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Abstract

An understanding of the evolution of melt ponds on Arctic sea ice is important for cli-
mate model parameterizations, weather forecast models, and process studies involving
mass, energy and biogeochemical exchanges across the ocean-sea ice–atmosphere
interface. A field campaign was conducted on landfast first-year sea ice in the Cana-5

dian Arctic Archipelago during the summer of 2012, to examine the potential for esti-
mating melt pond fraction from C-band synthetic aperture radar (SAR). In this study,
in situ dual-polarisation radar scatterometer observations of pond covered ice are com-
bined with surface physical measurements to analyse the effects of radar and surface
parameters on backscatter. LiDAR measurements of ice surface roughness and ultra-10

sonic wind-wave height profiles of melt ponds are used to quantify the sea ice surface
rms-height. Variables contributing to the roughness of wind-generated melt pond sur-
face waves within the fetch-limited pond environment are evaluated, and we show that
pond roughness and backscatter cannot be explained by wind speed alone. The util-
ity of the VV / HH polarisation ratio (PR) for retrieving melt pond properties including15

pond fraction, due to the dielectric contrast between free surface water and sea ice, is
demonstrated and explained using Bragg scattering theory. Finally, the PR approach is
discussed in the context of retrievals from satellite C-, L-, and P-band dual-polarisation
SAR.

1 Introduction20

A recent shift from predominantly thicker, older, multiyear (MY) sea ice to thinner,
smoother, seasonal first-year (FY) ice has occurred in response to atmospheric and
oceanic warming in the Arctic (Perovich et al., 2007; Kwok et al., 2009). With this
change has come an increasing presence of melt ponds on the ice during spring and
summer, as a relative lack of topography on FY compared to MY ice promotes the25

spreading of ponds over a greater area (Eicken et al., 2004). Melt ponds have a con-
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siderably lower albedo than bare sea ice, enhancing melt at the ice surface and within
the ice interior, stimulating positive feedback between pond coverage and melt (Moras-
sutti et al., 1996; Hanesiak et al., 2001; Perovich et al., 2003; Holland et al., 2012).
Understanding the processes and feedbacks associated with melt pond formation and
evolution has become the subject of much interest within a multidisciplinary context.5

Regional and basin scale quantification of sea ice melt pond properties first requires
improvements to satellite retrievals (IGOS, 2007). With the exception of the highest
resolution optical sensors, a sensor footprint contains varying fractions of sea ice, melt
ponds, and possibly open water, and each of these surface types exhibits spectral
diversity. Thresholding, spectral unmixing, principal components analysis, and artifi-10

cial neural network approaches have been applied to optical data from Landsat 7 and
MODIS scenes to derive estimates of pond fraction (Markus et al., 2003; Tschudi et al.,
2008; Rösel and Kaleschke, 2011; Rösel et al., 2012). The latter approach was ap-
plied to the MODIS data record for years 2000–2011, enabling the study of anomalies
in basin-wide pond fractions over that period (Rösel and Kaleschke, 2012). However,15

ubiquitous cloud cover over the Arctic during summer prevents the application of this
approach on time scales commensurate with intra-seasonal pond fraction variations.
Efforts to minimize algorithm errors caused by variations in pond spectral reflection
are also on-going (Zege et al., 2012). Satellite passive microwave radiometer and ac-
tive scatterometer data, acquired independently of cloud cover, have shown promise for20

identifying seasonal transitions associated with pond formation and drainage (Belchan-
sky et al., 2005; Howell et al., 2006). Their utility lie in the sensitivity of emission or
backscatter signals to the occurrence of free water on the ice surface (Hallikainen
and Winebrenner, 1992). Unfortunately detection algorithms are limited by coarse (km-
scale) spatial resolutions, so that signal confusion is caused by the opening of leads25

and polynyas due to summer melt and divergent ice motion (Heygster et al., 2012).
Satellite synthetic aperture radar (SAR) is an all-weather, active, microwave remote

sensing tool with an established legacy of high spatial resolution (metre-scale) ob-
servations of sea ice. Satellite SARs ERS-1/2, RADARSAT-1/2, and ENVISAT-ASAR
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have provided C-band frequency radar data since 1991 that have been used for re-
gional scale studies and operational observations of ice types, dynamics, and thermo-
dynamic evolution. A categorization of sea ice thermodynamic and SAR backscatter
regimes, driven by the seasonality of Arctic solar insolation, have been well defined for
single-polarisation C-band SAR (Livingstone et al., 1987; Barber et al., 1995; Yackel5

at al., 2007). They are denoted fall freeze-up, winter, spring early melt, melt onset,
and summer advanced melt, with the latter characterised by a persistent above freez-
ing air temperature, an isothermal and decaying ice cover, and the presence of melt
ponds. Previous work has shown that the heterogeneous and fluctuating mixture of ice
and ponds, combined with variable wind-wave roughness on pond surfaces, results in10

dynamic variations in single-polarisation backscatter intensities which limit retrievals
(Barber and Yackel, 1999; Yackel et al., 2000). In a previous study of the in situ C-band
polarimetric backscatter of ponds and ice, Scharien et al. (2012) demonstrated the po-
tential of the co-polarisation ratio, the ratio of linear backscatter channels (VV/HH),
for the unambiguous identification of ponds on FY ice. The ratio was much higher for15

ponds relative to FY ice, provided the ponds were in liquid form (not capped by an ice
lid) and the incidence angle was greater than approximately 35◦. Scharien et al. (2012)
concluded that the ratio be further examined for its utility in subscale pond fraction re-
trievals from C-band SAR pixels containing horizontally distributed mixture of ponds
and ice.20

The co-polarisation ratio, hereafter abbreviated PR following the ocean wave liter-
ature (Zhang et al., 2011), is measurable using dual-polarised or polarimetric radars.
For surface scattering materials which conform to the frequency-dependent smooth
surface limit defined by the Bragg or Small Perturbation Model, the PR is independent
of surface roughness, and increases with incidence angle at a rate determined by the25

complex permittivity ε∗ (Fung, 1994; Hajnsek et al., 2003). This limit, hereafter termed
the Bragg limit, is defined as ks < 0.3, where k is the radar wavenumber and s the
surface rms-height. When either the smooth surface limit is exceeded, or non-Bragg
scattering processes such as volume scattering are present in the backscattered sig-
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nal, the polarisation diversity between VV and HH channels is damped. This damping
causes the PR at a given incidence angle to tend towards unity, with stronger damping
linked to increasing surface roughness or non-Bragg scattering effects.

