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ABSTRACT We consider a conceptual approach for the applicability of airborne weather radar for the sea
ice/water discrimination and estimation of the sea ice age. The sea ice/water discrimination method suited for
the airborne weather radar utilization is based on finding the minimum statistical distance of the measured
normalized radar cross sections within a wide azimuth sector to the geophysical model functions of the sea
ice and water, respectively. The sea ice age classification is based on the comparison of the normalized radar
cross section value at a given incidence angle to the lower normalized radar cross section boundaries for
the first-, second-, and multi-year ice. Implementation of the proposed methodology is considered for the
C-band airborne weather radar operated in the ground mapping mode as a scatterometer scanning in a wide
azimuth sector up to ±100◦. We show explicitly that the proposed approach provides the enhancement of
the conventional airborne weather radar functionality for the sea ice/water discrimination and sea ice age
estimation either using stand-alone or joint measurements.

INDEX TERMS Airborne weather radar, algorithms, normalized radar cross section, radar remote sensing,
sea ice, sea surface.

I. INTRODUCTION
Recent advancement of the satellite remote sensing tech-
nology throughout the last decades led to the development
and dissemination of global scale monitoring tools covering
the entire Earth surface including distant regions, otherwise
hardly reachable with the conventional tools, due to their
remoteness and often extreme climate conditions. Ongoing
climate changes accompanying global warming appear espe-
cially pronounced in the remote polar regions that in turn
leads to an increased interest in the online monitoring of the
sea ice coverage dynamics. In this connection, joint use of
the satellite-based remote sensing instrumentation provides
global coverage to detect the development of ice cracks,
as well as detachments of floating ice, that is essential to
ensure safe shipping in waters with partial ice coverage.
In this turn, the data obtainedwith the spaceborne instruments
could be supplemented by additional data provided with the
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airborne remote sensing instruments, this way leading to a
more detailed picture of the sea ice coverage dynamics.

To obtain detailed information on the sea ice and water
surface, as well as to perform the sea ice/water discrimination
in polar regions, using a combination of visible, infrared, and
microwave sensors is desirable. At the same time, due to
the regional specifics and sensors’ functionality, microwave
instruments are still the primary sensors suitable for the oper-
ation in remote areas, due to their robustness to frequent cloud
coverage and fog, full operability during prolonged polar
nights, in marked contrast to optical instruments, as well as
their ability to distinguish between sea ice and water surface,
due to significant differences in their microwave backscatter
properties.

These microwave sensors are of two types: passive and
active. A microwave radiometer is a passive sensor, while
Synthetic Aperture Radar (SAR) and Scatterometer are active
sensors.

Microwave radiometers are used for estimation of the sea
ice extent and concentration, as well as for the detection of
areas covered by multi-year (MY) ice. Passive microwave
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sensors flown in polar orbits provide observations within a
relatively wide swath and almost daily complete coverage of
the polar regions while being characterized by relatively low
spatial resolution (around 25 km).

Scatterometers and SARs are used for observation of the
water surface and sea ice to perform sea wind retrieval
and sea ice measurements and classification. Spaceborne
scatterometer measurements are capable of covering larger
areas in comparison with the SARs while providing much
lower spatial resolution (typically 25–50 km). In contrast,
SARs provide with a higher spatial resolution (100–500 m),
while being also capable of small-scale processes such as
leads, deformation, and polynyas detection. As SAR sig-
natures are complicated, it is difficult to perform an auto-
mated retrieval of the sea ice concentration and extent. Thus,
microwave scatterometers can be considered as primary sen-
sors for polar remote sensing potentially complemented by
other measuring instruments.

Operating over water, wind scatterometers provide infor-
mation about the sea surface wind vector. The wind param-
eters retrieval is based on the absolute measurement of the
normalized radar cross section (NRCS) of the water surface
from different azimuth angles (either at different or at the
same incidence angles depending on the scatterometer con-
figuration and its mounting on either satellite or aircraft).
A geophysical model function (GMF) represents the expected
NRCS model for the particular frequency band and corre-
sponding wave polarization, respectively. In fact, the water
GMF represents the dependence of NRCS on the wind
speed U , incidence angle θ , and azimuth angle α relative
to the up-wind direction [1]. Usually, it can be presented
analytically, although sometimes it is provided in the tabular
form only. For example, CMOD7 [2], one of the recent
C-band GMFs used in our study has only tabular
representation.

