
HAL Id: hal-03710814
https://hal.science/hal-03710814

Submitted on 1 Jul 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Modeling L-Band Brightness Temperature at Dome C in
Antarctica and Comparison With SMOS Observations
Marion Leduc-Leballeur, Ghislain Picard, Arnaud Mialon, Laurent Arnaud,

Eric Lefebvre, Philippe Possenti, Yann Kerr

To cite this version:
Marion Leduc-Leballeur, Ghislain Picard, Arnaud Mialon, Laurent Arnaud, Eric Lefebvre, et al..
Modeling L-Band Brightness Temperature at Dome C in Antarctica and Comparison With SMOS
Observations. IEEE Transactions on Geoscience and Remote Sensing, 2015, 53 (7), pp.4022-4032.
�10.1109/TGRS.2015.2388790�. �hal-03710814�

https://hal.science/hal-03710814
https://hal.archives-ouvertes.fr


LEDUC–LEBALLEUR et al.: MODELING L-BAND BRIGHTNESS TEMPERATURE AT DOME C 1

Modeling L-band brightness temperature
at Dome C, Antarctica

and comparison with SMOS observations
Marion Leduc–Leballeur, Ghislain Picard, Arnaud Mialon, Laurent Arnaud, Eric Lefebvre, Philippe Possenti and

Yann Kerr

Abstract—Two electromagnetic models were used to simulate
snow emission at L-band from in situ measurements of snow
properties collected at Dome C in Antarctica. Two different
approaches were used: one based on the radiative transfer theory,
and the other on the wave approach. The Soil Moisture Ocean
Salinity (SMOS) satellite observations performed at 1.4 GHz
(21 cm) were used to check the validity of these models. Model
results based on the wave approach were in good agreement
with SMOS observations, particularly for incidence angles lower
than 55o. Comparisons suggest that the wave approach is more
suitable to simulate brightness temperature at L-band than the
transfer radiative theory, because interference between the layers
of the snowpack is better taken into account.

The model based on the wave approach was then used
to investigate several L-band characteristics at Dome C. The
emission e-folding depth, i.e. 67% of the signal, was estimated
at 250 m, and 99% of signal emanated from the top 900 m. L-
band brightness temperature is only slightly affected by seasonal
variations in surface temperature, confirming the high temporal
stability of snow emission at low frequency. Sensitivity tests
showed that a good knowledge of density variability in snowpack
is essential for accurate simulations in L-band.

Index Terms—Microwave, Radiative transfer theory, Remote
sensing, Snow, Wave theory.

I. INTRODUCTION

REMOTE sensing observations are particularly important
for the study of the Antarctic climate because in situ

measurements are very sparse [1]. Remote sensing is a unique
means to obtain a detailed picture of the spatial and temporal
variations in important climate variables.

Microwave radiometers operating at high-frequency (6 GHz
and above) provide a 3-decade time series of observations
recorded almost every day and in all weather conditions.
These observations are very sensitive to snow properties at
depth because of the ability of microwaves to penetrate depths
ranging from a few centimeters at 100 GHz to a few hundred
meters at 1 GHz [2]. Many studies have been performed
to estimate surface or subsurface temperatures (e.g. [2]–[4]).
However, successful retrieval of the temperature of the snow
from microwave data is difficult because it requires accurate
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estimation of snow emissivity. Indeed, at high frequencies,
snow is usually far from a black body [5], i.e., snow emissivity
is significantly less than unity due to volume scattering caused
by the granular structure of the snow. Since this structure
is highly variable in space and time in Antarctica, snow
emissivity is difficult to estimate or predict with sufficient
accuracy to retrieve temperature.

At low microwave frequencies, scattering is weak compared
to absorption, and the emissivity is close to unity when the
surface reflection vanishes, which is the case at vertical polar-
ization near the Brewster angle (∼50o). As a consequence, the
spatial variations in emissivity at L-band should be lower and
more predictable than at higher frequencies. In this context,
both the European Space Agency’s (ESA) Soil Moisture
Ocean Salinity (SMOS) [6] and the National Aeronautics and
Space Administration’s (NASA) Aquarius mission [7] carrying
space-borne sensors operating at the lowest frequency avail-
able (1.4 GHz, L-band), offer a new opportunity to provide
useful information about firn temperature over Antarctica.

There is thus a need for a better understanding of the
characteristics of microwave emission by snow at L-band in
Antarctica. Here, we present an electromagnetic model to pre-
dict the snow emission at L-band from in situ measurements
of snow properties collected at Dome C (75oS, 123oE) in
Antarctica.