In practice the Bragg model is an approximate solution that is also limited in its
direct application to natural surfaces by the validity criterion (Hajnsek et al., 2003).5

Most natural surfaces fall above the roughness imposed limit of the model. Empirical
and semiempirical models have extended the Bragg model to include a wider range
of roughness conditions and specific cover types, with the most advanced application
the inversion of the volumetric moisture content of bare soils (Oh et al., 1992; Dubois
et al., 1995). Recently, polarimetric amplitude and phase information has been used to10

account for secondary scattering effects, e.g. from stalks, and to decouple scattering
mechanisms in soil moisture applications. This has lead to more robust retrievals in-
cluding estimations in the presence of vegetation cover (see, e.g. Hajnsek et al., 2003;
Jagdhuber et al., 2012 and references therein).

For sea ice, studies of the C-band PR from the airborne and satellite SAR imagery15

have demonstrated its utility for separating FY and MY ice types from young ice, leads,
and open water during the winter season (Thomsen et al., 1998; Scheuchl et al., 2004;
Nghiem and Bertoia, 2001; Geldsetzer and Yackel, 2009). Separation is based on the
higher PR from saline young ice and free water in leads and ocean compared to ma-
ture ice due to higher relative permittivity. For mature ice types, morphological changes20

contribute to multiple scattering at the surface due to enhanced roughness relative to
radar wavelength, and bulk desalination contributes to enhanced radar penetration and
multiple (volume) scattering from within the ice. Both of these effects lead to conver-
gence between HH and VV. Correlations between sea ice thickness and bulk salinity
has facilitated the use of C-band PR for proxy thickness estimates (Zabel et al., 1996;25

Nakamura et al., 2009). Other applications of C-band PR models have included wind
speed retrievals from open ocean (e.g. Vachon and Wolfe, 2011; Zhang et al., 2011).
Combined with empirical geophysical model functions developed for retrievals of wind
vector data from VV backscatter, PR models enable the use of single-polarisation HH
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data for accurate wind retrievals by facilitating the conversion of HH to estimates of VV
(Horstmann et al., 2000). Recently, PR approaches have been assessed for their utility
in resolving dielectric mixtures such as oil slicks on the ocean surface (Minchew et al.,
2012) and within a sea ice environment (Brekke, 2013).

In June 2012, a study dedicated to understanding the multiscale, C-band frequency,5

polarimetric backscatter of FY ice during the advanced melt period was conducted in
the central Canadian Arctic Archipelago. In situ polarimetric backscatter and morpho-
logical measurements of melt pond covered FY ice were combined with aerial surveys
of melt pond fraction and RADARSAT-2 satellite observations of polarimetric backscat-
ter. Despite the collection of experimental polarimetric data, focus is placed on utility of10

dual-polarisation rather than polarimetric SAR data for wide-swath melt pond informa-
tion retrievals, as polarimetric data are presently limited to very narrow swath widths
(≤ 50 km). Furthermore, our working hypothesis states that the timing of sea ice pond
formation and the evolution of pond fraction are retrievable from PR measured at C-
band frequency on the basis of Bragg scattering theory. In this paper (Part 1), the15

following research questions regarding the in situ scale are addressed: (1) do bare ice
and melt ponds conform to the frequency-dependent surface roughness criterion of the
Bragg scattering model? And (2) what are the limiting radar and target parameters on
the unambiguous retrieval of melt pond information from dual-polarisation SAR? The
first question explicitly addresses the PR in the context of Bragg scattering, while the20

second question also considers PR along with the cross-polarisation ratio (HV/HH,
abbreviated PRx) as potential pond information sources.

An overview of the radar and surface parameters affecting microwave scattering from
sea ice during advanced melt is given in Sect. 2. A description of the study area and
methods for data collection and analysis is provided in Sect. 3, followed by results in25

Sect. 4. Significant discussion points focusing on the PR behaviour of the individual,
sub pixel-scale, surface types comprising a typical SAR resolution cell are summarized
in Sect. 5. Our conclusions, in Sect. 6, provide the basis for a companion paper (Part
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2), which provides an assessment of application approaches for PR based mapping of
FY ice pond fraction using calibrated RADARSAT-2 SAR data.

2 Physical model

An ensemble of radar and target parameters contribute to linear polarisation backscat-
ter magnitudes from sea ice during advanced melt or ponding period (Fig. 1). In this5

study, the radar parameters are determined by the in situ scatterometer, described in
Sect. 3.2. Our study is limited to the C-band frequency (5.5 GHz±250 MHz), though in
the discussion section the behaviour of other frequencies (P- and L-band) is consid-
ered in relation to measured surface roughness. Polarisation parameters under con-
sideration include ratios PR and PRx, with linear channel (VV, HH, and HV) intensi-10

ties included where relevant. Incidence angles across a range typical of contemporary
satellite SAR are considered (20–60◦). Based on the Bragg model, larger incidence
angles are expected to enhance pond discrimination on the basis of the permittivity
contrast between free water and ice. The main problem regarding incidence angle is
defining the range over which the permittivity contrast yields a detectable separation15

between pond and ice.
The role of radar azimuth, the angle of the incident radar illumination relative to the

orientation of wind-waves, on backscatter is yet uncertain for the pond situation. The
asymmetry effect, as it is termed in the ocean literature, is well described for backscat-
ter magnitudes from fully developed seas (Ulaby et al., 1986). At fixed incidence angle20

and polarisation, backscatter is strongest when the radar beam is aligned upwind and
perpendicular to the waves (ϕ = 0◦), weakest in the crosswind orientation and parallel
to the waves (ϕ = 90◦), and otherwise of intermediate magnitudes. The asymmetry ef-
fect on single-polarisation backscatter from ponds is expected to be consistent with that
of ocean waves, the behaviour of polarisation ratios requires analysis. As per the work-25

ing hypothesis of this study, independence of the PR from surface roughness implies
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independence from the asymmetry effect. This is desirable from a retrieval perspective,
as it means that ancillary wind direction data would not be required for interpretations.

