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Retrieving ice concentration from SMOS
Peter Mills, Georg Heygster, Member, IEEE,

Abstract—The SMOS-Ice project explored the potential of
retrieving sea ice information from the Soil Moisture and Ocean
Salinity satellite, a polar-orbiting, L-band radiometer successfully
launched in November 2009. Towards this end, radiance mea-
surements were collected over the Northern Baltic during the
Pol-Ice campaign. We test a simple ice concentration retrieval
algorithm on this data and compare the results to ARTIST
Sea Ice (ASI) maps derived from the Advanced Microwave
Scanning Radiometer on EOS (AMSR-E). All operational ice
concentration algorithms are based on the same principle which,
for the campaign data, reduces to a linear scaling of the
radiances, because effectively only one channel was available.
Because of biases introduced by the differing footprint sizes of
the two radiometers (airborne and satellite), the linear flight
path and pilot selection of preferred surface type, Pol-Ice and
ASI concentrations were compared using three different levels of
averaging. In the first case, the individual measurements from the
airborne radiometer were compared to interpolated ASI values,
in the second, they were averaged over the pixels in the ASI
maps and in the third, they were averaged by binning the ASI
values in one percent intervals. Correlations were 0.59, 0.67 and
0.76 respectively. Because of the unique operating principle of
SMOS, each ground point will be viewed at multiple effective
angles within a short time-span. It is proposed to exploit this
extra information by interpolating to a single effective viewing
angle.

Index Terms—

I. INTRODUCTION

The Soil Moisture and Ocean Salinity (SMOS) instrument
is a new satellite microwave radiometer launched in November
2009. It measures in the L-band range at 1.4 GHz with the
capability of rendering all four Stokes parameters. To produce
a reasonably small footprint size at such a low frequency while
keeping antenna weight down, an array of detectors fold out
upon deployment to produce an effective aperture equivalent
to the span of the array—i.e. much larger than the individual
detectors.

While the chief focus of the instrument, as its name implies,
is the ocean surface and dry land, it will still return useful
information when it is pointing at the cryosphere—the sea ice
and glacial ice pack. Even more so than existing microwave
radiometers, SMOS will have the advantage of negligible
atmospheric contribution to the signal providing true all-
weather performance (since radiation at such low frequencies
has too little energy to interact strongly with most non-
magnetic and non-conducting materials, especially one as thin
as the atmosphere.) As preparation for the SMOS project,
the Pol-Ice field campaign was conducted in the Northern
Baltic in March 2007. This comprised airborne measurements
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of sea ice brightness temperature using the EMIRAD L-band
radiometer [1] and helicopter measurements of ice thickness
using the E-M Bird ice thickness detection instrument [2].

Since brightness temperatures over open water tend to be
quite distinct from those over ice, the most obvious retrievable
quantity from SMOS data is ice concentration, defined as the
fraction of ice relative to the total area. Here we test a simple
concentration retrieval algorithm on Pol-Ice campaign data and
compare the results with satellite-based retrievals.

II. RETRIEVING ICE CONCENTRATION

Most ice concentration algorithms are predicated on the
dual obervation that: 1. different surface types have different,
strongly clustered, radiometric signatures and 2. the final
radiometric signature at the instrument head is a linear com-
bination of that of the surface types found in the footprint,
with weighting factors taking on the values of the relative
concentrations. If we form a vector-space from the measure-
ments in which the signatures of the different surface types
are assumed invariant and all but one are linearly independent,
then it becomes a straightforward matter to derive the relative
ice concentrations [2], [3].

We could express this mathematically as follows:

Tb = Tb0 +
n∑

i=1

(Tbi − Tb0)Ci (1)

where Tb is the vector of brightness temperatures at the
instrument head, Tbi are the brightness temperatures of the
ith surface type, or tie-point, Ci are the relative concentra-
tions and Tb0 are the brightness temperatures of the nominal
background surface type, i.e., of open water. The NASA team
algorithm uses a slight variation on this principle: the radiance
measurements are transformed by taking the difference of
two channels and dividing by their sum, producing a slightly
nonlinear retrieval [4], [5]. The influence of ice temperature
is thus mitigated since, all other things being equal, brightness
temperature varies roughly linearly with temperature (see
Equation (2)) and since sea ice brightness temperatures at
different microwave channels are strongly correlated [3].