Several models are available to compute microwave emis-
sion from given snow properties and different approaches have
been developed. The radiative transfer (RT) theory is widely
used to compute the propagation of the energy flux through
the snowpack, which is represented as a stack of horizontal
layers with given homogeneous scattering and absorption
coefficients. The different models using this theory, including
Helsinki University of Technology model (HUT/TKK; [8]),
Microwave Emission Model of Layered Snowpacks (MEMLS;
[9]) and Dense-Medium Radiative Theory (DMRT; [10]),
mainly differ in the relationship used to link snow properties to
these coefficients. However, because they all rely on RT theory,
only the propagation of the incoherent wave is explicitly taken
into account and the interference phenomena are ignored. But,
interferences within the layers are particularly important when
the thickness of the layer is in the order of -or less than-
that of the wavelength, which is more pronounced at L-band
than at higher frequencies. Ad hoc correction can be used
to account for such phenomena (e.g. ”coherent” layers in
MEMLS), but it is not the ideal solution when the layer is
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much less thick than the wavelength. An alternative to RT is to
compute the emission and propagation of waves, instead of the
energy flux to explicitly account for interference phenomena.
This alternative is often called ”coherent approach”. As it
is derived from Maxwell’s equation, it requires considerable
simplification of the medium description to be computationally
realistic. Such approaches have been successfully used (e.g.
[11], [12]).

The objective of this study was to select the most suitable
method to simulate L-band microwave emission and to assess
the sensitivity to snow properties. To this end, we compared
the DMRT theory based model presented in Picard et al. [13]
to a coherent model derived from West et al. [12]. These
models were forced with measurements collected at Dome C
in 2012–2013 specifically to conduct L-band investigations.
These measurements are unique as they provide grain size and
density at a 5-cm vertical resolution, thus making it possible
to distinguish individual layers, and down to a depth of 80 m,
particularly useful considering the large emission e-folding
depth at low microwave frequencies.

In the following sections, we present microwave observa-
tions collected by SMOS, the models and the input data, after
which we present our results including an evaluation of the
models and a sensitivity analysis. In the last section, we draw
some conclusions.

II. MICROWAVE OBSERVATIONS

The SMOS satellite consists of an L-band (1.4 GHz – 21
cm) 2-D interferometric radiometer with an averaged ground
resolution of 43 km [14]. The satellite provides multi-angular
fully polarized brightness temperatures [15]. Only the horizon-
tal (H) and vertical (V) polarizations were used in this study.
The radiometric accuracy over snow is 3 K on average but
depends on the angle of incidence (e.g. about 4 K at 0o and
2 K at 32.5o).

The SMOS Level 1C products contain multi-angular bright-
ness temperatures at the top of the atmosphere in the an-
tenna polarization reference frame. The product is geolo-
cated in an equal-area grid system (ISEA 4H9V – Icosa-
hedral Snyder Equal Area projection), with an oversam-
pled resolution of about 15 km [15]. The reprocessed L1C
product version 601 was used for this study. L1C bright-
ness temperature was projected from the antenna reference
frame to the Earth’s surface reference frame and corrected
for Faraday rotation using an algorithm provided by the
CESBIO team (http://www.cesbio.ups-tlse.fr/SMOS blog/wp-
content/uploads/TOOLS/XY2HV.m).

To explore the Dome C area, time series acquired at the
nearest grid point (75o07.7’S, 123o25.2’E) from March 2010
to February 2013 were extracted. The surrounding cells show
very similar data [16]. In addition, the signal is very stable over
the period, i.e. temporal variations are within the instrument
noise range. Thus, in the following, only time-averaged data
over the entire period are considered. The average is calculated
over each 5o step of incidence angles from 0o to 65o. From
about 1000 samples (at 0o and 65o) to 8000 samples (at 40o)
are included for each step, which provides precision at an
average of 4.8 K.

L-band brightness temperatures from ESA DOMECair ex-
periment in 2013 [17] are used to check spatial variability
inside the SMOS pixel. The standard deviation of observations
was less than 1 K suggesting that the L-band signature over
SMOS field of view in this area was relatively homogeneous.
Occasional strong variations (∼5 K) can be observed in
DOMECair data, but it seems to correspond to very local
peaks, not representative of the whole SMOS pixel.

Note that brightness temperatures in L-band are only very
slightly affected by the atmospheric water vapor and gas
constituents, all the more true in Antarctica, where the air
is particularly dry and cold. Thus, these observations are
comparable with simulations that only consider snow without
extra contributions (effects of the atmosphere, galactic noise,
etc).

III. ELECTROMAGNETIC MODELING

A. Incoherent model

The incoherent model used is DMRT-ML (Dense Me-
dia Radiative Transfer - MultiLayer [13], available from
http://lgge.osug.fr/∼picard/dmrtml/). It is based on the DMRT
theory [18]. This model was primarily developed for mi-
crowave frequencies higher than L-band. It was used at
Dome C with in-situ snow measurements as inputs and com-
pared to satellite observations at 18.7 and 36.5 GHz [19] or
ground-based observations at 11, 19 and 37 GHz [13]. It was
also used in Antarctica to retrieve snow properties from 18.7
and 36.5 GHz observations [19].

The model describes the snowpack as a multi-layer medium,
where each snow layer is characterized by its thickness, tem-
perature, density, grain size, stickiness parameter and liquid
water content. In this study, stickiness is not investigated
because scattering by grains is negligible and this parameter
has no effect in L-band (typically less than 0.1 K). The liquid
water content of dry snow is considered to be zero. For
each layer, the effective dielectric constant is solved using
the first-order quasi-crystalline approximation and the Percus-
Yevik approximation for non-sticky grains, i.e. grains without
aggregates [18].

