involved.
� 2015 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Vast areas occupied by sea ice and its seasonal variabil-
ity are in the focus of serious scientific studies. They have
gained importance in recent decades as climate change
has become a major global social and political issue.
Since the polar regions are hard to reach and meteorolog-
ical stations there are rather scarce, remote sensing
techniques to investigate sea ice are in high demand.
Active and passive instruments operating in microwave
range on board Earth satellites make measurements
regardless of the time of the day or cloudiness. Passive
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remote sensing instruments are the most adequate ones in
terms of temporal (sensing duration and recurrence) and
spatial (swath width and overlap) coverage (Carsey, 1992;
Comiso, 2009; Massom and Lubin, 2006; Rees, 2006;
Teleti and Luis, 2013).

Nevertheless, for various reasons, the techniques
employed today to retrieve ice cover characteristics from
passive microwave remote sensing data give significant
errors (Agnew and Howell, 2003; Andersen et al., 2007;
Carsey, 1992; Cavalieri et al., 1995; Comiso and Kwok,
1996; Fetterer and Untersteiner, 1998; Ivanova et al.,
2014, 2015; Meier, 2005).

Analysis of ice concentration retrieval by various algo-
rithms, intercomparison of the results, comparison of the
results with optical and radar observations, as well as
visual observations from ships show that errors of the algo-
rithms currently in use reach 10% (Andersen et al., 2007;
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Meier et al., 2001; Meier, 2005; Spreen et al., 2008). In peri-
ods of summer melt and autumn freeze-up the errors rise
dramatically, sometimes up to 50% (Agnew and Howell,
2003; Andersen et al., 2007; Ivanova et al., 2014; Knuth
and Ackley, 2006; Meier et al., 2001; Spreen et al., 2008).
The majority of authors note the following reasons for
the errors in ice concentration retrieval by the algorithms
from satellite microwave radiometry data:

– inability to separate emission from more than two ice
types (see, for example, Teleti and Luis, 2013);

– seasonal variability of sea ice and snow emissivity
(Agnew and Howell, 2003; Ivanova et al., 2015; Knuth
and Ackley, 2006; Spreen et al., 2008);

– non-seasonal regional variability of snow and ice surface
emissivity (Agnew and Howell, 2003; Ivanova et al.,
2015; Knuth and Ackley, 2006; Spreen et al., 2008);

– surface effects, such as surface roughness, snow cover,
melting snow, and melt ponds (Andersen et al., 2007;
Hewison et al., 2002; Knuth and Ackley, 2006);

– weather effects, such as precipitation (rain, snow, snow-
storm, etc.) (Andersen et al., 2006, 2007; Cho and
Nishiura, 2010).

Dividing ice into types (multiyear, first-year, etc.) from
satellite microwave radiometry data is an important, but
practically unattainable goal. The solution is attempted
based on the differences in frequency dependencies of emis-
sivity or brightness temperature of different ice types.
However, the dependencies were obtained by in-situ mea-
surements (Spreen et al., 2008) for level and clean ice sur-
face. The radiometer spots in those measurements were
several meters in size (see, for example, Comiso et al.,
1989). For satellite microwave radiometers, pixel size is
over 10 km. Emissivity of such extended area is determined
not only by the ice type, but also the surface roughness and
snow cover. Theoretical estimates demonstrate that dry
snow penetration depth at frequencies over 19 GHz is less
than 40 cm (Tikhonov et al., 2013, 2014). Therefore, a layer
of snow on ice will change considerably the brightness tem-
perature difference between multiyear and first-year ice.
Brightness temperature values retrieved from satellite data
are significantly affected by surface roughness. These state-
ments were proved by many experimental and theoretical
studies (Agnew and Howell, 2003; Cavalieri and Comiso,
2000; Comiso et al., 1989; Hewison et al., 2002; Matzler,
2000; Powell et al., 2006). It is unclear how to select ice type
if both multiyear and first-year ice types are present within
a pixel area. Notice, that many currently used algorithms
produce concentration of ice not specifying its type or
age (NASA Team 2, Bootstrap, ARTIST Sea Ice).
However, in some cases existing algorithms (e.g. NASA
Team, NORSEXS, ECICE) allow reasonable distinguish-
ing of various types of ice (Han and Lee, 2006; Shokr
et al., 2008; Svendsen et al., 1983; Voss et al., 2003).
Probably, this happens when the ice is flat and there is
no snow cover.
Fixed values of emissivity, brightness or physical tem-
perature of ice or open water surface, called tie-points,
are widely used in the algorithms. This also leads to consid-
erable errors in calculated ice concentration (Agnew and
Howell, 2003; Andersen, 1998). The emissivity of ice, even
if it is one-type ice, cannot always remain constant. It
depends on surface temperature and climate conditions
during formation. Ice emissivity is affected by its snow
cover, whose thickness, structure and wetness vary depend-
ing on the season and region of formation. Sea ice emissiv-
ity is also conditioned by surface roughness that has
regional and seasonal characteristics as well.