III. MODELLING ICE BRIGHTNESS TEMPERATURE

We will use a simple radiative transfer model to simulate
the brightness temperature of sea ice at 1.4 GHz. Sea ice is a
complex composite comprised mainly of ice crystals, included
brine pockets and air bubbles. Because of the small size of
the scatterers relative to the wavelength, volume scattering
at L-band can be neglected [6]–[9]. In the case of uniform
properties within the ice sheet and plane-parallel geometry, the
radiative transfer equation for discontinuous media reduces to
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the following, closed-form equation, which will henceforth be
referred to as the three-layer (air, ice and water) model:

Tb =

(Ria − 1)

{ [
Rwiτ

2 + (1−Rwi)τ − 1
]
Tice+

(Rwi − 1)τTw + (Ria − 1)Rwiτ
2Tsky

}
(RiaRwiτ2 − 1)

,

(2)
where Tb is the modelled brightness temperature, Ria and
Rwi are the reflection coefficients at the ice-air and water-ice
interfaces, calculated via the Fresnel equations (see (5) and
(6), below), Tice is the temperature of the ice, Tw is the water
temperature, Tsky is the downwelling brightness temperature
from the sky and τ is the transmission coefficient:

τ = exp

(
−4πνhImnice

c cos θt

)
(3)

where ν is the frequency, h is ice thickness, nice is the complex
refractive index of the ice, c is the speed of light and θt is
the angle of the radiation as it is transmitted through the ice,
calculated from Snell’s law:

n1 sin θ1 = n2 sin θ2 (4)

where n1 is the refractive index of the first medium, n2 is
the refractive index of the second medium, θ1 is the angle of
the ray in the first medium (relative to a normal drawn with
respect to the interface) and θ2 is the angle of the ray in the
second medium. Once we have the two angles, the Fresnel
equations follow:

Rv =

∣∣∣∣n2 cos θ1 − n1 cos θ2
n2 cos θ1 + n1 cos θ2

∣∣∣∣2 (5)

Rh =

∣∣∣∣n1 cos θ1 − n2 cos θ2
n1 cos θ1 + n2 cos θ2

∣∣∣∣2 (6)

where Rv and Rh are the reflection coefficients at vertical and
horizontal polarization, respectively.

Model results summarizing the approximate behaviour of
the signal as the temperature, salinity and thickness are varied
can be seen in Figure 1. The figure shows brightness tem-
peratures computed for ice thicknesses ranging from 0 to 2
meters, correcting for the fact that a standard three layer model
does not converge to the open water case [10]. The salinity is
modelled as an exponential function of ice thickness [11]–[14]
for parent waters with two different salinities: the world oceans
and for the Baltic sea. Salinity and temperature determine the
complex permittivity through the mixture models of Vant et
al. [7]. The results suggest that it may be possible to retrieve
ice thickness simultaneously with ice concentration only at
temperatures close to melting.

For a more complete description of the model, see [2].

IV. DATA

The Pol-Ice campaign was conducted in March 2007 in
the Northern Baltic and comprised fully polarimetric measure-
ments from an aircraft-mounted, L-band radiometer as well as
ice-thickness measurements [2] which will not be used in this
study. It is the only reliable source of L-band measurements
over sea ice to date. The radiometer used was the EMIRAD
which has an angular field-of-view (full-width, half-maximum)

Fig. 1. Model curves for ice at different temperatures in the Baltic (S=5)
and in the ocean (S=35). Thickness is varied between 0 and 2 m and marked
at intervals by solid dots. Salinity varies as an exponential function of ice
thickness. X-axis is the polarization difference or second Stokes component,
Q = Tbv − Tbh.

Fig. 2. Map of all Pol-Ice EMIRAD measurements. Flights are labelled by
date, name and number.
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Fig. 3. Measured L-band brightness temperatures from the Pol-Ice field
campaign compared to ice concentrations interpolated from ASI ice maps.

of 13.16 degrees [1]. Since the aircraft was flying between 500
m and 600 m, this translates to a footprint size on the order of
250 m. Figure 2 shows most of the radiometer flights labelled
by date and time, flight number and flight name.

Ice concentrations for comparison with those derived from
the field data are derived from the ASI (ARTIST Sea Ice)
algorithm which uses the 89 GHz channel of the Advanced
Microwave Scanning Radiometer on EOS (AMSR-E) to derive
ice concentrations [15]. These are averaged once a day to
maps rectangularly-gridded on a polar-stereographic projection
centered at 70 degrees latitutde. The 89 GHz channel is
used because it is the highest frequency, therefore it has
the best resolution with the final averaging resulting in a
mean grid-cell size of 6.25 by 6.25 km. The full record of
SSM/I and AMSR-E derived sea ice maps is available online:
http://www.iup.uni-bremen.de/iuppage/satellite index.html

V. RESULTS

It was found that the vertical polarization of the aft-looking
radiometer was mal-functioning. Since the third and fourth
Stokes components are generated by correlating the h and v
components, this makes these two channels suspect also. Thus,
there is only one channel to work with and the concentration
retrieval in (1) reduces to a linear rescaling of a single
brightness temperature. Figure 3 compares ice concentration
interpolated from ASI ice maps with EMIRAD brightness
temperatures from the Pol-Ice campaign. The correlation, at
0.59, is relatively low, however the radically different footprint
sizes—over 3 km for AMSR-E, while for EMIRAD it will
be less than 300m—make direct comparison difficult. In par-
ticular, the small footprint of the EMIRAD instrument means
that pure signals will be more common, thus ice concentration
becomes more of an on-off value—either there is ice or there
is water. This can be clearly seen in Figure 3 and allows us
to easily pick out the two tie-points.

