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Abstract

L-band radiometer measurements collected over the DomeC area from 2010 to 2015 indicated that the brightness temperature (TB)
was relatively stable at vertical (V) polarization (standard deviation lower than 1K at annual scale), while it was slightly more variable at
horizontal (H) polarization. During the 2014-2015 austral summer, an exceptional situation was recorded by both the DOMEX ground
radiometer and the European Space Agency (ESA)’s Soil Moisture and Ocean Salinity (SMOS) satellite. From November 2014 to March
2015, TB H showed a progressive and significant increase until 20March 2015 when it sharply decreased by about 5 K (at 52.5o incidence
angle) within a few days. In parallel to the increase in TB H, glaciological and meteorological in situ measurements showed a wind speed
that was lower than usual and a low-density snow layer being progressively set up on the surface. This was consistent with the exceptional
hoar event observed, as well as with snow accumulation on the surface. On the other hand, the decrease in TB H was related to the
passing over DomeC of a storm that removed or compacted the layer of light snow on the surface. The WALOMIS (Wave Approach for
LOw-frequency MIcrowave emission in Snow) snow-emission model was used with in situ measurements of the snowpack as inputs for
evaluating the effect of changes observed on the snow surface in TB H. The simulations indicated that the surface snow density variations
were sufficient for predicting the increasing and decreasing trends of the TB H. However, the thickness variations of the superficial layer
were essential so as to obtain a better agreement with the SMOS observations. This result confirmed that the L-band TB H was affected
by the snow properties of the top centimeters of the snowpack, in spite of the large penetration depth (hundreds of meters). Both the
surface snow density and the thickness of the superficial layer were relevant, due to coherent interference effects.
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1. Introduction

The physical properties of the surface are essential variables for
understanding the surface energy andmass budgets of the Antarc-
tic ice sheet and, in turn, for predicting climate change and the
contribution of the ice sheet to a rise in the sea level. Several
glaciological and meteorological properties are relevant, such as
grain size, wetness, density, and roughness of snow, near surface
air temperature, surface wind, and precipitations.

Because of the remoteness and the harsh conditions, satellite
remote sensing is the sole means for acquiring long time-series of
observations over the entire continent. In particular, microwave
radiometers have been used in awide range of applications to esti-
mate snowproperties and changes over the ice sheet, such as snow
temperature (Surdyk, 2002; Schneider & Steig, 2002; Winebren-
ner et al., 2004), surface melting (Torinesi et al., 2003; Liu et al.,
2006; Picard et al., 2007; Tedesco & Monaghan, 2009), mean an-
nual snowaccumulation (Zwally, 1977; Vaughan et al., 1999; Arth-
ern et al., 2006), snow grain size (Brucker et al., 2010; Picard et al.,
2012), surface and depth hoar detection (Hall et al., 1986; Shuman
&Alley, 1993; Champollion et al., 2013) and roughness character-
istics (Long & Drinkwater, 2000).

With penetration depths ranging from a few centimeters at
150GHz to a few hundred meters at 1GHz (Surdyk, 2002; Ma-
celloni et al., 2016), the potential for probing both the surface and
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the internal structure at different levels in the ice sheet is im-
portant. During the past decade, the launching of various low-
frequency radiometers operating at L-band (1.4 GHz) has opened
up a new era. The European Space Agency (ESA)’s Soil Moisture
and Ocean Salinity (SMOS) in 2009 (Kerr et al., 2010) was fol-
lowed by the National Aeronautical and Space Agency (NASA)’s
Aquarius in 2011 (Le Vine et al., 2010), which ceased operations
in June 2015. NASA’s Soil Moisture Active Passive (SMAP) was
launched in 2015 (Entekhabi et al., 2010, 2014), and its radiome-
ter has provided images since April 2015 (e.g. Chan et al., 2016;
Roy et al., 2016). These missions were primarily dedicated to soil
moisture and ocean salinity, but can however provide very inter-
esting information on the ice sheet. Indeed, the penetration depth
in dry snow and ice at L-band is estimated to be several hundred
or thousand meters: that is, one order of magnitude greater than
at 6GHz, which is the next available frequency available from
satellite observations (Surdyk, 2002; Tan et al., 2015; Macelloni
et al., 2016).

