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Abstract

In this paper we introduce a parameter for the retrieval of the thickness of undeformed
first-year sea ice that is specifically adapted to compact polarimetric SAR images. The
parameter is denoted as “CP-Ratio”. In model simulations we investigated the sen-
sitivity of CP-Ratio to the dielectric constant, thickness, surface roughness, and inci-
dence angle. From the results of the simulations we deduced optimal conditions for
the thickness retrieval. On the basis of C-band CTLR SAR data, which were generated
from Radarsat-2 quad-polarization images acquired jointly with helicopter-borne sea
ice thickness measurements in the region of the Sea of Labrador, we tested empirical
equations for thickness retrieval. An exponential fit between CP-Ratio and ice thickness
provides the most reliable results. Based on a validation using other compact polari-
metric SAR images from the same region we found a root mean square (rms) error of
8cm and a maximum correlation coefficient of 0.92 for the retrieval procedure when
applying it on level ice of 0.9 m mean thickness.

1 Introduction

The knowledge of the ice thickness distribution is essential in order to understand the
dynamics and thermodynamics of the Arctic and Antarctic sea ice. For example, esti-
mates of sea ice thickness are important for the determination of spatial variations of
ice strength and mass (Soulis et al., 1989). The thickness of first-year and multi-year
ice affects the salt and freshwater exchange between ice and ocean (Vancoppenolle
et al., 2005).

To date, sea ice thickness can be measurement by upward-looking sonars moored
on the ocean floor (Wadhams, 1980) or by electromagnetic induction sounders
mounted on helicopters or ships (Goebell, 2011; Haas et al., 1997). Although these
methods provide data with sufficient accuracy, they are time consuming and/or have
poor spatial coverage. Low-frequency microwave radiometers, for example the L-band
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SMOS (Soil Moisture and Ocean Salinity mission) radiometer, receive signal contri-
butions from larger penetration depths in sea ice and thus contain information on the
ice thickness (Kaleschke et al., 2012; Huntemann et al., 2014). However, the sea ice
products derived from such radiometers only focus on large-scale spatial and temporal
variations (Kwok et al., 2009), and their coarse resolution prevents the retrieval of the
sea ice thickness distribution on a finer scale. This situation encouraged us to study
alternative approaches to obtain sea-ice thickness distributions at much higher spatial
resolution. Synthetic aperture radar (SAR) can provide observations all-day and at al-
most all-weather conditions at high spatial resolution. Hence, SAR is in general very
useful for different mapping tasks. Recent papers have demonstrated the feasibility of
retrieving ice thickness from SAR data (Wakabayashi et al., 2004; Nakamura et al.,
2009; Toyota et al., 2009; Liu et al., 2013; Kim et al., 2012). A number of studies have
shown that the co-polarized ratio (Wakabayashi et al., 2004; Nakamura et al., 2009;
Toyota et al., 2009) and the alpha angle (Liu et al., 2013) reveal good correlations with
the thickness of first-year level ice. The good correlations were attributed to the fact
that the co-polarized ratio and the alpha values are sensitive to the dielectric constants
of the ice surface layer which changes due to the process of desalination during ice
growth. The relationship between relatively thick ice, on the one hand, and co-polarized
correlation and cross-polarized ratio, on the other hand, was also investigated for multi-
year ice (MYI) areas in the Arctic Sea (Kim et al., 2012). It was found that the degree
of depolarization is linked to the thickness of the older ice as ice surface roughness in-
creases and salinity decreases. In conclusion, we anticipate the potential for estimating
sea-ice thickness from polarimetric SAR imagery under certain conditions.

The major limitation of the available quad- and dual-polarization SAR data is the re-
duced swath width that makes those imaging modes less appropriate for routine map-
ping, which requires large-scale coverage. The quad-polarization mode on Radarsat-
2, for example, has only a swath width of 25km. The swath width of the VV/HH
dual-polarization Stripmap mode on TerraSAR-X is 15 km. Compact polarimetry (CP)
SAR modes have a greater amount of polarization information than dual-polarization
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modes, while covering much greater swath widths compared to quad-polarization
modes (Souyris et al., 2005; Raney, 2007). Considering that CP data will be available
for swath widths of 350 km and spatial resolutions of 50 m (Salberg et al., 2014), the
application of CP is a key issue for sea ice surveillance, making it is well suited for op-
erational sea ice monitoring. One apparent disadvantage of the CP mode as compared
to dual- or quad-polarization mode is the fact that the HH, VV, and HV signal combina-
tions are not directly measured. This means that the co-polarized ratio (Wakabayashi
et al., 2004; Nakamura et al., 2009; Toyota et al., 2009) and the cross-polarized ratio
(Kim et al., 2012) which are often used as an ice thickness proxy cannot be directly
calculated in CP mode. Although CP SAR images have been used to distinguish sea
ice types (Dabboor and Geldsetzer, 2014; Charbonneau et al., 2010), to our knowledge
there have been no published studies on its use for ice-thickness detection in the open
literature until now. Therefore, in this study, we focus on the directly retrieval of sea ice
thickness from CP SAR data.

