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ABSTRACT. Spaceborne microwave radiometers are an attractive tool for observing Antarctic climate
because their measurements are related to the snow temperature. However, the conversion from
microwave emission to snow temperature is not simple and strongly depends on the emissivity through
snow properties. This difficulty in predicting the snow property profile for Antarctic conditions is the
main bottleneck in the retrieval of accurate climate information from microwave radiometers. We
attempt to explain the vertically polarized emissivity at 19.3 and 37GHz derived from brightness
temperatures acquired by the Special Sensor Microwave/Imager (SSM/I) and physical temperature from
the ERA-40 re-analysis. In Antarctica the snow emissivities at 19.3 and 37GHz are nearly equal,
although a decrease with frequency is expected. To explain this, we consider various profiles of snow
grain size and density and predict their emissivity using a dense-medium radiative transfer (DMRT)
model. The results show that the emissivities cannot be explained by constant profiles of grain size and
density. Heterogeneous snowpacks need to be considered. We first test random variations of snow
density and grain radius with depth and then monotonic and continuous variations in the snow grain
radius. In both cases, we show that an overall increase of the snow grain radius with depth is required to
match the observed emissivity in Antarctica. In addition, two parameters characterizing the snow grain
profiles are retrieved and compared with (1) in situ measurements of grain size at various locations in
East Antarctica, (2) grain size estimated using visible spaceborne radiometers and (3) a semi-empirical
relationship for grain growth.

1. INTRODUCTION
High-latitude regions of the Earth play an important role in
the climate system and are critical for surveying climate
change (Lemke and others, 2007), but acquiring accurate
observations in these remote regions remains challenging. In
Antarctica, accurate observations are crucial to provide the
current state and trends of the climate with confidence. Such
observations can be obtained from meteorological stations
and spaceborne sensors. Investigation of Antarctic climate
change using only ground-based meteorological observa-
tions is limited by the sparsity of the stations (Turner and
others, 2005). In contrast, remote sensing provides synoptic
estimates of climatic variables such as surface temperature
(Comiso, 2000; Shuman and Stearns, 2001; Schneider and
Steig, 2002; Shuman and Comiso, 2002; Schneider and
others, 2004; Steig and others, 2009), snow accumulation
(Vaughan and others, 1999; Arthern and others, 2006) and
the extent and duration of surface melting (Picard and
others, 2007). Remote sensing also allows estimation of
glaciological properties such as snow grain size at the
surface (Scambos and others, 2007), snow thermal diffusivity
(Koenig and others, 2007) and surface roughness (Long and
Drinkwater, 2000).

In the microwave range, radiometers measure the thermal
radiation emitted by the snowpack (expressed as brightness
temperature). Brightness temperature is, to a first approxima-
tion, the product of snow temperature and emissivity (Zwally,
1977). Retrieval of accurate snow temperature is possible in
principle, but is currently limited by uncertainties in the
snow emissivity. Most factors influencing the snow emissivity
in the microwave range are identified (Surdyk, 2002; Grody,
2008). Snow wetness is the dominant factor but its effect is

limited to coastal regions in Antarctica (Picard and Fily,
2006). In regions where snow is dry, grain size and density
have the strongest influence (e.g. Tsang and others, 2000b).
This suggests that knowledge of snow grain size and its
variations with depth is required to interpret microwave data
(Zwally, 1977). The emissivity has little dependence on
surface roughness (azimuth angle) (Rémy and Minster, 1991;
Shuman and others, 1993; Long and Drinkwater, 2000) or
snow temperature (Surdyk, 2002). The vertical variations of
density due to stratification are especially important for the
horizontal polarization (Mätzler and others, 1984; West and
others, 1994, 1996). Moreover, the emissivity depends on the
observation configuration, i.e. the frequency and incidence
angle (e.g. Prigent and others, 2000).

At microwave frequencies, dry snow is a low-loss
medium and the radiation penetrates deep into the snow-
pack. Penetration of microwaves in snow is limited by losses
due to scattering and absorption and, hence, is frequency
dependent. In Antarctica, penetration depth is 0.1–2m at
37GHz, and 1–7m at 19GHz for snow grain sizes between
1 and 0.2mm (e.g. Sherjal and Fily, 1994; Surdyk, 2002;
Macelloni and others, 2007; Picard and others, 2009).

Modeling the emissivity from measured or estimated
snow properties at various locations in Antarctica has been
addressed in several studies. Zwally (1977) and Comiso and
others (1982) computed the 19GHz emissivity at four sites,
using radiative transfer models and measured snow grain-
size profiles. The influence of snow grain scattering and
reflection by density stratification on microwave emission at
frequencies less than 6.6GHz was studied at Plateau Station
(West and others, 1994), using a multilayered model based
on dense-media radiative transfer (DMRT) theory (Tsang and
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others, 2000a). The conclusion of that study suggests that
emissivity at low frequencies (�10GHz) depends both on
snow grain scattering and reflection processes, whereas at
higher frequencies the emissivity is dominated by snow
grain scattering. The emissivities at vertical and horizontal
polarizations were computed using a model based on the
strong-fluctuation theory (Stogryn, 1986) and driven by
random profiles of snow properties at three different sites
(Surdyk and Fily, 1995). The snowpack was assumed
isothermal, whereas snow density and snow grain-size
profiles were defined by the superposition of a linear
increase with depth and random fluctuations. These
snowpacks were used to reproduce the observed frequency
dependence (i.e. the spectral signature) as well as the
differences between the two polarizations. In Antarctica,
studies focusing on modeling observed brightness tempera-
ture time series from measured snow properties have been
addressed only at Dome C by Macelloni and others (2007)
and Brucker and others (in press) using DMRT models.