DMRT-ML can be applied to snow or firn. Snow is de-
scribed as ice spheres in an air background while firn is
described as air bubbles included in ice [20]. The absorption
and scattering coefficients are calculated assuming a medium
of ”ice spheres in air” for densities lower than half that of
the pure ice density (∼458.5 kg m-3) and ”air spheres in ice”
otherwise [13].

The emission and propagation of radiation through the
snowpack are computed using the Discrete Ordinate Method
(DISORT; [21]), which takes multiple scattering between the
layers into account. 32 streams are used here.

B. Coherent model

The coherent model is based on West et al. [12]. The
derivation is also presented in Tsang et al. [22]. The medium
is multi-layered and each layer is characterized by thickness,
temperature and density. The most important simplification
in this model is to neglect scattering by snow grains. This
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assumption is invalid for high frequencies. However, at low
frequencies (<∼10 GHz), since the wavelength is several
orders of magnitude larger than grain size, scattering by grains
is insignificant in comparison with absorption and scattering
caused by the reflections at the interfaces between layers [23].

Under these assumptions, the vertically and horizontally
polarized brightness temperatures of a given snowpack is cal-
culated with the propagation-matrix formulation from Tsang
et al. [24] for a single incidence angle θ0:
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k
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where the plane of observation is assumed the xz-plane, so
ky = 0; kl = k′l + ik′′l = ω

√
εlµ, with εl the permittivity

of layer l and µ the permeability; kx = k0 sin θ0 is real and
constant throughout the stratified medium; klz =

√
k2l − k2x;

dl is the depth of layer; the last layer with index t is semi-
infinite and is at a depth of dn; the constants Al, Bl, Cl and
Dl are the amplitudes of the waves, determined by recurrence
relation:

Al

Bl
e−i2klzdl =

A(l+1)

B(l+1)
e−i2k(l+1)zd(l+1)

A(l+1)

B(l+1)
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×
e2ik(l+1)z(d(l+1)−dl) +Rl(l+1)h

Rl(l+1)he
2ik(l+1)z(d(l+1)−dl) + 1

(3)

where Rl(l+1)h is the Fresnel reflection coefficient for H
polarization between layers l and l + 1:

Rl(l+1)h =
µ(l+1)klz − µlk(l+1)z

µ(l+1)klz + µlk(l+1)z
(4)

Cl and Dl satisfy the same recurrence relation as Al and Bl,
except that Rl(l+1)h is replaced by Rl(l+1)v , the vertically
polarized Fresnel reflection coefficient. Rl(l+1)v is obtained
by replacing µ by ε in (4).

As is true of any model based on the wave approach,
the result obtained for a specific snowpack configuration (i.e.
a given set of inputs) may differ considerably from those
obtained with a slightly different snowpack, which is not the
case with the RT approach, as this is less sensitive to snowpack
variations. This is due to the high sensitivity of interference
phenomena to layer optical depth. To account for the variable
nature of the snowpack at the scale of a pixel (i.e. ∼43 km
wide for SMOS), it is essential to average a large number of
simulations using inputs that represent natural variability. As
thousands of simulations are required, it would be impossible
to obtain the input profiles from direct measurements. The
procedure used to generate such profiles from measurements is
based on West et al. [12] and is described in Section IV-B. The
output of the model is the average of brightness temperatures
over all the generated profiles.

The coherent model is hereafter called WALOMIS (Wave
Approach for LOw-frequency MIcrowave emission in Snow).

C. Ice dielectric constant

The value of ice permittivity used in the models is critical
at low frequencies. As a first approximation, emissivity can
be simply described with scattering and absorption processes,
scattering being driven by the contrast of the real part of
permittivity between layers, and absorption by the imaginary
part (also called dielectric loss). The emission e-folding depth
mainly depends on absorption at low frequencies.

The real part of ice permittivity is usually well known
and relatively constant over the microwave range. It has only
a weak temperature dependence. In contrast, the imaginary
part is difficult to measure at low frequencies due to its
low magnitude (typically ∼10-3 at 1 GHz and -20oC [25]).
It is difficult to define an accurate model to compute the
imaginary part due to discrepancies among datasets derived
from different experimental setup [26]–[28]. In this study, two
empirical formulae were tested.