Backscatter is also dependent on variations in surface parameters (Fig. 1) consid-
ered relative to the radar parameters. The temperature of a melt pond is close to the
triple point of water, as it is in contact with ice, so the net energy balance across the5

pond surface is generally close to zero (Barber and Yackel, 1999). Minor fluctuations
in the energy balance control the phase state of the pond surface, so that a loss of
energy from the pond to the atmosphere causes a 1–2 cm ice lid to form over the pond
and equally, a loss of energy from the atmosphere to the pond causes the ice lid to
melt. Consequently the phase state of the pond surface tends to follow the sun angle10

and ice lids form overnight (Yackel et al., 2007), or when a sudden clearing of low level
stratus cloud cover causes a greater heat loss than input from the sun (Untersteiner,
2004). The phase state of a pond is related to its surface roughness and permittiv-
ity. In the melting state, ponds on FY ice are typically metre-scale, relatively shallow
(cm-scale), pools of high dielectric water. Single-polarisation backscatter increases in15

proportion to the boundary layer wind speed, as the roughness of the pond surface
spans specular and isotropic scattering regimes. When considered as an ensemble of
ponds and ice, several secondary parameters contribute to the pond surface roughness
and backscatter (Fig. 1). These include pond fetch, orientation, depth, and connectivity.
Orientation describes the shape of a pond relative to the wind direction, with elongated20

long axes enhancing pond fetch and wind-wave growth. Connectivity refers to chan-
nelling between ponds that occurs on FY ice (Eicken et al., 2002) and, though not pre-
viously studied, expectedly enhances the transfer of wind-wave energy (less dissipa-
tion) between ponds. Of these secondary parameters only pond depth and fetch have
been analysed in relation to C-band backscatter, with pond depth found to be a sig-25

nificant explanatory variable, along with wind speed, for changes in single-polarisation
backscatter magnitude (Scharien et al., 2012). When ice lids form on a pond, they deter
roughness caused by wind stress on free water.
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Bare FY ice adjacent to ponds is a predominantly surface scatterer, with backscatter
occurring from the wetted, granular, decaying surface ice crystals. Volume scattering
at C-band frequency has been shown to occur, when incident energy penetrates the
surface and scattering occurs from within the voids and air bubbles in desalinated up-
per (cm-scale) layers (Scharien et al., 2010). Notably, Scharien et al. (2010) found no5

seasonal signal (increase) in volume scattering related to FY ice ablation and desalina-
tion in advanced melt FY ice; rather, volume scattering depended on the occurrence of
freezing conditions and periods when the moisture content of upper ice layers, driven
by localized melt vs. drainage rates, was low.

The model in Fig. 1 does not consider a meteoric snow cover. This is despite the10

initial pond formation period being characterised by a rapidly melting snow cover, with
significant melt water production from snow, and very little percolation into the rel-
atively impermeable ice volume. On FY ice this results in surface flooding to pond
fractions typically> 50 %, with the complete decay of the snow cover occurring over
a period of no more than one week (Barber and Yackel, 1999; Eicken et al., 2002;15

Scharien and Yackel, 2005; Polashenski et al., 2012). Though it is probable that per-
mittivity fluctuations due to variations in the volumetric moisture context of melting snow
would influence backscatter at this initial stage, we do not consider snow since: (1) our
in situ observations were restricted to the period after snow ablation; and (2) Scharien
et al. (2012) found that the C-band linear polarisation backscatter and PR levels were20

similar for snow compared to bare FY ice during the ponding period.

3 Methods

3.1 Description of the study area

Data were collected during the Arctic-Ice Covered Ecosystem (Arctic-ICE) field project
on seasonal landfast ice in the central CAA, adjacent to the hamlet of Resolute Bay,25

from May to July 2012 (Fig. 2, top left). Arctic-ICE is an interdisciplinary project with
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focus on biogeochemical and physical processes occurring at the ocean-sea ice–
atmosphere (OSA) interface during the spring-summer snow melt and melt pond peri-
ods. Studies are conducted on landfast FY ice, an undeformed and seasonal ice type
which comprises a stable platform from which to conduct collocated time series in situ
and remote sensing measurements of sea ice without the ambiguities associated with5

ice motion. References to ice hereafter refer to this sea ice type, unless otherwise
stated.

3.2 Data collection

Polarimetric backscatter measurements from elemental surface types bare ice and
melt ponds (hereafter “ponds”) were collected at the Arctic-ICE field site using a sled-10

mounted C-band frequency scatterometer (Cscat) operating at 2.4 m height (Fig. 2, top
right). The low noise floor of the system, −35 dB for co-polarised and −45 dB for cross-
polarised channels, makes the instrument ideal for studying the polarimetric backscat-
ter behaviour of low intensity targets such as summer sea ice. Cscat radar parameters
are provided in Table 1 with standardized calibration and data processing procedures15

for the instrument found in Geldsetzer et al. (2007). The Cscat was towed by snow-
machine, and a computer controlled tracking and positioning system used to isolate
homogeneous targets over a small (< 10 m2) footprint. A single scan involved the col-
lection of polarimetric scattering data over a set of pre-programmed scan lines defined
by specific incidence angles of consistent azimuth widths, based on the local position20

of the sensor. Scan lines across the 25–65◦ incidence angle range were collected at
5◦ increments, with pond data at near range incidence angles (25–35◦) occasionally
discarded due to overlap between the pond and the ice at the pond edge. A 20◦ az-
imuth width was used for pond scans, compared to 40◦ for ice scans, to focus the radar
beam relative to wind-waves on pond surfaces. With each pond scan, time-synched25