Elimination of errors in ice concentration retrieval
essentially addresses two problems: better account for
atmospheric properties and higher accuracy of tie-points
determination (Andersen et al., 2006; Cavalieri and
Comiso, 2000; Cho and Nishiura, 2010; Comiso, 1995;
Ivanova et al., 2014; Kaleschke et al., 2001; Kern, 2004;
Lovas et al., 1994; Meier et al., 2001; Pedersen, 1994;
Spreen et al., 2008). Attempts in the first direction repre-
sent algorithms SEA LION (Kern, 2004), CalVal (Meier
et al., 2001), NASA Team (Cho and Nishiura, 2010),
NASA Team 2 (Cavalieri and Comiso, 2000), and ASI
(Spreen et al., 2008) using various atmospheric models
and methods to reduce atmospheric effects. The second
problem is addressed by all algorithms since tie-points
determination is the principal stage in ice concentration
retrieval from microwave satellite data. In particular, it
was suggested to introduce dynamical tie-points, that is
to determine tie-points individually for different regions
and seasons (Agnew and Howell, 2003; Andersen, 1998;
Ivanova et al., 2015). Employing dynamical tie-points
raises the accuracy of the algorithms (Agnew and Howell,
2003; Andersen, 1998; Ivanova et al., 2015). However, such
approach also makes them more difficult to use as tie-point
values vary depending on region and season.
Consequently, the tie-points should be monitored continu-
ously on regional and seasonal scales. The problem cannot
be solved once and for all in conditions of gradual climate
transformation. Ice and snow cover climatic formation
conditions are changing, which affects surface emission
properties as well. The examples are algorithms ASI and
Bootstrap, whose tie-point values were modified as time
passed (Comiso, 1995; Kaleschke et al., 2001).

In the paper, we discuss a possibility to develop a prin-
cipally new class of algorithms to retrieve sea ice concentra-
tion from microwave satellite radiometry data. Such an
algorithm is based solely on a model of emissivity of the
“sea surface – sea ice – snow cover – atmosphere” system.
It does not use tie-points. Input parameters are real physi-
cal and structural properties of sea ice and snow cover
(temperature, density, wetness, etc.) of the Arctic and
Antarctic, as well as climate characteristics (air tempera-
ture and humidity, atmospheric pressure, etc.) of the
regions. The schematic of the algorithm is given in
Section 2. Section 3 describes the use of satellite and ship
observation data for validation of the algorithm. A
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comparison of the proposed algorithm calculations of sea
ice concentration in the Arctic and Antarctic and ship
visual observation data is presented in Section 4.
2. An integrated algorithm for sea ice concentration

determination

Experimental data on emissivity or brightness tempera-
ture of sea ice and open water provide the foundation of
modern algorithms (Grenfell and Comiso, 1986; Swift
et al., 1992). The experiments were carried out in the
Fram Strait, Greenland, Bering, Beaufort and Chukchi
Seas in the Arctic, and Weddell Sea in the Antarctic
(Onstott et al., 1987; Tucker et al., 1991; Grenfell, 1986,
1992; Fliickiger et al., 1994; Drinkwater et al., 1991;
Comiso et al., 1989). Airborne radiometric observations
and satellite data are also used for this task (Cavalieri
et al., 1986).