The first formula was deduced from measurements by
Mätzler [23], [29] for microwave range (1-200 GHz):

ε′′iceM =
α

ν
+ βν, (5)

α = (0.00504 + 0.0062θ) exp(−22.1θ),

β =
0.0207

T

exp( 335
T )

(exp( 335
T )− 1)2

+ 1.16 · 10−11ν2

+ exp(−9.963 + 0.0372(T − 273.16)),

θ =
300

T
− 1

where T is the temperature in Kelvin and ν is the frequency in
GHz. This formulation is implemented in the original version
of DMRT-ML [13].
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The second formula comes from Tiuri et al. [25]. It is
defined for frequencies from 840 MHz to 12 GHz:

ε′′iceT = 1.59 · 106 · (0.52ρi + 0.62ρ2i )

× (ν−1 + 1.23 · 10−14
√
ν) exp(0.036(T − 273.16))

(6)

where ρi = 0.917 g cm-3 is the ice density. It was recently
used for C- and Ku-band studies (e.g. [30])

IV. SNOW PROPERTIES

A. In situ measurements profiles

The DMRT-ML and WALOMIS models require the thick-
ness, temperature and density of each layer. In addition,
DMRT-ML requires the grain size. The density profile is
particularly important at L-band because it strongly controls
the internal reflections and absorption that dominate the signal
at low frequencies. For this reason, dedicated in situ measure-
ments were carried out in Dome C area during the austral
summer campaign 2012–2013 with a focus on long ice-core
and high resolution measurements. Ten cores were extracted
and processed for density and grain size measurements every
5 cm (Table I) representing a total of 4637 samples. These
cores are 11 m to 30 m long and two are 80 m long, corre-
sponding to the ice sheet part where the density is the most
variable. It means that these measurements are representative
enough of the relatively homogeneous SMOS pixel around
Dome C (see Section II) to provide reliable comparison.

To perform objective density measurements on such a
large number of samples, we developed a system at LGGE
composed of a digital camera to quickly measure surface area
and thickness of the samples and a balance to measure their
mass. Note that measurements were not at regular intervals
along the profiles, mainly due to the low cohesion of snow
near the surface but also to technical problems. The number
of samples per 2-m layer ranges from 37 to 30, depending on
the layer. In addition, between 5 and 10 mm are inevitably
lost for every sample at the time of cutting due to the saw
blade thickness. The samples were consequently less than
5 cm thick. Fig. 1a shows the two 80-m long density profiles.
Density was highly variable but follows an increasing trend
with depth from about 350 kg m-3 at the surface to 800 kg m-3

at a depth of 80 m. In parallel, density variability decreased
with depth, with a local minimum around a depth of 50 m.
These characteristics are in agreement with other studies in
Antarctica (e.g. [31]–[34]).

Grain size was measured with POSSSUM [35], an instru-
ment based on the relationship between SWIR-reflectance and
snow specific surface area (SSA), i.e. the total area of the
air-snow interface per unit mass (m2 kg-1). Every sample
was presented to POSSSUM in the cold laboratory at Con-
cordia station. Snow grain size was deduced from measured
SSA. First, SSA is converted into the optical radius using
ropt = 3/(ρiceSSA) where ρice = 917 kg m-3 is the pure
ice density at 0oC [36]. Second, the optical radius must be
scaled by an empirical factor φ to increase scattering by snow
grains and obtain modeling results in reasonable agreement
with observations at 18.7 and 36.5 GHz [19]. At Dome C,

TABLE I
CORES EXTRACTED DURING 2012–2013 AUSTRAL SUMMER ON DOME C

No Date Location Length Samples
1 22/11/2012 75o06.2’S; 123o20.4’E 11.0 m 177
2 28/11/2012 75o06.0’S; 123o18.1’E 16.5 m 250
3 4-8/12/1012 75o05.7’S; 123o30.8’E 80.6 m 1442
4 10-11/12/2012 75o06.2’S; 123o20.2’E 30.1 m 499
5 15-19/12/2012 75o06.5’S; 123o21.7’E 80.0 m 1384
6 2/01/2013 75o19.3’S; 123o23.4’E 13.5 m 171
7 3/01/2013 74o52.8’S; 123o25.1’E 14.0 m 167
8 4/01/2013 75o09.2’S; 124o11.8’E 13.9 m 126
9 5/01/2013 75o06.5’S; 122o28.6’E 14.9 m 199

10 10/01/2013 75o04.7’S; 123o26.5’E 14.5 m 222

φ = 2.8 [19]. The need to apply a φ factor was further
confirmed but with slightly different values [37], [38]. Fig. 1b
shows the grain size of two 80 m profiles. The snow grain
size increased with depth from about 300 µm at the surface
to 1000 µm at 80 m depth, in agreement with Durand et al.
[39].

Snow temperature profiles were recorded at hourly intervals
from December 2006 to December 2009, about 1 km to the
west of Dome C. 35 probes were installed down to a depth
of 21 m, with 14 probes in the top 2 m of the snowpack (at
0.1 m intervals to a depth of 0.6 m then at 0.2 m intervals down
to 2 m). All the probes were inter-calibrated with a relative
accuracy of ±0.01 K and the absolute precision is ±0.03 K
[19]. For this study, monthly averaged temperature profiles
were used. Fig. 1c shows mean profiles in January and July.
In January, temperature decreased from -30oC at the surface
to the minimum, -56oC, at 5 m, after which the temperature
slightly increased to -55oC at 10 m. In comparison, in July the
surface temperature was about 35oC colder but this difference
quickly decreased to 10oC at 2 m and the temperature reaches
-55oC at 10 m. In situ measurements performed to a depth of
3200 m at Dome C were used to complete the profiles and
showed that below 10 m, temperature was almost constant at
around -55oC down to 50 m and then decreased linearly to
-3oC at a depth of 3200 m (see [40]).