In addition to the wind measurements, scatterometers are
also used for the sea ice detection and characterization while
operating over the ice-covered waters [3]. The ice GMF rep-
resenting the dependence of the ice NRCS from the incidence
angle and frequency band is used in that case. Discrimination
of the sea ice types is also based on different properties of
the sea ice backscatter. In particular, MY ice is typically
characterized by higher NRCS values than the first-year (FY)
ice at the same incidence angles [3].

Recently, the suitability of the airborne weather radars
(AWR) for the wind vector estimation over the water surface
while operating in the ground mapping mode as a scatterome-
ter scanning in a wide azimuth sector during rectilinear flight,
or as a scatterometer with a fixed antenna during circular
flight has been demonstrated in [4]–[9]. As nowadays AWR
belongs to the minimum equipment list even for most light
aircraft, it appears generally attractive to use this already
available instrument also for the retrieval of the wind vector
over the sea surface as well as for the sea ice/water discrimi-
nation and sea ice characterization.

In this connection, in the following we consider the possi-
bility of innovative functionality enhancement of the AWR to
perform the sea ice/water discrimination and evaluation of the
sea ice age (and/or thickness) while operating in the ground
mapping mode as a scatterometer scanning in a wide azimuth
sector, in addition to its typical navigation applications, fol-
lowing the measurement geometry and algorithm proposed
below.

II. METHOD
A. AWR KEY FEATURES
AWRs are typically nose-mounted and operated in either
X- or C-band [10]. Earlier AWRs operated with a vertical
transmit and receive polarization (VV) in the weather mode
and used a horizontal polarization in the ground mapping
mode [11]. Modern AWRs and integrated radars also oper-
ated in these and other modes may use several polarizations
to provide improved characteristics. Despite of the AWR
dual polarization measurement possibility, in the following,
we consider only its VV polarization application, as the
C-band water GMF CMOD7 has been developed only for the
VV polarization, and the used ice age classification method
is based on the C-band sea ice GMF currently available only
for the VV polarization.

In the ground mapping mode, the antenna has a large
cosecant-squared elevation beam that is relatively wide
(10◦–30◦) in the vertical plane and narrow (2◦–6◦) in
the horizontal plane, and sweeping in the azimuth sector
(up to ±100◦) (Fig. 1). As the antenna is both roll and pitch
stabilized, the plane of the beam scanning is constantly hori-
zontal. Those features allow the AWR operated in the ground
mapping mode as a scatterometer to measure the NRCS of
the observed surface. Next, measured NRCSs can be used
for the retrieval of the wind speed and direction over the sea
with the wind algorithm [4]–[9], and, as we show below, for
the sea ice/water discrimination and even for the sea ice age
evaluation.

FIGURE 1. AWR scanning beam geometry.
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B. SEA ICE/WATER DISCRIMINATION
Discrimination of the sea ice from water and estimation of
both sea ice age and extent are based on differences between
their NRSCs [12]. To perform the sea ice/water discrimi-
nation, there are several previously developed approaches,
based on the anisotropy factor analysis [13], on the backscat-
ter derivative estimate [14], on the minimum statistical dis-
tance between themeasuredNRCS values and the ice or water
GMFs [15], as well as Bayesian-based approaches [16], [17]
that are utilized either separately or in combination. Most
of these methods have been implemented for the spaceborne
scatterometers only.

To implement the sea ice/water discrimination, we propose
to use the method which is based on finding the minimum
statistical distance between the measured NRCS values in a
wide azimuth sector and either the sea ice or the water GMFs
when the summation results for the sea ice Sice and water
Swater are obtained by the least square method

Sice < Swater ⇒ ice,
Sice > Swater ⇒ water,
Sice ≈ Swater ⇒ uncertainty,

(1)

where

Sice =
N∑
i=1

(
σ ◦∗i − σ

◦
ice.i
)2
, (2)

Swater =
N∑
i=1

(
σ ◦∗i − σ

◦
water .i

)2
, (3)

i =
−−→
1,N , N is the number of scatterometer looks in different

azimuthal directions at the same cell, σ ◦∗i is the i-measured
NRCS, and σ ◦ice.i and σ

◦
water .i are the closest values of the sea

ice and water GMFs to the i-measured NRCS, respectively.
The implementation of this approach requires the appropriate
sea ice and water GMFs available for the given frequency
band, as well as both transmit and receive electromagnetic
wave polarization, respectively.