The algorithm introduced in this paper fundamentally
differs from all others. The principal feature of this algo-
rithm is that it is based on a theoretical model of emissivity
of the system “sea surface – sea ice – snow cover – atmo-
sphere”, not just experimental data (Tikhonov et al.,
2014). The model includes: emission model of a layered
medium (Sharkov, 2003), a model of dielectric properties
of ice and snow (Boyarskii et al., 1994; Tikhonov et al.,
2014), a standard atmosphere model (Tikhonov et al.,
2014), a model of surface roughness in the microwave
range (Choudhury et al., 1979). Antenna pattern and
radiometer bandwidth were taken into account in the
model calculations.

The algorithm development required finding the model
parameters determined by ice concentration but resistant
to changes in physical characteristics of the surface and
weakly dependent on atmospheric changes. The analysis
of the model calculations of ice cover brightness tempera-
ture in the Arctic and their comparison with the SSM/I
(Special Sensor Microwave/Imager) and SSMIS (Special
Sensor Microwave Imager Sounder) data (Tikhonov
et al., 2013, 2014) have shown that the sought parameters
may be tangents of the angles between the lines drawn
through the brightness temperature values at two different
frequencies of the same polarization and the frequency
axis:
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where T p
f is the brightness temperature for frequency f and

polarization p. Calculations for all tangents were per-
formed by Eq. (1) at different physical and structural char-
acteristics of the surface (ice concentration and type,
temperature and thickness of snow cover, volumetric wet-
nesses of snow and ice, surface roughness, etc.). The range
of these characteristics has been selected in accordance with
the climatic and glaciological data of the polar regions
(Gray and Male, 1981; Przybylak, 2003; Serreze and
Barry, 2005; Turner et al., 2009; Cuffey and Paterson,
2010). Air temperature was taken in the range from �50
to +10 �C, the temperature of ice or snow surface from
�50 to 0 �C, water temperature from �1.8 to +5 �C, ice
concentration from 0 to 100%, the thickness of snow cover
from 0 to 60 cm, volumetric wetness of ice from 0 to the
maximum saturation, volumetric wetness of snow from 0
to 30%, air and salt inclusion in ice from 5 to 40% of unit
volume, surface roughness from a smooth surface to a
roughness comparable with the size of emission wave-
length. The results of calculations are presented in Fig. 1.
The shaded areas denote the tangent values at different
structural and physical characteristics of the surface.

Analysis of the dependencies in Fig. 1 reveals two tan-
gent values apparently stable to changes in surface charac-
teristics. They are the tangent at frequencies 85.5 GHz and
19.35 GHz on vertical polarization (85–19 v), and the tan-
gent at frequencies 85.5 GHz and 37 GHz on horizontal
polarization (85–37 h) (Fig. 1(a) and (e)). The tangent at
frequencies 85.5 GHz and 37 GHz on vertical polarization
(Fig. 1(b)) is also rather insensitive to a change in
surface characteristics. However, it is weakly dependent
on changes in ice concentration.

The value ranges of the two selected tangents were aver-
aged by linear functions that depend only on the ice cover
concentration (dashed lines in Fig. 1(a) and (e)):

f h
85–37ðIÞ ¼ �0:085� I þ 0:908; ð2Þ

f v
85–19ðIÞ ¼ �0:086� I þ 0:55; ð3Þ

where I is ice concentration expressed in 10ths.
Expressions Eqs. (2) and (3) allow us to reconstruct ice

concentration from satellite radiometer (e.g., SSM/I) data
combinations of bands 85 and 19 GHz on vertical polariza-
tion and bands 85 and 37 GHz on horizontal polarization.
The use of two parameters (tangents) and their linear
approximations is explained by the fact that they depend
in a different manner on different physical and structural
characteristics of the surface. This is linked with different
sensitivities of frequencies and polarizations to variation
of these characteristics. For instance, the emissivity at
85.5 GHz is largely affected by scattering in the surface
layer of snow or ice (Andersen et al., 2007). The
low-frequency bands (19.35 and 37 GHz) are more sensi-
tive to volumetric scattering in snow and ice covers
(Andersen et al., 2007; Boyarskii et al., 1994; Boyarskii
and Tikhonov, 2000). This is explained by a greater pene-
tration depth at these frequencies (Tikhonov et al., 2014)
and dimension similarity between inhomogeneities and
emission wavelength (Boyarskii et al., 1994; Boyarskii
and Tikhonov, 2000). Horizontal polarization bands are
more sensitive to stratification of snow cover and sea ice
(Andersen et al., 2007). Snow wetness variations have
greater effect at 37 GHz (Boyarskii and Tikhonov, 2000).