Due to the large emission e-folding depth at L-band, it
is essential to provide realistic snow characteristics down to
the bedrock. Measured profiles were extrapolated down to
3200 m in depth, the thickness of the snowpack at this location
[41]. DMRT-ML requires the radius of scatterers as input.
For densities less than half that of pure ice, this corresponds
to the radius of ice sphere while for higher densities, it
corresponds to the air bubble radius. The values used were
taken from the literature. Between 100 m and 1100 m in
depth, the air bubble radius was linearly estimated from
180 µm to 50 µm [42], [43]. Due to increasing overburden
pressure, the bubbles enclosed in ice shrink with depth until
they become thermodynamically unstable and convert into air
hydrates. Between 600 m and 1100 m, air bubbles and air
hydrates coexist, and below this transition zone, the snowpack
is considered to be air bubble free down to the bedrock [44],
[45]. However, below 600 m, the air bubble radius is less than
100 µm. For this study, we chose to define a pure ice region
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Fig. 1. (a) Snow density (kg m-3) and (b) grain size (µm) profiles measured on two ice-cores at Dome C in the 2012–2013 austral summer; (c) Mean
temperature profiles (oC) in January (solid line) and July (dashed line).

between 600 m and the bedrock as being air bubble free, where
density reaches 922 kg m-3. This value is in good agreement
with measurements performed below 600 m in Antarctica
at Vostok (78oS, 106oE; [44]) and Dome Fuji (77oS, 39oE;
[46]). Density was linearly extrapolated from the last values
measured at 80 m and 922 kg m-3 at 600 m.

To illustrate how temperature affects dielectric loss, Fig. 2
shows dielectric loss profiles calculated down to the bedrock
using the density and temperature profiles and formulae de-
scribed in the previous section. The ε′′iceT values are higher by
about 0.2 10−3 than ε′′iceM values. Along the whole profile,
ε′′iceT is more influenced by snow temperature than ε′′iceM .
Indeed, at the surface, ε′′iceT decreases down to 5 m and then
increases slightly down to 10 m, following the temperature
profile (Fig. 1c). Below 100 m, where temperature increases
with depth, ε′′iceT also increases. This results in a marked
difference from ε′′iceM , which is almost constant along the
snowpack.

B. Generation of stochastic snow density profiles

To generate the large number of density profiles required by
WALOMIS to represent the natural variability within a SMOS
pixel, we proceeded in two steps following West et al. [12]: i)
to derive a statistical model from the measurements, and ii) to
generate a large number of snow density profiles with similar
statistical characteristics.

The measured density profiles were first decomposed into a
smooth deterministic part F (z) representing the general trend,
and a zero mean random part X(z) representing the variability
around the trend: D(z) = F (z) + X(z). F (z) was obtained
assuming an exponential form with unknown amplitude and
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Fig. 2. Ice dielectric loss (ε′′ice) profile computed with Mätzler [29] (dashed
line) and Tiuri et al. [25] (solid line).

decay. The two 80-m long profiles fitted in the least-squares
sense with a imposed value of 922 kg m-3 below 600 m,
matching the pure ice region defined in Section IV-A (Fig. 5a):

F (z) = 922− 586 exp(0.017z) (7)

where z is a negative value in meters. This fit is in agreement
with empirical depth-dependent density relationship [47] and
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Fig. 3. (a) Measured (crosses) and re-sampled density profile 1 between 4
and 6 m deep at 3 cm resolution. Autocorrelation function (b) in the 4-6 m
layer and (c) in the 72-74 m layer. One lag is 3 cm.

modeling [48].
X(z) is considered as a random process in the following.

Based on measured data (Fig. 1), this process cannot be
considered to be stationary throughout the 80 m long profiles.
Instead, we estimated X(z) in 2-m thick chunks in which
the random noise was assumed to be stationary. In addition,
successive measurements (at 5-cm resolution) appeared to be
correlated, implying that the noise must be represented by an
auto-regressive process. Indeed, in an auto-regressive model
of order p, an observation is regarded as being due to a linear
combination of its previous p states, plus a random stochastic
term (i.e., zero-mean Gaussian noise), which represents the
uncorrelated forcings acting on the system [49].

To be used for statistical analysis, the irregularly-spaced
density measurements were first uniformly re-sampled. To
this end, a Gaussian gridding was used (see [50], [51]).
The data points of the original series are convolved with a
Gaussian kernel. As a result, the data points are smeared over
their neighboring equi-spaced points, which are more densely
distributed. This type of method produces more realistic values
than simple interpolation, particularly when there are many
data gaps [52]. An example of a re-sampling profile is given
for the 2 m layer between a depth of 4 and 6 m in profile 1
in Fig. 3a. Profiles were re-sampled on a 3 cm regular grid,
in agreement with the average layer thickness estimated in
literature [12], [46].