Recently, we have considered the sea ice/water discrimi-
nation method (1) with regard to its adaptation to the typical
three fixed fan-beam geometry of a spaceborne scatterometer
ASCAT [18]. For that purpose, the water GMF has been
represented by CMOD7, and the sea ice GMF has been
represented in the azimuthally isotropic form of [17], [20]

σ ◦ice(θ ) =
1
u(θ )

σ ◦ice(θref )+ θ∫
θref

u(θ ′)A(θ ′)d(θ ′)

 , (4)

where

u(θ ′) = exp

− θ ′∫
θref

B(θ
′′

)d(θ
′′

)

 , (5)

A(θ ) and B(θ ) are the coefficients depending on the incidence
angle and derived appropriately either for the Northern or

for the Southern Hemispheres, respectively, θref is the given
reference incidence angle equal to 52.8◦ [17].
Due to the three fixed fan-beam ASCAT geometry, only

three NRCSs σ ◦∗1 , σ ◦∗2 , and σ ◦∗3 (fore-, mid-, and aft-beams,
respectively) from three significantly different azimuth direc-
tions of 45◦, 90◦, and 135◦ relative to the satellite ground
track are available for the same observation cell. Besides that,
the mid-beam and the pair of fore- and aft-beams are oriented
with different incidence angles. Accordingly, to implement
the sea ice/water discrimination method (1) in the case of typ-
ical three fixed fan-beam geometry, the current water GMF
parameters (the wind speed U and the up-wind direction α)
that best fit to the measured NRCSs, the system of three
equations has to be solved

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 ),

(6)

where θσ ◦∗1 , θσ ◦∗2 , and θσ ◦∗3 are the incidence angles corre-
sponded to NRCSs obtained by the fore-, mid- and aft-beams
from the same selected cell, ψσ ◦∗1 , ψσ ◦∗2 , and ψσ ◦∗3 are the
azimuthal angles of the cell selected by the appropriate beam
relative to the satellite ground track.

Measurement geometries of the spaceborne scatterometers
are absolutely different from the AWR observation geometry
in the ground mapping mode. Spaceborne scatterometers are
unable to provide with the azimuthal NRSC curves at the
same incidence angles for the same selected cell (with the
typical size of about 25–50 km) in the area observed, mainly
due to their specificmeasurement geometry. As already noted
above, typical fan-beam spaceborne scatterometers are lim-
ited to three fixed beams only. Therefore, they are capable of
the selected cell observation from three azimuthal directions
only, although at different incidence angles. As a result, they
are unable to provide even with a sector of the NRCS curve
for the same incidence angle in the ±90◦ azimuthal sector.
A typical three-beam spaceborne scatterometer geometry
also has a well-known disadvantage, as the wind vector
retrieval can be ambiguous (providing from two to four wind
directions) [19] especially when only a single polarization is
used under measurements.

In marked contrast, the AWRs are free of the above limita-
tions. In contrast to the spaceborne scatterometer geometries,
the AWR wide-sector scanning geometry allows observation
of the area of interest from significantly different azimuthal
directions (up to ±100◦ relative to the aircraft course ψ),
providing the NRCS measurements from many azimuthal
directions at the same incidence angle, leading to an unam-
biguous retrieval of the wind vector [7]–[9].

Let an aircraft equipped with the AWR make a horizontal
rectilinear flight with the speed V at some altitude H above
the mean sea ice/water surface. Assuming the water/wind and
ice conditions are more or less identical within the observed
area which linear size does not exceed 15–20 km, the area
can be considered to be identical to the selected cell by a
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spaceborne scatterometer, while being observed from many
significantly different directions in the sector of up to±100◦,
e.g., with the azimuthal step of 10◦. Then the number of scat-
terometer looks (integrated NRCSs) in different azimuthal
directions will be equal to 19 (thus providing a much
higher number of azimuthal looks than the satellite-based
scatterometer).