wind data was recorded at 1 s resolution and 1 m height using a tripod mounted RM-
Young 05103 wind monitor. The sensor was positioned adjacent to the scanned area,
close enough to characterise wind without interference from the Cscat.
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The radar azimuth (asymmetry) effect was considered by restricting Cscat pond
scans to upwind (radar azimuth, ϕ = 0◦) and crosswind (ϕ = 90◦) configurations. This
enabled the acquisition of backscatter intensity extremes in terms of the single-
polarisation radar response to wind-waves, and also facilitated a practical sampling
strategy within the logistically challenging pond covered sea ice environment. Sens-5

ing at ϕ = 0◦ was also used as a control for the evaluation of variables contributing to
wind-wave amplitude and backscatter, as described in Sect. 2.

A total of 210 Cscat scans were collected between 16 and 24 June. Each scan is
comprised of several (> 100) independent samples collected as a series of data blocks
across a 20◦ or 40◦ degree azimuth width. The number of independent samples is10

dependent on the azimuth width combined with the incidence angle, as the scan line
widens at higher incidence angles. For example, the 20◦ azimuth width resulted in 7
samples collected at the near-range (25◦ incidence angle) and 37 at the far-range (65◦

incidence angle), with 123 independent samples collected across the 25–65◦ incidence
angle range. An average covariance matrix of the complex scattering amplitudes of all15

independent samples within a scan line was output, providing robust estimates of the
incidence angle dependent complex scattering coefficients of the target for each scan.

Morphological measurements focused on the small scale (radar scale) surface
roughness of ice and ponds. A high-resolution terrestrial laser scanning (or LiDAR)
system was used to create digital elevation models of snow and ice surface targets20

coincident to areas scanned by the Cscat from YD 158 (6 June) to YD 177 (25 June).
The scanner was mounted on a tripod and configured to acquire several 3.5×3.5 m
elevation models of the surface at a measurement spacing of< 2 mm. LiDAR mod-
els were then resampled to a regular 2 mm grid and detrended using a Fast Fourier
Transform (FFT-) based technique to remove large-scale ice topography (Fig. 2, bot-25

tom right). Surface roughness parameters rms-height (si ) and correlation length (l )
were then extracted using a two-dimensional cross-correlation technique outlined in
Landy et al. (2013).
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Pond surface wave height profiles were collected as part of a larger study examining
air-water interactions. A Senix Corporation ToughSonic type TPSC30S1 ultrasonic dis-
tance sensor was mounted to an adjustable, counter-weighted, boom arm extending
between 0.5 and 1 m laterally from a tripod placed adjacent to, or within, the a Cscat
footprint after the completion of scanning (Fig. 2, top left). 30 s samples of profiles5

taken at 40 Hz sampling rate, with an estimated sensor spot size of 0.04 m, were sub-
sampled by a factor of 5, and the pond surface rms-height (sw) was calculated. During
calm conditions a flat pond surface was selected, and repeated measurements made
in order to determine the precision of the instrument. These data reveal a positive sw
bias of 0.0001 m from this method. Additional pond morphological measurements in-10

cluded transects of pond depth recorded at an interval of 0.5 m, fetch lengths, and
minor/major axis lengths. The connectivity between ponds was qualitatively assessed
using a combination of surface and aerial photographs (Fig. 2, bottom left).

Ancillary data include daily measurements of snow and ice thickness, and vertical
profiles of temperature, salinity, and density. Snow volumetric moisture content mea-15

surements were made using the impedance probe and inversion method described in
Scharien et al. (2010). Though the last snow measurements were made on YD 164,
one day prior to advanced melt, they are included to provide context for the evolution of
LiDAR surface roughness measurements in Sect. 4.1. Hourly averaged measurements
of air temperature (2 m) and wind speed/direction (3 m) are derived from instrumenta-20

tion mounted to a small micrometeorological tower located on the ice surface, as part
of the larger Arctic-ICE field study.

3.3 Data analysis

Cscat scans were grouped according to the following classes, with the number of scans
in brackets: pond–upwind, ϕ = 0◦ (140); pond–crosswind ϕ = 90◦ (17); pond–ice lid (4);25

and bare ice (49). Parameters extracted from scattering matrix data included linear co-
and cross-polarisation backscatter coefficients (HH, VV, and HV), with VH discarded
due to reciprocity. Backscatter data were then subject to two radiometric quality assur-
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ance steps, which are particularly important due to the low intensity nature of summer
sea ice. Values at each polarisation state that exceeded the relevant NESZ (Table 1)
were passed to a signal-to-noise (SNR) test following the Rose criterion (SNR≥ 5).
Retained data were then used to derive polarimetric ratios.

All wind speed measurements were adjusted to neutral stability values at a reference5

10 m height, using a typical aerodynamic roughness length of 0.001 m for summer sea
ice (Andreas et al., 2005). Hereafter the symbol U10 is used for all references to the
corrected 10 m wind speeds. Data from each Cscat scan was matched to a coincident
average U10 and median direction.

As the main focus was on PR and the evaluation of Bragg scattering, a comparison10

of pond and ice PR measurements to Bragg modelled PR for each feature was made.
For a surface within the limiting Bragg criterion, the PR is a ratio of its horizontal and
vertical reflection coefficients Rvv and Rhh:

Rvv =
(εr −1){sin2(θ)−εr[1+ sin2(θ)]}(

εr cos(θ)+
√
εr − sin2(θ)

)2
, (1)

Rhh =
cos(θ)−

√
εr − sin2(θ)

cos(θ)+
√
εr − sin2(θ)

. (2)15

Bragg ratio estimates require an incidence angle (θ) and the complex permittivity (εr)
of the material. We used values of εr = 67.03+35.96i to represent freshwater pond
water at 0.5 ◦C and εr = 3.11+0.208i to represent the advanced melt ice cover (Ulaby
et al., 1986). Additionally, empirically derived ocean surface PR models from Vachon20

and Wolfe (2011) and Zhang et al. (2011) are used for comparison to observed and
modelled PR from ponds.