In order to accurately estimate the parameters of the auto-
regressive process, we combined all the measured profiles
in each 2 m chunk. Indeed, the profiles were collected in
the area where the structure snowpack was assumed to be
statistically homogeneous, i.e. we assumed each measured
profile is one realization of the same statistical process. Thus,
auto-regressive parameters were estimated from series of about
400 measurements (from ten ice cores) near the surface and
about 80 measurements (from two ice cores) below 30 m.

The partial autocorrelation functions (not shown) computed
from a series suggest that a first order autoregressive model
(AR(1)) is adequate. AR(1) parameters were estimated for
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Fig. 4. AR(1) parameters for each 2 m thick layer between the surface and a
depth of 80 m: (a) autocorrelation coefficient at lag 1 (α) with the regression
line (dotted line) and (b) standard deviation of Gaussian noise (σ).

each 2 m chunk using the ”statsmodels” python toolbox [53],
where the AR(1) process is defined as:

Xi = αXi−1 + ε (8)

and α is the autocorrelation of series at lag 1 and ε is a zero-
mean Gaussian noise with a standard deviation σ. The standard
deviation is estimated as σ2 = 1

N

∑N
k=1(Xk−X̄−α(Xk−1−

X̄))2, with N the number of 3 cm layer, and k the index
numbering the layers starting from the top of the 2 m chunk.

Fig. 3b, c shows the autocorrelation function calculated from
a series at a depth of 4-6 m below the surface and at a depth of
72-74 m to illustrate the difference in the statistical processes
with depth. Autocorrelations at lag 1, i.e. when one 3 cm
layer is shifted, gives α for each layer (about 0.14 and 0.05
respectively). Fig. 4a shows α computed for each 2 m layer.
α is about 0.1 near the surface and decreases to 0.05 at 80 m,
meaning the correlation between 3 cm layers decreases. This
may be due to densification: a layer that is 10 cm thick at
the surface (i.e. corresponding to annual accumulation [54]–
[56]) is only about 4.5 cm thick at a depth of 80 m. Note that
variability of α is lower near the surface than below a depth
of 20 m. This is probably due to the fact only two measured
profiles were available to estimate α below 20 m. However,
below 20 m, the α profile appears to decrease linearly with
increasing depth, which is consistent with densification. In
parallel, σ is maximum near the surface (about 25 kg m-3) and
reaches a minimum near a depth of 50 m (about 2 kg m-3).

To generate density profiles down to the bedrock, α and
σ were linearly extrapolated below a depth of 80 m. α was
found to reach zero at about 150 m. σ is assumed to be zero
below a depth of 600 m, in agreement with the pure ice region
defined in Section IV-A.
X(z) was generated independently for each 2 m layer using

the estimated AR(1) processes to a depth of 300 m with 3 cm
layers. To keep the computational resources of the emission
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Fig. 5. Example of a generated snow density profile: (a) deterministic part F (z); (b) random part X(z); (c) generated density D(z) = F (z) +X(z).

models realistic, we chose to limit the number of layers to a
region where density variability is very low. Thus, between
300 m and 600 m, the layers are 2 m thick. X(z) is a zero-
mean Gaussian noise with σ standard deviation. Below 600 m,
the layers are 50 m thick and the density variability X(z) is
equal to zero. Fig. 5b shows an example of generated X(z)
and Fig. 5c, the associated density profile, i.e. F (z) +X(z).

The final brightness temperature was the average of all
10000 WALOMIS simulation results running with 10000
profiles generated as described in this section. The uncertainty
was estimated to be about 0.2 K from 1000 final brightness
temperatures. In order to perform reliable comparison, DMRT-
ML final brightness temperature was computed with same
method.

V. RESULTS AND DISCUSSION

Simulations results obtained using the snow proprieties
described in the previous section were compared with SMOS
microwave observations. The aim was to evaluate the influence
of the ice dielectric constant formulation and also to identify
the most suitable electromagnetic model to simulate brightness
temperature at L-band. The best configuration was then used
to investigate snowpack properties at L-band.

A. Sensitivity to ice dielectric constant

Fig. 6 shows simulations performed with DMRT-ML and
WALOMIS models with the two different dielectric loss
formulations from Mätzler [29], ε′′iceM and Tiuri et al. [25],
ε′′iceT (Section III-C).

Both model simulations performed with ε′′iceM clearly over-
estimated the observations. Using ε′′iceT considerably improved
both model simulations.

This result is to be expected, because ε′′iceT formula is
specially established from low microwave frequencies, which
was not the case of ε′′iceM . However, the validation was
performed down to -30oC whereas the temperature of the
snowpack at Dome C is -55oC below a depth of 10 m and
can be even lower near the surface in winter. Nevertheless,
the marked improvement in the simulations suggests that ε′′iceT
is more suitable for L-band simulation even at temperatures
lower than ε′′iceM . In the following, Tiuri et al. [25] formulation
is used.