In contrast, modeling the emissivity at the Antarctic scale
has received little attention because measured snow proper-
ties are too sparse with respect to the large spatial variations
of the snowpack properties. The objective of the present study
is to explain large-scale emissivity variations in Antarctica by
electromagnetic modeling. To overcome the lack of measure-
ments, our approach consists of numerically estimating the
snow properties compatible with the observed emissivities.
Our particular aim is to investigate and explain the flat
spectral signature observed over most of the Antarctic
continent. Grody and Basist (1997) and Rosenfeld and Grody
(2000) classified snow microwave spectral signatures as
either ‘normal’ or ‘anomalous’ spectra, using multi-frequency
measurements from spaceborne passive microwave sensors.
The ‘normal’ spectrum is a decrease of the emissivity with
increasing frequency (Rosenfeld and Grody, 2000) due to the
dominant effect of scattering by snow grains that increases
with increasing frequency. The ‘anomalous’ snow spectrum is
the opposite trend and was observed (1) in stratified Alpine
snow between the 85GHz channel and the 19 or 37GHz
channels (Mätzler and Schanda, 1982), (2) in central Siberia
at the end of the winter (Rosenfeld and Grody, 2000) and
(3) in southern Greenland (Grody and Basist, 1997). We note
that, over most of Antarctica, emissivities calculated from the
brightness temperatures acquired by the Special Sensor
Microwave/Imager (SSM/I) at 19.3 and 37GHz are very
close, compared with other regions. The signature is inter-
mediate between ‘normal’ and ‘anomalous’, and is called
‘flat’ hereafter. The signature is even ‘anomalous’ over a few
areas, i.e. the emissivity is larger at 37GHz than at 19GHz.

In the present paper, we explain the vertically polarized
emissivities at 19.3 and 37GHz observed in Antarctica,
using electromagnetic modeling based on DMRT theory. The
model is driven by various homogeneous and heterogeneous
snowpacks. The heterogeneous snowpacks are defined with
either random variations or monotonic and continuous
variations with depth. In the latter case, the two parameters
characterizing the snow grain profile (i.e. the snow grain
radius near the surface and the vertical grain-size gradient)
are retrieved for each 25 km�25 km pixel in the Antarctic
dry zone. These parameters are compared with in situ grain-
size measurements, visible remote-sensing estimates of grain
size and a simple snow metamorphism relationship between
the snow grain-size growth and key climatic properties (air
temperature and snow accumulation).

We consider only two frequencies (19.3 and 37GHz) and
the vertical polarization. Other frequencies available on
SSM/I (22.2 and 85.5GHz) are sensitive to external factors of
the snowpack structure such as the atmospheric water vapor
(22.2 and 85.5GHz) or the surface state (85.5GHz). The
vertical polarization is selected because SSM/I brightness
temperatures are acquired at a 53.18 incident angle
(Hollinger and others, 1990), which is close to Brewster’s
angle and is, thus, less affected by surface reflection and
stratification than the horizontal polarization (Rémy and
Minster, 1991; West and others, 1996). The region of interest
is limited to the dry-snow zone (Picard and Fily, 2006) in
order to avoid the complex influence of liquid water or ice
layers (e.g. Magand and others, 2008). Lastly, our study deals
with annual mean emissivities, computed from annual mean
brightness temperatures and air temperature over the period
1987–2002 (the calculation is detailed below). By this
calculation, the variations of the azimuth angle of obser-
vation with respect to the main roughness direction (Long
and Drinkwater, 2000) are moderated.

In section 2, we present the calculation of the emissivity
from SSM/I observations and describe our electromagnetic
multi-layered (ML) model (DMRT-ML). In section 3, we
present the spatial variations and the spectral signature of
the emissivity in Antarctica and attempt to explain these
features with the DMRT-ML model considering homogene-
ous and heterogeneous snowpacks. In section 4, snow grain
radius profile parameters are retrieved and briefly analyzed
at the Antarctic scale. These results are compared and
discussed with respect to in situ and optical spaceborne
estimates of grain size, as well as with the prediction from a
simple metamorphism relationship driven by climate mod-
els. Our conclusions are reported in section 5.

2. METHODS
2.1. Microwave data
Brightness temperatures were extracted from the US
Defense Meteorological Satellite Program (DMSP) SSM/I
Daily Polar Gridded Brightness Temperature dataset (Ver-
sion 2), distributed at a spatial resolution of 25 km�25 km
by the US National Snow and Ice Data Center. The dataset
includes the 19.3 and 37GHz channels, at vertical polar-
ization, acquired by the SSM/I on board the DMSP F8, F11
and F13 missions.

Even though the atmosphere over Antarctica is dry and
cold, it affects both the 19 and 37GHz frequencies, but with
different amplitudes. The spectrum of emissivity at the top of
the atmosphere is different from that at the surface. Hence, to
analyze the electromagnetic radiation solely emitted by the
snowpack and then to relate the spectrum to snow properties,
it is more accurate to correct the top-of-atmosphere bright-
ness temperatures. Top-of-snowpack emissivities are com-
puted from the top-of-atmosphere observations assuming a
nonscattering atmosphere (Rosenkranz, 1998; Tedesco and
Wang, 2006; Picard and others, 2009) using terms averaged
over the period 1987–2002 and

eobs ¼
T SSMI
B � T atmo

B " �� T atmo
B # þ�T cosmic

B

� �

�Tair � � T atmo
B # þ�T cosmic

B

� � : ð1Þ

T SSMI
B is the averaged brightness temperature measured by

SSM/I over the period 1987–2002 and Tair is the averaged air
temperature extracted from the European Centre for Medium-
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Range Weather Forecasts (ECMWF) ERA-40 re-analysis
(Uppala and others, 2005) for the same period. The
transmittance, � , and the upward (T atmo

B ") and downward
(TBatmo #) atmospheric brightness temperatures are calcu-
lated from the atmospheric attenuation computed using
Rosenkranz’s model (1998) driven by the temperature and
moisture profiles from the ERA-40 re-analysis. T cosmic

B is the
cosmic background brightness temperature at microwave
wavelengths (2.75K).