Due to this penetration depth and to the unique characteristics
of stability andhomogeneity inside ice sheet, theAntarctic Plateau
is a particularly suitable target for the calibration and validation
of passive microwave satellites (Floury et al., 2002; Drinkwater
et al., 2004; Macelloni et al., 2006). There is no doubt that the ice
inside the ice sheet evolves only at century-time scales, and can be
considered stable throughout the duration of a satellite mission
(Macelloni et al., 2016). Closer to the surface, the penetration of
the temperature wave is also very shallow compared to the pene-
tration depth (Surdyk, 2002), with the result that the microwave
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energy emitted by the snow and ice is only slightly modulated by
seasonal and even inter-annual temperature variations (Macelloni
et al., 2012; Leduc-Leballeur et al., 2015). In addition, because of
the low accumulation rate (typically < 20 cm; Arthern et al., 2006),
the low temperature and the dry snow (melting never occurs), the
evolution in snow properties is much slower there than in any
other region on earth. Lastly, some areas such as the domes and
ridges feature low winds, meaning that snow redistribution pro-
cesses are relatively limited and that the snowpack is relatively
homogeneous (Van den Broeke & Van Lipzig, 2003; Libois et al.,
2014; Picard et al., 2014).

The French-Italian Concordia station located at DomeC
(75.06oS, 123.21oE) offers exceptional opportunities for monitor-
ing snow and ice: numerous in situ atmospheric and snow mea-
surements have in fact been obtained there over the past decade
(e.g. Genthon et al., 2010; Lanconelli et al., 2011; Groot Zwaaftink
et al., 2013; Libois et al., 2015; Picard et al., 2016). Moreover,
specific campaigns dedicated to calibration at L-band have been
conducted in order to collect snow properties at various depths
(Leduc-Leballeur et al., 2015) and to measure L-band brightness
temperature (TB) using ground-based or airborne radiometers
(Macelloni et al., 2013; Skou et al., 2015).

At DomeC, L-band TB temporal variability is generally low
(standard deviation: < 2 K), showing a variability at horizontal (H)
polarization higher than at the vertical (V) one (Macelloni et al.,
2013; Brucker et al., 2014b). The TB H temporal variations ob-
served by a ground-based L-band radiometer (DOMEX experi-
ments) have shown a correlationwith strongwind events (defined
as periodswhenwind speed exceeds 7m s-1 for several hours;Ma-
celloni et al. (2013)). Aquarius TB H analysis has also highlighted
a correlation with the presence of hoar on the surface (Brucker
et al., 2014b), something that had already been observed as affect-
ing the higher frequencies (e.g. at Ka- and Ku-band in Shuman &
Alley (1993) and Champollion et al. (2013)).

These features are usually explained by the transmission ef-
fect on the surface. Indeed, the microwave emission of the snow-
pack is attenuated at the snow-air interface (i.e. the surface)that
is driven by the transmission coefficient (or, equivalently, by the
reflection coefficient), which depends on the incidence angle. At
V polarization, when the incidence angle is close to the Brewster’s
angle (i.e. about 55o for the ice sheet at L-band), the transmission
coefficient is close to 1 and the surface characteristics have little
influence on the TB. In contrast, the H polarization coefficient is
greatly influenced by the refractive index – which is mainly con-
trolled by the snow density near the surface (in the microwave
range and for dry snow) and, to somedegree, by the surface rough-
ness.

The objective of this study is to investigate the L-band TB H
temporal variation at DomeC by focusing on the 2014-2015 aus-
tral summer, during which a noticeable variation occurred com-
pared to the 2010-2016 SMOS time-series. The effect of changes
in snow surface properties during this period has been quantified
by using a snow-emission model driven by time-series of in situ
measurements. Here as follows, Section 2 introduces the SMOS
observations, the atmospheric and snow measurements, and the
snow-emission model. Section 3 describes the 2014-2015 austral
summer in detail. Section 4 presents the modeling results. Lastly,
the discussion and the conclusion are presented in Sections 5 and
6.

2. Data sets and EmissionModel

The study is based on L-band TB time-series measured by both
the SMOS satellite and a ground-based radiometer (Section 2.1
and 2.2). To analyze the TB variations, various data sets of snow
and atmospheric properties have been used (Section 2.3). In par-
ticular, various in situ measurements are available via the French
and Italian field teams (supported by the French Polar Institute
(IPEV) and the National Antarctic Research Program (PNRA)),
as well as via the American automatic weather station (AWS) at
DomeC.These snow-propertymeasurementswere used as inputs
for a snow-emission model (Section 2.4).

2.1. SMOS observations

The development of the SMOS mission was led by ESA in col-
laboration with the Centre National d’Etudes Spatiales (CNES)
in France and the Centro para el Desarrollo Tecnologico Indus-
trial (CDTI) in Spain. The SMOS satellite carries on board an
L-band Microwave Imaging Radiometer with Aperture Synthe-
sis (MIRAS) that operates at 1.4 GHz (21 cm) and has an average
ground resolution of 43 km (McMullan et al., 2008). The radiome-
ter provides a multi-angular fully polarized TB (Kerr et al., 2010).