Accordingly, for the sea ice/water discrimination
method (1) in case of AWR scanning in the wide sector,
the current water GMF parameters best fit to the measured
NRCSs has to be found by solving the following system of
N = 19 equations for the measured NRSCs

σ ◦∗1 = GMF(U , θσ ◦∗1 , α + ψσ ◦∗1 ),

σ ◦∗2 = GMF(U , θσ ◦∗2 , α + ψσ ◦∗2 ),

· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

σ ◦∗N−1 = GMF(U , θσ ◦∗N−1 , α + ψσ ◦∗N−1 ),

σ ◦∗N = GMF(U , θσ ◦∗N , α + ψσ ◦∗N ),

(7)

where θσ ◦∗i is the incidence angle for the i-measured NRCS
(assuming that all incidence angles are the same for AWR),
i =
−−→
1,N , N is the number of scatterometer looks by AWR

in different azimuthal directions, ψσ ◦∗i is the azimuthal angle
between the aircraft course and the azimuthal direction of the
i-measured NRCS.

Therefore, the sea ice/water discrimination method (1)
looks more advantageous for application with AWR in com-
parison with its implementation on a three-beam spaceborne
scatterometer in terms of both accuracy and spatial resolution,
as we further confirm below using numerical simulations.

C. SEA ICE AGE EVALUATION
To evaluate the sea ice age (thickness) at various incidence
angles with the help of (5), the sea ice NRCSs at a reference
incidence angle can be used as a boundary condition for
the scatterometer measurements. This kind of approach has
been studied previously in [17] and applied for the sea ice
age estimation from the European spaceborne scatterometers
operated in a C-band with the VV polarization.

The NRCS lower boundaries as functions of the incidence
angle for the FY, second-year (SY), andMY ice are presented
in Fig. 2. They are exemplified for the Northern Hemisphere
here, with the lower boundaries of the corresponding ice types
at −21 dB, −16 dB, and −12 dB [21], respectively, at the
reference incidence angle of 52.8◦.
In the following, we focus on the numerical simulation

that confirms the applicability of the above approach to the
evaluation of the sea ice age with AWR.

III. RESULT
To evaluate the feasibility of the above approach for the AWR
operated in the ground mapping mode as a scatterometer
scanning in a wide azimuth sector, we next performed simu-
lations considering CMOD7. Unfortunately, our simulations
cover the VV polarization only, due to the availability of the
corresponding GMF.We used the water GMF exemplified for

FIGURE 2. C-band VV polarization lower boundary curves for the Northern
Hemisphere FY, SY, and MY sea ice types corresponding to the reference
incidence angle of 52.8◦: −21 dB, −16 dB, and −12 dB, respectively.

the 45◦ incidence angle shown in Fig. 3, as well as the sea ice
GMF (4) with the coefficients for the Northern Hemisphere.

FIGURE 3. CMOD7 (C-band VV polarization) azimuthal curves for wind
speeds of 2, 5, 10, 20, and 30 m/s at the incidence angle of 45◦.

To demonstrate the feasibility of the sea ice/water dis-
crimination with the AWR measurement geometry, we have
simulated two particular scenarios, corresponding to the ice
coverage and the water coverage, respectively. In case of
the ice covered surface, the ‘‘measured’’ NRSCs have been
generated using a Rayleigh Power (Exponential) distribution
and integrated over 330 samples for each azimuthal direction
in the sector of up to ±100◦ relative to the aircraft course
with the azimuthal step of 10◦. Next, to find the water GMF
approximation, the wind speed and the up-wind direction,
best fits to the ‘‘measured’’ NRSCs have been found by
solving the system of N = 19 equations for ‘‘measured’’
NRSCs (7). Further, best fits of the ice GMF to the ‘‘mea-
sured’’ NRSCs are found and the sea ice/water discrimination
is performed according to (1). Representative examples of the
water and ice GMFs approximations in case of the ice surface
are shown in Fig. 4.
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FIGURE 4. A simulation example of the water and ice GMFs
approximations: ice surface case.

Figure 4 clearly indicates that the sea ice GMF approxi-
mation fits much better with the ‘‘measured’’ NRCSs than
the water GMF approximation. The calculated summation
results for the sea ice and water are 7.14258·10−6 and
2.54879·10−4, respectively, that means that Sice < Swater and
so in accordance with (1) the surface observed is classified
as ice. Also, Fig. 4 demonstrates clearly that application of
the sea ice/water discrimination procedure allows avoiding
an uncertainty when the ‘‘measured’’ ice NRCS results will
be perceived like wind over water (with the wind speed
of 7.5 m/s and up-wind direction of 143.5◦ in our example).
The simulation result presented in Fig. 4 is for the Northern

Hemisphere, and so we can see in Fig. 2 that in our simulation
scenario the ‘‘measured’’ ice at the incidence angle of 45◦ is
classified as the FY ice after the previous decision that the
observed surface has been classified as the ice surface.

