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Abstract

The microwave interferometric radiometer of the European Space Agency’s Soil Mois-
ture and Ocean Salinity (SMOS) mission measures at a frequency of 1.4 GHz in the
L-band. In contrast to other microwave satellites, low frequency measurements in L-
band have a large penetration depth in sea ice and thus contain information on the ice
thickness. Previous ice thickness retrievals have neglected a snow layer on top of the
ice. Here, we implement a snow layer in our emission model and investigate how snow
influences L-band brightness temperatures and whether it is possible to retrieve snow
thickness over thick Arctic sea ice from SMOS data.

We find that the brightness temperatures above snow-covered sea ice are higher
than above bare sea ice and that horizontal polarisation is more affected by the snow
layer than vertical polarisation. In accordance with our theoretical investigations, the
root mean square deviation between simulated and observed horizontally polarised
brightness temperatures decreases from 20.0K to 4.4 K, when we include the snow
layer in the simulations. Under cold Arctic conditions we find brightness temperatures
to increase with increasing snow thickness. Because dry snow is almost transparent
in L-band, this brightness temperature’s dependence on snow thickness origins from
the thermal insulation of snow and its dependence on the snow layer thickness. This
temperature effect allows us to retrieve snow thickness over thick sea ice. For the best
simulation scenario and snow thicknesses up to 35 cm, the average snow thickness re-
trieved from horizontally polarised SMOS brightness temperatures agrees within 0.7 cm
with the average snow thickness measured during the IceBridge flight campaign in the
Arctic in spring 2012. The corresponding root mean square deviation is 6.3 cm, and the
correlation coefficient is r? = 0.55.
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1 Introduction

The Soil Moisture and Ocean Salinity (SMOS) mission carries the first satellite-based
passive microwave radiometer that measures radiation emitted from the Earth at a fre-
quency of 1.4 GHz in the L-band. The mission was launched successfully in 2009 and
since spring 2010 observations have been made available to scientific and operational
users (Mecklenburg et al., 2012). Although designed to provide global estimates of soll
moisture and ocean salinity, L-band brightness temperatures measured by SMOS can
be used to retrieve thin sea ice thickness (Kaleschke et al., 2010, 2012). In the previous
retrieval methods, the sea ice was assumed to be snow-free. Here, we investigate how
a snow layer on top of the ice influences the brightness temperature above sea ice, and
whether there is a relationship between the brightness temperature and the thickness
of the snow layer.

Due to its high albedo, snow on sea ice is important for the surface energy balance.
Additionally, snow affects the surface radiative properties of sea ice and thus modi-
fies the remote sensing signal. Furthermore, information on snow thickness is required
for the freeboard-based estimation of sea ice thickness from lidar and radar altimetry
(Kwok and Cunningham, 2008; Giles et al., 2007). However, snow thickness observa-
tions over sea ice are scarce. The most comprehensive analysis for the Arctic Ocean
is based on snow thickness and density measurements from Soviet drifting stations
between 1954 and 1991 (Warren et al., 1999). Though, it is not clear how well this
climatology represents present-day snow conditions (Kurtz and Farrell, 2011). First
cross-basin surveys of snow thickness over Arctic sea ice have been provided by air-
borne radar measurements (Kwok et al., 2011). However, airborne remote sensing is
spatially and temporally restricted to individual campaigns. A snow thickness retrieval
method from passive microwave satellite measurements uses the spectral gradient
ratio of the 19 and 37 GHz vertical polarisation channels (e.g. Markus and Cavalieri,
1998). However, surface roughness variations introduce uncertainties to this method
(Stroeve et al., 2006), and the method is only applicable to dry snow conditions and
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only to Antarctic sea ice and first-year ice in the Arctic, but fails over multi-year ice
(Comiso et al., 2003). Thus, a method to estimate snow thickness over thick Arctic
multi-year ice from SMOS brightness temperatures would improve monitoring of sea
ice conditions in the Arctic from space.

The maximum ice thickness that can be retrieved from L-band radiometry depends
on the dielectric properties of sea ice, which can be described by ice temperature
and salinity (Kaleschke et al., 2010). The maximum retrievable ice thickness deter-
mines what we consider here as thin ice. For example, for sea ice with a salinity of
Sice = 8gkg™' and a bulk temperature of Tice = =5°C, the maximum retrievable ice
thickness in L-band is about 50 cm and increases to higher values for colder and less
saline conditions (Kaleschke et al., 2010). The one ice layer radiation model used for
sea ice thickness retrieval from SMOS in previous studies (Kaleschke et al., 2010,
2012) neglects the potential presence of a snow cover on sea ice. Snow is almost trans-
parent for microwave radiation at 1.4 GHz frequency (e.g. Hallikainen, 1989; Rott and
Matzler, 1987; Hall, 1996). However, the reflectivities at the ice-snow and the snow-air
boundaries differ from the reflectivity at the ice-air boundary. Thus, a snow layer on the
ice has an impact on the effective emissivity and accordingly on the brightness temper-
ature of sea ice. Additionally, snow has a thermal insulation effect on ice and the bulk
ice temperature of snow-covered sea ice is generally higher than the bulk ice tempera-
ture of bare sea ice. Because the ice temperature determines the dielectric properties
of sea ice, snow thus also has an indirect effect on the brightness temperature of sea
ice.

Here, we use a multiple layer model based on the radiation model presented in Burke
et al. (1979) to examine the impact of a snow cover on brightness temperatures above
sea ice and the implications for the ice thickness retrieval of snow-covered sea ice. In
order to test the validity of our theoretical investigations, we simulate brightness tem-
peratures for ice and snow thicknesses measured during the National Aeronautics and
Space Administration (NASA) Operation IceBridge flight campaign in spring 2012 in the
Arctic. We perform simulations that neglect and that include the snow layer. We then
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compare these simulated brightness temperatures with brightness temperatures mea-
sured by SMOS. Furthermore, we investigate whether there is a dependence between
the brightness temperatures observed above snow-covered ice and the thickness of
the snow cover on the ice. We evaluate whether SMOS has not only the potential for
retrieving ice thickness over thin ice, but also the potential for estimating snow thickness
over thick sea ice in the Arctic.

2 Data and methods

The analysis presented is based on three components: (1) an improved ice emission
model to perform sensitivity studies and to simulate brightness temperatures for ob-
served ice conditions, (2) SMOS brightness temperature measurements, and (3) mea-
surements from the IceBridge campaign that provide model input and validation data.
These three components are described in the following.

2.1 Emission model

In previous studies (Kaleschke et al., 2010, 2012), the ice brightness temperature was
determined with a radiation model based on the approach described in Menashi et al.
(1993). The approach is valid for a dielectric slab of ice that is bordered by the un-
derlying water and the air above the slab of ice. However, here we need a radiation
model that describes radiation in an ice layer that is covered by a snow layer. Thus, we
choose the radiation model described in Burke et al. (1979). This model is based on the
radiative transfer equation and was originally developed for soil moisture applications
of X- and L-band radiometer measurements. The model describes the radiation emit-
ted from a stratified bare soil with N layers. The dielectric properties are assumed to
be constant across the layers. For our sea ice applications, we consider a semi-infinite
layer of air on top, a layer of snow on top of a layer of ice, and a semi-infinite layer of sea
water at the bottom. The emission model describes the brightness temperature above
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snow-covered sea ice as a function of the air permittivity, of the water temperature and
permittivity, and of the temperatures, permittivities and thicknesses of the snow and the
ice layer.

