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Abstract: We consider sea ice and water microwave backscatter features at the C-band with vertical
transmit and receive polarization and present a method for sea ice/water discrimination using
a multiple fixed fan-beam satellite scatterometer. The method is based on the criterion of the minimum
statistical distance of measured backscatter values to the sea ice and water (CMOD7) geophysical
model functions. Implementation of the method is considered both for a typical three fan-beam
geometry as well as for a potential five fan-beam geometry of a satellite scatterometer. By using
computer simulations, we show explicitly that the number of looks at the same cell from different
azimuthal directions needs to be increased to provide better (unambiguous) retrieval of the wind
vector and sea ice/water discrimination. The algorithms for sea ice/water discrimination are described,
and the results obtained are also discussed along with recommendations for the number of different
azimuthal looks (beams) at the same cell from the point of view of sea ice/water discrimination as
well as unambiguous wind direction retrieval during the satellite’s single pass.

Keywords: spaceborne scatterometer; C-band; fun-beam; radar backscatter; sea ice; water surface;
sea ice/water discrimination

1. Introduction

Global warming and reduction of areas covered by sea ice have motivated great interest in the
development of polar regions. Sea ice covers about 12% of the oceans (approximately from 7% to 15%
depending on the seasons) and interacts with the atmosphere and the ocean itself [1,2]. Although most
sea ice is located in the Arctic and Antarctic regions, variations in sea ice coverage significantly affect
climate conditions not only in the Earth’s polar regions but also over the entire planet. In addition,
melting ice imposes threats for economic activities such as offshore oil and gas production, fishing and
sea freight, with the Northern Sea Route which is the shortest sea route between northwest Asia and
Europe being a prominent example [1]. In a changing climate, rapid variations of temperature, currents,
and winds make sea ice very dynamic, which leads to a wide variation in its types and characteristics.

The first systematic, but mostly local, observations of sea ice (from ships and coastal stations) are
dated from around 1900. Later, development and application of aviation has extended and improved
monitoring of sea ice, thus considerably improving the safety of sea navigation [1]. The era of satellite
observations of sea ice started in the 1970s leading to the availability of long-term measurements.
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Since that time, a significant number of spaceborne instruments, implementing both active and passive
measurement technologies, have been used for sea ice monitoring. These instruments mostly operate
in the optical, thermal infrared, or microwave parts of the spectrum [2]. Optical instruments are
commonly used for sea ice observations, although they can only operate in the presence of sunlight
and under relatively cloudless sky conditions. Thermal infrared instruments operate independently of
daylight, while also requiring cloudless sky conditions. Microwave instruments commonly used for sea
ice observations remain operational irrespective of the presence of daylight and mostly independent
of atmospheric conditions, both being crucial for remote sensing applications in polar areas, as these
areas stay in darkness during long periods of the polar night and exhibit common persistent cloud
coverage. Thus, sea ice measurements in the polar regions are usually performed by using microwave
instruments, either passive or active, represented by radiometers and scatterometers, respectively [3].

A microwave radiometer is a passive measurement instrument (calibrated receiver) designed
to measure the properties of natural emissions from the environment [4]. In the case of ocean ice
observation, it provides indirect information about the ice’s concentration and thickness [5].

By contrast, a microwave scatterometer is an active instrument (carefully calibrated radar) designed
for measurement of the backscatter power from the underlying surface that in turn is proportional to
the normalized radar cross section (NRCS) and is useful for the retrieval of the wind speed and direction
over the ocean/sea [4]. Moreover, scatterometer measurements can be used for sea ice detection and
characterization [6]. Other instruments which can operate in scatterometer mode can also be used for
such measurements [7–9].

As scatterometers have proved their suitability for monitoring the extent, thickness, and motion
of sea ice, here we focus on ice and water geophysical model functions (GMF) analysis and their
application to sea ice monitoring and discrimination at the C-band using vertical transmit and receive
polarization (VV).

2. Materials and Methods

Spaceborne scatterometers are usually operated by weather satellites. To provide multiple looks
at the same cell of the observed surface, two general scatterometer geometry arrangements can be
used: three fan-beam geometry or two pencil-beam rotating geometry [4,10–13]. Fan-beam geometries
allow for incidence angle diversity, while having variable directional sensitivity perpendicularly to
the swath. Pencil-beam geometries allow for wider azimuthal coverage, but they are limited to fixed
incidence angles only [14].