A specific upwind to crosswind ratio experiment, allowing for a controlled evaluation
of the effect of radar asymmetry on polarisation ratios, was conducted using Cscat pond
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samples. We chose three cases when replicate pond samples (> 2) were acquired at
upwind orientation, followed immediately by replicate samples at crosswind orientation
from the same pond. Each case includes a wind-synched pond surface wave amplitude
profile of 30 s duration recorded in proximity to the Cscat footprint. From each case, the
upwind to crosswind ratio (difference in decibel scale) was calculated:5

∆PR = PRφ=90◦ −PRφ=0◦ [dB], (3)

with Eq. (2) also repeated for PRx in place of PR.

4 Results

4.1 Evolution of the sea ice cover10

4.1.1 Melt onset

An assessment of conditions during melt onset (MO), beginning YD 158 and up to
pond onset (PO) on YD 165, provides context for the interpretation of the time series
evolution of ice surface roughness provided later. Beginning YD 158 the air tempera-
ture was above 0 ◦C, with the exception of a few brief overnight periods (≥ −1.1 ◦C).15

Snow thickness was< 0.10 m, and the volume was isothermal and devoid of a saline
basal layer which typically forms via upward brine migration from the ice surface during
colder periods. The snow was low density (< 200 kgm−3) and comprised melt-freeze
metamorphosed grains which increased in size with depth. Bulk volumetric moisture
content ranged from 3–4 %, with an observed slush layer at the snow–ice interface.20

Basal slush layer re-freezing and the formation of a rough superimposed ice layer with
cm-scale undulations was observed for some snow patches, while other patches had
a smooth basal layer. On YD 164, immediately prior to PO, the snow cover was re-
duced to sporadic patches of 0.03 m maximum thickness and remnant rough basal
layers. During MO the top 0.10 m of the ice volume became isothermal and its bulk25
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salinity reduced from 1.7–0.5 ‰. A storm event, with high winds and rain, coincided
with PO, after which no snow and rough basal layer patches remained.

LiDAR measured small scale surface roughness si measurements during the MO
and ponding periods are shown in Fig. 3. There is negligible difference in si from melt-
ing snow during MO to the exposed ice during ponding. The exceptionally large si5

(0.0036 m) on YD 161 was derived from a LiDAR map (c.f. Fig. 2) of the rough su-
perimposed basal layer, measured after careful removal of the snow cover (0.0018 m).
This is the only case where ks (0.40) exceeds the Bragg limit. Otherwise the melt-
ing snow and exposed ice cover si ranges from 0.0011–0.0020 m, which corresponds
to a ks range of 0.12–0.22, below the Bragg limit. With the exception of rough basal10

ice patches during MO, the PR at C-band frequency is unaffected by bare ice surface
roughness within the limits defined by the Bragg model.

4.1.2 Melt ponds

Pond depths ranged from 0.03–0.08 m throughout the study. Pond depth was not ob-
served to increase with time, and variations appeared to be driven by the balance15

between melting (melt water supply) and drainage rates at any one time (Eicken et al.,
2002). The pond aspect ratio, the ratio of minor and major axis lengths, ranged from
0.2–0.7 with an average of 0.5. The elongated shape of ponds means their orientation
relative to wind direction is a factor in wind-wave roughness. Thus, when considering
a horizontally distributed mixture of ponds and bare ice, an increase in fetch occurs20

when the wind direction is parallel to the long axes of ponds. However, the treatment
of ponds as discrete elements is cautioned. As illustrated by the aerial photo in Fig. 2,
bare ice patches exist as discrete elements situated within a water background. The
connected nature of the ponds was qualitatively considered, with less wave energy dis-
sipation (higher waves) observed when the wind direction was aligned with the path-25

ways adjoining ponds. Cscat and pond roughness measurements were made at fetch
lengths varying from 7.8–34.8 m.

819

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/8/805/2014/tcd-8-805-2014-print.pdf
http://www.the-cryosphere-discuss.net/8/805/2014/tcd-8-805-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
8, 805–844, 2014

Sea ice melt pond
fraction estimation –

Part 1

R. K. Scharien et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

The small-scale surface roughness of ponds sw varies from 0.0001, within the detec-
tion limit of the instrument, to 0.0070 m and exhibits a power law dependence on U10

over the measured 2.4–11.4 ms−1 range (Fig. 4). The upper limit of sw is greater than
it is for si , and values in excess of the Bragg limit at C-band frequency are observed,
as denoted by the shaded portion in Fig. 4. A U10 threshold of 6.4 ms−1, beyond which5

the PR is expected to be dependent on surface roughness, is derived from Fig. 4. How-
ever the measurements were noted to have been taken during a period of sustained
winds parallel to the pathways interconnecting ponds. A clustering of sw values nearer
to U10 ∼ 8.0 ms−1 suggests that the Bragg limit may tend to a higher U10 threshold.
Hourly wind measurements from the micrometeorological tower showed that the U1010

was≥ 6.4 ms−1 20 % of the time during ponding, and≥ 8.0 ms−1 9 % of the time.

4.2 Microwave backscatter from pond-covered sea ice

4.2.1 Polarisation ratios

Figure 5 shows the angular response, across the 25–60◦ incidence angle range, of
PR from all Cscat measurements during ponding. A large scatter in the pond data is15

partly attributed to the sampling strategy. A high density of samples were acquired with
ϕ = 0◦, so that the maximum sensitivity of backscatter to wind-waves, including waves
beyond the Bragg limit, could be evaluated against the working hypothesis. These sam-
ples were acquired over a coincident U10 range of 0.9–10.0 ms−1.