The permittivity of air is assumed to be e, = 1, which is the value for vacuum. For
the permittivity of sea water, we here use the empirical relationship by Klein and Swift
(1977) for a water salinity of S, 1er = 339kg'1. For the permittivity of sea ice, we use
an empirical relationship that describes the ice permittivity €, as a function of brine
volume fraction V;, within the ice (Vant et al., 1978):

€ice = @1 + AW, +i(ag + a4l), (1)

where , is given in %o, and ay, a,, az, and a, are frequency-dependent coefficients.
Here, we use the coefficients for a frequency of 1.4 GHz for multi-year ice as given in
Kaleschke et al. (2010). The empirical relationship is valid for I, < 70 %o.. The brine
volume fraction I, can be expressed as a function of the bulk values for the ice salinity
Sice, the ice density p,.., the density of the brine py,i,e, and the ice temperature T,
(Cox and Weeks, 1983). For the ice density p;.,, We use an expression that relates pj
to ice temperature T, (Pounder, 1965):

Pice = 0.917 = 1.403 x 107T,, (2)

where T, is given in °C. For the brine density p,,i,., We Use an expression that depends
on brine salinity Sp,i,e (Cox and Weeks, 1983):

Porine = 1+ 0-Ooossbrine’ (3)

where Sie is inserted in %.. We obtain the brine salinity Sy, from polynomial approx-

imations for the dependency between brine salinity and ice temperature (Vant et al.,

1978). For the snow permittivity, we use a polynomial fit obtained for snow permittiv-

ity measurements at microwave frequencies ranging between 840 MHz and 12.6 GHz

(Tiuri et al., 1984). Based on these measurements, it is suggested that the permittivity
3632
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of snow mainly depends on snow density and snow wetness and that the permittivity
is practically independent of the structure of snow.

The water temperature is assumed to be at the freezing point of Arctic sea wa-
ter (T, = —1.8°C). In order to determine the bulk temperatures of the snow layer and
the snow-covered ice layer, we here assume a balance of heat fluxes at the snow-
ice-interface and account for the different thermal conductivities of ice and snow. We
assume that the temperature at the bottom of the ice is at the freezing point of water
(i-e. Tyottom = Tw = —1.8°C), and that the temperature gradients within ice and snow are
linear. We assume that at the snow-ice-interface the ice temperature equals the snow
temperature: Ti;o(Z = dige) = Tsnow(Z = dice) = Tsj With T; being the snow-ice-interface
temperature, and d,, being the ice thickness. Here, z denotes the vertical distance
from the ice-water-interface. Thus, z is z = 0 at the ice-water-interface, z = d;, at the
snow-ice-interface, and z = dig, + dg,, at the snow surface. We assume that ther-
mal conduction is continuous through the snow-ice-interface (Maykut and Untersteiner,
1971):

kiceyice(z = dice) = ksnowysnow(z = dice)’ (4)
where
o OTeel2)
Vice(z ) = % e (5)
0T snow(2)
Yenow(Z) = —— : (6)
show bz o

and ki, and kg, are the thermal conductivities of ice and snow, respectively. Because
we assume linear temperature gradients within the ice and the snow layer, V¢ (2) = Vice
and Ygnow(2) = Yenow a@re constant values. The surface temperature T s and the snow-
ice-interface temperature T; are then described by

7-surf = 7-si + ysnowdsnow (7)
Tsi =Ty + ViceUice- (8)
3633

Jaded uoissnasiq

Jaded uoissnasiq

Jadedq uoissnosiq | Jaded uoissnosiq

o
2

TCD
7, 36273674, 2013

Snow thickness
retrieval over thick
Arctic sea ice using
SMOS satellite data

N. MaaR et al.

Title Page
Abstract Introduction
Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/7/3627/2013/tcd-7-3627-2013-print.pdf
http://www.the-cryosphere-discuss.net/7/3627/2013/tcd-7-3627-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

If we know the surface temperature T, we can solve this system of three Egs. (4), (7),
and (8) and three unknowns Ve, Ysnow: @nd Tg;. For the thermal conductivity of snow
we use a constant climatological value of kg, = 0.31Wm™ K™ (Yu and Rothrock,
1996), and for the thermal conductivity of ice we use a parameterisation accounting for
ice temperature and salinity (Untersteiner, 1964):

Kice = 2.034WK™'m~" +0.13Wkg™" m*‘i (9)
Ice N N 7'ice _ 273 -
To simplify the calculations we use the mean temperature of the snow and ice column
Tmean = 0.5(Tg,s + T,,) instead of the ice temperature T, in EQ. (9).
The bulk ice and snow temperatures T, and T, are then
1
Tice = E(Tw +Tg) (10)
1
=Ty + EK(Tsurf - 7-w)ksnowdice (11)
1
Tsnow = E(Tsi + 7-surf) (12)
1
= E(Tw + 7-surf + K(Tsurf - 7-w)ksnowdice) (13)

-1
where K = (Kicelsnow + KsnowTice) -

In summary, the input parameters for the model are water temperature (7, =
-1.8°C = constant), water salinity (Sa1er = 339 kg‘1 = constant), surface temperature,
ice salinity, snow density, and ice and snow thickness.

2.2 SMOS data

SMOS is an Earth Explorer mission of the European Space Agency (ESA). The SMOS
satellite was launched in November 2009 and achieves a global coverage every three
3634
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days. The SMOS payload is a passive microwave 2-D-interferometer: the Microwave
Imaging Radiometer using Aperture Synthesis (MIRAS). MIRAS measures the mi-
crowave radiation emitted from the Earth’s surface at a frequency of 1.4 GHz in the
L-band (Kerr et al., 2001). The corresponding wavelength is 21 cm. Every 1.2 s a two-
dimensional snapshot is obtained, which contains observations under various viewing
angles between 0 and 65°. The field of view is a hexagon-like shaped area about
1000 km across (Kerr et al., 2001). The resolution at the centre of the field of view (i.e.
at nadir view) is about 35km and decreases to about 50 km at the edge of the field
of view (i.e. at incidence angles of 65°). The radiometric accuracy of single measure-
ments is 2.1 to 2.4 K (M. Martin-Neira, personal communication, 2013). MIRAS mea-
sures brightness temperatures at full polarisation. Thus, all parameters of the Stokes
vector are provided.

In this study, we use SMOS Level 1C Version 505 data. The Level 1C product con-
tains multi-angular brightness temperatures at the top of the atmosphere. The Level
1C data are geolocated in an equal-area Discrete Global Grid (DGG) system called
ISEA 4H9 (Pinori et al., 2008). This grid is characterised by a uniform distance of
15 km between the cells. For every SMOS grid point, we first gather all Level 1C bright-
ness temperatures and the auxiliary data provided during one day. The latitude, the
longitude, and the grid point number of each measurement are stored together with
the brightness temperatures at full polarisation, the incidence angles, the Faraday ro-
tation angles, and the georotation angles. The Level 1C brightness temperatures are
given in the antenna reference frame, and thus have to be transformed to the Earth
reference frame if the horizontal and the vertical polarisation are considered. This cor-
rection for the geometrical rotation is combined with the correction for Faraday rotation
(Zine et al., 2008). The MIRAS radiometer alternately measures one or two of the four
Stokes vector components per snapshot. For the data processing of SMOS brightness
temperatures in this study, we thus use the four Stokes vector components, as well as
the Faraday rotation and the georotation angles from subsequent snapshots to calcu-
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late the horizontally and vertically polarised brightness temperatures for the considered
SMOS grid point.

SMOS measurements are affected by Radio Frequency Interference (RFI) that orig-
inates from radars, TV stations, and radio transmission (Oliva et al., 2012). Until now,
it is not clear how to deal most effectively with the problems caused by RFI contamina-
tion. There are several algorithms under development (e.g. Camps et al., 2010; Oliva
et al., 2012; Misra and Ruf, 2012). In this study, we use the following approach. We col-
lect all horizontally and vertically polarised SMOS brightness temperatures measured
within a SMOS grid point. These brightness temperatures are sorted according to their
incidence angles. In a first step, we exclude all brightness temperatures that are not
in the range of 50-280 K, because we do not expect natural radiation to take values
outside of this range for sea ice applications. If, after this step, we have more than ten
brightness temperatures for each polarisation and cover at least an incidence angle
range of 10° per grid point, we use the remaining brightness temperatures to calcu-
late a third order polynomial fit of the SMOS brightness temperatures as a function of
incidence angle. The polynomial fit is calculated separately for the horizontal and the
vertical polarisation. All brightness temperatures that deviate more than 15K from this
polynomial fit are excluded from the further analysis. Due to the transformation from
the antenna reference frame to the Earth reference frame, the brightness temperatures
at horizontal and at vertical polarisation are interdependent and in both exclusion steps
both polarisations are excluded, even if only one of them does not fulfill the conditions.