A detailed overview of spaceborne scatterometers’ geometries and features can be found in the
literature describing various scatterometers from the earliest to modern [4,10,11,13,15,16]. Continuous
scatterometer monitoring in the Polar areas started in 1991 when the European Remote Sensing (ERS-1)
satellite was launched. The development of both satellite and scatterometer technologies allowed for
increased power, better signal-to-noise ratios, and improved measurement accuracy of the satellite
scatterometers and led to the development of their various configurations, from the earliest fixed
two fan-beam geometry to modern multiple-beam fixed or rotating geometries and corresponding
measurement algorithms. In this regard, assessment of new scatterometer configuration designs aims
at more accurate sea wind retrieval as well as better sea ice/water discrimination and provides the
rationale for this study.

Historically, the European Space Agency’s (ESA) scatterometers have been designed as C-band
instruments while the National Aeronautics and Space Administration’s (NASA) scatterometers
have been designed to operate in the Ku-band. Moreover, European C-band scatterometers use
a vertical transmit and receive polarization (VV) only, while the US Ku-band scatterometers use
both VV and horizontal (HH) polarization [13]. The advantage of the C-band is lower sensitivity to
atmospheric conditions and better penetration compared to that of the Ku-band. However, the Ku-band
provides greater sea ice/water contrast. Using a variety of polarizations allows detection of additional
information about the observed surface and provides better discrimination of its characteristics [13].
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The most typical three fixed fan-beam scatterometer configuration is exemplified by the Advanced
SCATterometer (ASCAT) geometry presented in Figure 1. ASCAT has been installed on board the
Metop-A satellite. The scatterometer is represented by a C-band real aperture radar operating at
5.255 GHz with VV polarization only. NRCS measurements are performed at the azimuthal angles of
45◦ (fore-beam), 90◦ (mid-beam), and 135◦ (aft-beam) relative to the satellite’s path. The incidence angle
for the fore- and aft-beams varies from 37◦ to 64◦ and for the fore-beam it ranges from 28◦ to 53◦ [17].
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Figure 1. An example of the three fixed fan-beam scatterometer geometry of ASCAT [17].

Operating over the water’s surface, a (wind) scatterometer provides information about the wind’s
speed and direction. Such wind vector measurements are based on a GMF developed for an appropriate
band and polarization. Usually, GMF describes the NRCS σ◦(U,θ,α) dependence from the wind
speed U, incidence angle θ, and azimuth angle α relative to the up-wind direction [4,18]. GMF can
be presented either in an analytical or in a tabulated form. For example, the recent C-band GMF of
CMOD7 [19] currently lacks any analytical representation and/or fit. CMOD7 is presented in a tabular
form only, as it has been developed by improving CMOD5.n at low wind speeds by using another
GMF of C2013 [20].
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When a scatterometer operates over the sea ice, it samples information about sea ice backscattering.
As backscattering from water and sea ice has different properties, this difference can be used for
discrimination of sea ice from the water’s surface as well as for evaluation of the sea ice’s age (thickness)
and extent [11,21].

As sea ice backscatter is relatively isotropic, one of the earlier sea ice/water discrimination criteria
was the anisotropy factor ka introduced in [22]. This coefficient is independent of the incidence angle
and can be written as:

ka =

∣∣∣∣∣∣∣ σ
◦

f − σ
◦
a

σ◦f + σ◦a

∣∣∣∣∣∣∣, (1)

where σ◦f and σ◦a are the fore- and aft-beam NRCSs (measured at the same incidence angle while differing
by 90◦ in the azimuth). To separate sea ice and water, a threshold for the anisotropy factor value can
be proposed. Values below the threshold indicate that sea ice is observed. This criterion appears
more efficient at higher incidence angles [23]. Unfortunately, the key disadvantage of this criterion
is its potential ambiguity when the sea wind blows along the satellite’s ground track (the mid-beam
has a cross-wind location), as the measured water NRCSs by the fore- and aft-beams are mostly the
same due to the features of the water’s GMFs. Thus, small values of the anisotropy factor related to
sea backscattering can also take place and so the water could be mistakenly recognized as sea ice in
that case.