Fig. 1. Dependencies of the tangent values (shaded areas) on ice concentration: (a) 85–19 v, (b) 85–37 v, (c) 37–19 v, (d) 85–18 h, (e) 85–37 h, (f) 37–19 h.
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Thus, the two parameters (Eqs. (2) and (3)) may be consid-
ered complementary to each other in determining ice
concentration.

Based on Eqs. (2) and (3) dependencies, an algorithm,
called Variation Arctic/Antarctic Sea Ice Algorithm
(VASIA), for ice concentration determination from satel-
lite microwave radiometer data in the polar regions was
developed.

A comparison of ice concentrations retrieved by VASIA
and NASA Team 2 shows that the former gives underesti-
mated values for the summer months. This is explained by
the presence of melting snow on the ice surface. Such ice
areas are referred to as ice having significant surface effects
by NASA Team 2 (Cavalieri and Comiso, 2000; Markus
and Cavalieri, 2009).

Normally, snow cover can contain approximately 9–
30% of liquid water in a unit volume depending on the den-
sity and structure of snow (Kotlyakov, 2000; Kuz’min,
1957). The excess water drains down. If the snow is on
top of ice and no drainage is possible, a snow–water mix-
ture (SWM) occurs. The final form of snow–water mixture
evolution is melt pond. (We assume SWM to be a snow
cover with a wetness from 30% to melt pond.) Melt ponds
are an important element of the Arctic climate system.
They can occupy up to 50% of the total ice cover
(Istomina et al., 2014; Polashenski et al., 2012; Rösel and
Kaleschke, 2012; Rösel et al., 2012; Tschudi et al., 2008)
and play an important role in ocean and atmosphere inter-
action. Because of low albedo they absorb multiple times
greater short-wave radiation than the rest of the snow
and ice cover (Grenfell and Perovich, 1984; Tschudi
et al., 2008). The depth of melt ponds can vary from a
few centimeters to 1.5 meters (Morassutti and Ledrew,
1996; Perovich et al., 2003). Their horizontal size can reach
hundreds of square meters (Polashenski et al., 2012; Tucker
et al., 1999). In the Antarctic, melt ponds are less frequent
due to cooler and drier conditions in summer, as well as too
thick a snow cover to be able to melt down during summer
months (Thomas and Dieckmann, 2003).

Since VASIA algorithm is based on an electrodynamic
model of emissivity of the “sea surface – sea ice – snow
cover – atmosphere” system, it reflects the real structure
of the surface. The appearance of liquid water in snow
leads to considerable increase of the real and imaginary
parts of wet snow dielectric constant in the microwave
range. These dependencies are identical in shape to those
of the real and imaginary parts of water (Tikhonov et al.,
2014). Therefore, the emissivity of wet snow is determined
primarily by the volumetric content of liquid water in the
snow (Boyarskii and Tikhonov, 2000; Matzler and
Huppi, 1989). The penetration depth of wet snow at fre-
quencies over 19 GHz is less than 1 cm (Matzler, 2006;
Tikhonov et al., 2014). The content of liquid water in
SWM is larger than in wet snow. Hence, by radiometric
data, even a very thin SWM layer closely resembles a low
ice concentration area. This is the reason for VASIA strong
underestimation of ice concentration in summer.

To overcome this problem, a model of effective dielectric
constant of SWM has been developed. From the electrody-
namics point of view, SWM is a mixture of three media:
water, ice and air. Because SWM volumetric water content
is large (>30%), its dielectric properties are mainly



Fig. 3. Dependence of tangent 37–19 v on ice concentration for ice with
SWM on the surface (shaded triangle).
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determined by radiation absorption by liquid water
(Tikhonov et al., 2014). The effective dielectric constant
can be defined using electrostatic dielectric mixture models.
We chose the Polder–Van Santen model (Polder and van
Santen, 1946) known to provide a satisfactory description
of snow cover dielectric properties (Hallikainen et al.,
1986; Sihvola and Kong, 1988; Boyarskii et al., 1994). It
was used in the emission model of the “sea surface – sea
ice – snow cover – atmosphere” system (Tikhonov et al.,
2014) to calculate brightness temperature of sea ice with
SWM. Calculations were performed for SWM with volu-
metric water content from 30% to 100% (melt pond). The
calculation results for two previously selected tangents
(Fig. 1(a) and (e)) are presented in Fig. 2.