A model was fit to all of the Cscat pond observations and appears as the “Model”20

line in Fig. 5. It takes the form of a quadratic:

PR = A+Bθ+Cθ2, (4)

where θ is the incidence angle and coefficients A–C are given in Table 2. The incidence
angle dependence of pond PR and separation from ice at higher incidence angles is25

consistent with Bragg scattering. However, observed pond PR is consistently lower
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than the Bragg model prediction (the “Bragg” line in Fig. 5). We found that varying the
assumed permittivity of water in the Bragg model had a minimal effect on modelled PR
(not shown), which suggests the offset in Fig. 5 is due to other factors. The first fac-
tor is non-Bragg scattering from wind-waves which exceed the Bragg limit, consistent
with reductions in PR relative to Bragg estimates. However, even PR measurements5

from very calm conditions evidently fall below the Bragg model estimate. A second
factor, as proposed by Thompson et al. (1998), is a deficiency in the Bragg scattering
model. It is generally understood that the Bragg model does not correctly account for
large scale wave features on an ocean surface, as these waves are rougher than the
Bragg limit. A two-scale or composite modelling approach attempts to account for this10

by dividing the surface wave spectrum into short and long waves, with the former prop-
agating on the latter (Plant, 1990). As Thompson et al. (1998) found, composite-type
model estimates of the HH polarisation are still lower than observed, leading to higher
Bragg-based PR estimates compared to measurements. They suggest an empirical
fit to observed PR data as being more robust. Two such ocean models, empirically15

derived from RADARSAT-2 observations, are also shown in Fig. 5.
Modelled ocean PR in Fig. 5 departs further from Bragg PR than does the pond

model, particularly at incidence angles above ∼ 40◦. The departure of the ocean mod-
els from the Bragg model appears to be the result of a combination of large-scale wave
effects and the deficiency of the Bragg model. The pond PR model, which does not20

include large-scale wave effects, still departs from the Bragg estimate, which provides
evidence in support of the Bragg model deficiency claim.

The PR from ice is also below Bragg model based ice PR predictions (not shown
in Fig. 5). Using the assumed permittivity of 3.11+0.208i , modelled ice PR are about
2–3 dB higher. As was the case for ponds, we also found that varying the assumed25

dielectric constant had little effect on modelled PR. Instead of showing a Bragg-like
dependence on incidence angle, the observed PR remains close to null across the
full 25–60◦ range. This behaviour is consistent with the presence of non-Bragg volume
scattering in the desalinated upper layer of the ice. As outlined in the introduction,
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volume scattering from the desalinated upper layers of FY ice adjacent to ponds is
known to occur (Scharien et al., 2010). The scatter of data points at any incidence
angle is expected from a mixture of surface (Bragg) and volume scattering mechanisms
observed at different times throughout the study.

Other observations from Fig. 5 include measured PR from ponds which are covered5

by an ice lid. Ice lid PR overlaps with bare ice, which indicates that the PR cannot
be used to discriminate ponds in this case. PR observations of ponds are also distin-
guished by radar azimuth, with data points corresponding to ϕ = 0◦ and ϕ = 90◦. The
effect of ϕ on PR is not readily apparent within the scatter of points in the Fig. 5. The
role of ϕ is addressed in detail in Sect. 3.2.3.10

Figure 6 shows the angular response, across a 25–60◦ incidence angle range, of
PRx from all Cscat measurements during the ponding period. Only generalisations
regarding the scattering behaviour of features can be made. A large scatter in the pond
data can be attributed to the influence of surface scattering from wind-waves, which is
expected to be greater for HH relative to HV due to the absence of depolarisation15

effects. Larger pond PRx at high incidence angles (greater than 50◦) is observed when
ϕ = 90◦ rather than when ϕ = 0. As observed for PR, there is a negligible trend in
PRx with increasing incidence angle for the ice. The role of ϕ on PRx is addressed in
Sect. 3.2.3.

4.2.2 Wind speed20

Linear polarisation VV, HH, and HV backscatter magnitudes at 10◦ incidence angle in-
tervals are shown as functions of U10 in Fig. 7. Only samples taken with ϕ = 0◦ are
given. These data are essential for providing insights into the individual parameters
comprising the polarisation ratios. Allowing for variations in surface roughness caused
by pond fetch, shape, and depth, a U10 ∼ 3 ms−1 is required before wind-waves on25

pond surfaces are large enough to cause backscatter. This threshold is consistent with
that determined for C-band backscatter from an ocean surface at 0 ◦C (Donelan and
Pierson, 1987). The increase in backscatter which occurs at the threshold point is con-
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siderable in magnitude, particularly at small incidence angles where it is 20 and 30 dB
for HH and VV, respectively. At incidence angles greater than 25◦, polarisation diversity
consistent with Bragg scattering becomes apparent. Separation between VV and HH
occurs as HH maxima are less than VV, particularly at larger (grazing) incidence an-
gles. Convergence between VV and HH channels, analogous to a reduction in PR, is5

evident at higher U10 and for moderate to large incidence angles. HV in Fig. 7 is very
low and variability due to U10 at incidence angles greater than 25◦ are unlikely to be
detectable by contemporary satellite SARs.

Pond PR (top) and PRx (bottom) at 10◦ incidence angle intervals and ϕ = 0◦ config-
uration are shown as functions of U10 in Fig. 8. The PR is inversely related to U10 and,10

above the 3 ms−1 threshold, varies by as much as 5–8 dB depending on the incidence
angle. Referring back to Fig. 7, the negative trend in PR in Fig. 8 is due to the greater
relative sensitivity of HH to U10. Below the 3 ms−1 threshold the behaviour of PR is not
consistent with Bragg scattering theory, where VV backscatter is always larger than
HH. The PRx is also inversely related to U10 and, above the 3 ms−1 threshold, varies15

by as much as 7–13 dB depending on the incidence angle. The negative trend is at-
tributed to the enhanced sensitivity of HH to U10 compared to HV. The HV is sensitive
to depolarised energy of which very little is expected to occur from wind-waves.