Another approach used for sea ice/water discrimination is based on the difference between the
ice and the water GMF variations as functions of the incidence angle. For that purpose, a backscatter
derivative kd has been applied [24]:

kd =

∣∣∣∣∣∣∣ σ
◦

f − σ
◦
m

θ f − θm

∣∣∣∣∣∣∣, (2)

where σ◦m is the mid-beam NRCS, θ f and θm are the incidence angles corresponding to the fore- and
mid-beam NRCSs obtained for the same node. A threshold for the backscatter derivative value is
also assumed to separate sea ice and water. In contrast to the anisotropy-based criterion, the latter
appears more efficient at lower incidence angles. Nevertheless, this criterion has another disadvantage
in sea ice/water discrimination when the wind blows parallel or perpendicular to the satellite’s ground
track [23]. The backscatter derivative also can be used for sea ice classification as its lower values
correspond to multi-year (MY) ice whereas its higher values fit with first-year (FY) ice. The FY ice
thickness is typically between 0.3 and 2 m while the MY ice thickness is over 2 m.

Another approach is based on the statistical (Euclidean) distance from the measured NRCSs to
the wind GMF and the ice GMF, respectively. The lowest distance value (to the ice or water GMFs) is
the criterion to classify the surface area observed within the cell as either ice or water, respectively [14].
Bayesian statistics has been applied, e.g., for the QuikSCAT, ASCAT, and ERS scatterometers, to suggest
and implement sea ice detection algorithms based on this approach [3,14,25]. Another Bayesian
approach, developed earlier for the SeaWinds instrument, can be found in earlier work [26].

Sea ice backscatter can also be used for discrimination of sea ice types as they have different
backscatter properties; MY ice is typically characterized by higher NRCS values than those for FY
ice (at the same incidence angles) [11]. The sea ice backscatter dependency from the incidence angle
(sea ice GMF) σ◦ice(θ) can be presented approximately in a linear form [13]:

σ◦ice(θ) = A(θre f ) + B(θ− θre f ), (3)

where A(θre f ) is the sea ice NRCS at the reference incidence angle θref, and B(θ− θre f ) is the NRCS
dependency from the incidence angle relative to the reference incidence angle (in [dB/deg]). Usually,
the reference incidence angle is assumed to be 40◦, which approximately corresponds to the midswath
incidence angle [13].
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A more complex form of the sea ice GMF has been presented in [25,27]:

σ◦ice(θ) =
1

u(θ)

σ◦ice(θre f ) +

θ∫
θre f

u(θ′)A(θ′)d(θ′)

, (4)

u(θ′) = exp

−
θ′∫

θre f

B(θ′′ )d(θ′′ )

, (5)

where A(θ) and B(θ) are the coefficients obtained for the Northern (NH) and Southern (SH) Hemispheres
based on the winter-time ERS and ASCAT sea ice NRCS data (at VV polarization in the C-Band) [25]:

ANH(θ) = 0.257− 0.00605θ, (6)

BNH(θ) = 0.004− 0.169 · exp(−0.075θ), (7)

ASH(θ) = −0.397 + 0.01314θ− 0.000131θ2, (8)

BSH(θ) = 0.007− 0.797 · exp(−0.206θ), (9)

and the given reference incidence angle is 52.8◦.
The sea ice NRCS value at the reference incidence angle is commonly used as a boundary condition

to classify the sea ice types at various incidence angles with the help of Equation (4). For example,
the recent VV C-band (ASCAT operational frequency of 5.255 GHz) NRCS values of the NH lower
boundary conditions are −21 dB, −16 dB, and −12 dB, respectively, for the FY, second-year (SY), and MY
ice types at the reference incidence angle of 52.8◦ [28]. Typical lower boundary condition curves
obtained in accordance with [28] and Equation (4) are exemplified in Figure 2.

As uncertainties in sea ice/water discrimination can arise under specific conditions, the NRCS
data obtained during several consecutive satellite passes over the same area can be used to improve
the discrimination. In the context of operational sea ice/water discrimination and (near) real-time
dissemination of the data obtained, such a procedure delays both processing and dissemination for
one or several orbits. Moreover, as already mentioned above, for the typical three fan-beam geometry
of a satellite scatterometer, the wind vector retrieval can be ambiguous (from two opposite wind
directions at similar wind speeds and up to four different directions [11,29,30]). One possible solution
is using the wind information from neighboring cells and/or from other sources (e.g., ground-based
weather stations) to resolve any ambiguity in the wind direction measurement. Thus, it is desirable to
develop the measurement algorithm (and the minimal required geometry) providing for sea ice/water
discrimination as well as wind measurement during a single satellite pass [31].