The top-of-snowpack emissivity calculated using Equa-
tion (1) is �0.007 higher at 19.3GHz, and 0.018 higher at
37GHz, than that calculated at the top of the atmosphere
when neglecting the atmosphere (Picard and others, 2009).
Any error in the air temperature predicted by the ERA-40 re-
analysis (estimated as �2K at Dome C; Bromwich and Fogt,
2004; Picard and others, 2009) has a significant impact at all
frequencies on the absolute value of emissivity (0.01).
However, since the same air temperature is used to calculate
the emissivities at both frequencies, the uncertainty in this
meteorological variable has a moderate influence on the
relative difference between emissivities. Hereafter, all
emissivities are at vertical polarization and, for clarity, the
emissivities estimated from Equation (1) are called observed
emissivities.

2.2. Microwave emission modeling
The electromagnetic model used in this study is based on the
radiative transfer equation and dense-media theory (Tsang
and Kong, 2001). DMRT theory has been extensively used to
study active and passive remote sensing of seasonal and
perennial snow (Tsang and others, 2000a, 2007; Macelloni
and others, 2001, 2007; Tedesco and others, 2006; Grody,
2008; Liang and others, 2008) and snow over sea ice (West
and others, 1993).

Snow is assumed to be a medium composed of ice
spheres. The effective dielectric constant of the medium is
solved using the first-order quasi-crystalline approximation
coherent potential (QCA-CP) and the Percus–Yevick pair
distribution for nonsticky particles (i.e. particles which do
not form aggregates) (Tsang and Kong, 2001). This computa-
tion is valid in the limit of low frequency and/or small
particle size (i.e. 2�r=� < 1 with r the sphere radius and �
the wavelength). The QCA-CP is in agreement with numer-
ical solutions of Maxwell equations in three-dimensional
simulations (NMM3D-DMRT) up to a fractional volume of
�30%, and deviates above (Liang and others, 2006; Tsang
and others, 2008). QCA-CP may underestimate the extinc-
tion coefficient both at 19 and 37GHz for fractional
volumes more than 30%, as does QCA. The impact is an
overestimated retrieved grain size in regions of high density.

We developed a multilayered DMRT model (DMRT-ML)
able to calculate brightness temperature and emissivity of a
layered snowpack. Each layer is characterized by thickness,
snow grain size (sphere radius), density and temperature.
The emission and propagation of radiation through the
snowpack are computed for 32 directions using the discrete-
ordinate radiative transfer (DISORT) method (Jin, 1994). This
method accounts for multiple scattering between layers.
Modeled snow layers are much thicker than the wavelength
(e.g. 1.55 cm at 19.3GHz), so interferences are not con-
sidered. The snow/air interface and the interfaces between
the layers are assumed to be smooth.

To confirm our results computed with DMRT-ML and
presented in section 3, emissivities were also computed with

the Microwave Emission Model of Layered Snowpacks,
MEMLS (Wiesmann and Mätzler, 1999), Version 3. MEMLS
is a semi-empirical model and differs from DMRT-ML in the
way it calculates (1) the scattering coefficient (i.e. the
improved Born approximation (Mätzler, 1998; Mätzler and
Wiesmann, 1999) instead of the DMRT theory) and (2) the
propagation of radiation through the snowpack (i.e. the six-
flux theory instead of the DISORT method). In addition in
MEMLS, the snow grain size is quantified by the correlation
length (Mätzler, 2002).

3. RESULTS

3.1. Emissivities derived from observations
The observed vertically polarized emissivities at frequencies
of 19.3 and 37GHz derived from Equation (1) range between
0.64 and 0.98 in the Antarctic dry-snow zones (Fig. 1a and
b). The spatial variations are similar at the two frequencies.
The emissivity reaches its highest values in Marie Byrd
Land, West Antarctica (Fig. 2) at both frequencies (�0.97).
In Wilkes Land, the emissivity tends to decrease with
increasing altitude (from 0.95 to 0.90), whereas the
emissivities in Dronning Maud Land are near uniform, with
values similar to those observed on the East Antarctic
plateau (�0.83). Two regions are characterized by very low
emissivities: of �0.70–0.72, in the sector 0–308 E (Dronning
Maud Land) and 0.65–0.70 in the sector 100–1508 E (south
of 758 S in Victoria Land). Snow dunes and glazed surfaces
have been reported in those regions (Fahnestock and others,
2000; Frezzotti and others, 2002a, b).

Throughout this paper, plots of the emissivity at 37GHz
as a function of the emissivity at 19.3GHz (both at vertical
polarization) are presented in order to visualize the spectral
signature. This visualization is called 19–37GHz space
hereafter.