There are three CP configurations (Nord et al., 2009). The first architecture is the
/4 mode assuming a slant linear transmission and horizontal (H) and vertical (V)
receptions (Souyris et al., 2005). The second is the dual circular (DC) mode oper-
ating a single circular polarization transmission and two orthogonal circular polariza-
tions on reception. The last approach is circular transmission and H and V receptions
(called CTLR mode). Among these three compact polarization modes, the latter has
been ranked to be the most promising in terms of performance and receiver complexity
(Denbina and Collins, 2012; Panigrahi et al., 2012; Salberg et al., 2014). The Mini-SAR
on Chandraayan-1, the first practical radar, is based on the CTLR architecture. The
current Indian RISAT-1, the Japanese ALOS-2 and the planned Canadian Radarsat
Constellation Mission also support the CTLR mode (Salberg et al., 2014).

In this study, we considered the CTLR mode and developed an approach to directly
retrieve the thickness of undeformed first-year sea-ice from CP SAR data. The paper is
organized as follows: in Sect. 2 we introduce a new parameter to estimate ice-thickness
and demonstrate its sensitivity to different ice parameters by numerical modeling in
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Sect. 3. In Sect. 4, an empirical relationship based on a comparison of CP-SAR sig-
natures with ice thickness data obtained from electromagnetic induction sounding is
presented, and the retrieval performance of this algorithm is described. Further discus-
sions and conclusion are presented in Sect. 5.

2 Model and method

2.1 Full polarimetry and compact polarimetry
The full polarimetric radar scattering return can be represented by the scattering matrix
S
S Y
S = [ HH HV] . (1)
Suv Swy

We use the coherence matrix T to evaluate the second-order statistics of the scattering

matrix S. The coherence matrix T formed from the elements of the scattering matrix S
is
; <ISHH + va|2> ((Shr + Sw)(Sh = Sw)) 2((Shn + Sw)Siv)
T=2 [(Sim=Sw)Sm+Sw))  (ISw=Swl)  2(Sun = Sw)Sin) )
2(Sv(Shn +Sw)?) 2(Siv(Shn = Sw)") 4 <|SHV|2>

where * denotes the complex conjugate and < - > the ensemble average.

Consider the CTLR mode suggested by Raney (2007) with right circular polarization
on transmission and an orthogonal combination of H and V polarizations on receiption.
The scattering vectors for the CTLR mode are given by

kg = [SruSavl™ = [Sum — iSuy — iSyy + SHV]T/ V2. (3)
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We set

2y =SpH+/Spy 2y = SgH — /SRy- (4)
From Eq. (3), it follows that

2y =Spu+Svw 2y = Spy — Sy — 125y (5)

The terms <|Zh|2> and <|2V|2> can be expressed as

<|Zh|2> = ((Shr + Swv)(Shn + Sw)")
= <|SHH + 5vv|2> ,
<|zv|2> = ((Shn = Svv = 1254y)(SpH — Syv — 1251y)")

(
= ((Shn = Sw)(Shr = Sw)") + (728} (S = Sw))
= (128 /(Shn = Sw)") + 4Suvl?

= <|SHH - 5vv|2> + (125 (St = Swv)) = 1284y (Sin = Sw)") +4ISil°. ()

Under the assumption of reflection symmetry the cross- and co-polarized scattering
coefficients are uncorrelated. This assumption is reasonable for snow and sea ice
surfaces at various frequencies and for different spatial scales (Souyris et al., 2005).
Hence

(StwSwv) = (SSy) = 0. (7)

and Eq. (6) can be rewritten by the elements of coherence matrix T:

() = (1S + Swl) =t (IEF) = (1= Swl?) + A4Sl = toz +taa (8)
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2.2 X-Bragg model and X-SPM model

For explaining the surface scattering characteristics from smooth level sea ice the small
perturbation method (SPM) can be applied for the typical ranges of RMS height and
correlation lengths found for this type of ice. By doing so the underlying assumption is
that the received radar signatures are typical for Bragg scattering. However the SPM
fails to describe cross-polarization and de-polarization effects usually observed in real
SAR data. In order to overcome these limitations and to widen the SPM range of va-
lidity, an extended Bragg model (termed X-Bragg model) was presented by Hajnsek
et al. (2003). In the X-Bragg model the scattering surface is composed of rough ran-
domly tilted facets that are large with respect to the wavelength but small with respect
to the spatial resolution of the sensor. Scattering from each rough facet is evaluated by
employing the SPM, whereat the facet random tilt causes both a random variation A8
of the incident angle 8 and a random rotation g of the local incidence plane around the
line of sight. In the X-Bragg model, the random incidence angle variation A8 is ignored,
and the incidence plane angle of rotation § is assumed to be uniformly distributed in
an interval (-84, B4), where the parameter 3, is used to characterize the large-scale
roughness (Monaco et al., 2009).