To achieve the above goal, in the following we present a solution based on the criterion of the
statistical distance of measured NRCSs to the sea ice GMF and to the water GMF for sea ice/water
discrimination. We assume that the sea ice GMF is described by Equation (4) [28], and the water GMF
is the VV C-band model function of CMOD7 [19]. By using the system of equations for measured
NRCSs, we find the closest water GMF values. To perform sea ice/water discrimination, summation
results obtained for the sea ice Sice and water Swater by the least square method are compared:

Sice < Swater ⇒ ice
Sice > Swater ⇒ water

Sice ≈ Swater ⇒ uncertainty
(10)

where

Sice =
N∑

i=1

(
σ◦∗i − σ

◦

ice.i

)2
, (11)
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Swater =
N∑

i=1

(
σ◦∗i − σ

◦

water.i

)2
, (12)

and where i =
→

1, N, N is the number of scatterometer looks (from different azimuths) at the same
cell (number of beams in the case of multiple fan-beam geometry), σ◦∗i is the i-measured (integrated)
NRCS value, and σ◦ice.i and σ◦water.i are the closest sea ice and water GMF values corresponding to the
i-measured NRCS value.
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Figure 2. Lower boundary curves for the Arctic sea ice types corresponding to the VV C-band NRCS
values of −21 dB, −16 dB, and −12 dB, respectively, for the FY, SY, and MY ice at the reference incidence
angle of 52.8◦.

First, a typical three fan-beam geometry (Figure 1) case has been considered. In that case, three
measured (integrated) NRCSs σ◦∗1 , σ◦∗2 , and σ◦∗3 (obtained from different azimuthal directions by the
fore-, mid-, and aft-beams with the azimuthal angles of 45◦, 90◦, and 135◦ relative to the satellite track
direction, respectively) are available for the same selected cell.

To obtain the sea ice summation result for the current NRCS triplet, a current sea ice GMF
approximation that fits in the best way to the current measured NRCSs is calculated. At the same time,
to obtain the water summation result, a system of equations for the current NRCS triplet is solved to
find a current water GMF approximation (wind speed and up-wind direction) best fitting the current
measured NRCSs: 

σ◦∗1 = GMF(U,θσ◦∗1 ,α+ψσ◦∗1 )

σ◦∗2 = GMF(U,θσ◦∗2 ,α+ψσ◦∗2 )

σ◦∗3 = GMF(U,θσ◦∗3 ,α+ψσ◦∗3 )

(13)

where θσ◦∗1 , θσ◦∗2 , and θσ◦∗3 are the incidence angles corresponding to measured NRCSs by the fore-,
mid-, and aft-beams from the same selected cell, respectively; and ψσ◦∗1 , ψσ◦∗2 , and ψσ◦∗3 are the azimuthal
angles of the selected cell by the fore-, mid-, and aft-beams relative to the satellite track direction.
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Unfortunately, wind vector retrieval with the typical three fan-beam geometry of a satellite
scatterometer can be ambiguous [30] especially at the C-band with VV polarization. The wind
direction ambiguity mostly arises from two opposite wind directions at similar wind speeds and up
to four different directions [11,29,30] due to the water GMF’s properties and the three-beam satellite
scatterometer configuration. The azimuthal NRCS curve at medium incidence angles is smooth
and exhibits its largest maximum in the up-wind direction and the second largest maximum in the
down-wind direction, while exhibiting two minima near the crosswind direction shifted slightly to the
second largest maximum. A small discrepancy between the NRCS value at the maxima and between
the largest maximum and the corresponding minima, along with considerable NRCS spread, can
lead to the wind direction ambiguity in the case of three-beam satellite scatterometer [11]. Moreover,
VV polarization provides a smaller difference between the largest and second largest maxima compared
to the HH polarization scenario at medium incidence angles [32] that is not in favor of the ambiguity’s
removal. Recently, we have shown that for an accurate and unambiguous estimation of the wind
direction (as well as the wind speed) at least four star-configured beams are needed to perform the wind
vector retrieval at the same incidence angle [33]. However, satellite scatterometer measurements cannot
provide the necessary star geometry observation for the same cell (and at the same incidence angle).
Similarly, a multiple fan-beam geometry provides only multiple looks for the same cell at different
incidence angles and with a limited azimuthal difference between the beams. At the same time, to
provide better discrimination between sea ice and water, revealing the sea ice isotropy (relative to the
water anisotropy) also requires a greater number of looks with wider azimuthal cover for the same cell.
Thus, the number of looks for the same cell from different azimuthal directions needs to be increased
to provide better (unambiguous) retrieval of the wind vector and better sea ice/water discrimination.