The observed emissivities calculated using Equation (1)
are presented in 19–37GHz space in Figure 3b. Every dot
corresponds to one 25 km�25 km pixel in the Antarctic
dry-snow zone. The most remarkable feature in Figure 3b is
that the observed emissivities are correlated and relatively
close to the 1 : 1 line; the difference between the emissivities
at the two frequencies does not exceed 0.05. These
differences in emissivities are smaller than those observed
with a surface-based radiometer between 19 and 37GHz
over a seasonal snowpack. Measured differences in emissiv-
ities were >0.1 for deep snow, �0.13 for a snowpack of
intermediate depth and a snowpack with a bottom crust,
and up to 0.25 for a snowpack with a thick crust (Mätzler,
1994, fig. 1i, j, m and n).

The 1 : 1 line is a rigorously frequency-independent
spectrum. ‘Anomalous’ spectra are located above the 1 : 1
line and ‘normal’ spectra are well below it. We call the
Antarctic characteristic spectrum a flat spectrum. A limited
number of dots (�5% of the dry-snow zones) correspond to
‘anomalous’ spectra (Fig. 2).

In the next three subsections we aim to explain the
Antarctic flat spectrum by electromagnetic modeling. We
first calculate the emissivity of homogeneous snowpacks
and show that this configuration is incompatible with the
observations. We then consider layered snowpacks and test
two different kinds of profiles: (1) random variations of grain
radii and density, and (2) monotonic and continuous
variations.
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3.2. Homogeneous snowpack
Figure 3a shows the emissivity of a homogeneous snowpack
(i.e. a semi-infinite layer whose snow properties are
constant) as a function of the snow grain radius, at
19.3GHz (continuous curve) and 37GHz (dashed curve).
The calculation is performed with DMRT-ML and a snow
density of 350 kgm–3.

The emissivity decreases with both increasing snow grain
radius and increasing frequency (Fig. 3a). The decrease of
emissivity with increasing snow grain radius is due to an
increase in scattering that prevents the thermally emitted
radiation from escaping the snowpack. It is due to Rayleigh
scattering. Hence, for a given grain radius, scattering
efficiency is greater at 37GHz than at 19.3GHz. As an
example, the difference between the emissivities at 19.3 and

37GHz is �0.08 for a snow grain radius of 0.5mm and
larger for larger snow grains (e.g. up to 0.18 for a sphere
radius of 0.9mm).

The same results are presented in a different way, in
19–37GHz space (Fig. 3b), in order to emphasize the
spectral signature. Whatever the model (DMRT-ML or
MEMLS) and whatever the density (300 or 400 kgm–3), the
modeled emissivities of a homogeneous snowpack have
much higher values at 19.3GHz than at 37GHz and are
located far below the 1 : 1 line in the 19–37GHz space. This
spectral behavior is the ‘normal’ spectrum of seasonal snow
in most regions on Earth (Mätzler, 1994). From Figure 3b, it
is clear that the observed and modeled emissivities
encompass different regions in the 19–37GHz space. We
conclude that the hypothesis of a homogeneous snowpack is
inadequate to explain the emissivities at both 19.3 and
37GHz frequencies in Antarctica.

3.3. Randomly generated heterogeneous snowpack
The Antarctic snowpack is known to be structured and
usually presents large and discontinuous variations of snow
grain radii and densities (e.g. Alley, 1987, 1988) over the
depth from which the radiation emanates, i.e. 0.1–2m at
37GHz and 1–7m at 19GHz for snow grain sizes ranging
typically between 1 and 0.2mm (Sherjal and Fily, 1994;
Surdyk, 2002; Macelloni and others, 2007; Picard and
others, 2009). This suggests a calculation of the emissivity
based on randomly generated heterogeneous snowpacks.

In real snowpacks, the grain size and density vary
simultaneously with depth. However, no clear relationship
is available for Antarctic snow. Snowpacks considered in the
following text are an idealization required for the tractability
of the problem.

We first consider random variations of snow density with
a fixed snow grain radius (0.7mm). For this fixed-grain
radius, 25 000 random snowpacks composed of 15 layers
are generated by randomly selecting the thickness of each

Fig. 2. Map of regions where the snowpack emits with an
’anomalous’ snow spectrum (dark zones), i.e. the emissivity is
higher at 37GHz than at 19.3GHz.

Fig. 1 Maps of observed emissivities at vertical polarization
(a) 19.3GHz and (b) 37GHz computed using Equation (1). Regions
where melt occurred are masked (in white). No data are available
south of 87.88.
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layer, then normalizing so that the total depth is 10m. Thus,
the layer thickness ranges between 0.1 and 2.5m. The
density in each layer is drawn from a uniform distribution
between 200 and 500 kgm–3. Finally, the emissivities for
each of the 25 000 realizations are calculated with DMRT-
ML and are reported in Figure 4.

The results indicate that density variations have a
moderate effect on the vertically polarized emissivities and

that most generated snowpacks present a ‘normal’ spectrum,
similar to that of homogeneous snowpacks. Similar results
are obtained for a fixed snow grain radius of 0.3mm. Only a
limited number of the modeled emissivities overlap the
region of observed emissivities in 19–37GHz space.
However, in these cases, the density profile always de-
creases with increasing depth. This is unrealistic (e.g. Li and
Zwally, 2004) and leads to the conclusion that density
variations alone do not explain the observed emissivities at
the Antarctic scale.