Since in the ice surface case the water GMF fitted the best
to the ‘‘measured’’ ice NRSCs at the wind speed of 7.5 m/s
and up-wind direction of 143.5◦, we have used those wind
parameters to choose the water GMF for the water surface
case and then generate the ‘‘measured’’ NRSCs and integrate
330 NRCS samples for each azimuthal direction in the sec-
tor of up to ±100◦ relative to the aircraft course with the
azimuthal step of 10◦. Like in the previous case, to find the
water GMF approximation, the wind speed and the up-wind
direction providing best fits to the ‘‘measured’’ NRSCs have
been found from the system of N = 19 equations (7). Then,
best fits of the ice GMF to the ‘‘measured’’ NRSCs are found,
and the sea ice/water discrimination is performed according
to (1). Examples of the water and ice GMFs approximations
corresponding to the water surface case are shown in Fig. 5.

Figure 5 clearly demonstrates that in the water surface
case the water GMF approximation fits much better to the
‘‘measured’’ NRCSs than the sea ice GMF approximation.
The calculated summation results for the sea ice and water
are 2.47324·10−4 and 7.10999·10−6, respectively, that means
that Sice > Swater , and thus in accordance with (1) the
observed surface is recognized as water. The wind parame-
ters estimated from (7) indicated that the ‘‘measured’’ wind

FIGURE 5. A simulation example of the water and ice GMFs
approximations: water surface case.

speed and the up-wind direction are 7.5 m/s and 144.5◦,
respectively. The ‘‘measured’’ wind speed is the same as
the modeled wind speed, and ‘‘measured’’ up-wind direction
differs from the modeled up-wind direction by 1◦ only.
Thus, the above two examples clearly indicate the ability

and the efficacy of the sea ice/water discrimination by the
algorithm developed for the AWR operating in the ground
mapping mode as a scatterometer scanning in a wide azimuth
sector or another airborne radar with similar features and
geometry.

Assuming that wind and wave conditions in different parts
of the observed area are identical, the measurement swath
width, as well as the length of the area observed, should
not exceed 15–20 km. This requirement leads to an alti-
tude limitation for the method’s applicability by AWR when
expected that it may operate not only over sea ice but also over
water. The maximum altitude limitation, in this case, will be
about 10 km at the incidence angle of 45◦, and 5 km at the
incidence angle of 60◦, respectively.
Further improvement of the sea ice/water discrimination

and sea ice discrimination by the enhanced AWR can be
achieved when appropriate C-band GMFs of the sea ice and
water for the horizontal transmit and receive (HH) polar-
ization will be developed to take the advantage of the dual
VV and HH polarization measurement.

IV. CONCLUSION
To summarize, we have shown explicitly that either AWRs
or other similar multi-mode radars operated in the ground
mapping mode as a scatterometer scanning in a wide azimuth
sector of up to ±100◦ can be used for the sea ice/water
discrimination and evaluation of the sea ice age (thickness)
in addition to its conventional application.

The method applied for the sea ice/water discrimination by
the AWR is based on finding the minimum statistical distance
between the measured NRCS values obtained within a wide
azimuth sector and the sea ice/water GMFs that in turn is
determined by the least mean square algorithm.
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The sea ice and water GMFs for the appropriate frequency
band and polarization are required for such applications.
Lack of the reliable ice GMF and criteria for the sea ice
age (thickness) classification does not allow for the evaluation
of the sea ice age with the AWR, but its wide sector scanning
geometry still could provide the sea ice/water discrimination
just by obtaining the best average ice GMF approximation
(represented by a horizontal line) that best fits to themeasured
NRCSs (according to the least squares criteria), and when
the summation results for the sea ice will be lower than the
summation results for the water.

Thus, the enhanced AWR or other multi-mode radars oper-
ated in the ground mapping mode as scatterometers scanning
in a wide azimuth sector can be used either for the stand-
alone, or for the joint spaceborne and airborne sea wind
and ice measurement. We believe that the proposed solution
could provide with an essential instrumental support both for
the detailed sea ice coverage monitoring, as well as for the
early detection of floating ice detachments important for safe
shipping and other economic activities in the water areas with
partial ice coverage.
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