We conducted analysis of variance (ANOVA) F-statistic tests which showed that, for
each of the bivariate relationships in Fig. 8, the slope of a linear regression line is sig-20

nificant (6= 0) when the U10 > 3 ms−1. On the other hand, the same test conducted on
data from a ϕ = 90◦ radar configuration (not shown) indicated no functional relation-
ships between incidence angle and the polarisation ratios.

4.2.3 Upwind to crosswind ratios

Incidence angle dependent upwind to crosswind PR and PRx are shown for three25

cases, named A–C in Fig. 9. Also shown in the figure are the corresponding wave
amplitude profiles, their calculated sw, and coincident U10 for each case. The lower in-
cidence angle limit of 35◦ was chosen since it represents the approximate limit for the
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Bragg-like separation of VV and HH. The upper limit of 50◦ was chosen since some of
the backscatter intensities from the smoothest case used in the calculation of PR and
PRx were below the system NESZ at larger incidence angles. Upwind to crosswind PR
are close to unity for the two smoothest sw cases, with the exception of case A at 35◦

which has an upwind to crosswind ratio of ∼ 3 dB. The roughest case, which is case5

C, has an upwind to crosswind PR of 3–4 dB at all incidence angles. PRx upwind to
crosswind ratios are greater than ∼ 6 dB for all cases.

Evaluating the Bragg limit ks yields a range of 0.14 to 0.49 for the three cases. Case
B is the only case below the Bragg limit, case A is in proximity to the limit, and C is
above it. This indicates a transition from Bragg to non-Bragg scattering across the three10

cases that is also consistent with the emergence of the observed PR dependency on
ϕ. The emergence of this effect is undesirable from a satellite sensing perspective,
since determining the relative contributions of ϕ and PR from spatially variable mix-
tures (pond fractions) would become very challenging. It is noteworthy that the highest
recorded sw in Fig. 9 did not coincide with the highest U10, which further emphasizes15

the contribution of factors other than wind speed to pond roughness.

5 Discussion

Backscatter from undeformed FY ice is normally low, especially at large incidence an-
gles. During the ponding season the possibility of calm ponds, combined with high
pond fractions, exacerbates the possibility of noise floor contamination from low signal20

returns (De Abreu et al., 2001). Assessments of polarisation ratios must also consider
the intensities of corresponding single-polarisation channels relative to noise levels.
Until now our focus has been primarily on ponds; bare ice VV, HH, and HV intensi-
ties are shown in Fig. 10. VV and HH from bare ice are≥ −16 dB across conventional
satellite incidence angles ranges, and several dB above the worst case NESZ of SARs25

ENVISAT-ASAR and RS-2 (Scheuchl et al., 2004). When considered as an imaged
mixture, i.e. in combination with pond measurements as shown in Fig. 7, the possibility
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of noise contaminated returns arises when: pond fraction is high and the U10 is below
the pond roughness threshold of ∼ 3 ms−1 (ponds are specular); or the incidence angle
is greater than 50◦. In the case of HV, very low intensity returns from either ice or ponds
raises concern regarding HV signal corruption by instrument noise in SAR measure-
ments. Accordingly the use of PRx for melt pond information retrievals requires careful5

consideration relative to instrument noise levels.
The bare ice surface roughness remains below the Bragg limit at C-band throughout

the ponding season, and ice PR remains close to unity. However during melt onset we
observed rough patches of re-frozen snow basal layers with hi exceeding the Bragg
limit. The transition between melt onset and ponding periods is defined by the occur-10

rence of ponds, though the occurrence of these patches during ponding is plausible.
We did not observe them once ponds had formed since our measurements were de-
layed by a storm event during which any remnant snow patch features were likely
obliterated. The ablation of snow patches and their radar-scale roughness should be
further considered in the context of an amorphous evolution from melt onset to pond-15

ing periods. It should also be noted that our ice surface roughness measurements
precluded the presence of macro-scale ice roughness features such as tilted floes
and ridges. These features introduce a secondary scale of roughness to the scattering
problem, of which quantitative data are not available from this dataset. A first step in
utilizing a PR approach to melt pond identification based on these results would in-20

volve a simple filtering technique to separate undeformed from deformed ice regions in
dual-polarimetric SAR data.

Radar-scale pond sw exceeds the Bragg limit when either the wind speed, or the wind
speed combined with morphological factors creates high-amplitude pond waves. These
factors include: the relative orientation of wind direction and the principal long axes of25

ponds, which acts to increase the available fetch; and the interconnectedness of ponds.
The former effect was illustrated by the reduction in the sw threshold in Fig. 4 to a U10

of 6.4 ms−1 from 8.0 ms−1. The latter effect, was only qualitatively observed to inhibit
or promote wave energy dissipation and its potential was illustrated using the aerial
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photo in Fig. 2. When the Bragg limit is exceeded, the surface roughness influence on
PR, combined with the radar azimuth effect, would severely limit the interpretation of
PR. Though we outlined the pond depth as variable affecting backscatter from ponds
(Fig. 1) on the basis of a previous in situ scatterometer study (Scharien et al., 2012),
no relationship was found here. This is likely due to the shallow (and limited range of)5

observed pond depths (0.03–0.08 m), resulting in no conclusive evidence of a pond
depth influence on PR.

Using longer wavelengths extends the Bragg limit and potentially overcomes the
pond surface roughness limitations outlined for C-band. Evaluating the Bragg limit us-
ing the maximum observed pond sw (0.0066 m), while considering the k for lower fre-10

quency L- and P-band radars, yields ks values of 0.18 and 0.06, respectively. These
values are below the Bragg limit of 0.3, suggesting longer wavelength missions such as
PALSAR-2 (L-band) and the future BIOMASS (P-band) SAR may hold utility for Bragg
based pond retrievals.

Finally, the formation of an ice lid on pond surfaces leads to a reduction in PR to15

levels similar to FY ice. This negates retrievals requiring response based on the per-
mittivity contrast between pond and ice. As these events are more likely to occur during
the overnight period, acquisition of associated SAR passes is undesirable in this con-
text. Conversely, measured reductions in PR would enable the identification of freeze
related events, provided a priori information of the existence of ponding is present. The20

freezing-melting state of sea ice is a key cryosphere variable with observational need,
particularly in marginal ice zones (IGOS, 2007).