Second, we consider random variations of snow grain
radius (drawn from the uniform distribution 0.1–1.4mm)
with a fixed snow density (350 kgm–3). Figure 5 presents the
results in 19–37GHz space. The region covered by the
modeled emissivities is wide, due to the strong sensitivity of
the emissivity to grain size (Zwally, 1977; Surdyk, 2002;
Grody, 2008). The region is even wider than the observed
emissivities, which indicates that only a subset of the
generated snowpacks matches the observations. To investi-
gate the peculiarity of these snowpacks, we classify the
25 000 generated snowpacks depending on whether the
grain radius increases or decreases with increasing depth.
The contours shown in Figure 5 enclose the snowpacks in
each of these two categories. The snowpacks with a negative
grain-size gradient (i.e. a decrease in snow grain radius with
increasing depth) have emissivities located near or below
the curve of the homogeneous snowpacks (i.e. present
‘normal’ snow spectra). In contrast, modeled emissivities
located near the observed emissivities in 19–37GHz space
correspond mostly to snowpacks with a positive grain-size
gradient (i.e. an increase in snow grain radius with
increasing depth). For example, to match the typical
observed emissivities in Wilkes Land (0.92 and 0.90 at

Fig. 3. (a) Modeled vertically polarized emissivities for homo-
geneous snowpacks as a function of snow grain radius at 19.3GHz
(continuous curve) and 37GHz (dashed curve). Grain radius (mm)
is annotated on the curves. The density is 350 kgm�3. (b) Emissivity
observed in the Antarctic dry-snow zone at 37GHz as a function of
the emissivity at 19.3GHz (dots). Same for modeled emissivities
(curves) for homogeneous snowpacks with grain radius ranging
from 0.1 to 1mm. The different curves correspond to two DMRT-
ML calculations with snow density of 300 kgm�3 (continuous
curve) and 450 kgm�3 (dashed curve) and to one MEMLS
calculation with snow density of 300 kgm�3 (continuous curve
with squares).

Fig. 4. Modeled emissivities at vertical polarization for snowpacks
with a fixed snow grain radius (0.7mm) and 15 layers with random
variations of snow density in the first 10m. Snowpacks were
classified in two categories depending on the increase (orange
color) or decrease (green color) of the density trend with depth. The
curve represents the emissivity of homogeneous snowpacks (DMRT-
ML calculation, grain radius of 0.1–1mm; Fig. 3). Black dots are the
observed emissivities.
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19.3 and 37GHz, respectively), the snow grain radius
increases from 0.3mm in the 0–1m layer to �0.6mm in the
3–4m layer.

This result shows that the majority of the modeled
emissivities near or above the 1 : 1 line correspond to
snowpacks with a positive grain-size gradient. We conclude
that the flat spectrum of the snow in Antarctica mainly
results from the fact that snow grain size increases with
increasing depth, which is realistic.

3.4. Heterogeneous snowpack with a monotonic and
continuous increase in snow grain size
Though random variations of snow properties seem realistic
with respect to measured profiles in the numerous snow pits
dug in Antarctica, they may not be representative of the
snowpack at the satellite field of view (brightness tempera-
ture products are distributed at a spatial resolution of 25 km
� 25 km), and their characteristics are statistically difficult to
interpret. Here we consider a different approach with
idealized snowpack profiles, which are characterized by
two simple parameters.

The profiles are assumed to be monotonic and continuous
with snow grain-radius profiles given by analytical relation-
ships. We consider three different parameterizations of snow
grain-radius profiles, rðzÞ (with z pointing downward from
the surface to 10m), so that

rn ¼ rnnear surf þ zQn, ð2Þ
where rnear surf is representative of a mean snow grain radius
in the upper part of the snowpack (see section 4), n is the
growth exponent (equal to 1, 2 or 3) and Qn is the snow
grain-size gradient. Qn is positive so that grain radius
(n ¼ 1), grain surface (n ¼ 2) and grain volume (n ¼ 3)
increase linearly as a function of depth. The emissivities are
calculated assuming a constant snow density of 350 kgm�3.

The three exponents (n ¼ 1, 2 and 3) result in the
emissivities reported in Figure 6a–c. These graphs show the
emissivity variations in 19–37GHz space as a function of
rnear surf and Qn. The black curve corresponds to homo-
geneous snowpacks, i.e. Qn ¼ 0, with rnear surf ranging from
0.1 to 1mm. Each red dashed curve corresponds to an
increasing grain-size gradient, Qn, for a given value of
rnear surf. The figures show that for increasingQn the departure
from the homogeneous snowpack curve increases, and the
difference between the emissivity at 19.3 and 37GHz
decreases. The difference can decrease to become null (i.e.
to represent a flat spectrum at the intersection between the
red curves and the 1 : 1 line) and can even be negative (i.e. to
represent an ‘anomalous’ spectrum when the red dashed
curves are above the 1 : 1 line) for n ¼ 1 and 2 only.

In addition and most importantly, the region covered by
the red curves overlaps the space of the observations for
n ¼ 1 and 2 only (Fig. 6a and b). This means that a linear
increase in grain radius with increasing depth (n ¼ 1;
Fig. 6a) or in the grain surface area (n ¼ 2; Fig. 6b) is able
to explain nearly all observed emissivities over Antarctica,
whereas a linear increase in the snow grain volume (n ¼ 3;
Fig. 6c), as suggested by Zwally (1977), is able to explain a
flat spectrum but not an ‘anomalous’ spectrum. Similar
results are obtained with MEMLS and its correlation length
parameter (not shown).

Using the simple parameterization of Equation (2) with
either n ¼ 1 or 2, there is a unique pair of snow grain-size

profile parameters (rnear surf, Qn) for nearly every couple of
emissivities observed at 37 and 19.3GHz in Antarctica. This
property is used to map rnear surf andQn in the dry-snow zone
given the observed emissivities. To do this in practice, we
consider a linear increase of the grain surface area (n ¼ 2);
the snowpack has a constant temperature equal to the
annual mean air temperature at the pixel location derived
from ERA-40 and the density is 350 kgm�3. The retrieval
works well except in regions where the emissivities are less
than �0.70, i.e. 1% of the dry-snow zone. This is due to the
failure of the Rayleigh assumption for large grains used in
DMRT-ML for the scattering computation. Moreover,
although the retrieval works in heterogeneous regions (e.g.
mountainous regions and blue ice areas; Bintanja, 1999;
Winther and others, 2001), the retrieved profile parameters
must be interpreted with caution in these areas.