The shaded triangles in the figure denote the ranges of
tangent values for SWM on top of ice. The upper sides cor-
respond to melt pond (100% water), while the lower sides
to 30% content of water in SWM. The SWM tangent value
ranges were approximated by linear functions depending
solely on ice concentration (dash-dot lines in Fig. 2):

uh
85–37ðIÞ ¼ �0:039� I þ 1:19; ð4Þ

uv
85–19ðIÞ ¼ �0:04� I þ 0:7; ð5Þ

where I is ice concentration expressed in 10ths.
Hence, in case there is SWM on top of ice surface, ice

concentration should be calculated by Eqs. (4) and (5)
rather than Eqs. (2) and (3). The tangent for 37 and
19.35 GHz on vertical polarization (37–19 v) was selected
as a criterion for using the approximation of Eqs. (2) and
(3) or Eqs. (4) and (5). The dependence of tangent 37–
19 v on ice concentration is shown in Fig. 3. The selection
of the criterion is justified by the strong dependence of tan-
gent 37–19 v on moisture content of surface layer: the
shaded triangle in Fig. 3 is much larger than the shaded tri-
angles in Fig. 2.

In the general case, the tangent 37–19 v values for differ-
ent ice concentrations (Fig. 3) will be either in region 1 (ice
covered by snow and clean ice) or inside the shaded triangle
– region 2 (ice with SWM). In real physical and structural
conditions of the surface layer, the tangent values may not
exist outside these regions. The top line of region 2
Fig. 2. Dependencies of tangents (a) 85–19 v and (b) 85–37 h on ice c
corresponds to open water surface. The bottom line of
region 1 defines another limit of possible values of physical
and structural parameters of the surface layer (tempera-
ture, wetness, density, porosity, etc.). At a certain ice con-
centration, values of the three tangents (85–19 v, 85–37 h
and 37–19 v) must fall within the permitted region and cor-
respond to one ice concentration value. If the two main
tangents (85–19 v, 85–37 h) point out ice concentration
equal to 10%, then tangent 37–19 v must give the same
ice concentration and drop within the allowed region (1)
and (2). If a tangent 37–19 v value appears to be in the for-
bidden region (left ellipse in Fig. 3), it means that ice con-
centration is defined incorrectly. In this case, the allowed
values of tangent 37–19 v are in the region of high concen-
tration (e.g., the right ellipse in Fig. 3), which corresponds
to presence of SWM on the surface of ice. The lower
boundary of region 1 was chosen as the criterion of
SWM presence on ice. If, at a certain concentration, a tan-
gent 37–19 v value falls below this boundary, then there is
SWM on ice and ice concentration should be calculated by
Eqs. (4) and (5).

The lower boundary of region 1 (Fig. 3) was approxi-
mated by a linear function that depends only on ice concen-
tration I:

dv
37–19ðIÞ ¼ �0:187� I þ 1:1: ð6Þ
oncentration for ice with SWM on the surface (shaded triangles).
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The new algorithm, called VASIA2, was developed on
the basis of these relationships. The schematic of the
algorithm is as follows.

1. Three tangents (satellite tangents), namely, 85–37 h,
85–19 v and 37–19 v are calculated from microwave
satellite data:
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3. Criterion function F1 is calculated for ice concentration
from 0 to 10 with a step equal to 0.1. (Note: ice concen-
tration is expressed in 10ths).

4. The minimum value of criterion function F1 determines
the ice concentration I1. I1 is sea ice concentration with-
out error correction related to SWM on ice. This is ice
concentration given by VASIA algorithm. Steps 1–4
are therefore the same as in VASIA.