In order to improve the range of validity of the X-Bragg model, different approaches
(termed X-SPM model) were proposed by Monaco et al. (2009) and lodice et al. (2011).
In those studies, more realistic distributions of 8 and A8 were derived by assuming that
the range and azimuth facet slopes are Gaussian random variables. The coherency
matrix of the X-SPM model (Ty_gpy) after ensemble averaging over the local incident
angle 6, and rotation angle § can be expressed as follows (Monaco et al., 2009)
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(IRs + RP|2>|9| Co((Rs — Re)(Rs +Re) Y 0
Txsom = |Col(Bs + Re)Bo = As) Yy coa(Rs~Rel’) 0 , (9)
2
0 0 ss2<|RS-RP| >|6|
.2 .2 )
2 msin“6 sin“@ sin“@
cc = (cos = ex Erfc ,
< ﬁ>|ﬂ 202 p{ 202 } 202
Cp =(C0s2p); = -1 +2cc,
.2 . 2 2
_ 2 _sin"0 _ sin“8 + o
cCy = <cos 2,B>|ﬁ = +(1 200)—02 ,

§S, = <sin22,8>|ﬁ =1-cc,.

(), means averaging over the local incidence angle 8, which is used to characterize
random slope variations of the facets; Olﬁ means averaging over the rotation angle G; p
includes small scale roughness effects, and o is the standard deviation of surface slope
which is a Gaussian random variable. Rp and Rg are the Bragg scattering coefficients
perpendicular and parallel to the incident plane, respectively. Both are functions of the
complex permittivity ¢ and the incident angle

cos@ — Ve —sin?0 (e-1) [sin29 —-e(1+ sinze)]
cos@ + Ve - sin®g (ecos@ + Ve - sin?g)2

In the paper by Monaco et al. (2009) it is demonstrated that the X-SPM model coincides

with the X-Bragg model when the standard deviation of the surface slope is zero, and

that the X-Bragg model can only be applied for standard deviations of the surface slope

0 <0.1. When o > 0.1, the effects of incidence angle fluctuations, which is ignored in
5452
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the X-Bragg model, is significant (Monaco et al., 2009). Because of its wider range of
validity, we used the X-SPM model in our study.

2.3 Inversion model

For ice thickness retrievals we propose the ratio between <|2V|2> and <|ZH|2> (here
called CP-Ratio). The CP-Ratio can be written as (see Eq. 4)

Ratio - <|zv|2> _ <|SRH_’.SRV|2>. (1

<|ZH|2> <|SRH + /SRV|2>

By relating the CP-Ratio to the elements of the coherency matrix given for the X-SPM
we obtain

o <|ZV|2> _ CCZ<|RS_RP|2>|9| +552<|RS_RP|2>|9| _ <|HS_RP|2>|6|. i2)

<|zH|2> <|RS +RP|2>|9. <|/?S +RP|2>|9.

Equation (12) shows that the CP-Ratio is controlled by ensemble averages of the dif-
ference and sum of the Bragg coefficients with respect to the incidence angle. From
Monaco et al. (2009), the probability density function for cos 6, is a normal distribution
with mean cos 6 and standard deviation equal to o' sin 8. After averaging over variations
of the local incidence angle 6,, the CP-Ratio is dependent on the dielectric constant of
surface ¢, the incidence angle 8, and the standard deviation of surface slope o.

We calculated the CP-Ratio as a function of the standard deviation of surface slope o
assuming € = 3 (Fig. 1). The results show that the CP-Ratio increases with increasing
standard deviation of the surface slope at fixed incidence angles and with increasing
incidence angle at fixed o. The relationship between CP-Ratio and the dielectric con-
stant is presented in Fig. 2. When the incidence angle is constant, the CP-Ratio reveals
monotonically increasing values with increasing dielectric constant.
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With respect to our simulated results shown in Figs. 1 and 2, it is important to note
that the proposed parameter CP-Ratio is sensitive to the variation of the dielectric
constant and almost insensitive to the surface slope variations if o < 0.15. Hence it is
well-suited for detecting changes of the dielectric constant of smooth first-year level ice
for which Bragg surface scattering is dominant and volume scattering can be neglected
in most cases.