The value of 15K for the exclusion of brightness temperatures is determined after
visual inspection of example cases and is only a rough estimation. Furthermore, fitting
the brightness temperatures at horizontal and vertical polarisation as a function of inci-
dence angle by two separate third order polynomials can be problematic, especially for
low incidence angles, where horizontally and vertically polarised brightness tempera-
tures should be nearly equal. However, we do not expect our RFlI filter processing to
introduce significant errors.
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2.3 The IceBridge flight campaign

For simulation of brightness temperatures, we use ice and snow thicknesses measured
during the NASA Operation IceBridge mission (Kurtz et al., 2012). We use the data
from the flight campaign that took place from 14 March to 2 April 2012 in the Arctic.
The NASA IceBridge Sea Ice Freeboard, Snow Depth, and Thickness (IDCSI2) data set
contains derived geophysical data products including sea ice thickness retrieved from
the Airborne Topographic Mapper (ATM) laser altimeter, and snow depth retrieved from
the IceBridge snow radar. Simultaneously, the ice surface temperature was measured
by a KT19.85 infrared pyrometer alongside the ATM instrument. The IceBridge flight
tracks and the measured snow thicknesses are depicted in Fig. 11.

The ice thickness measurements with the ATM laser altimeter have a footprint size
of about 1m x 268 m. In spring 2009, airborne ATM laser altimeter measurements and
temporally and spatially coincident in-situ sea ice thickness measurements were con-
ducted on sea ice north of Greenland (GreenArc campaign). The mean sea ice thick-
ness retrieved from laser altimeter data and the mean in-situ sea ice thickness agreed
within 5 cm, while the modal values agreed within 10 cm. From this analysis, the uncer-
tainty associated with IceBridge sea ice thickness estimates is assumed to be 40cm
(Farrell et al., 2012). The average ice thickness of all IceBridge ice thickness mea-
surements obtained between 14 March and 2 April 2012 is about 4 m, and the flight
tracks were mainly located over multi-year ice. Only a very small fraction of the mea-
surements was carried out over ice thicknesses below 1 m ice thickness. Thus, the
IceBridge measurements are not suitable for a validation of the ice thickness retrieval
from SMOS brightness temperatures. However, we here use the IceBridge measure-
ments to examine whether we can use our radiation model to realistically simulate
L-band brightness temperatures over snow-covered thick sea ice.

The footprint size of the IceBridge snow radar is about 15m x 16 m. The GreenArc
campaign served also as a validation for the IceBridge snow thicknesses. The mean
snow thickness retrieved from radar data and the mean in-situ snow thickness agreed
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within 1 cm, while the modal values agreed within 2cm (Farrell et al., 2012). The corre-
lation coefficient between the snow thicknesses was r = 0.7, i.e. r? =0.49 (Farrell et al.,
2012). The agreement between airborne and in-situ measurements was very good over
level ice, while the observed differences were larger over multi-year ice, particularly at
pressure ridges. In these regions, snow thicknesses differed by up to 20—60 cm (Farrell
et al., 2012). A comparison of the mean radar derived snow thicknesses with clima-
tological snow thicknesses (Warren et al., 1999) revealed a difference of 0.3cm over
multi-year ice and of 16.5cm over first-year ice (Kurtz and Farrell, 2011).

The footprint size of the KT19.85 infrared pyrometer is about 40 m (Kurtz, 2012).
Here, we use the KT19.85 temperature data (Krabill, 2012) to estimate the surface
temperature of (snow-covered) sea ice. The uncertainty of the surface temperature
data is assumed to be around 0.5 K (Kurtz, 2012). Additionally, in case of clouds or fog
underneath the aircraft, the instrument measures the cloud temperature instead of the
ice surface temperature (Kurtz, 2012).

3 Model simulations and sensitivities

In this section, we first use our emission model to theoretically investigate the impact of
a snow layer on brightness temperatures over thin sea ice and thus on the ice thickness
retrieval from L-band measurements. For thin ice, the brightness temperature is mainly
sensitive to the ice layer’s thickness. Whether the brightness temperature of thick ice
depends on the snow layer thickness is investigated in the second part of this section.

3.1 Thermal insulation and dielectric properties of show

We use our radiation model to simulate brightness temperatures over snow-covered
sea ice for typical Arctic winter conditions: snow density is set to p, = 260kg m'3, and
the snow is assumed to be dry (wetness W, = 0%) and to have a thickness of 10 %
of the ice thickness (Doronin, 1971). The surface temperature is T, = —20°C. Sim-
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ulations are performed for brightness temperatures at an incidence angle 6 = 45° at
horizontal and at vertical polarisation. In order to investigate the impact of the snow
cover on the brightness temperatures due to the dielectric properties of snow sepa-
rately from the impact due to the thermal insulation effect of snow, we compare three
different scenarios for the brightness temperature as a function of ice thickness:

1. Bare sea ice without a snow cover.

2. Bare sea ice without a snow cover, but a bulk ice temperature as if the thermal
insulation effect of snow was present. The bulk ice temperature is calculated from
the snow thickness using Eq. (11).

3. Sea ice covered with snow, where the bulk snow and ice temperatures are as
calculated from Egs. (13) and (11), respectively.

The snow layer causes the modelled brightness temperatures to increase (Fig. 1). The
brightness temperature increase is higher for horizontal than for vertical polarisation.
For our example case, the snow layer causes brightness temperatures for 50 cm thick
ice to increase by 23K at horizontal and by 6K at vertical polarisation (6 = 45°). At
horizontal polarisation, the relative contribution of the increased ice temperature to the
overall brightness temperature increase is relatively small. This contribution by thermal
insulation is higher for small ice thicknesses and declines with increasing ice thickness.
At vertical polarisation, the increased ice temperature under the snow cover is almost
solely responsible for the brightness temperature increase.

We do not show the results for other incidence angles or surface temperatures here,
but we state that at nadir view (8 = 0°) the impact of a snow layer on the brightness
temperature is about the average of the increases shown here for 8 = 45° at horizontal
and at vertical polarisation. When the incidence angle increases from 6 = 0°, the bright-
ness temperature increase caused by snow increases for horizontal polarisation and
decreases for vertical polarisation. For higher surface temperatures, the thermal insula-
tion of snow causes brightness temperatures to increase less, because the brightness
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temperatures are less sensitive to ice temperature at higher temperatures. For surface
temperatures higher than about —10 °C, the thermal insulation even causes a decrease
of brightness temperature (for the conditions considered here). At vertical polarisation,
the brightness temperatures of warmer sea ice are thus very similar for snow-covered
and snow-free sea ice. While at horizontal polarisation the overall effect of a snow layer
is still an increase of the brightness temperature of snow-covered ice compared to
snow-free ice, because the contribution of the dielectric properties is higher than the
contribution by thermal insulation of snow.

Because the emission model by Burke et al. (1979) is based on the radiative trans-
fer equation, the model does not converge to the correct solution for layer thicknesses
approaching zero (Menashi et al., 1993). Thus, we see a jump in the brightness tem-
perature from open water to a very thin ice layer, as well as from bare sea ice to sea ice
that is covered by a very thin snow layer (Fig. 1). Moreover, in further studies we found
that the emission model after Burke et al. (1979) is not suitable for considering multi-
ple layers within ice, because the model neglects higher order reflection terms (Maaf3,
2013). Therefore, the emission model after Burke et al. (1979) has been compared to
a coherent model described in Ulaby et al. (1981) that is based on the Maxwell equa-
tions and accounts for higher order reflection terms (Maaf3, 2013). Except for the first
few cm of ice and snow layer thickness the brightness temperatures from these two
models agreed well. Thus, we think that although the emission model after Burke et al.
(1979) neglects higher order reflection terms and does not describe the transition from
a non-existing layer to a very thin layer (a few cm), our emission model reproduces well
the brightness temperature changes caused by a layer of snow on top of sea ice.