5. At the given I1, for each pixel the value calculated by Eq.
(6) is compared to the value of satellite tangent 37–19 v:

dv
37–19ðI1Þ ? tv

37–19:

6. If: dv
37–19ðI1Þ < tv

37–19; then the ice concentration is taken
equal to the one determined at Step 4:

I2 ¼ I1:

7. If: dv
37–19ðI1ÞP tv

37–19; then the criterion function F2 is
constructed as the sum of squared coefficients of
variation between the theoretical tangent values given
by Eqs. (4) and (5) and the values of satellite tangents
85–37 h and 85–19 v:
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8. For the interval of ice concentrations from 0 to 10, the
minimum value of criterion function F2 is found.

9. The minimum value of criterion function F2 determines
the final ice concentration I2.

Ice concentration I2 corresponds to the real ice concen-
tration in the given pixel. The difference between concen-
trations obtained at Steps 9 and 4 (I2–I1 or VASIA2–
VASIA) shows the specific area occupied by SWM on the
surface of ice.

Linear functions expressed by Eqs. (2), (3) and Eqs. (4),
(5) are approximations of theoretical tangents calculated
for SSM/I radiometer bands (19.35, 37 and 85.5 GHz).
However, further calculations demonstrated their validity
also for SSMIS (bands 19.35, 37 and 91,655 GHz) and
AMSR2 (bands 18.7, 36.5 and 89 GHz) radiometers.
Given the average typical brightness values of various ice
types (see, for example, Ivanova et al., 2015), the variation
of the two selected tangent values for SSMIS and AMSR2
frequencies amounts to less than 6%. Therefore, the use of
another frequency set does not tangibly affect the shape of
approximations equations (2), (3) and Eqs. (4), (5).

It should be noted that by using the relationship equa-
tion (6), the algorithm takes into account not all values
of tangent 37–19 v for SWM, but only those that fall inside
the area of the shaded triangle below the dashed line
(Fig. 3). However, even for AMSR2, the pixel size at these
frequencies is greater than 10 km. Patches of SWM can
cover up to 50% of ice surface, their dimensions can reach
hundreds of square meters. Thus, the area of an SWM
patch is much less than that of a pixel. The value of tangent
37–19 v in a pixel is then determined by the additive sum of
tangents for SWM and ice with their “weights”. In this case
the value of tangent 37–19 v falls in the shaded area below
the dashed line (Fig. 3).

The use of tangents allows us to minimize the impact of
atmospheric radiation, because only the slope of a straight
line drawn through two values of brightness temperature is
considered, but not the values themselves. Theoretical cal-
culations show that total cross section of spherical ice par-
ticles (coated by water and uncoated ones) with diameter
less than 1 mm is rather small, slightly increasing in the
range from 20 to 100 GHz (Tikhonov et al., 2014).
Therefore, in this range, the attenuation of radiation in
snow clouds, snow, hail and snowstorms has weak fre-
quency dependence. That is why snow precipitation affects
brightness temperature of the upper atmosphere in a simi-
lar way within the entire frequency range considered. In
this case, the tangents remain practically constant. This
conclusion is confirmed in experimental and theoretical
studies of microwave radiation attenuation in snow precip-
itation (Ishimaru, 1978; Matzler, 2006). Attenuation of
microwave radiation in rain is large compared to attenua-
tion in snow and has strong frequency dependence
(Matzler, 2006). In the polar regions, about 75% of precip-
itation is snow, while rain occurs only in summer and
mostly in ice-free areas. (Serreze and Barry, 2005;
Palerme et al., 2014). Thus, the use of slope tangents as
input parameters for the proposed algorithm significantly
reduces the influence of atmospheric radiation and related
weather phenomena.

3. Data

The required satellite data were taken from a collection
of SSM/I and SSMIS data on Polar Regions, called
POLE-RT-Fields, that was compiled on the basis of the
GLOBAL-RT database developed at the Department of
Earth Research from Space of the Space Research



Fig. 4. Ice concentration (in 10ths) in the Arctic in 2013 calculated by algorithms NASA Team 2 (top row, left), VASIA2 (top row, right) and VASIA
(bottom row, left), and the specific area of SWM (bottom row, right) on: (a) 15 February 2013, (b) 15 August 2013, (c) 15 September 2013, (d) 15
November 2013.
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Institute of the Russian Academy of Sciences (Sharkov,
2003; Tikhonov et al., 2014). The source data for process-
ing were brightness temperature data obtained by SSM/I
and SSMIS multiband instruments of the DMS (Defense
Meteorological Satellite) Program. These are free-access
data supplied by The National Snow and Ice Data
Center at http://sidads.colorado.edu/pub/datasets/. The
data are represented in polar coordinate system separately
for the north and south hemispheres. The resolution for the
high frequency bands of 85 (91) GHz is 12.5 km, for the
19–37 GHz bands 25 km.