Desalination of the ice occurs parallel to the growth of sea ice. The ice salinity de-
creases by brine drainage while the ice thickness increases (Kovacs, 1996). The de-
salination process, in turn, causes a decrease of the dielectric constant of the ice. The
principle of ice thickness detection is to relate changes of the dielectric constant to ice
thickness growth.

3 A simulation study
3.1 Forward scattering model

In this section, we describe the combined use of an ice growth model and an elec-
tromagnetic scattering model for level sea ice to study sensitivities of CP-Ratio to dif-
ferent ice and radar properties. We applied the scattering model proposed by Nghiem
et al. (1995) to simulate the sea ice volume scattering and absorption by brine inclu-
sions. The surface contribution was calculated with the polarimetric two-scale model
(PTSM) (lodice et al., 2011, 2013) and incoherently added to the volume term.

The sea ice scattering model configuration is presented in Fig. 3. The uppermost
layer is air with permittivity €4, the lowermost medium is seawater with complex per-
mittivity &,, both enclosing the ice layer. The ice surface roughness is described by
the correlation length /, rms height s, and the standard deviation of the surface slope
variation o. The thickness and surface temperature of the sea ice layer are T, and H.
The sea ice background is assumed to be pure ice with complex permittivity g;. The
complex permittivity of brine inclusions is ¢, and their fractional volume is 7. The rela-
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tive permittivity of the sea ice ¢4 is a function of the volume fraction of brine inclusions
(Arcone et al., 1986; Vant et al., 1978). Thickness and permittivity of sea ice are subject
to dynamic changes during the ice growth process. The small-scale surface roughness
(on cm-scale) may also change over time (e.g. frost flower growth). Here we do not
consider deformation processes causing surface roughness components on the order
of meters.

For ice growth simulations we use a 1-D thermodynamic model developed by
Maykut (1978, 1982) based on the energy balance equations at the atmosphere—
ocean boundary. The balance of the heat fluxes at the upper surface of the ice can
be expressed as:

(1-a)F-lhy+F -Fe+Fs+F,+Fc=0 (13)

where F, is the incident short wave radiation, aF, is the short wave radiation reflected
by ice, and a is the albedo. F_ is the incoming long wave radiation, /, is the amount
of shortwave radiation absorbed in the interior of the ice layer, F¢ is the long wave
radiation emitted by the ice, Fg is the sensible heat flux, and F, is the latent heat
flux. The last term F; is the upward conductive heat flux, that is the heat from the
bottom interface conducted through the ice to the upper surface. The equations and
parameters used in this study are listed in Table 1.

Substituting the equations and parameters listed in Table 1 into the Eq. (13) and
using the Newton—-Raphson iteration method, the sea ice surface temperature T, is
obtained. Once T is known, Fg, Fg, F, and F can be easily calculated. A linear tem-
perature profile within the sea ice layer is assumed. For volume scattering and ab-
sorption calculations we use a mean ice temperature (T) calculated from the melting
temperature at the ice—water interface and the ice surface temperature. Furthermore,
the thickness H (cm), density o (Mg m'3), brine volume fraction 7, and permittivity €
of sea ice, which are directly related to the volume scattering and absorption in the
ice, are obtained by the equations given in Table 2. Lastly the ice surface roughness
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parameters s, / and o are set to different values considering the validity range of the
X-SPM model (Ulaby et al., 1982; Monaco et al., 2009; lodice et al., 2011).

3.2 Simulation results

To assess theoretical possibilities and limitations of ice-thickness measurements by
CP-Ratio, we simulated the evolution of ice growth for given temperature and wind
conditions based on the growth model described in Sect. 3.1. The air temperature and
wind speed were set to —15°C and 10.5 ms™, respectively, throughout this simulation.
The simulation started at an initial ice thickness of 1.0cm. A finite difference scheme
was used to calculate the increase of ice thickness at every 1 h step. After executing
about 23 days simulation, the following parameters were extracted as a function of
time to drive the sea ice scattering model: ice permittivity .4, thickness of ice layer h,
and volume fraction of brine inclusions f,. For evaluating the rough surface scattering
contribution, the rms height was set to 0.9, 1.4 and 1.8 mm (ks = 0.1, 0.15, and 0.2 for
the radar frequency of 5.3 GHz), the correlation length was fixed at 18 mm (kl = 2.0),
and the standard deviation of the large-scale slope o is ranging from 0.05 up to 0.4.

Figure 4 illustrates the simulated sea ice thickness as a function of time, and ice
temperature, and volume fraction of brine inclusions as functions of ice thickness. Fig-
ure 4 clearly shows that the volume fraction of brine inclusions reduces as ice thickness
increases due to the desalination process.