B. Model comparisons

DMRT-ML did not reproduce the SMOS observations de-
spite the improvement provided by Tiuri et al. [25] dielectric
loss formulation. Moreover, tests of simulation with the grain
size profile increased by a factor 5 (which is unrealistic
for Dome C) show only a minor decrease of brightness
temperatures (∼-0.5 K). This confirms that the grain size
is not the cause of the DMRT-ML simulation discrepancy.
In particular, the polarization ratio was significantly overes-
timated. This ratio decreases with the number and intensity of
internal reflections within the snowpack [12], [57]. This sug-
gests that DMRT-ML underestimates these reflections, unlike
WALOMIS, which reproduced the observations at incidence
angle lower than 55o quite well.

With WALOMIS, the root mean square error (RMSE) was
2.2 K, but only 1.2 K for incidence angles below 55o.

The discrepancies increased at high incidence angles with
both models, and at both polarizations, the brightness temper-
atures were underestimated. This may be explained by the
assumption of flat interfaces in both models, or the lower
accuracy of SMOS observations at such large angles. Similar
behavior has already been observed at higher frequencies [38].
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Fig. 6. Modeled brightness temperature (K) with WALOMIS (solid line) and DMRT-ML (dashed line) compared with SMOS observations (triangles) between
0o and 65o of incidence. Simulations were performed with ice dielectric loss (ε′′ice) from (a) Mätzler [29] and (b) Tiuri et al. [25].

Overall, the coherent approach is better than the RT approach
because it accounts for interference effects between layers
whose thickness is typically less than that of the wavelength.
WALOMIS can thus be used to gain a better understanding of
the L-band signal.

C. Sensitivity of L-band brightness temperature to snow prop-
erties

WALOMIS was first used to estimate the penetration of
microwave radiation into the ice sheet. Second, sensitivity
of L-band brightness temperature to seasonal variations in
temperature was investigated. Last, the influence of the density
was evaluated.

1) Emission e-folding depth: To estimate emission e-
folding depth, the relative contribution of each firn layer to
the total emission observed by the satellite was determined.
For each layer l, a simulation was run with an increase
in the temperature of 1 K in layer l only. The resulting
brightness temperature, written T+1K

Bl
, was then compared

to the brightness temperature obtained from the reference
simulation performed with the original temperature profile
(T ref

B ) as described in the previous section. The difference
was normalized by the thickness of the layer yielding the
normalized contribution of layer l to the total signal:

∆TBl
(z) =

T+1K
Bl

(z)− T ref
B

hl
(9)

Percent of contribution of each layer is computed from the
integral of layer contribution on the whole snowpack. Sum
of this contribution from the surface indicates that 50% of
the signal emanates from the top 170 m, 67% from 250 m,
90% from 470 m, and 99% from 860 m (Fig. 7). Note that
at Dome C, the bedrock contributes little, but its contribution
could be significant in other locations where the ice sheet is
not as thick. The emission e-folding depth (usually defined as
the depth at which the contribution reaches 67%) is an order
of magnitude higher at L-band than at C-band [58]. This is
explained by both less scattering caused by snow grains and
lower absorption. Since absorption is sensitive to temperature,
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Fig. 7. Contribution of each layer to the total brightness temperature (K m-1).

the emission e-folding depth in warmer regions could be lower
even for a snow structure equivalent to that of Dome C. For
instance, for a profile with constant temperature at -25oC, the
emission e-folding depth is 106 m, more than half the actual
emission e-folding depth at Dome C.

Much greater emission e-folding depths were obtained with
ε′′iceM because of the lower dielectric loss predicted by this
formulation. However, owing to the discrepancies between
the models and the observations, it is unlikely that these
estimations are relevant.

2) Surface temperature sensitivity: L-band observations
collected by SMOS or by DOMEX ground-radiometer [59]
revealed no seasonal cycle, which can be explained by the
deep penetration at L-band, and the shallow penetration of
the seasonal wave of temperature into the snowpack [5]. To
confirm this hypothesis, we ran WALOMIS with temperature

Preprint - Published version on 10.1109/TGRS.2015.2388790 ©2015 IEEE



LEDUC–LEBALLEUR et al.: MODELING L-BAND BRIGHTNESS TEMPERATURE AT DOME C 9

profiles at Dome C measured in summer and winter (Fig. 1c).
The temperature varied by about 35oC at the surface and only
by 10oC at a depth of 2 m between the two seasons.

WALOMIS simulations showed that the mean difference
was only 0.21 K at V polarization and 0.33 K at H polarization.
At 0o of incidence, the difference was 0.24 K. However, at V
polarization, there was a slight decrease in the difference with
the increase in the angle of incidence (0.18 K at 55o) whereas
it increased at H polarization (0.43 K at 55o).

This confirms that seasonal variations in surface temperature
are very small [60] and are undetectable with SMOS. However,
with an accuracy of 0.15 K, Aquarius should be able to detect
these variations. Dome C is therefore a good site for the
calibration of L-band sensors since temperature variations are
routinely measured or are predictable with sufficient accuracy
[5].

