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ABSTRACT
An approach for retrieving sea ice surface salinity using fully polarimetric synthetic aperture radar (polSAR) data is examined. The approach is based on
adopting the integral equation model (IEM) coupled
with known empirical relations between relative permittivity and sea ice salinity. The IEM model is inverted using the adaptive non negative eigenvalue decomposition (ANNED), yielding estimates of sea ice
surface salinity as well as root mean square surface
height and surface correlation length. The approach
is tested on RADARSAT-2 data acquired over thin
land fast first year ice, close to the island Hopen in
the Barents sea. The retrieved salinities are compared to in situ data, indicating a general overestimation, but are on average correct within an order
of magnitude. Possible shortcomings and improvements of the approach are discussed.
Key words: SAR; Polarimetry; Retrieval; Sea Ice;
Salinity.

1.

INTRODUCTION

Sea ice covers on average about 25 million square
kilometres of the Earth’s surface (more than twice
the area of Europe) and is an important yet intricate
component in the Earth system. The rapid retreat
of summer sea ice in the Arctic observed during the
last couple of decades may have serious impacts on
climate and ecosystems. To understand and predict
these impacts, large scale observations of various sea
ice properties are critical.
The salinity of sea ice is an interesting parameter in
several respects. The salinity, or rather the process
of desalination, is of major importance for how sea
ice interacts with the ocean. Salt is expelled from
the ice in the form of dense brine which sinks, causing downwelling of saline water which in turn drives
thermohaline circulation [1].
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Typically, major brine drainage occurs during the
formation of sea ice and during the melt season,
where meltwater flushes much of the remaining brine
in the ice. Consequently, perennial ice is normally
much less saline than first year ice, thus the salinity is
an important parameter for characterising the age of
the ice. In addition, previous studies have indicated
a correlation between salinity and sea ice thickness,
particularly for young and thin sea ice [3, 8]. Thickness is another desirable parameter and estimates of
sea ice salinity could thus possibly work as a proxy
for it.
Despite being an important parameter, little attention has been paid on the measurement of sea ice
salinity with space borne sensors. With this in mind,
this study examines an approach for retrieval of sea
ice surface salinity using space borne polarimetric
synthetic aperture radar (polSAR). The polSAR offer day and night operation at high spatial resolution, being able to resolve individual leads and sea
ice features in the order of tens of meters.
The proposed approach is based on the assumption
that the dominant backscattering comes from the upper sea ice surface. This scattering mechanism is
modelled with the integral equations model (IEM)
in polarimetric covariance matrix form. The model
is inverted using the so called adaptive non negative eigenvalue decomposition (ANNED) to yield estimates on the sea ice surface salinity, based on empirical relations between salinity and permittivity.
The approach is tested on fully polarimetric
RADARSAT-2 data of approximately 20 centimetre
thick first year ice in the Barents sea. Preliminary
results are qualitatively validated with salinity measurements of ice samples collected at the study site.
The validation indicates that the retrieved values are
at the right order of magnitude but generally too
large. The paper ends with a discussion on possible opportunities for further development as well as
limitations of the considered approach.

tering response as coming from a semi infinite homogeneous dielectric material with a rough surface
and complex relative permittivity εr . This implicitly
assumes that the ice is homogeneous within the penetration depth of the radar and effects from snow
layers on top of the ice are neglected. At C-band,
the relative permittivity can be related empirically
to the volume fraction of brine, Vbrine as [10]:
εr = (3.05 + 7.2Vbrine ) − i(0.02 + 3.3Vbrine )

(1)

The volume fraction of brine may further be empirically related to the ice temperature Tice and bulk
salinity S (given in ppt) as [4]:


49.185
S
+ 0.532
(2)
Vbrine =
1000 |Tice |

Figure 1: A 1 mm thin and 5 cm wide vectical section showing the interior structure containing air and
brine inclusions. This slice is from the top 5 cm of
an ice core sampled at the study site close to Hopen,
south of Svalbard.

The backscattering may then be modelled using the
IEM model [5]. Assuming reciprocity and reflection symmetry, the form of the covariance matrix
becomes:


C11
0
C13
C22
0 
(3)
CIEM =  0
∗
C13
0
C33
where the matrix elements are functions of the following parameters:

2.

SURFACE BACKSCATTERING FROM
SEA ICE

Sea ice is structurally a rather complex medium.
The surface is generally rough and covered by snow,
which to some degree may have been melted or wetted by sea water, rain or brine expelled from the sea
ice. The bulk contains brine and air inclusions and
sometimes vertical drainage channels. These structures may vary in scale from sub-millimetre to centimetres (see figure 1 for an example of a thin vertical section of an ice core). Thus for microwaves at
lower frequencies that penetrate the ice, scattering
both from the volume as well as the top ice-snow-air
interfaces is expected.
Several attempts have been made to formulate a
complete model for the backscattering from sea ice,
for example [7, 9]. Complete models are however
complicated to formulate and require a large number of input parameters, making inversion difficult.
To simplify model inversion, this study investigates
an approach based on isolating the surface scattering
response using a polarimetric decomposition scheme,
thus avoiding any explicit models of other scattering
mechanisms, such as volume scattering. For thin first
year ice, the surface scattering response is however
likely to dominate, since high salinity reduces the
penetration depth.
As a simplification, we will model the surface scat-

εr

complex relative permittivity

h

root mean square (RMS) surface height

l

surface correlation length

ρ

surface correlation function

Here, the correlation function is assumed to be exponential, such that ρ = e−(r/l) , where r is a distance between two points on the surface. Further
relating the permittivity to salinity using equations
1 and 2 and assuming the temperature of the ice surface, Tice , to be known, the model parameters to be
inverted reduce to S, h and l.