In this regard, we have considered a potential (although currently hypothetical) five fan-beam
geometry with two extra beams added to the typical three fan-beam geometry. In the considered
design, five measured (integrated) NRCSs, σ◦∗1 , σ◦∗2 , σ◦∗3 σ◦∗4 , and σ◦∗5 (obtained from different azimuthal
directions by the “old” fore-, mid-, and aft-beams, and two “additional” fore- and aft-beams with
azimuthal angles of 32.5◦ and 147.5◦ relative to the satellite track direction), are available for the same
selected cell.

The current sea ice GMF approximation that is the best fit to the current measured NRCSs is
calculated to get the sea ice summation result for the current NRCS quintet. Moreover, the system
of equations for the current NRCS quintet is solved to obtain the current water GMF approximation
(wind speed and up-wind direction) that fits in the best way to the current measured NRCSs:

σ◦∗1 = GMF(U,θσ◦∗1 ,α+ψσ◦∗1 )

σ◦∗2 = GMF(U,θσ◦∗2 ,α+ψσ◦∗2 )

σ◦∗3 = GMF(U,θσ◦∗3 ,α+ψσ◦∗3 )

σ◦∗4 = GMF(U,θσ◦∗4 ,α+ψσ◦∗4 )

σ◦∗5 = GMF(U,θσ◦∗5 ,α+ψσ◦∗5 )

(14)

where θσ◦∗1 , θσ◦∗2 , and θσ◦∗3 are the incidence angles corresponding to measured NRCSs by the “old” fore-,
mid-, and aft-beams from the same selected cell, θσ◦∗4 , and θσ◦∗5 are the incidence angles corresponding
to measured NRCSs by the “additional” fore- and aft-beams from the same selected cell, and ψσ◦∗1 , ψσ◦∗2 ,
ψσ◦∗3 , ψσ◦∗4 , and ψσ◦∗5 are the azimuthal angles of the selected cell by the appropriate beams relative to
the satellite track direction.
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3. Results and Discussion

First of all, we have analyzed the VV C-band sea ice GMF (Equation (4)) and CMOD7. This was
done for a layout of lower boundaries for FY, SY, and MY ice at the NH and the water NRCS upper and
lower boundaries corresponding to the maximum (up-wind) and minimum (cross-wind) NRCS values
dependent on the incidence angle from 20◦ to 65◦ at the wind speeds of 2 and 5 m/s, as represented in
Figure 3, while at the wind speed of 10, 15, 20, 25, and 30 m/s as shown in Figure 4.

Figure 3a,b demonstrates clearly that for the VV C-band only, at a wind speed of about 2 m/s and
lower, sea ice can be discriminated from water by the NRCS magnitude at incidence angles from 25◦ to
65◦. The same holds for a wind speed of about 5 m/s but only at an incidence angle from 40◦ to 65◦.
At higher wind speeds the above sea ice/water discrimination criterion becomes no longer applicable
(Figure 4a–e).
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Figure 3. Positional relationship of the sea ice lower boundaries for FY, SY, and MY ice at the NH and 
water NRCS upper and lower boundaries at low wind speeds depending on an incidence angle from 
20° to 65°: (a) wind speed of 2 m/s; (b) wind speed of 5 m/s. 

These figures also demonstrate that the tilt of the “water GMF line” becomes similar to that of 
the “ice GMF line” at incidence angles exceeding approx. 40° to 45°, which makes sea ice/water 
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Figure 3. Positional relationship of the sea ice lower boundaries for FY, SY, and MY ice at the NH and
water NRCS upper and lower boundaries at low wind speeds depending on an incidence angle from
20◦ to 65◦: (a) wind speed of 2 m/s; (b) wind speed of 5 m/s.