3) Snow density sensitivity: As explained in Section IV-B,
the density profile can be decomposed into a deterministic
part F (z), and a random part X(z). Several WALOMIS
simulations were run to test sensitivity of L-band brightness
temperature to these two different components of density.

Fig. 8a shows brightness temperature simulations where the
deterministic profile is constant (at 400 and 700 kg m-3 re-
spectively) compared to brightness temperature simulated with
the deterministic part deduced from measurements (used as
reference). The random part is similar in all these simulations.
The mean difference was, respectively, +1 K and -3 K for
deterministic part of 400 and 700 kg m-3 at V polarization, and
-2 K and -5 K at H polarization. Thus, although the difference
in the deterministic part is very large (300 kg m-3), on average,
it differed by less than 5 K from the reference simulation.

Two simulations were run to estimate sensitivity to density
variability (Fig. 8b) where the random part was increased
(resp. decreased) by a factor of two. They were compared
to the reference simulation. At V polarization, the mean
difference with respect to the reference simulation was -24 K
with the increased variability and +7 K with the decreased
variability, and at H polarization, -47 K and +16 K, respec-
tively. On average, H polarization was twice more affected by
changes in the random part than V polarization. Moreover, at
H polarization, sensitivity tended to increase with an increase
in the angle of incidence (e.g. up to +55 K for the stronger
random part and -22 K for the weaker part at 55o) whereas, at
V polarization, sensitivity tended to decrease (e.g. up to -7 K
for the stronger random part and +2 K for the weaker at 55o).

To sum up, the random part of the density profiles had a
stronger influence on the simulation than the deterministic part.
Indeed an uncertainty of a few kg m-3 in the deterministic part
did not alter the results of the simulation, whereas changes
in the amplitude of the random part had a strong impact.
This highlights the need for accurate knowledge of density
variability, particularly in first hundred meters of snowpack,
where is it the largest.

VI. CONCLUSION

In this study, two electromagnetic models driven by in situ
measurements of snow properties were used to simulate the

L-band microwave emission at Dome C, Antarctica. Com-
parisons with SMOS observations showed that the coherent
model WALOMIS, based on the wave approach, is better
suited to low frequencies than the incoherent model DMRT-
ML, based on radiative transfer. This is mainly because in
the coherent model, interference effects between layers are
taken into account. However, WALOMIS does not account
for scattering by snow grain size. In a next step, this model
will be adapted to account for snow grain size, especially to be
able to apply the coherent approach at higher frequencies than
at L-band, where scattering and internal reflection contribute
equally.

Two formulations of the dielectric constant of pure ice
were tested. The Tiuri et al. [25] formula clearly yielded
better results and could probably be recommended for low
frequencies. However, due to lack of measurements of this
constant at L-band frequencies and under cold temperatures,
more work is needed to improve the results presented here,
especially for the estimation of the emission e-folding depth,
which is very sensitive to the dielectric loss.

The emission e-folding depth estimated with WALOMIS
was about 250 m. The region that contributes 99% of the
signal extends down to 900 m. This penetration is very large
compared to that at higher frequencies (e.g. about 20 m at C-
band), and suggests that in regions where the snowpack is less
than 900 m thick, the bedrock may contribute to the emission.

The very limited sensitivity of L-band data to seasonal
variations in temperature suggested in previous studies was
confirmed here. With variations around 0.2 K, this is well
below the SMOS radiometer noise level and close to that of
Aquarius. In any case, this confirms that the Antarctic ice
sheet is a good target for calibration of satellites carrying low
frequency instruments.

The WALOMIS simulations revealed the strong influence of
the density profiles. The random part of density plays a more
important role than the deterministic part. Thus, measurements
of density down to 80 m are particularly valuable because
they give a realistic estimation of density variability, which is
indispensable for the simulation of L-band emission.
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l’Environnement (LGGE) in 2012. Her research investigates snow properties
from microwave remote sensing, using electromagnetic modeling, satellite
observations and in situ measurements.

Ghislain Picard received the M.Sc. degree in remote sensing from the univer-
sity of Paris VII, Paris, France, in 1997. He conducted his Ph.D. work between
1999 and 2002 at the Centre d’Etudes Spatiale de la Biosphère, Toulouse,
France, where he developed several models of vegetation backscatter in the
microwave range.

After a postdoctorat a the Centre of Terrestrial Carbon Dynamics at the
University of Sheffield, he joined the Laboratoire de Glaciologie in Grenoble
in 2005. Since then, his research has focused on the evolution of the Antarctic
climate through the study of the snow, both using a variety of remote sensing
techniques and field experimentation. He is involved in the development of
innovative instruments for the characterization of snow physical properties.

Arnaud Mialon received the M.Sc. degree in climate and physics-chemistry
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Glaciologie et Géophysique de l’Environnement (LGGE) since 1984.

He is a specialist of embedded electronic dedicated to measurements in
very cold and harsh environment in Antarctica. He has a broad experience in
polar missions and participate at more than 20 summer seasons in Antarctica
for field measurements.

Philippe Possenti

Yann Kerr (M ’88, SM ’01, F’13) received the engineering degree from
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