To investigate the dependence of CP-Ratio on the radar incidence angle and ice
thickness, the complex scattering coefficients (Syy, Syy, and Syy) were computed for
C band (5.3 GHz) at incidence angles of 20-60°. Then the CP-Ratio was calculated
from Eq. (12). The relationship between CP-Ratio and sea ice thickness at roughness
condition ks =0.15, kl=2.0, and o = 0.1 is shown in Fig. 5. It reveals that CP-Ratio
exhibits a monotonically decreasing trend with growing ice-thickness at constant inci-
dence angles as discussed in Sect. 2. It should be noted that the sensitivity of CP-Ratio
to vertical ice growth is much higher at smaller ice-thickness values up to approximately
0.4 m. This can be explained by the relationship between salinity and thickness of sea
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ice. When the sea ice thickness < 0.4m, the change of salinity is very fast, but for
thickness values > 0.4 m, the process of desalination slows down.

Figures 6 and 7 indicate the roughness dependencies of the CP-ratio. In Fig. 6 the
standard deviation of the slope parameter o is varied from 0.05 to 0.4 and the ks and
kl values are fixed at 0.15 and 2.0, respectively. When o < 0.15 the contribution of the
ice-surface slope to the CP-Ratio is small; however, when ¢ > 0.15 the contribution of
the ice-surface slope becomes significant and weakens the capability of CP-Ratio to
estimate thickness. Figure 7 reveals that the small-scale roughness changes in par-
ticular the magnitude of the CP-Ratio but its sensitivity to ice thickness remains on
acceptable levels, more or less independent of the incidence angle. At larger incidence
angles, the magnitude of CP-Ratio is less reduced than at smaller ones. From the re-
sults of these simulations, we expect that the proposed new parameter for thickness
retrieval has a strong correlation with the thickness of smooth underformed sea ice.

4 Datasets and experimental results
4.1 Field study

On 19-20 March 2011, a field program was conducted by the Canadian Ice Service
(CIS) and Fisheries and Oceans Canada along the mid-Labrador coast (Fig. 8) (Prin-
senberg et al., 2012). During the field survey, the average air temperature was around
-8 to —12°C and the wind speed around 11-15ms™". Snow thickness and ice thick-
ness were measured with a helicopter-borne sensor package which consists of a laser
altimeter, an electromagnetic induction sounder (EMS), and a ground-penetrating radar
(GPR). The laser altimeter provides the distance to the snow or ice surface, whereas
the induction sounder measures the distance from the sensor to the ice—water inter-
face. Hence the snow-plus-ice thickness can be obtained (Prinsenberg et al., 2012).
Comparisons with drill hole data showed that the ice thickness values derived from
sounding agree well within £0.1 m over flat homogeneous ice (Haas et al., 2006; Sim-
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ila et al., 2010). The accuracy decreases over ridges and deformed ice; the maximum
thickness can be underestimated by as much as 50 % in the worst cases (Haas et al.,
2006; Simila et al., 2010). Snow thickness profiles were collected concurrently with
a ground-penetrating radar (GPR) operating at a frequency of 1000 MHz. Using those
snow thickness profiles, sea ice thickness could be estimated. All data are available
on the DFO’s Maritimes Website (http://www.bio.gc.ca/science/research-recherche/
ocean/ice-glace/data-donnees-eng.php) including pictures, notes and reports of the
survey.

4.2 Data sets and data processing

On 19 and 20 March 2011, four C-band Radarsat-2 quad-polarization images were
acquired nearly coincident with the measurement. The Google Earth and Pauli RGB
images of this data set are shown in Fig. 8. Important SAR parameters are listed in Ta-
ble 3. The Radarsat-2 data are originally processed as single-look slant range complex
(SSC) data in a scattering matrix format. With the quad-polarization data, the CTLR
compact polarimetry mode can be generated via Eq. (3).

Eight EMS profiles were measured within the coverage of the four SAR images
(Fig. 8). The time difference between the SAR acquisitions and EMS flights are summa-
rized in Table 4. A direct comparison between SAR data and ice thickness may cause
errors due to the time and resolution differences. The sampling rate for EMS and laser
is 10 Hz, which, given typical helicopter survey speed of 80 mph, corresponds to a spa-
tial sampling interval of about 3—4 m. While the footprint size of the laser is very small
(several centimeters), the footprint of EM is around 20 m at a typical operation height
of 5-6 m. For this experiment, the GPR was configured to a scan rate of approximately
30 scans per second. When flying at 60—-80 knots, the ground sample spacing is ap-
proximately one sample per 1.0-1.5m. In order to mitigate the errors caused by time
and resolution differences, we developed the following processing chain for the SAR
and in-situ data.
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. Open water and land regions were masked, leaving only the ice-covered region

for analysis.