6 Conclusions

A study aimed at understanding the multiscale, polarimetric, C-band backscatter be-
haviour of FY ice during advanced melt for improved melt pond information retrievals25

was conducted in the Canadian Arctic Archipelago in June 2012. In situ polarimet-
ric scatterometer data were collected along with surface roughness measurements of
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snow covered ice during melt onset, and bare ice and melt ponds during the ponding
period. Coincident aerial photographs of pond covered ice were collected along with
polarimetric backscatter data from the RADARSAT-2 satellite.

The following research questions were addressed: (1) do bare ice and melt ponds
conform to the frequency-dependent surface roughness criterion of the Bragg scatter-5

ing model? And (2) what are the limiting radar and target parameters on the unam-
biguous retrieval of melt pond information from dual-polarisation SAR? The ice surface
during ponding conforms to the smooth-surface limit at C-band frequency, though melt
pond roughness exceeded the limit when wind-waves of high amplitude were present
on pond surfaces. Pond morphology must be considered together with wind speed as10

contributing to pond roughness and limiting PR retrievals. The primary limiting radar
parameter is the incidence angle, as angles greater than about 40◦ are required in or-
der to exploit the dielectric contrast between free water and ice. The orientation of the
radar relative to wind-waves becomes a limiting factor on PR only when the Bragg limit
is exceeded. Theses results suggest the limited utility of PRx for unambiguous satellite15

retrievals of melt pond information due to noise floor contamination of HV intensity re-
turns, combined with strong sensitivity (several dB) to the radar orientation relative to
wind waves.

This study demonstrates the potential for SAR based PR approaches for monitor-
ing melt pond parameters such as formation, evolution of pond fraction, and drainage.20

When pond surface roughness is below the Bragg limit, the retrieval of pond informa-
tion on undeformed ice is achievable using the PR from dual-polarisation SAR. This
is without the need for ancillary information. The dielectric contrast between the free
surface water and FY ice cover types is sufficient to cause a detectable perturbation in
the polarisation ratio (PR) at incidence angles above around 40◦. The PR magnitude is25

independent of wind speed and direction, and by extension the radar azimuth direction,
over the same incidence angle range. Data were evaluated at the in situ scale, which is
of high spatial and temporal resolution compared to the outlined observation problem.
Results at this scale are first necessary for understanding the complexities related to
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radar and target parameters. They also provide a foundation for the utilization of future
SAR missions. For example, future missions operating in constellation mode, such as
ESA Sentinel-1 and Canada’s Radarsat Constellation Mission (RCM), will provide high
frequency coverage over polar regions. Applications requiring limited incidence angle
ranges or specific polarisations, such as presented here, will be made possible. In part5

2 of this study, the Bragg based PR approach will be extended to the satellite SAR
scale, and melt pond fraction retrieval methods evaluated from RADARSAT-2 image
data.
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Table 1. Cscat radar parameters.

Parameter Specification

Frequency 5.5 GHz (C-band)
Antenna Beam Width 5.4◦

Bandwidth 5–500 MHz
Range Resolution 0.30 m
Polarisation HH+HV+VH+VV
Noise Floor Co-polarised: −35 dB

Cross-polarised: −45 dB
Incidence Angle 25◦ −65◦

(5◦ interval)
Azimuth Width Ice: 40◦

Melt pond: 20◦

External Calibration Trihedral Corner Reflector
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Table 2. PR (dB) model coefficients for a melt pond.

Model A B C

PR Cscat 1.320 −0.103 0.004
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Fig. 1. Schematization of the radar and target parameters under consideration for the in situ
study of backscatter from first-year sea ice melt ponds.
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Fig. 2. (Left, top) Map of field site. (Right, top) Oblique photo of Cscat set up for a melt pond
scan, with tripod-mounted ultrasonic sensor in the pond. (Right, bottom) Exemplative small-
scale surface elevation map of bare ice. (Left, bottom) Aerial photo taken over field study site
on 24 June 2012. The photo was taken at 210 m altitude and covers a 250 m wide swath.
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Fig. 3. Surface roughness parameter si taken during melt onset (MO) and during ponding (PO).
The onset of the ponding period is denoted by vertical line.
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Fig. 4. Log-log plot of melt pond surface roughness parameters sw (left-axis) and ks evaluated
at the C-band frequency radar wavenumber (right-axis) against wind speed U10. The shaded
portion denotes the area within which ks values exceed the roughness limit of the Bragg model.
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Fig. 5. Cscat measured polarisation ratio PR (VV/HH) vs. incidence angle and azimuth angle
(ϕ), from surface types pond, frozen pond (lid), and ice. Note that the ice observations are
off-set along the x-axis by 1◦ for clarity. Solid lines correspond to a fits to pond data, the Bragg
scattering model estimate for ponds, and ocean PR model estimates, as discussed in the text.
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Fig. 6. Same as in Fig. 5, but for the polarisation ratio PRx (HV/HH).
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Fig. 7. Linear VV, HH, and HV polarisation backscatter vs. wind speed U10, at 10◦ incidence
angle intervals from 25◦ to 55◦. All samples were taken with ϕ = 0◦.
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Fig. 8. Polarisation ratios PR and PRx vs. wind speed U10 at 10◦ incidence angle intervals from
25◦ to 55◦. All samples were taken with ϕ = 0◦.
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Fig. 9. (Top) Incidence angle dependent upwind-to-crosswind PR and PRx for cases A–C.
(Bottom) Surface wave amplitude profiles for cases A–C, offset along the y-axis for clarity. Also
shown in the bottom figure are coincident wind speed U10 and pond roughness sw derived from
each amplitude profile.
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Fig. 10. Linear VV, HH, and HV polarisation backscatter vs. incidence angle, for the ice cover
adjacent to ponds.
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