3.2 Snow thickness

After investigating the impact of a snow layer with a typical thickness on top of relatively
thin ice in the previous part, we now investigate whether the brightness temperature
over thick ice depends on the thickness of the snow layer. Therefore, we use our model
to calculate the brightness temperature over 4 m thick ice as a function of snow thick-
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ness. In one simulation we account for the thermal insulation effect of snow, in the
other simulation we consider only the dielectric properties of snow. As in the previ-
ous investigation, snow density is p; = 260kg m'3, and the snow is assumed to be
dry. The simulations are performed for two surface temperatures (T, = —15°C and
Tsurt = —30°C). Here, we consider horizontally polarised brightness temperatures at an
incidence angle 6 = 45°.

We find that, if we consider only the dielectric properties of snow, the thickness of
the snow layer does not influence brightness temperatures in the considered range of
snow thicknesses (Fig. 2). However, if we take into account the thermal insulation by
snow, the brightness temperature increases with increasing snow thickness. A thicker
snow layer has a higher insulation effect and thus the bulk ice temperature under a
thick snow layer is higher than under a thin snow layer. In our investigations the bright-
ness temperature thus increases by 5.4 K when the snow thickness increases from 0 to
50 c¢m for T, = —30 °C. For higher temperatures (T, = —15°C), brightness tempera-
ture is less sensitive to snow thickness, and the brightness temperature increases by
2.3 K, when the snow thickness increases to 50 cm.

For thin ice, the sensitivity of brightness temperature to ice thickness and to snow
thickness are similar (not shown here). Thus, we cannot distinguish between an in-
creasing ice and an increasing snow thickness. For thick ice (as compared to the maxi-
mum retrievable ice thickness), the sensitivity of brightness temperature to snow thick-
ness is about an order of magnitude higher than the sensitivity to ice thickness. Thus,
we here focus on the influence of snow thickness on brightness temperatures over
relatively thick sea ice.

In order to test the validity of our theoretical considerations, we in the following
section simulate brightness temperatures over snow-covered sea ice and compare
these brightness temperature simulations with SMOS brightness temperature mea-
surements. In the subsequent section, we investigate whether brightness temperatures
as observed by SMOS over thick Arctic sea ice depend on snow thickness and whether
there is a potential for retrieving snow thickness from SMOS observations.
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4 Comparison of brightness temperature simulations and SMOS observations

We compare two different brightness temperature simulations with brightness temper-
atures measured by SMOS. For one simulation our emission model is applied to one
ice layer and the ice thickness information from IceBridge measurements. In this sim-
ulation we neglect a potential snow cover. For the other simulation our emission model
is applied to one layer of ice that is covered by one layer of snow; the ice and snow
layer thicknesses are taken from the lceBridge measurements.

We simulate brightness temperatures for every SMOS grid cell that contains at least
50 single IceBridge measurements. For the simulations, we use the mean values of
all IceBridge ice and snow thickness measurements that are located within the SMOS
grid cell as model input for ice and snow thickness. Ice salinity is estimated from ice
thickness using an empirical relationship between ice salinity and ice thickness in the
Arctic (Cox and Weeks, 1974). This empirical relationship was determined for ice thick-
nesses up to 4m. For thicker ice we use the value for 4m ice thickness, which is
Sice = 1.529kg'1. Ice and snow temperatures are estimated from the KT19 ice sur-
face temperatures measured during the IceBridge flight campaign. For the snow-free
simulations, we use the mean value between the KT19 ice surface temperature and
the water temperature as model input for the ice temperature. For the simulations that
include a snow layer, we use equations (11) and (13) to calculate ice and snow tem-
peratures for the model from KT19 ice surface temperatures. As model input for ice
concentration, we use ice concentrations that have been retrieved from the 85 GHz
channel of SSMIS using the ARTIST Sea Ice (ASI) algorithm (Kaleschke et al., 2001;
Spreen et al., 2008). The ice concentration data are given on a polar stereographic grid
with 12.5 km grid resolution. The data are 5 day median filtered in order to mitigate un-
realistic short-term sea ice concentration variations due to weather effects. For snow
density we assume a value of pg,q, = 260kg m™~2, which is the mean snow density
determined from in-situ measurements during the GreenArc campaign (Farrell et al.,
2012). According to the IceBridge surface temperatures, the campaign was conducted
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under freezing conditions. Thus, we expect the ice to be covered by dry snow and
assume a snow wetness of W = 0 % in the model.

Because ice concentration and ice temperature have a large influence on the mod-
elled brightness temperatures, we in a second comparison constrain the pixels with
respect to (a) ice concentration and (b) ice temperature. (a) The difference between
the brightness temperature of thick ice (for our purposes: d,., > 0.5m in the Arctic) and
water is typically in the order of 130K. For example, an error of only 5% in the ice
concentration would thus cause an error in the brightness temperature of about 6.5 K.
The uncertainty of ASI ice concentrations is higher for low ice concentrations than for
high ice concentrations. The theoretically expected standard deviation of ice concentra-
tion is about 25 % for ice concentrations around ¢, = 0 %, about 13 % for ¢;;, = 50 %,
and about 6 % for ¢;,, = 100 % (Spreen et al., 2008). A comparison with in-situ data
and high-resolution satellite data revealed a standard deviation of almost 5% for ice
concentrations ¢, > 90 % (Andersen et al., 2007). Thus, in a second comparison, we
consider only cases with an almost closed ice cover and use only pixels with ice con-
centrations c¢;,, > 95 %, and set the ice concentration in the model to ¢;,, = 100 %. (b)
Because we do not know how reliable the KT19 surface temperature information is, we
also perform the simulations in the second comparison for a fixed surface temperature.
Therefore, we calculate the average surface temperature from all KT19 measurements
that are included in our analysis. As model input for the surface temperature we then
use this average value and include only pixels with surface temperatures that are within
one standard deviation of the average surface temperature. The average surface tem-
perature for all pixels with ice concentrations Cice > 95% is Ty, = —32.8°C, and the
standard deviation is oy =4.5°C.

Thus, we here compare SMOS brightness temperatures with brightness temperature
simulations that neglect and that include a snow layer

1. for all ice concentrations and surface temperatures; ice concentration and surface
temperature are variable, and
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2. only for almost completely ice-covered cases (Cj.e > 95 %) and only for surface
temperatures within one standard deviation of the average surface temperature
(=87.3°C < T, < —28.3°C); the ice concentration is set to ¢, = 100 %, the sur-
face temperature is set to the average value T, = -32.8°C.

For the comparison with simulated brightness temperatures, we use all SMOS bright-
ness temperatures with incidence angles 8 between 0 and 60°. For each SMOS pixel
we average the brightness temperatures measured at 8 = 0-10°, for the remaining
incidence angles we average the brightness temperatures over 5° incidence angle in-
tervals, i.e. for 10-15, 12.5-17.5, 15-20,..., 55-60°. The simulations are calculated
for the corresponding mean incidence angles 6 = 5, 12.5, 15, 17.5,..., 57.5°.

4.1 Results for all ice concentrations and all ice surface temperatures

For this simulation scenario, the simulations that neglect and that include a snow layer
differ considerably for horizontal polarisation (Fig. 3). At vertical polarisation, the im-
pact of a snow layer is smaller (Fig. 4). For both polarisations, the modelled brightness
temperatures increase, when a snow layer is added. Contemporaneously, the range of
brightness temperatures decreases, when a snow layer is added. At horizontal polar-
isation, brightness temperatures at low incidence angles (6 < 15°) increase by about
13K, while brightness temperatures at high incidence angles (6 > 50°) increase by
about 26 K, when a snow layer is added. The range of brightness temperatures for dif-
ferent incidence angles decreases from about 60 K, when neglecting the snow cover,
to about 47 K, when including the snow cover. At vertical polarisation, brightness tem-
peratures at low incidence angles (6 < 15°) increase by about 10 K, while brightness
temperatures at high incidence angles (6 > 50°) increase only by about 3K, when a
snow layer is added. The range of values decreases from about 35 K, when neglecting
the snow cover, to about 28 K, when including the snow cover.