Maps of snow grain radius near the surface, rnear surf, and
snow grain-size gradient, Q2, are shown in Figure 7a and b,
respectively. The overall tendency is an increase of grain
radius from the periphery of the continent towards the
interior, especially towards the ridge of the East Antarctic
plateau (Fig. 7a).

The snow grain-size gradient (Fig. 7b) presents more
complex patterns. The gradient is nearly zero in Marie Byrd
Land (in violet color). It is weakly positive near the coasts of
Wilkes Land and Dronning Maud Land and increases
southward up to the East Antarctic ridge. The Lambert
Glacier basin presents a large gradient, and the largest
gradients are found in East Antarctica in the regions south of
the ridge near Dronning Maud Land and in Victoria Land.
These areas are characterized by the lowest emissivities
found in Antarctica (Fig. 1).

Fig. 5.Modeled vertically polarized emissivities for snowpacks with
a fixed density (350 kgm�3) and random variations of snow grain
radius. Snowpacks were classified in two categories depending on
whether the grain size increased or decreased with depth,
i.e. positive or negative grain-size gradient. Contour lines represent
three levels of density dots for the two types of snow grain-size
profiles. The curve represents the emissivity of homogeneous
snowpacks (DMRT-ML calculation, density 350 kgm�3; Fig. 3).
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4. VALIDATIONS AND DISCUSSION
The two important results found in section 3 are validated
and discussed here. The first result is that the emissivity
spectra observed in Antarctica are related to the increase in
grain radius with increasing depth; the second result is that
microwave observations at two frequencies provide a means
to estimate the snow grain-size profile.

The growth of snow grains with increasing depth in
Antarctica has been known for several years and has been
reported by numerous workers (e.g. Stephenson, 1967; Gow,
1969; Koerner, 1971; Picciotto and others, 1971; Alley and
others, 1982; Nishimura and Maeno, 1985; Alley, 1987;
Alley and Bentley, 1988; Qin and others, 1988; Albert and
others, 2000; Gay and others, 2002; Kärkäs and others, 2002;
Gow and others, 2004; Rick and Albert, 2004). It is explained

by a general trend of the metamorphism processes (e.g.
temperature gradient) promoting the growth of larger grains
at the expense of smaller grains (Colbeck, 1983). Over
Antarctica, and in particular over the inland ice sheet, where
several areas show very low snow accumulation, the
seasonal cycle of temperature can act upon the upper layers
of snow repeatedly, for up to centuries (e.g. Albert and others,
2004; Courville and others, 2007). This results in an increase
in the mean grain size over time and, hence, over depth.

Quantitatively, a simple metamorphism theory (e.g. Gow,
1969) assumes a general linear increase in the grain surface
area with time, t, such as

r2 ¼ r20 þ Kt, ð3Þ
where r0 is the initial grain radius and K is the grain growth

Fig. 6. Modeled emissivities of homogeneous snowpacks (black curve) and of snowpacks with a linear increase of (a) snow grain radius
(n ¼ 1), (b) grain surface area (n ¼ 2) and (c) grain volume (n ¼ 3). The dashed red curves represent an increase in the grain-size gradient for
a given near-surface snow grain size (Equation (2)). Annotated values along the dashed curve are Qn (m2 m�1) and along the homogeneous
curve are the near-surface grain size (mm).
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rate. By assuming, in addition, that the snow accumulation is
constant over time and the densification is negligible,
Equation (3) is equivalent to the snow grain-radius profile
used in the present study, i.e. Equation (2) with the exponent
n ¼ 2.

It was shown, by generating a snow grain network and
analyzing its evolution using a Monte Carlo method, that a
more general law is possible (Anderson and others, 1984;
Srolovitz and others, 1984):

rn ¼ rn0 þ Kt : ð4Þ
In Equation (4), the growth exponents n < 2 were excluded
(Anderson and others, 1984; Srolovitz and others, 1984).
This excludes the case n ¼ 1 which is, however, compatible
with the observed emissivities.

In addition, with the observed emissivities, we found that
n ¼ 3 is incompatible with the ‘anomalous’ snow spectra
observed in some regions. We thus favor n ¼ 2 and use this
value for the quantitative estimation of the profile par-
ameters. The following subsections attempt a comparison of
our retrieved grain-radius profiles with measurements and
previous estimates from satellite data.

4.1. Comparison with in-situ measurements
Comparison of the retrieved profiles (i.e. the near-surface
snow grain radius and the gradient) with ground measure-
ments is difficult because of representativeness issues. The
scale of measurements in a snow pit is very different from
the SSM/I pixel (25 km�25 km). Moreover, grain size
measured by visual inspection and/or photography is
quantified by diverse dimensions (e.g. the maximum
dimension of the prevalent grains (Colbeck and others,
1990), axis length, eccentricities and mean convex radii
(Gay and others, 2002)). These are sometimes subjective,
although the grain size observed in microwave remote
sensing is also not clearly defined (e.g. Mätzler, 2002).

For these two reasons at least, a detailed and quantitative
analysis is impossible. Nevertheless, we provide here a
broad comparison with in situ measurements acquired along
traverses, as the same method was used over a wide distance
and therefore presents consistency in space. Most of these
data are summarized by Surdyk and Fily (1993).