3.

MODEL INVERSION

Given that the total scattering response is a sum of
various scattering mechanisms, the IEM covariance
matrix is initially subtracted from the total covariance matrix:
Creminder = Ctotal − CIEM (S, h, l)

(4)

If the model parameters (S, h, l) are chosen correctly,
the remainder will contain all non-IEM scattering
mechanisms, such as volume scattering or surfacevolume interactions. A physical constraint for this

Table 1: Specifications for the RADARSAT-2 image.

System
Frequency band
Incidence angle
Nominal resolution
Noise equiv. σ 0
Polarisations
Date
Time (UTC)

RADARSAT-2
C
26.9◦ - 28.7◦
11.5m - 10.8m
-35±4 dB
HH, HV, VH, VV
1 May 2014
14:53:16

to be true is that the smallest eigenvalue of the reminder, call it λreminder
, must be positive. One way
min
of choosing the model parameters (S, h, l), is simply
by maximising the response from the model. Specifically, if we maximise the trace of the IEM covariance
matrix, keeping λreminder
positive, we can formulate
min
the inversion as:


(Ŝ, ĥ, ˆl) = arg max tr CIEM (S, h, l)
S,h,l
(5)
subject to: λreminder
≥0
min
This is mathematically equivalent to the non negative eigenvalue decomposition proposed by [2]. Note
however that in contrast to the original paper, here
the IEM model is used instead of a volume scattering
model.
The maximisation is done numerically using sequential quadratic programming (SQP). Here we add two
additional constraints to the maximisation, specifically:
3 ppt < S < 150 ppt
(6)
(kh)(kl) < 1.2 Re{εr }
where k is the wave number of the radar. The first
constraint simply limits the range of plausible salinities, while the second constraint limits the roughness
parameters to small scales.

4.

PRELIMINARY RESULTS

The described retrieval approach is tested on a
RADARSAR-2 fine quad pol scene (see table 1 for
details), shown as a Pauli RGB image in figure 2.
The scene is taken over the island Hopen [6], in the
Barents sea south of Svalbard and contains land fast
sea ice, seen on the south side of the island. In situ
measurements indicate that the ice is approximately
20 cm thick with a surface salinity of about 10-15 ppt
(this is however estimated from only two ice samples). A nearly simultaneous optical WordView-2
image indicates that the ice closest to the shore is relatively undeformed on the macroscopic scale, which
also is confirmed from photographs taken at the site.

Figure 2: RADARSAT-2 data visualised as a Pauli
RGB composite. The look direction is from left to
right. The land fast sea ice can be seen on the south
side of the island Hopen.
After applying multi-looking (with 5 looks in range
and 10 looks in azimuth, using a simple box-car filter) and gain correction on the RADARSAT-2 image,
the retrieval algorithm was tested on the apparently
undeformed land fast ice. At the time, the air temperature was around -7◦ C and assuming that the sea
ice surface temperature to be the same, the retrieved
parameters are shown as histograms in figures 3.
The median salinity is roughly 41 ppt, which comparing to the ice samples are about three times too high.
The in situ data does not contain information about
the surface roughness parameters, yet these might be
reasonable in magnitude (with a median RMS height
of 0.7 cm and a median correlation length of 1.1 cm)
considering that the surface appears smooth on photographs from the site.

5.

DISCUSSION

There are several plausible reasons why the salinity
is overestimated. Firstly, the approach is based on
maximising the IEM response. This relies on the assumption that there are no ambiguities between the
shape of the IEM covariance matrix and any other
possibly occurring scattering mechanisms, such as
volume scattering. However, assuming that equations 1 and 2 holds for salinity values around 10 ppt,
the nadir looking penetration depth of a flat surface
is only about one wavelength in C-band, thus volume
scattering should arguably be small.
Another possible source of error lies in the IEM
model itself, that is the correlation function. Here
the correlation function is assumed to be exponential as well as representing only one roughness scale,

in a high salinity estimate.
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Other points worth noting regards the use of SQP
for maximising the IEM response (equation 5). The
optimisation does not guarantee that the maxima
found are global maxima (within the constraints).
It also requires an initial guess on the parameters.
Other optimisation algorithms could thus potentially
improve the results.
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Validation is often a bottle neck for retrieval studies of sea ice properties, due to the fact that it is
generally difficult and expensive to reach the polar
areas. Validation is also a limitation here. To conclude what to improve in the discussed approach,
particular validation data are needed, such as small
scale roughness estimates, ice temperature profiles
or measurements of snow salinity and wetness. Improvements in the approach could however for instance be:
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- Including effects from snow or slush on the ice
surface.
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- Considering other surface correlation functions,
for instance including multiple scales.
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Figure 3: The retrieved salinity S in (a), RMS surface height h in (b) and surface correlation length l
in (c), shown as histograms.

which might not be correct for the particular ice considered. Measurements of the roughness characteristics from the site are however lacking which makes
conclusions difficult. The same is true for the assumed sea ice surface temperature. Especially since
snow may insulate the ice surface from cold air, the
true ice surface temperature may be higher than the
air temperature. An increase in ice surface temperature would decrease the estimated salinity (see equation 2). For instance, if the ice temperature would be
-5◦ C, the median estimated salinity becomes roughly
30ppt (compared to 41ppt at -7◦ C).
A point which was briefly mentioned in section 2,
is that the snow on the sea ice may be affected by
upward brine rejection or be wet due to melting. If
this is the case, the empirical relation between salinity and permittivity does not hold, which could result

The approach also should be tested on other types
of sea ice, such as perennial ice which could result in
extensive volume scattering due to the low salinity or
more deformed ice including larger roughness scales.
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