At horizontal polarisation, including the snow layer considerably reduces the devia-
tions between simulated and measured brightness temperatures (Table 1). When ne-
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glecting the snow layer, the simulations underestimate the measured brightness tem-
peratures on average by 22.9 K, as compared to an average underestimation by 4.4 K,
when the snow layer is included. The correlation coefficients are rather similar for the
simulations without and with snow (r2 =0.44 and r* = 0.38, respectively). Compared to
the horizontal polarisation, at vertical polarisation the correlation coefficients between
the simulated and the observed brightness temperatures are considerably smaller, as
well as the differences between simulations that neglect and that include the snow layer
(Table 1).

4.2 Results for the closed ice cover cases and a fixed surface temperature

Figures 5 and 6 show the results for comparing only the pixels that are almost com-
pletely ice-covered and that have a surface temperature within one standard deviation
of the average surface temperature (-37.3°C < T+ < —28.3°C). Compared to sce-
nario (1), the root mean square deviations decrease, and the correlation coefficients
increase. At horizontal polarisation, the root mean square deviation between simulated
and measured brightness temperatures is 20.0 K, when the snow layer is neglected,
and decreases to 4.4 K, when the snow layer is included. The correlation coefficients
are r® = 0.58 without snow, and r? = 0.61 with snow.

5 Potential for retrieval of snow thickness

The above comparison between measured and modelled brightness temperatures sug-
gests that brightness temperatures observed by SMOS are influenced by the presence
of a snow layer on top of the ice. According to the results from the previous sections,
brightness temperatures over snow-covered sea ice are independent of snow layer
thickness, when only the dielectric properties of the snow layer are considered. How-
ever, due to the thermal insulation effect of snow, there is an indirect effect of snow
thickness on brightness temperatures.
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5.1 Brightness temperatures for different snow thicknesses

In order to investigate this indirect impact of snow layer thickness on observed bright-
ness temperatures, we divide the IceBridge measurements into five snow thickness
classes and consider the corresponding SMOS brightness temperatures. We choose
the snow thickness classes such that each class is represented by approximately the
same amount of observations. The snow thickness classes are (1) dg,on = 4—-12Ccm,
(2) dgpow = 12—20cm, (3) dgnow = 20—26.cm, (4) dgnow = 26-32cm, and (5) dgpow = 32—
44 cm. Every snow thickness class contains between 128 and 282 SMOS grid cells.
These grid cells contain at least 50 IceBridge snow thickness measurements and con-
temporaneous SMOS brightness temperatures. SMOS brightness temperatures are
averaged over incidence angle ranges of 5° (except for the incidence angles averaged
over 8 = 0-10°), as was done in the previous section.

For comparison, we not only consider the observed brightness temperatures, but
also simulate brightness temperatures for the snow thickness classes 1 to 5. We use
fixed values for the ice concentration, ice thickness, ice salinity, and ice surface tem-
perature. We use only SMOS grid cells with ¢, > 95 % and set the ice concentra-
tion in the model to ¢, = 100 %. For ice thickness in the model, we use the average
value of all IceBridge ice thickness measurements with ¢, > 95 %, which is dj;e = 4 m.
Accordingly, the ice salinity in the model is set to S, = 1.5gkg™" (Cox and Weeks,
1974). For the surface temperature, we use the average value of all KT19 values, i.e.
Tourt = —32.8°C.

The mean brightness temperatures, averaged over the whole incidence angle range,
for the average snow thicknesses of the five snow thickness classes are shown in Fig. 7.
In general, the observed brightness temperatures increase with increasing snow thick-
ness for both horizontal and vertical polarisation. The mean brightness temperature
observations at horizontal polarisation increase by 1.4 K from snow thickness class 1
to 2, by 2.7 K from snow thickness class 2 to 3, by additional 1.0 K for snow thickness
class 4, and another 0.7 K for snow thickness class 5. At vertical polarisation, observed
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mean brightness temperatures increase by 1.8 K from snow thickness class 1 to 2,
and by 2.3K from 2 to 3. For snow thickness classes 3 to 5, i.e. for snow thicknesses
dsnow = 20—44 cm, the vertically polarised brightness temperatures are very similar and
differ by only 0.4 K.

Brightness temperatures increase more pronouncedly from snow thickness class 2
to 3, than from 1 to 2. This reflects the fact, that the average snow thicknesses of snow
thickness classes 1, 2, and 3 are 10.2cm, 15.3cm, and 23.4 cm, respectively. Thus,
snow thickness from 1 to 2 increases on average by 5.1 cm, while snow thickness from
2 to 3 increases on average by 8.1 cm. For the other cases, the increase of brightness
temperatures with increasing snow thickness is smaller for higher snow thicknesses.
When we compare the observed brightness temperatures with the modelled brightness
temperatures, the mean deviations at horizontal polarisation are 2.1 and 1.7 K for the
snow thickness classes 1 and 2, respectively; the mean deviations for the snow thick-
ness classes 3 to 5 are between 0.0 and 0.3 K. The horizontally polarised brightness
temperatures are thus on average slightly overestimated by the model, when compared
to the observations. At vertical polarisation, we find that the model systematically over-
estimates the observed brightness temperatures by 4.3 to 6.1 K for the five snow thick-
ness classes. When we try different values for the ice temperature, snow density, and
ice salinity (not shown here), we find that only the ice salinity impacts the modelled
brightness temperatures thus that the deviations between the observations and the
model are more evenly distributed for horizontal and for vertical polarisation, such that
the horizontally polarised brightness temperatures are slightly underestimated and the
vertically polarised brightness temperatures are slightly overestimated by the model.
However, this is only the case for a very low ice salinity of Si;, =1 gkg_1, because
brightness temperatures are very sensitive to ice salinity for low ice salinities (Maaf3,
2013). For ice salinities S, > 1.59kg’1, the brightness temperatures are only slightly
influenced by ice salinity. Because we can expect an ice salinity of 1g kg‘1 to be a too
low value for the average ice salinity of the sea ice in the IceBridge campaign area, we
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expect the results shown here to be representative for our sea ice radiation model in
its current state.

The angular dependency of the observed and simulated brightness temperatures
for the five snow thickness classes are shown in Fig. 8. For low incidence angles
6 < 20°, modelled brightness temperatures are about 5-8 K higher than the observed
brightness temperatures. This is in accordance with reports about problems with the
SMOS brightness temperature processor that cause brightness temperatures for low
incidence angles to be some K too low (M. Martin-Neira, personal communication,
2012).

5.2 Comparison of retrieved and measured snow thicknesses

The results from the previous sections suggest that brightness temperatures at vertical
polarisation are less affected by the presence of a snow cover than the brightness tem-
peratures at horizontal polarisation. The brightness temperature’s sensitivity to snow
thickness appears to be similar for horizontal and vertical polarisation. However, our
radiation model reproduces the absolute values of the observed brightness tempera-
tures of snow-covered thick sea ice considerably better for horizontal than for vertical
polarisation. Thus, we here focus on investigating whether horizontally polarised bright-
ness temperatures as observed by SMOS have the potential for the retrieval of snow
thickness over thick Arctic sea ice. For comparison, we also consider the retrieval as
obtained from vertically polarised brightness temperatures.

In order to investigate how successfully we can retrieve snow thickness over thick
sea ice from SMOS, we use different simulation scenarios to simulate brightness tem-
peratures at horizontal and at vertical polarisation over a range of incidence angles.
In these simulation scenarios, we use fixed values for all model input parameters and
perform the simulations for different snow thicknesses (dg,on = 0—70cm). These sim-
ulated brightness temperatures are then compared with observed SMOS brightness
temperatures over a range of incidence angles. The retrieved snow thickness is the
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snow thickness that is related with the simulation that has the lowest root mean square
deviation between the simulated and the observed brightness temperatures.