Between McMurdo (788 S, 154.28 E) and the South Pole,
large grains were observed near the surface and very large
grains were observed at �2m depth (Giovinetto, 1963). In
these regions, the retrieved profiles also present large grains
near the surface (Fig. 7a) and the largest snow grain-size
gradients found in Antarctica (Fig. 7b).

In Wilkes Land, along the 698 S parallel, grain sizes were
reported to be fairly constant between 112 and 1318 E, and
grain growth between the surface and 2m depth was weak
(Goodwin, 1988; Surdyk and Fily, 1993). The Wilkes Land
profiles retrieved by satellite agree with these characteristics;
the gradient is weak and the grain radius near the surface is
moderate.

Between Mirny (66.558 S, 93.028 E) and Vostok (78.488 S,
106.828 E), the grain sizes near the surface are small and
almost constant along the traverse. This disagrees with the
retrieved near-surface grain sizes, which increase from the
coast to the plateau. In addition, grain size measured at 2m
depth grows from the coast to the plateau. Therefore, owing
to the almost constant grain size near the surface, an
increase in the snow grain-size gradient is measured from
the coast towards the plateau. Such a trend is observed by
satellite (Fig. 7b).

In the Lambert Glacier basin, depth hoar (large grains)
was measured over a wide zone south of 738 S (Higham and
Craven, 1997). There are depth-hoar layers in the near
surface and some pervasive layers over a few meters,
creating large gradients in grain size. Retrieved snow-profile
properties agree well with these observations.

In the megadune region (120–1508 E and south of 758 S),
measurements show a strong increase in grain size with

Fig. 7.Maps of (a) the near-surface grain radius, rnear surf (mm) and (b) the grain-size vertical gradient,Q2 (mm2 m�1), in the Antarctic dry zones
derived from the 19.3 and 37GHz vertically polarized emissivities.
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increasing depth (Albert and others, 2004; Courville and
others, 2007) and agree well with the satellite observations
(Fig. 7b). Note that in this area the grain sizes are so large
that the DMRT-ML calculation may fail. In practice, the
maximum size is �1.3mm for calculations at 19.3GHz
(excluding emissivities less than �0.7). These areas are
shown in white in Figure 7.

These comparisons with measured grain size along
several traverses are qualitative but indicate that spatial
variations of the retrieved snow grain properties are
generally realistic in East Antarctica.

4.2. Comparison with another dataset of snow grain
size retrieved by satellite
The comparison with snow grain size retrieved by visible
and infrared satellite sensors is technically easier because
the spatial coverage is similar. However, there is no
agreement between retrieved snow grains in the microwave
range and in the solar spectrum. In particular, a general
decrease in surface snow grain size from the coast towards
the East Antarctic plateau is observed with the sensor
Polarization and Directionality of the Earth’s Reflectances
(POLDER; Mondet, 1999), the Along Track Scanning Radi-
ometer (ATSR-2; Mondet, 1999), the Landsat Thematic
Mapper (Bourdelles and Fily, 1993) and the Moderate
Resolution Imaging Spectroradiometer (MODIS; Scambos
and others, 2007). Our results show the opposite trend.

This apparent discrepancy may be explained by the large
difference of penetration depths between the microwave
range and the solar spectrum. In the near-infrared, which is
typically used to estimate surface snow grain size, the
penetration is several centimeters. In contrast, microwaves at
37GHz penetrate an order of magnitude deeper. Although
we consider profiles with a theoretical grain radius at the
surface called ‘the near-surface grain radius’, this parameter
is actually representative of the first few decimeters. Hence,
microwave sensors sense snow that has already experienced
metamorphism for several months near coasts and for at
least 1 or 2 years on the plateau, whereas infrared sensors
sense freshly fallen snow.

This explanation is confirmed when considering the two
layers of retrieved snow grain size using MODIS (Jin and
others, 2008). The study shows a high temporal variation in
surface snow grain size and unclear spatial patterns.
Furthermore, the grain size retrieved in the bottom layer
(below 5mm), in particular, always appears smaller near the
coast than in the interior of the continent (Jin and others,
2008, fig. 9). This specific point is in agreement with our
microwave observations. However, this interpretation is
difficult because the retrieval is based on one observation
per month and limited by the presence of clouds.

4.3. Comparison with grain size estimated by snow
metamorphism theory and driven by climatic data
Microwave emission senses snow at depth and thus is likely
to have undergone extensive metamorphism due to tempera-
ture-gradient metamorphism (Li and Zwally, 2004). There-
fore, it is worth considering complex thermodynamic snow
models (e.g. Crocus; Brun and others, 1992) to calculate the
grain size, and especially the vertical gradient of grain size.
Here we consider a simple calculation that assumes (1) the
grain growth rate depends on the air temperature in the form
of an Arrhenius-type relationship (Colbeck, 1991; Brun and
others, 1992) and (2) the age of a grain is linearly related to

its depth and the snow accumulation rate. Hence, the
vertical gradient of grain size, Qclim, is computed from
climatic data as:

Qclim ¼ K0e
�E
RT

�A
, ð5Þ

where T is the mean annual air temperature, A is the mean
annual snow accumulation (mma–1), R is the gas constant
(8.314 Jmol–1 K–1), E is the activation energy (here equal to
48 570 Jmol–1; Gow, 1969) and K0 is a constant rate
established for isothermal crystal growth (equal to
6:75� 107 mm2 a–1; Gow, 1969; Alley and others, 1982).
We apply Equation (5) and its constants to grain kinetic
growth conditions.