These figures also demonstrate that the tilt of the “water GMF line” becomes similar to that
of the “ice GMF line” at incidence angles exceeding approx. 40◦ to 45◦, which makes sea ice/water
discrimination more difficult, e.g., by the backscatter derivative criterion (Equation (2)), especially for
relatively low (about 2 m/s and lower) or high (over 25 m/s) wind speeds when the water’s azimuthal
NRCS curves exhibit only moderate variations at medium wind speeds (between approx. 5 and 25 m/s)
(see Figure 5). Moreover, the anisotropy criterion (Equation (1)) also does not perform well when
the water NRCSs measured by the fore- and aft-beams are mostly the same due to the water GMF’s
azimuthal features.

Following this we considered the proposed sea ice/water discrimination procedure with regard to
a three fan-beam geometry (Figure 1). The sea ice GMF approximation using a simulated “measured”
NRCS triplet is shown in Figure 6. The figure presents the “measured” NRCS values and the
corresponding ice GMFs as well as the resulting sea ice GMF approximations. The incidence angles for
the selected cell by the fore-, mid-, and aft-beams are 52.8◦, 41.8◦, and 52.8◦, respectively.
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Figure 4. Positional relationship of the sea ice lower boundaries for FY, SY, and MY ice at the NH and
the water NRCS upper and lower boundaries at high wind speeds depending on the incidence angle
from 20◦ to 65◦: (a) wind speed of 10 m/s; (b) wind speed of 15 m/s; (c) wind speed of 20 m/s; (d) wind
speed of 25 m/s; and (e) wind speed of 30 m/s.
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Figure 5. C-band VV polarization azimuthal curves by CMOD7 GMF for wind speeds of 2, 5, 10, 15, 20,
25, and 30 m/s at the incidence angle of 41.8◦.

The water GMF approximation is depicted in Figure 7. The figure indicates the simulated
“measured” NRCS values (the same values as in Figure 6) and the corresponding resulting water GMF
approximations as well as the water GMF curves for incidence angles of 41.8◦ and 52.8◦. The azimuthal
angles for the fore-, mid-, and aft-beams are 45◦, 90◦, and 135◦ relative to the satellite track direction,
respectively. The combination of the water GMF approximations in this example corresponds to the
water GMF at a wind speed of 8.1 m/s and up-wind direction of 176◦. The sea ice GMF approximations
for the “measured” NRCSs are also marked in Figure 7. The figure clearly demonstrates that the sea ice
GMF approximations fit much better to the “measured” NRCSs than the water GMF approximations.
It means that Sice < Swater and the surface observed is thus classified as ice. (The calculated summation
results for the sea ice and water are 5.69263·10−8 and 5.35511·10-6, respectively, and the sea ice is
classified as FY in this example.)
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Figure 6. An example of sea ice GMF approximation from the simulated “measured” NRCSs for the
selected cell by the fore-, mid-, and aft-beams at incidence angles of 52.8◦, 41.8◦, and 52.8◦, respectively.
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Figure 7. An example of water GMF approximations from the simulated “measured” NRCSs, with
water GMF curves for incidence angles of 41.8◦ and 52.8◦, and the sea ice GMF approximations.

Further, we also considered the proposed sea ice/water discrimination procedure with regard to
a hypothetical five fan-beam geometry that has two extra beams added to the typical three fan-beam
geometry considered earlier.

An example of plotting the sea ice GMF approximation for a simulated measured NRCS quintet is
presented in Figure 8. The figure depicts the “measured” NRCSs and the ice GMFs corresponding to
those NRCSs, as well as the derived sea ice GMF approximation. The incidence angles for the selected
cell by the “old” fore-, mid-, and aft-beams are 52.8◦, 41.8◦, and 52.8◦, respectively, and the incidence
angle for the selected cell by the “additional” fore- and aft-beams is 63.6◦.
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Figure 8. An example sea ice GMF approximation plot from the measured NRCSs for a selected cell by
the “old” fore-, mid-, and aft-beams at 52.8◦, 41.8◦, and 52.8◦, respectively, and with the incidence angle
for the selected cell by the “additional” fore- and aft-beams of 63.6◦.