For the retrieval, we use only pixels that are almost completely ice-covered (Cjze >
95 %) and have a surface temperature —37.3°C < Tg,; < —28.3°C. Thus, we can as-
sume an ice concentration ¢, = 100 % and use a constant surface temperature. For
the remaining model input parameters, we assume different values and perform 15
different scenarios. Thus, we pretend not to have exact information on the ice condi-
tions when we retrieve snow thickness from SMOS data. In Sect. 4, the ice surface
temperature is assumed to be Ty s = —32.8°C, the ice salinity is Si,, = 1.5gkg™", the
ice thickness is di, =4 m, and the snow density is pg,qw = 260 kg m~>. In the scenar-
ios here, the surface temperature takes values between —40.15 and —33.15°C, the ice
salinityis1.50r2.5¢g kg‘1 , the ice thickness is between 3 and 5 m, and the snow density
takes values between 200 and 320 kg m=3. Additionally, we consider simulations over
the incidence angle range 15-50° or 15-60°. The simulated brightness temperatures
are then compared to SMOS brightness temperatures only using data from the day on
which the corresponding IceBridge measurements took place, or additionally from the
day before and after that day, i.e. we average the SMOS brightness temperatures over
three days.

The root mean square deviations and the correlation coefficients between the Ice-
Bridge snow thicknesses and the snow thicknesses retrieved from SMOS brightness
temperatures for the 15 simulation scenarios are shown in Fig. 9. The corresponding
minimum, maximum, and mean values for the root mean square deviations and the
correlation coefficients are given in Table 1.

The results from the previous sections suggest that the sensitivity of brightness tem-
perature to snow thickness decreases with increasing snow thickness. Thus, the ac-
curacy of a potential snow thickness retrieval from SMOS brightness temperatures is
expected to be higher for lower snow thicknesses. Therefore, we here also compare
only SMOS and IceBridge pixels for that the SMOS retrieval returns snow thicknesses
snow < 35cm. For these lower snow thicknesses, only the results for horizontal polar-
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isation are depicted in Fig. 9 and Table 1, because for vertical polarisation almost all
retrieved snow thicknesses are below 35 cm, even if they are not explicitly constrained
to these values.

At vertical polarisation, the root mean square deviations and the correlation coeffi-
cients between the IceBridge and the SMOS snow thicknesses show an approximately
linear relationship (Fig. 9). Lower correlation coefficients coincide with higher root mean
square deviations, and higher correlation coefficients coincide with lower root mean
square deviations. For the 15 simulation scenarios for vertical polarisation, the correla-
tion coefficients r? take values between 0.10 and 0.26, and the root mean square de-
viations between the IceBridge and the SMOS snow thicknesses range between 17.1
and 23.3cm. For the 15 simulation scenarios at horizontal polarisation, the correlation
coefficients r? take values between 0.44 and 0.60, on average we obtain a correlation
coefficient r? = 0.53. The root mean square deviations between the IceBridge and the
SMOS snow thicknesses range between 14.2 and 25.8 cm, the average value being
17.6cm.

Thus, all correlation coefficients for horizontal polarisation are higher than for verti-
cal polarisation. The range of correlation coefficients is smaller at horizontal than at
vertical polarisation, while the range of root mean square deviations is broader at hor-
izontal than at vertical polarisation. However, the minimum and the mean values of
the root mean square deviations for horizontal polarisation are smaller than for vertical
polarisation. If we consider only pixels for that the retrieval from horizontally polarised
SMOS brightness temperatures gives snow thicknesses dg,,, < 35cm, the correlation
coefficients slightly decrease, compared to the case, when we consider all snow thick-
nesses. The average correlation coefficient is r? = 0.51. The minimum correlation is
r? =0.32, but except for the one simulation scenario that has this low value, all other
correlation coefficients r* take values between 0.45 and 0.56. The root mean square
deviations are between 6.3 and 10.6 cm, the average value being 7.7 cm.

We choose the simulation scenario no. 6 to illustrate the comparison between Ice-
Bridge and SMOS snow thicknesses. For this simulation scenario, the root mean
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square deviation is lowest, when we consider only snow thicknesses retrieved to
be dgnow < 35cm. In this simulation, the ice surface temperature is assumed to be
Tsurt = —38.15°C, the ice salinity is Si, = 1.5gkg™", the ice thickness is dice =4 m, and
the snow density is pgpo = 260 kg m™>. We consider simulations over the incidence
angle range 15-50°, and we use SMOS brightness temperatures averaged over three
days.

The comparison for all snow thicknesses shows a good average agreement for
snow thicknesses up to about 30—-35cm and an overestimation of snow thicknesses,
when the thickness retrieval returns higher values (Fig. 10). The minimum detectable
snow thickness of the IceBridge snow radar is about 5cm, thus there are no values
below 5cm for the IceBridge snow thickness. The average Ice Bridge snow thick-

ness is dgnow = 23.1cm, while the average snow thickness from the SMOS retrieval
is @ = 32.7 cm. The correlation coefficient for the snow thicknesses of this simula-
tion scenario is r? = 0.55, and the root mean square deviation is 17.9 cm.

If we consider only snow thicknesses retrieved to be dj,,, < 35cm, the correlation
coefficient for the snow thicknesses of this simulation scenario is r? = 0.55, and the
root mean square deviation is 6.3 cm. The average IceBridge snow thickness is m =

18.9cm, and the average snow thickness from the SMOS retrieval is dg,,, = 18.2cm.
Thus, the average snow thicknesses differ by only 0.7 cm.

We use the parameter settings of the above described simulation to produce a first
snow thickness map for the Arctic and to compare the spatial distributions of the snow
thicknesses as measured during the IceBridge campaign and as obtained from the
SMOS snow thickness retrieval from brightness temperatures averaged over 14 to 31
March 2012 (Fig. 11). In accordance with the IceBridge measurements, this first SMOS
snow thickness map reveals a thinner snow cover in the Canadian Arctic (about 130
to 180° W longitude), and thicker snow towards the coast of Greenland (about 0 to
120° W).
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6 Summary and discussion

In this study, we used an emission model developed by Burke et al. (1979) and em-
pirical relationships for the ice and snow permittivities to calculate L-band brightness
temperatures of snow-covered sea ice. When we assume values for the ice surface
temperature and the ice salinity, the emission model describes the brightness tempera-
ture of a slab of ice above a semi-infinite layer of water as a function of the ice thickness.
Additionally, a snow layer with a certain density (and wetness) on top of the ice layer
can be included in the model. When we added a snow layer on top of the sea ice, we
obtained a brightness temperature increase because of the lower reflectivities of radia-
tion at the air-snow and the snow-ice-boundaries as compared to the air-ice boundary.
Thus, more of the radiation originating from within the ice is observable above a snow-
covered ice layer than above a bare ice layer. The difference between the brightness
temperatures of snow-covered sea ice and bare sea ice is larger at horizontal polari-
sation than at vertical polarisation. Because dry snow is almost transparent in L-band,
only a very small fraction of the radiation from the underlying ice is attenuated on its
way through the snow layer to the surface, and the thickness of the snow layer does
not influence the dielectric properties of the snow layer. The brightness temperature
above snow-covered sea ice depends only on the snow layer’s thickness because the
thickness of the snow layer influences the temperature of the underlying sea ice, which
in turn influences the brightness temperature. Thus, there is an indirect dependence
between snow thickness and brightness temperature.

In order to test the validity of our results from the theoretical investigations, we used
snow and ice thickness measurements from the IceBridge flight campaign in spring
2012 in the Arctic to simulate brightness temperatures and to compare these simu-
lated brightness temperatures with brightness temperatures measured by SMOS. In
agreement with the findings from the model simulations in the previous section, we
obtained two main findings. Firstly, the observed SMOS brightness temperatures were
considerably underestimated when we neglected the snow layer in our model simula-
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tions. Secondly, the horizontally polarised brightness temperatures were more affected
by the presence of a snow layer than the vertically polarised brightness temperatures.