The temperature, T , and snow accumulation rate, A, are
extracted from climate model calculations. To avoid model-
specific results, we consider two different models, (1) the
Modèle Atmosphérique Régional (MAR) (Gallée and
Schayes, 1994; Gallée, 1995) based on a detailed physical
representation of the polar meteorological processes
(Gallée and others, 2001) with spatial resolution 40 km
and (2) the general circulation model LMDZ4 (Hourdin and
others, 2006) with a grid zoomed over Antarctica, to a
resolution of 60 km (Krinner and Genthon, 1997; Krinner
and others, 2007).

The maps of Qclim obtained from both models are
presented in Figure 8. Comparisons with the retrieved
grain-size gradient, Q2 (Fig. 7b), show similar spatial
variations. In particular, low values of the grain-size gradient
(i.e. nearly homogeneous snowpacks) are observed in Mary
Byrd Land in all the maps. Comparable spatial trends are
also observed from Dronning Maud Land to Wilkes Land
following the ridge. Patterns located in Dronning Maud
Land, in Victoria Land and in regions south of the Filchner–
Ronne Ice Shelf (300–3308 E) are predicted by MAR and
retrieved with the microwave radiometers, but the magni-
tude and the precise location are slightly different. Both
maps (Figs 7b and 8) show strong gradients of grain radius in
the Lambert Glacier basin (708 S, 608 E) and south of Talos
Dome (area near 808 S, 1608 E). We notice that the snow
megadune region in Dronning Maud Land is wider with the
microwave retrievals than with MAR. In addition, some
discrepancies are visible over the drainage basins in the
Transantarctic Mountains where microwave measurements
are likely to be inaccurate due to the presence of mixed
pixels (rock and snow) and complex topography.

The same general patterns are predicted by the LMDZ4
model (Fig. 8b). However, the region of weak gradients
located between Marie Byrd Land and the South Pole has a
lower extent than that retrieved by microwave measure-
ments. Moreover, the position and the extent of the area with
large gradients in Dronning Maud Land are different.

The magnitude of the snow grain-size gradient retrieved
by microwave observations is different from the prediction
using climate models. This is probably explained by the use
of constants K0 and E in the case of growth dominated by the
temperature gradient instead of isothermal conditions.
Indeed, very large variations of K0, up to a factor of 60,
have been measured in Antarctica (Arnaud, 1997).

As a whole and given the strong assumptions, the spatial
variations of grain-size gradients computed with an
Arrhenius-type relationship and climatic data present
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reasonable agreement with those estimated from micro-
wave observations.

5. CONCLUSIONS
We have examined the vertically polarized microwave
emissivity in the Antarctic dry-snow zones at 19.3 and
37GHz. In contrast with most dry-snow covered areas on
Earth, the emissivities in Antarctica at 19.3 and 37GHz are
nearly equal. A weak frequency dependence, considered
here as a flat spectrum, results from the heterogeneity of the
Antarctic snowpack in the first few meters depth and from
the fact that the Antarctic snowpack can be considered
semi-infinite, even at 19GHz, contrary to seasonal snow-
packs. More precisely, using a multilayered electromagnetic
model (DMRT-ML) and different methodologies to construct
snowpacks, we show that an increase in snow grain radius
with depth is the most realistic snowpack structure able to
explain the observed emissivities, and in particular the flat
spectrum. Neither homogeneous snowpacks nor vertical
variations of the snow density lead to emissivities compar-
able with the observations. Many in situ measurements
confirm that grain size increases with depth, but the fact that
this is a necessary condition to explain the microwave
emissivities everywhere in Antarctica (at least in the dry
zones) is new.

Next, assuming that the snow grain profile follows a
simple analytical relationship, we were able to retrieve two
parameters of the profile from the observed emissivities at
19.3 and 37GHz: the near-surface grain radius (represen-
tative of the grain radius in the top few decimeters) and the
vertical gradient of the grain radius. Validation of the
retrieval is difficult, but we show a general agreement
between the spatial variations of the retrieved parameters
and in situ measurements of grain size along various
traverses in East Antarctica. The retrieved snow grain-size
gradient patterns are also in agreement with the grain growth

rate computed with an Arrhenius-type relationship and
modeled climatic variables governing the snow metamorph-
ism. However, the comparison with grain size estimated by
spaceborne sensors in the solar spectrum (e.g. MODIS)
shows very large discrepancies. We explain these in terms of
the difference in sensing depth between the sensors.

The present study is limited to 19.3 and 37GHz obser-
vations at vertical polarization, which provide, in the first
meters of the snowpack only, information on the grain
radius. In the future it might be possible to characterize the
grain radius profile at a greater depth (typically tens of
meters) by including additional observations at lower
frequencies available from the Advanced Microwave Scan-
ning Radiometer (AMSR-E, 6.9 and 10.7GHz) or the Soil
Moisture and Ocean Salinity (SMOS) radiometer (1.4GHz).
Moreover, the addition of the horizontally polarized
emissivities should provide information on the density
profile and especially the vertical variability of the density.
Also, the retrieved snow grain-size profile parameters we
have presented could be used to investigate other glacio-
logical properties.

An open question is how our method extends to regions
with seasonal snowpack where the presence of underlying
ground or ice (in the case of snow-covered sea ice) is
important for the emissivity spectrum, in particular at
19GHz and lower frequencies.

ACKNOWLEDGEMENTS
This work was funded by the French remote-sensing
program, Programme National de Télédétection Spatial
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MAR model and (b) the LMDZ4 model.
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