The ice concentrations algorithm will use tie-points of 80 K
and 200 K for open water and ice, respectively. Values lower

Fig. 4. Ice concentration retrieved from Pol-Ice EMIRAD measurements
compared with ASI ice maps. Retrieved concentrations are first averaged over
each pixel of the map.

Fig. 5. Ice concentration retrieved from Pol-Ice EMIRAD measurements
compared with ASI ice maps. Retrieved concentrations are binned in one
percent invervals based on the ASI values and averaged.

than 80K and higher than 200K are set to 0% and 100% ice
concentration, respectively.

The justification for these two tie points is further reinforced
by the model results in Figure 1. The model results suggest that
sea ice brightness temperatures converge to roughly the same
value independent of either the temperature or salinity of the
parent water. The values are also close to those chosen for the
retrieval, however the retrieval uses more moderate values for
the tie points because of the variability in the signatures of pure
ice types around the mean. We want to push concentrations
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Fig. 6. Viewing angle dependence of sea-ice emissivity simulated using
three-layer RT model for three different scenarios of ice thickness, complex
permittivity and concentration.

close to the pure types over the border to a pure type if the
radiance signature is within this variability.

To address the issue of different footprint sizes, we average
all the EMIRAD measurements within each pixel of the ice
map and compare ice concentrations pixel-by-pixel. The ASI
ice maps are averaged daily to bins that are regularly-gridded,
along a polar-stereographic projection. This averaging does
not significantly reduce the resolution of the instrument and
is done mainly to take advantage of the many overlapping
swaths at high latitudes. EMIRAD measurements from Pol-
Ice are similarly averaged by first converting measurement
locations to the projection coordinates and then searching for
the matching ASI grid point. Results are shown in Figure 4.

Even though we have matched the instrument resolution to
the lower of the two, results may still be biased because the
pilot may be deliberately searching out either ice-covered or
open water surface and because the linear flight path traces
out only a narrow line of measurements across the broad
satellite footprint. To address this, we further average the
results by collecting them in one percent bins based on ASI
ice concentration. This generates the graph seen in Figure 5
which shows a much improved correlation.

VI. DISCUSSION

The unique operating principle of the SMOS instrument
means that each point on the ground will be viewed from
multiple angles by overlapping measurements —each mea-
surement from the instrument will consist of a single large
footprint comprising multiple pixels of varying size and ef-
fective viewing angle [16]. With a high sampling rate, these
footprints will overlap. Can extra information be gained by
having measurements from different viewing angles? Results
from the model described in Section III suggest that the best
use of these extra measurements is to interpolate them to a
single effective viewing angle.

Figure 6 shows modelled sea ice emissivity as a function
of viewing angle for three scenarios of varying ice concentra-
tion, thickness and complex permittivity. These scenarios are
designed to be degenerate at an angle of 25 degrees. Although

Fig. 7. Viewing angle dependence of sea-ice emissivity simulated using
three-layer RT model and of fitted, re-scaled Fresnel equations. For RT model,
complex permittivity is ϵ = 3.5+0.05i and ice thickness is h=0.5m. Fresnel
equations are for a real refractive index of n = 1.91 and have been rescaled
using e′p = aep + b where ep is emissivity at polarization p and a = 0.901
and b = 0.050 are constants.

we would expect them to diverge at other viewing angles,
they are almost identical, certainly to within the instrument
noise. It was found that the viewing angle dependence of ice
emissivity models of the type described in Equation (2) can be
well approximated by Fresnel equations that have been linearly
re-scaled:

e′p = aep + b (7)

where e′p is the fitted emissivity at polarization p (h or v) and
ep = 1 − Rp is the emissivity as calculated from the Fresnel
equations (5) and (6). Figure 7 demonstrates the procedure
which works as well if brightness temperature is modelled
with more than one ice layer.

VII. CONCLUSION

Ice concentrations derived from Pol-Ice campaign data were
compared with ASI satellite- based retrievals. Correlations
were between 0.59 and 0.76 depending on the level of av-
eraging empoyed. Several influences make the averaging pro-
cedures necessary: the two instruments (satellite and airborne)
have very different footprint sizes as well as different temporal
resolutions; the airborne radiometer had a linear path, during
which the pilot may have been searching out specific surface
types. Another possible error source: the ASI algorithm is
designed for the high salinity of the open ocean rather than
the brackish waters of the Baltic Sea.

This comparison exercise was conducted as part of the
SMOSIce project, which aims to prepare retrieval algorithms
for data collected over sea ice by the Soil Moisture and Ocean
Salinity (SMOS) satellite which was successfully launched in
November 2009. The SMOS instrument will sample the same
stretch of ground at multiple effective viewing angles within
a short time span. Ice emissivity models suggest that this data
will provide little extra information. An effective use of it,
however, would be to interpolate to a single effective viewing
angle, thus helping to stabilize the measurements.
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