The reasons for the deviations between the simulated and the observed brightness
temperatures are mainly the remaining uncertainties for the ice and snow thicknesses,
the ice concentration, the ice temperature, and the ice salinity. While we had informa-
tion on the former ice parameters, the ice salinity was only roughly estimated from the
ice thickness using an empirical relationship between ice salinity and thickness. The
IceBridge measurements were mainly taken over thick sea ice. The average value was
4 m and there were only very few measurements over sea ice with a thickness lower
than 1 m. At these high ice thicknesses, ice thickness itself does not have a large im-
pact on brightness temperature. However, the salinity of thick sea ice is usually low,
and studies on the brightness temperature’s sensitivity to ice salinity variations have
shown a very high sensitivity for low ice salinities (Maaf3, 2013). Hence, knowledge on
ice salinity is more crucial for thick multi-year ice with low salinities, as considered here,
than for thin first-year ice with high salinities.

In accordance with our theoretical considerations, we found that observed SMOS
brightness temperatures slightly increased with increasing snow thickness. From the
snow thickness class with dg,,,, = 4—12 cm to the snow thickness class with dg,, = 32—
44 cm, SMOS brightness temperatures, averaged over all incidence angles, increased
by 5.8 K at horizontal polarisation, and by 4.3 K at vertical polarisation. The observed in-
creases were somewhat higher than the modelled increases of 3.7 K at horizontal, and
3.8K at vertical polarisation. For the attempt to retrieve snow thickness from SMOS
brightness temperatures, we set up different simulations that assumed different con-
stant values for the model input parameters surface temperature, ice salinity, ice thick-
ness, and snow density. For the model input parameters we assumed values within a
range that is likely to occur in nature. Thus, we were able to estimate how the retrieval
would perform under the least suitable and under the most suitable assumptions for
the above mentioned ice parameters, if we had no exact information on ice conditions.
Ideally, we would have performed the simulations for all possible combinations of the
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ice parameters that were varied here. However, we think that the 15 selected scenarios
representatively cover the range of conceivable settings and the corresponding results.
The surface temperatures were varied only over a range of 7 °C here, because we can
assume that for the retrieval of snow thickness from SMOS brightness temperatures,
we would have at least some information on ice temperature, for example from air
temperatures, which are available from observations or near real-time reanalysis data.

Here, we used a retrieval method based on discretized snow thickness values. More
continuous results would have been obtained, if we used a gradient method, for which
the deviation between simulated and observed brightness temperatures quickly ap-
proaches towards minimum values. Thus, we would not have to compare simulated
and observed brightness temperatures for the entire snow thickness range and could
resolve snow thicknesses on a finer scale. However, as the accuracy of the snow thick-
ness retrieval is in the order of several cm, the results from a retrieval approach giving
finer resolved snow thicknesses would not differ from our findings here. Though, such
a gradient based retrieval approach could be more advisable for large-scale retrieval of
snow thickness.

A conceivable reason for the observed dependence between snow thickness and
brightness temperature is that brightness temperature actually depends on ice thick-
ness (even if the ice is very thick). If this was the case, we would possibly observe
a dependence between snow thickness and brightness temperature, because snow
thickness is related to ice thickness, as assumed in the calculations of Doronin (1971),
who estimated that snow thickness is on average 10 % of ice thickness (for ice thick-
nesses d, > 20cm). In order to exclude this possibility, we tried to retrieve ice thick-
ness with the same approach as for the snow thickness (not shown here). The results
confirmed that brightness temperatures cannot be mainly attributed to ice thickness,
because the correlation between ice thicknesses was negative with r’w 0.2, and root
mean square deviations were almost 4 m.

Here, the retrieval exploited the SMOS measurement principle of observing bright-
ness temperatures not only under one incidence angle but for a range of incidence
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angles. With the current sea ice radiation model the retrieval was not successful, when
we considered only single SMOS measurements or SMOS brightness temperatures
from certain incidence angles. One reason is that the SMOS brightness temperatures
have a relatively high variability. Thus, we need to average over as many measure-
ments as possible in order to extract any information from the brightness temperatures.
A second reason is, that with our radiation model we succeeded to simulate bright-
ness temperatures averaged over a range of incidence angles such that they agreed
well with SMOS measurements. However, the SMOS brightness temperatures showed
some oscillations, when considered as a function of incidence angle. Using our model,
at the present state, we were not able to reproduce these oscillations with increasing
incidence angle, but only the average brightness temperature over the incidence angle
range. These observed oscillations could be related to roughness effects on the ice
and snow surface, which are not taken into account by our model.

Our snow thickness map obtained from SMOS measurements showed a good spatial
agreement with the IceBridge snow thicknesses. The areas outside the area covered
by the IceBridge campaign should be interpreted more carefully, because we used
constant values for the model input parameters ice temperature, ice salinity, and snow
density, as we estimated them from the conditions found during the IceBridge flight
campaign. The highest deviations between SMOS and IceBridge snow thicknesses
were found east of Greenland around the longitude of 0°. In this area, surface air tem-
perature data show highly variable temperatures with very warm conditions. When we
assume too low temperatures in the retrieval, we obtain an overestimation of snow
thickness. Additionally, due to the high variability of temperatures our approach of as-
suming constant values for the ice temperature may lead to higher uncertainties in the
snow thickness retrieval than in areas with more constant temperature conditions. Fur-
thermore, the SSMIS ice concentration data in this area show a considerably higher
variability than in the remaining areas. Our approach of excluding SMOS measure-
ments over low ice concentration areas is based on 5 day median filtered SSMIS data.
Over the highly variable ice concentration field, this approach may fail and the consid-
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ered SMOS pixels may contain water areas. In this case, we would observe consider-
ably lower brightness temperatures and would underestimate snow thickness. A future
improved snow thickness retrieval from SMOS brightness temperatures should thus
include temperature information and more carefully take into account ice concentration
variability.

7 Conclusions

According to our emission model, snow has a twofold impact on sea ice brightness tem-
peratures. Firstly, the presence of a snow layer modifies the radiation observed above
sea ice, because the reflectivities between the air-snow- and the snow-ice-boundaries
are lower than the reflectivity at the air-ice-boundary. Secondly, the thermal insula-
tion by snow modifies the ice temperature and thus the ice permittivity. The first effect
causes brightness temperatures above snow-covered sea ice to be higher than above
snow-free sea ice. At horizontal polarisation, this increase of brightness temperature
increases with increasing incidence angle 8 and reaches almost 20K at 6 = 45° (for
dice =50cm). In contrast, at vertical polarisation, the brightness temperature increase
due to the presence of a snow cover decreases with increasing incidence angle. At
6 = 45°, vertically polarised brightness temperatures of snow-covered and snow-free
sea ice are almost identical, if the second effect, the thermal insulation by snow, is
neglected. The presence of a snow layer appears as a sudden increase of brightness
temperature in our emission model, because the model fails to describe the transition
from no snow to a very thin snow cover (of a few cm). Apart from this sudden increase,
brightness temperatures in our emission model are nearly independent of the thick-
ness of the snow layer, because snow is almost transparent in L-band. However, this
holds only if we neglect the thermal insulation effect by snow. The influence of the
snow’s thermal insulation on sea ice brightness temperatures depends on the surface
temperature conditions. For the relatively cold conditions considered here (ice surface

3656

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq | Jaded uoissnosiq

uI
| MM I

TCD
7, 36273674, 2013

Snow thickness
retrieval over thick
Arctic sea ice using
SMOS satellite data

N. MaaR et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/7/3627/2013/tcd-7-3627-2013-print.pdf
http://www.the-cryosphere-discuss.net/7/3627/2013/tcd-7-3627-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

temperature below —10°C), thermal insulation causes brightness temperatures to in-
crease with increasing snow thickness.