. The EMS ice thickness values below 0.1 cm were removed to consider the mea-

surement accuracy of the EMS.

. Deformed ice, ridge, and iceberg areas were removed using information in the

reports, pictures and laser data that were collected along the survey lines.

. The regions with GPR snow thickness values higher than 0.20 m were removed,

because snow layers thinner than 0.20 m are nearly transparent to C-band radar
waves, and the backscatter from the snow surface and volume can be neglected
(Stiles and Ulaby, 1980; Nakamura et al., 2009).

. For homogeneous ice areas (“homogenous” in the sense that there is only one

ice type in the area) of at least 50m in length, the snow thickness, snow-plus-
ice thickness, surface roughness, and simulated CP SAR data were averaged
along the flight transects. We used a 13 x 13 pixel window to average scattering
parameters corresponding to a fixed length of 50 m on the ground.

. Sea ice thickness was extracted from the averaged GRP snow depth and snow-

plus-ice thickness values.

. Finally we calculated CP-Ratio from Eq. (14) using the averaged complex

backscattering coefficients.

This processing chain ensures that, only level ice is considered for which the EMS
system delivers reliable thickness data with an acceptable accuracy. The total length of
the profile segments that we used in this study amounts to about 10 km (702 samples).
From the histograms shown in Fig. 9 we found, that the maximum ice thickness was
3.3m, the mean ice thickness 0.91 m, and the modal thickness (peak) representing the
ice thickness most frequently encountered 0.50 m.
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4.3 Ice thickness retrieval

To investigate the possibility of using the proposed polarimetric parameter CP-Ratio to
estimate sea ice thickness from SAR images, we plotted ice thickness values obtained
during the field campaign described above with corresponding values of CP-Ratio de-
rived from the Radarsat-2 images (Fig. 10). It can be seen that at C-band, the CP-Ratio
shows a negative trend relative to the ice thickness as the simulated results given in
Sect. 3.2 predicted. As Fig. 10 reveals, the highest sensitivity occurs between 0 and
0.5m and saturates with thickness values exceeding 2m (corresponds to multi-year
ice). The reason is that multi-year ice survived at least one melting season so that the
salinity is very low and almost constant in the upper ice layer, which means that the
dielectric constant does not change substantially either as a function of ice thickness.

We applied two different fits, a linear and a logarithmic one, to obtain an empirical
relationship between the ice thickness and CP-Ratio. The best regression was obtained
using a logarithmic function (Fig. 10), which can be described as:

CP-Ratio = 0.2014 — 0.06383In(H). (14)

The RMS error and the correlation coefficients between ice thickness and CP-Ratio
are 0.0511 and 0.784, respectively. This equation is obtained without considering the
radar incidence angle (and can hence be applied without knowing it).

Since our data comprise different incidence angles (29, 42 and 49° at the survey
positions), we can refine the relationships between ice-thickness and the CP-Ratio de-
pendent on incidence angle (Fig. 11). We found that the level of CP-Ratio decreases as
the incidence angle increases at a given value of the sea ice thickness. This observa-
tion compares well with the forward simulation studies as shown in Fig. 5. For Fig. 11,
the empirical equations and correlation coefficients are

CP-Ratio = 0.1541 — 0.065491In(H) for 29° incident angle (CC = 0.92)

CP-Ratio = 0.2017 — 0.078441In(H) for 42° incident angle (CC = 0.84)

CP-Ratio = 0.2551 — 0.10563In(H) for 49° incident angle (CC = 0.87). (15)
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These high correlations enable us to derive reliable thickness information for smooth
level ice from radar images. The ice thickness can be estimated using an exponential
function, which can be described as follows:
a- (CP-Ratio)]

(16)

H=exp[ 5

where a and b are the coefficients of the exponential fit.

At the next stage, we focused on the Radarsat-2 image #2 (which has the same
incidence angle of 42° as image #1) to validate our method, whereas image #1 was
used to fit the model for estimating ice thickness. The resulting equation was applied
to image #2 to retrieve ice thickness, which was compared with the thickness data
from the field campaign. The coefficients a and b of the empirical fit generated from
image #1 are 0.213 and 0.081 respectively. The fitted curve and validation results are
presented in Fig. 12. The RMS error and the relative error between the observed and
the estimated ice thickness were 8.05cm and 19.95 % in the thickness range from
0.1-1.5m.