An example of the water GMF plot is shown in Figure 9. The figure represents the simulated
“measured” NRCS values (the same values as in Figure 8) and the corresponding resulting water GMF
approximation as well as the water GMF curves for incidence angles of 41.8◦, 52.8◦, and 63.6◦.
The azimuthal angles for the “old” fore-, mid-, and aft-beams are 45◦, 90◦, and 135◦ and for



Remote Sens. 2019, 11, 2518 12 of 15

the “additional” fore- and aft-beams” are 32.5◦ and 147.5◦ relative to the satellite track direction.
The combination of the water GMF approximation in this example conforms to the water GMF
at a wind speed of 8 m/s and up-wind direction of 175.5◦. The sea ice GMF approximations for
the measured NRCSs are also shown in Figure 9. The figure indicates clearly that the sea ice GMF
approximations fit to the measured NRCSs much better than the water GMF approximations indicating
that Sice < Swater and thus classifying the observed surface as ice. (The summation results calculated
for the sea ice and for the water are 8.39745 ×·10−8 and 7.49849 ×·10−6, respectively, and the sea ice is
classified as FY in this example.)
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Figure 9. An example of the water GMF approximation from the measured NRCSs, water GMF curves
for the incidence angles of 41.8◦, 52.8◦, and 63.6◦ and the sea ice GMF approximations.

To compare the summation results obtained for the different numbers of beams (looks), they can
be normalized to the number of those beams (looks):

Sn.ice =
Sice
N

, (15)

Sn.water =
Swater

N
, (16)

where Sn.ice and Sn.water are the ice and water summation results, respectively, normalized to the number
of beams (looks). Accordingly, the normalized sea ice and water summation results for the three-beam
geometry are 1.89754·× 10−8 and 1.78504 ×·10−6, respectively, and 1.67949 ×·10−8 and 1.4997 ×·10−6,
respectively, for the five-beam geometry. The lower normalized sea ice and water summation results
for the five-beam geometry indicate that more accurate sea ice/water discrimination can be achieved
compared to the three-beam geometry.

To summarize, our results indicate the suitability of the presented methodology for sea ice/water
discrimination during a single pass, in this way allowing for near real-time measurement and data
acquisition. The results show that, for better disambiguation of the wind vector retrieval and more
accurate sea ice/water discrimination, increasing the number of looks at the same cell from different
azimuthal directions can be beneficial.

4. Conclusions

Based on our analysis of the VV C-band’s sea ice and water backscatter features, we have presented
a sea ice/water discrimination method for multiple fixed fan-beam satellite scatterometers. The method
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allows for sea ice/water discrimination during a single satellite pass without any need for additional
information from neighboring cells, subsequent passes, or other (e.g., ground-based) data sources.

As a perspective, we have also shown that a five fan-beams (looks) scatterometer configuration
seems to be advantageous for unambiguous sea wind retrieval and for sea ice/water discrimination
as it allows getting the backscatter information from the wider azimuthal directions. Obtaining the
NRCS information from a wider range of azimuthal directions leads to higher contrast between the sea
ice isotropy and water anisotropy, thus allowing for their more accurate discrimination as well as for
unambiguous sea wind vector retrieval. However, it should be noted that application of additional
beams (looks) having wider azimuthal location in comparison with a typical three fan-beams (looks)
scatterometer configuration narrows the swath as the farther nodes could not be observed by the
additional fore-and aft-beams due to the incidence angle limitation.

Application of C-band microwaves with VV polarization for this purpose is considered to be the
less reliable scenario as the alternative horizontal transmitter and receiver (HH) polarization provides
better anisotropy use of the water’s backscatter (characterized by a more pronounced discrepancy
between the up-wind and the down-wind NRCSs as well as between the up-wind and the cross-wind
NRCSs) altogether, when compared against the VV polarization scenario [32]. Moreover, from that
point of view, the Ku-band is more prospective as it provides better water anisotropy use, greater sea
ice/water contrast and greater contrast between FY and MY ice [13], and the Ku-band HH polarization
also provides better water anisotropy use than VV polarization. Accordingly, satisfactory performance
in the worst possible scenario indicates that alternative scenarios lead to at least similar, or more likely
better, performance of our algorithm.

Finally, the method could also be effective for prospective fan-beam rotating (scanning) satellite
scatterometers for their application to sea ice monitoring and discrimination.
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