Comparisons between simulated and observed brightness temperatures for snow-
covered thick ice in the Arctic confirmed that horizontal polarisation is more affected
by the presence of a snow layer than vertical polarisation. At horizontal polarisation,
the root mean square deviation between simulated and observed brightness tempera-
tures, averaged over the SMOS incidence angle range (8 = 0-60°), reduced by more
than 15K, when a snow layer was taken into account. We found that for the model sim-
ulations with snow, modelled brightness temperatures agreed well with observations at
horizontal polarisation, while the model overestimated the observations by about 5-8 K
at vertical polarisation. In agreement with our model results, SMOS brightness tem-
peratures observed over snow-covered thick Arctic sea ice increased with increasing
snow thickness, when averaged over about 100—200 IceBridge measurements.

Due to the better agreement between simulations and observations at horizontal than
at vertical polarisation, we used SMOS brightness temperatures at horizontal polarisa-
tion to estimate snow thickness over thick Arctic sea ice. The performance of the snow
thickness retrieval depended on the model assumptions for ice temperature, ice salinity,
and snow density. For different model assumptions, the root mean square deviations
between SMOS retrieved snow thicknesses and snow thicknesses measured during
the IceBridge campaign ranged between 14.2 and 25.8 cm, and the average root mean
square deviation was 17.6 cm. The correlation coefficients r? ranged between 0.44 and
0.60. When we constrained the comparison to snow thicknesses retrieved to be lower
than 35 cm, the root mean square deviations ranged between 6.3 and 10.6 cm, and the
average root mean square deviation was 7.7 cm. For the model assumptions with the
lowest deviation from the observations, mean SMOS and IceBridge snow thicknesses
were then around 18 cm and differed by only 0.7 cm. A first SMOS snow thickness map
showed a realistic distribution of snow thicknesses for the Arctic.

To conclude, the thickness of the snow layer on sea ice has an indirect effect on
L-band brightness temperatures, because ice that is covered by a thicker snow layer is
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warmer than ice covered by a thinner snow layer. This allows us to reasonably estimate
the snow thickness over thick sea ice from SMOS brightness temperatures at horizontal
polarisation.
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Table 1. Root mean square deviations RMSD, mean deviations MD, and correlation coefficients
r? for simulated brightness temperatures and brightness temperatures as measured by SMOS

for horizontal and vertical polarisation.

Scenario 1 Scenario 2

no snow 24.6 20.0

RMSD [K] snow 7.8 4.4

no snow 22.9 18.5

H-Pol - MD [K] snow 4.4 -0.9
> no snow 0.44 0.58

r snow 0.38 0.61

no snow 8.6 5.2

RMSD [K] snow 5.6 7.4

no snow 5.8 2.0

V-Pol - MD [K] snow -2.1 -6.5
> no snow 0.25 0.39

r snow 0.19 0.39

Data points N 22798 12084
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Table 2. Minimum, maximum, and mean root mean square deviations RMSD and correlation
coefficients 2 for the IceBridge snow thicknesses and the snow thicknesses as retrieved from
SMOS brightness temperatures for the 15 simulation scenarios. The values are given for the
retrieval with horizontally and with vertically polarised brightness temperatures, as well as for
horizontally polarised brightness temperatures, when only retrieved snow thicknesses dg,,, <

35 cm are considered.

MIN MAX MEAN
H-Pol 1415 25.82 17.64

RMSD [cm]  V-Pol 1711 2325 20.29
H-Pol (dg,, <35cm)  6.33 10.64  7.66

H-Pol 0.44 060 053

r? V-Pol 010 026 0.18
H-Pol (dg,ow < 35cm) 0.32 0.56  0.51
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Fig. 1. Brightness temperature at horizontal (blue) and vertical (magenta) polarisation for an
incidence angle 8 = 45° as a function of ice thickness for three different scenarios: (1) the solid
lines show brightness temperatures as modelled for snow-free sea ice, (2) the circles show
brightness temperatures as modelled for snow-free sea ice with ice temperatures, as if the
snow cover was present, and (3) the dashed lines show brightness temperatures as modelled
for snow-covered sea ice.
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Fig. 2. Brightness temperature of 4 m thick snow-covered ice as a function of snow thickness at
horizontal polarisation at an incidence angle 8 = 45° (solid line) for an ice surface temperature
of —30°C (blue) and of —15°C (red). The dashed line indicates the brightness temperature of

snow-covered ice, when the thermal insulation by snow is neglected.
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Fig. 3. Horizontally polarised brightness temperatures as measured by SMOS vs. brightness
temperatures as modelled for IceBridge ice thicknesses (left figure) and as modelled for Ice-
Bridge ice and snow thicknesses (right figure) using the model for one ice layer and for one ice
and one snow layer, respectively. The colors indicate the incidence angle increasing from 0° at
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the upper right corner to 60° at the lower left corner of the data cloud.
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Fig. 4. Vertically polarised brightness temperatures as measured by SMOS vs. brightness tem-
peratures as modelled for IceBridge ice thicknesses (left figure) and as modelled for IceBridge
ice and snow thicknesses (right figure) using the model for one ice layer and for one ice and
one snow layer, respectively. The colors indicate the incidence angle increasing from 0° at the
lower left corner to 60° at the upper right corner of the data cloud.
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Fig. 5. Horizontally polarised brightness temperatures as measured by SMOS vs. brightness
temperatures as modelled for IceBridge ice thicknesses (left figure) and as modelled for Ice-
Bridge ice and snow thicknesses (right figure) using the model for one ice layer and for one ice
and one snow layer, respectively. The colors indicate the incidence angle increasing from 0° at
the upper right corner to 60° at the lower left corner of the data cloud. Only data points with
Cice = 95 % and -37.3°C < Ty, < —28.3°C are included.
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Fig. 6. Vertically polarised brightness temperatures as measured by SMOS vs. brightness tem-
peratures as modelled for IceBridge ice thicknesses (left figure) and as modelled for IceBridge
ice and snow thicknesses (right figure) using the model for one ice layer and for one ice and one
snow layer, respectively. The colors indicate the incidence angle increasing from 0° at the lower
left corner to 60° at the upper right corner of the data cloud. Only data points with ¢is, > 95 %
and —-37.3°C < T,s < —28.3°C are included.
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Fig. 7. Brightness temperatures averaged over the incidence angle range 0-60° as simulated
(solid line) and as observed by SMOS (dashed line) at horizontal (reddish colors) and at vertical
(bluish colors) polarisation vs. the average snow thickness of the snow thickness classes 1-5.
For the SMOS observations, the error bars indicate the average standard deviation of the differ-
ent incidence angle ranges. For the simulations, the error bars indicate the modelled brightness
temperature range for the range of snow thicknesses contained within each class.
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Fig. 8. Brightness temperatures as simulated and as measured by SMOS for the snow thick-
ness classes 1-5 as given in the figure legend. The shaded areas indicate the brightness tem-
perature simulations, the lines indicate the averaged brightness temperature measurements.
The solid lines indicate horizontal polarisation, the dashed lines indicate vertical polarisation.
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Fig. 9. Correlation coefficients r? and root mean square deviations for the IceBridge snow
thicknesses and the snow thicknesses retrieved from SMOS brightness temperatures for 15
different simulation scenarios. The numbers give the scenario number. The red and blue num-
bers show the results for the consideration of all snow thicknesses. The red numbers indicate
horizontal, the blue numbers vertical polarisation. The black numbers indicate the results for
horizontal polarisation, when only snow thicknesses dg,,, < 35cm (as retrieved from SMOS)
are considered.
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Fig. 10. Snow thicknesses as retrieved from horizontally polarised SMOS brightness temper-
atures vs. coincident snow thicknesses as measured during the IceBridge campaign. Here,

we show the results for the simulation with 8 = 15-50°, T,; = —=38.15°C, Ognow = 260 kg m=,
de =4m,and S, = 1.5gkg™" (simulation scenario no. 6). The dashed line indicates the result,
if we consider only snow thicknesses for that the retrieval from SMOS brightness temperatures

gives snow thicknesses dg,, < 35cm.
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