5 Discussion and conclusion

This paper provides a first analysis of sea ice thickness retrieval using compact po-
larimetric SAR. We developed a new parameter that we call CP-Ratio to estimate the
thickness of undeformed first-year level ice. Numerical model simulations showed that
this parameter is sensitive to changes of the dielectric constant that are linked to the
growth of sea ice. We developed empirical relationships for the retrieval of level ice
thickness from CP-Ratios obtained from polarimetric Radarsat-2 images using mea-
sured thickness data from a field campaign conducted in the Labrador Sea in 2011.
For the validation of our results we also employed Radarsat-2 images for which thick-
ness values were available. The optimal regression between CP-Ratio and ice thick-
ness was achieved with an exponential fit. The RMS error was 8.05 cm, and the relative
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error amounted to 19.55 %. This indicates that the proposed parameter is very useful
for the retrieval of first-year level ice thickness.

Since the thickness of deformed ice is underestimated by the EMS measurements
by as much as 50 or 60 % in the worst cases, we could only study the case of level
ice. The capability of CP SAR to retrieve the thickness of deformed ice, which reveals
a larger variation of large-scale roughness with respect to the sensor resolution, needs
to be further discussed and studied.

Sea ice deformation that results in increased surface roughness is primarily caused
by compression processes. Peterson et al. (2008) and Toyota et al. (2009) have shown
that the large-scale surface roughness of deformed sea ice is closely linked to the ice
thickness due to ridging and rafting. Toyota et al. (2009) indicates that it may be possi-
ble to estimate the thickness distribution for deformed ice using roughness properties
as proxies. Related to this suggestion, we note that the correlation coefficient between
24 and 2, could be used as a candidate parameter for determining ice-thickness with
large-scale roughness. According to the X-SPM model, the correlation coefficient be-
tween % and Z,, can be expressed as:

(|Znzy])
(Z4llZv)

(o2l [ (s = Ae)(Rs + o) ) |
~ {|Rs + Rplg, /CC2 ¥ 552(|Rs - Rel)g

. 2 . 2 .2
msin“@ sin“@ sin“@
= |2 ex Erfc -1]. 17

202 p{ 202 } 202 (17)

Correlation =

It is only dependent on the standard deviation of the surface slope o and the incidence
angle 8, and independent of the dielectric constant of the sea ice.
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Figure 13 shows that the magnitude of the correlation coefficient decreases as ¢
increases. Further investigation on this issue is needed both theoretically and in com-
parison to matching field data.

Although our tests are performed on a limited sample of images, our findings demon-
strate that the compact polarimetric SAR has great potential for sea-ice thickness de-
tection. The several planned Earth-observing satellite missions supporting compact
polarimetry will provide the wide swath coverage necessary for operational sea ice
monitoring. Hence our approach potentially provides a new operational tool for sea ice
thickness measurements with a large areal coverage.
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Table 1. Equations and parameters used for the sea ice thermodynamic model.
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radiation Yue et al. (2000) Cintherange 0~ 10 Qy, is the solar irradiance for the Dth day in a year; u ndeformed sea ice
Qg = Qs(sinBsind + cosBcosbcosH) Qg = I5(1+0.033cos(2mD /365)) I is the solar radiation constant (unit: wm); O f C b d
Yue et al. (2000) 6 =23.44° cos[(172 - d)2m/365] & is the declination angle of the sun; Ha is the local solar hour angle; (%2] rom - an
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- - -8 f - it -2 -4y, w
The long wave F¢ = g,0T, 0=5.670x 10 o is the Stefan—-Boltzman constant (unit: w(m™=K™)); 17 X Zhang et al .
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Table 2. Equations and parameters used for the sea ice properties parameters.

Term Equations Parameters Comments
The ice &= %LH,) L;=4.187 x 10%(79.68 - 0.505 Ah/At is the sea ice growth rate when ice
thickness (Cox and Weeks, 1988) T, — 0.0273S)) + 4.31155, /T, + 8 x 107 thickness is H (unit: ms™');
ToS, - O.OOQ(Tb)2 ice thickness is the sum of ice growth rate.
Time
H= zo %ATime Fukusako (1990) ATime is the time lag (unit: h).

i=

The sea ice pis sea ice density (unit: kgm™3);

density and brine
volume fraction

p= oA

{ FD-AeR0 p;=0.917-1.403x 107°T
fe = ErrpsEm

Cox and Weeks (1983)

f,, is the relative brine volume fraction
p; is pure ice density (unit: kgm™=);

T is the temperature of sea ice (unit: °C);
T, is the air temperature (unit: K);

S, is ice salinity.

S5,=14.24 -19.39H (H <0.4m)

The ice H is the ice thickness (unit: m).
S;=7.88-1.59H (H > 0.4m)

salinity Cox and Weeks (1983)

The permittivity &, = 3.05 +0.0072f,, 1. is the relative brine volume fraction.

of sea ice £, = 0.02 +0.0033f,,,

at C-band Arcone et al. (1986); Vant et al., (1978)
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Table 3. Specifications of Radarsat-2 SAR data.