Ice concentration computing by NASA Team 2 algo-
rithm was performed according to well-known detailed
descriptions (see, for example, Markus and Cavalieri,
2009).

The validation of the proposed algorithm was per-
formed using ice observations of the Arctic and Antarctic
Research Institute (Alexeeva and Frolov, 2013). Summer
observations were conducted during an expedition
of RV “Akademik Frolov” in the Laptev, Kara and
East-Siberian Seas. Winter data were obtained during an
expedition of RV “Mikhail Somov” in the Kara Sea and
Pechora Bay.

The observations involved visual identification of the
main set of ice characteristics: age, total and partial con-
centration of each ice age type, form, thickness of level
ice, thickness of snow cover, hummocking, disintegration,
and compression of ice. Complete meteorological informa-
tion was simultaneously gathered, including data on heat
transfer through ice of different forms. As a rule, ice char-
acteristics are estimated along the route of a ship, largely
over the segments with easier navigation conditions: lower
ice concentration, thinner ice, less hummocked ice, etc. So,
there is a difference between observational data on ice
along the ship route and in the area around it. To compare
ship visual observation and satellite data, we used the total
ice concentration obtained in the area surrounding the ship
route.

Obviously, the ship and satellite data differ in spatial res-
olution. For comparison purpose, the ship route is divided

http://sidads.colorado.edu/pub/datasets/


Fig. 5. Ice concentration (in 10ths) in the Southern Ocean in 2013 calculated by algorithms NASA Team2 (left) and VASIA2 (center), and the specific area
of SWM (right) on (a) 15 January 2013, (b) 15 June 2013, (c) 15 December 2013.
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into 1 km intervals. Total ice concentration is averaged
over each interval. The resolution of SSM/I and SSMIS
data is 25 � 25 km. One satellite image pixel therefore cor-
responds to several 1 km intervals. On the average, one
pixel extends for 20–25 km of ship route. Under good vis-
ibility conditions, the observer determined total ice concen-
tration over a circle area with a radius of 8–10 km. So,
visual observation data covered from 51% to 64% of satel-
lite data pixel area. Further, ice concentration average
value by visual observations was calculated for each pixel.
Observations made under poor visibility conditions (fog,
heavy snow, nighttime) were discarded from the analysis.
4. Discussion

Ice concentrations reconstructed by algorithms VASIA
and VASIA2 were compared with maps of ice concentra-
tion obtained by algorithm NASA Team 2 (NT2) (see
Section 3).

Fig. 4 shows the map of the Arctic ice concentration
obtained by algorithms NT2, VASIA2 and VASIA, and
the area occupied by SWM (VASIA2–VASIA) for
mid-February (a), August (b), September (c) and
November (d) of 2013. Analysis of Fig. 4 shows that the
overall pictures of ice fields produced by algorithms NT2



Fig. 6. Scatter plots of ice concentration versus visual observations and total ice concentration calculated by: (a) NT in summer; (b) VASIA2 in summer;
(c) NT in winter; (d) VASIA2 in winter.
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and VASIA2 are almost identical. The differences occur in
the marginal ice zones where VASIA2 shows gradual tran-
sition from solid ice (100% ice concentration), through ice
concentration variation, to open water. NT2 demonstrates
a sharper transition: open water appears almost
immediately after 80–100% ice concentration. VASIA
underestimates ice concentration in warm months
(Fig. 4(b) and (c)), which is explained by presence of
SWM on the ice surface. In winter months
(Fig. 4(a) and (d)), ice concentrations produced by all three
algorithms are almost identical. There are no SWM in win-
ter (Fig. 4(a) and (d)). The only exceptions are small stripes
of sea ice along the east coast of Greenland and south of
Franz Josef Land between Novaya Zemlya and Svalbard
(Fig. 4(a)), as well as to the north of the Svalbard archipe-
lago and at the east coast of Novaya Zemlya (Fig. 4(d)).
These are the marginal ice zones (MIZ) where open water
is in constant contact with the edge of ice. The
water-soaked ice of the MIZ is well revealed by VASIA2.
In summer months, SWM is found almost everywhere on
the ice surface. Their number increases with distance from
the Poles, as the climate becomes milder. At the periphery,
SWM covers up to 60% of the ice surface
(Fig. 4(b) and (c)).