Scene ID Data/Time Polarization Resolutions Incident Beam
(UTC) (m) angle (Deg.) Mode
#1 19 Mar 2011, 21:51  HH/VV/HV/VH (Quad) 8 42.0 FQ23
#2 19 Mar 2011, 21:51  HH/VV/HV/VH (Quad) 8 42.0 FQ23
#3 20 Mar 2011, 09:56 HH/VV/HV/VH (Quad) 8 49.0 FQ31
#4 19 Mar 2011, 10:25  HH/VV/HV/VH (Quad) 8 29.0 FQ9
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Figure 1. Variations of CP-Ratio as a function of the standard deviation of surface slope o for
different incidence angles and ¢ = 3. The red line marks the maximum threshold of ¢ for the
validity of our approach.
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Figure 3. Structure and geometric model of the configuration of sea ice.
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for C-band radar (x axis in log scale). The incidence angle varies from 20 to 60°, and the input
ice-surface roughness parameters are ks = 0.15, kl=2.0, and ¢ = 0.1.
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Figure 6. Slope sensitivity for Ratio (x axis in log scale). The standard deviation of the surface
slope varies from 0.05 to 0.4, while ks = 0.15 and kl = 2.0. Top figure is for 20° incidence angle

and bottom is for 30° incidence angle.
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Figure 8. Location of the measurement site in the Labrador Sea, with four Pauli RGB decompo-
sitions of Radarsat-2 SAR images superimposed on the Google Earth® background. The lines
overlaid on the SAR data are the induction sounder flight transects. Red: path-1 (P-1); yellow:
path-2 (P-2); green: path-3 (P-3); cyan: path-4 (P-4); blue: path-5 (P-5); magenta: path-6 (P-6);
black: path-7 (P-7); gray: path-8 (P-8).

Printer-friendly Version

Interactive Discussion

Jaded uoissnosiq

(®)
S

5478


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/9/5445/2015/tcd-9-5445-2015-print.pdf
http://www.the-cryosphere-discuss.net/9/5445/2015/tcd-9-5445-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

TCD
9, 5445-5483, 2015

Jaded uoissnosiq

Retrieval of the
thickness of
undeformed sea ice
from C-band

X. Zhang et al.

Mean: 0.914 m

Jaded uoissnosiq

Title Page

Abstract Introduction

Frequency (%)

Conclusions References

Tables

Figures

Jaded uoissnosiq

0 05 1 15 2 25 3 35
Ice thickness (m)

Back Close

Figure 9. Histogram of averaged ice thickness in the Labrador Sea. Full Screen / Esc
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Figure 11. Regressions relating ice thickness to CP-Ratio at different incident angle. The solid
lines represent the fit, dashed lines the 50 % confidence interval. The black, blue and red color
is used for the incidence angle of 29, 42 and 49°, respectively.
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Figure 12. (a) Relationship between the CP-Ratio and the observed EM sea thickness.

(b) Comparison between the observed and estimated ice thicknesses.

5482

Jaded uoissnosiq

Jaded uoissnosiq

=
o

| Jadeq uoissnosiq |

Jaded uoissnosiq

TCD
9, 5445-5483, 2015

Retrieval of the
thickness of
undeformed sea ice
from C-band

X. Zhang et al.

Page
Abstract Introduction
Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

(8
K ()


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/9/5445/2015/tcd-9-5445-2015-print.pdf
http://www.the-cryosphere-discuss.net/9/5445/2015/tcd-9-5445-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

TCD
9, 5445-5483, 2015

Jaded uoissnosiq

Retrieval of the
thickness of
undeformed sea ice
from C-band

=
&0

X. Zhang et al.

=
&

Jaded uoissnosiq
=
)

Page

e
B

Abstract Introduction

Conclusions References

e
[

Tables Figures

The correlation coefficient between EH and Zv

L
0.1 0.2 03 04 05

Jaded uoissnosiq

the standard deviation of surface slope

Back Close

Figure 13. The correlation between Z; and %, for different values of ¢ at different incidence

Full Screen / Esc
angles.

Printer-friendly Version

Interactive Discussion

Jaded uoissnasiq
(8
K] (=)

5483


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/9/5445/2015/tcd-9-5445-2015-print.pdf
http://www.the-cryosphere-discuss.net/9/5445/2015/tcd-9-5445-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

	Introduction
	Model and method
	Full polarimetry and compact polarimetry
	X-Bragg model and X-SPM model
	Inversion model

	A simulation study
	Forward scattering model
	Simulation results

	Datasets and experimental results
	Field study
	Data sets and data processing
	Ice thickness retrieval

	Discussion and conclusion