VASIA2 algorithm shows good results in the Southern
Ocean as well. Fig. 5 shows ice concentration around
Antarctica, obtained by algorithms NT2 and VASIA2,
and the area of SWM (VASIA2–VASIA), for
mid-January (a), June (b) and December (c) in 2013. The
results produced by algorithms NT2 and VASIA2 almost
coincide. There are some differences along the ice edge
only. Algorithm VASIA2 shows smooth transition of ice
concentration across the MIZ, from solid ice to open
water. In summer months, SWM occurs all over the ice
edge (Fig. 5(a) and (c)). In the Antarctic, there are usually
no melt ponds due to greater thickness of snow cover and
colder and drier conditions (Thomas and Dieckmann,
2003). With summer heat flux from the ocean, the sea ice
becomes thinner. Because of its mass, the snow cover can
force the ice to move under the sea level. This leads to melt-
ing of the bottom snow layer at the ice–snow interface and
formation of SWM (Eicken et al., 2004; Lewis et al., 2011).
These areas are shown by VASIA2 in Fig. 5(a) and (c). In
winter months, SWM are observed only in the region of
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Antarctic Peninsular, where the climate is milder and war-
mer (Fig. 5(b)).

Comparison of total ice concentration derived from
satellite data and ship observations is performed separately
for summer and winter months of 2004 (Section 3). Fig. 6
presents scatter plots of total ice concentration by ship
observations and algorithms NASA Team (NT) and
VASIA2 for summer (Fig. 6(a) and (b)) and winter
(Fig. 6(c) and (d)) months. The comparison shows high
correlation coefficients for both periods, as well as high
positive correlation.

For areas of scattered ice, both algorithms overestimate
total ice concentration. For areas of close, very close and
compact pack ice, the algorithms underestimate it. For
low concentrations, the discrepancy by NT is bigger than
that by VASIA2. The correlation of VASIA2 values is bet-
ter both for the summer and winter periods. As is clear
from Fig. 6, the points in VASIA2 correlation plots are dis-
tributed in a more chaotic manner, which results in com-
pensation of the positive and negative errors when
calculating the mean error.

5. Conclusions

A conceptually new algorithm VASIA2 of sea ice con-
centration retrieval from satellite microwave radiometry
data is presented. The algorithm is based solely on a theo-
retical model and calculations. The analysis of the model of
emission of the “sea surface – sea ice – snow cover – atmo-
sphere” system developed by the authors (Tikhonov et al.,
2014) has pointed out parameters essentially determined by
ice concentration. These are tangents 85–19 v and 85–37 h,
They are the basis of VASIA2. The algorithm does not use
tie-points whose identification is the core task of most
other algorithms currently employed. The design of
VASIA2 practically precludes the effect of atmospheric
variation on the calculation results. VASIA2 calculates
not only sea ice concentration, but also areas occupied by
snow–water mixture (SWM), i.e. water-soaked snow and
melt ponds. This property opens a way for a more accurate
analysis of climate change in Polar Regions.

Comparison of total concentration maps derived for the
Arctic and Antarctic by NASA Team2 and VASIA2
algorithms has demonstrated their good agreement. This
confirms validity of the emission model of the “sea surface
– sea ice – snow cover – atmosphere” system (Tikhonov
et al., 2014).

Comparison of VASIA2 results with ship observations
in the Arctic in summer and winter months has yielded
high correlation coefficients. However, in summer the algo-
rithm overestimates the total ice concentration in regions
with low concentration and underestimates it in regions
with high concentration.

Further analysis and comparisons of VASIA2 perfor-
mance with ship observations, high resolution radiometry,
radar and infrared data are necessary to assess more accu-
rately its drawbacks and advantages.
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