The SMOS Level 3 product contains multi-angular TB at top of
the atmosphere within the antenna polarization reference frame
(Kerr et al., 2013; Al Bitar et al., 2017). The product is georefer-
enced on the Equal-Area Scalable Earth version 2.0 grid (EASE–
Grid2; Brodzik et al. (2012)), and has an oversampled resolution
of about 628 km2. Grid points are distorted in the polar regions
(around 100 x 6 km x km inmeridian and zonal directions respec-
tively). The product comprises daily-averaged and incident angle-
averaged TB with angle bins every 5o from 0o up to 65o. TB V and
TB H at the grid point (75o08.4’S, 123o19.8’E) nearest to DomeC
were extracted from January 2010 to June 2016. During the com-
missioning phase ( January - May 2010), data were missing due to
the specific mode of the instrument (calibration sequences, dual
polarizationsmode), which led to greater uncertainty for that par-
ticular period (Mecklenburg et al., 2012). The RE04 reprocessed
version distributed by CATDS (Centre Aval de Traitement des
Données SMOS; http://www.catds.fr/) was used.

The SMOS Level 3 product provides pixel radiometric accu-
racy estimated from the propagation of Level 1 associated radio-
metric accuracies (Al Bitar et al., 2017). At DomeC, the radio-
metric accuracy is 3.9 K on average, but depends on the incidence
angle (Table 1). The present study focuses on incidence angles be-
tween 32.5o and 57.5o in order to benefit from an accuracy of less
than 4K. Incidence angles above 60o were not used due to their
large ellipsoidal footprints (Kerr et al., 2012).

2.2. DOMEX ground radiometer

Since 2004, a ground-based RADOMEX L-band radiometer
(1.413GHz) has operated atDomeCduring three successive cam-
paigns entitled DOMEX-1, 2 and 3 (Macelloni et al., 2006, 2013).
Their main objective was to evaluate the temporal stability of the
SMOS for calibration purposes. These experiments were led by
IFAC-CNR (Italy) in cooperation with the Italian space agency
(PNRA) and ESA.

DOMEX-1 measurements were acquired over about 20 days,
while both the DOMEX-2 and DOMEX-3 experiments lasted
for 1.5 years and 3 years, respectively. For these latter experi-
ments, measurements were acquired in general at a fixed inci-
dence angle of 42o, which is the nominal observation angle for
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Table 1: SMOS L3 Pixel Radiometric Accuracies (K) at DomeC from January 2010 to June 2016.
Incidence Angle (o) 2.5 7.5 12.5 17.5 22.5 27.5 32.5 37.5 42.5 47.5 52.5 57.5

TB V Accuracy (K) 5.25 5.20 4.54 4.18 4.17 4.08 3.81 3.53 3.41 3.38 3.38 3.52
TB H Accuracy (K) 5.24 5.14 4.49 4.20 4.20 4.05 3.77 3.47 3.35 3.31 3.29 3.40

the "browse product" of SMOS (Kerr et al., 2010). At this inci-
dence angle, the footprint was 10 x 17m2. During the summer
campaigns (i.e. from November to January), TB was occasion-
ally measured at different incident angles from 20o to 90o, every
10o, and periodic cold-sky observations were carried out. The ra-
diometer accuracy was around 0.5 K. Data sets are available from
https://earth.esa.int/web/guest/campaigns.

2.3. Snow and atmosphere properties

Surface snow density was measured at DomeC from October
2014 to May 2015. During the summer campaign, measurements
were collected every day from 15 December 2014 to 15 January
2015. The frequency was reduced to every 2 to 7 days during
the winter season. For every measurement session, five samples
were taken in different locations chosen randomly within tens of
meters in the “clean area",which is located about 500m from the
DOMEX radiometer. Only the averages of these 5 measurements
are considered here. Densitywasmeasuredwith a 3 cm-thick cut-
ter at two levels (0-3 cm and 3-6 cm) during the summer, but only
at the 0-3 cm level during the winter (Libois et al., 2014).

Complementary measurements were collected deeper in the
snow using a cylinder cutter that is 0.25m high and has a diame-
ter of 0.045m. The measurements were performed at a depth of
0.1m every 15 days in a stake farm composed of 8 stakes placed
about 10m from one another. The value used in this article is the
mean of the 8 locations. The standard deviation ranged from10 to
70 kgm-3, exhibiting a typical value of around 40 kgm-3. Lastly,
density profiles were measured once a month in 1m-deep snow
pits every 10 cm.

Snow surface elevation was estimated by averaging measure-
ments acquired by the Rugged Laser Scan installed at DomeC (Pi-
card et al., 2016). This instrument provided daily maps of surface
elevation over an area of 100m2 with a precision of about 1 cm
and a horizontal resolution of 5 cm. It operated from January
2015 to January 2016. However, only data from February 2015
on are used here, because the stability of the platformwas not sat-
isfactory during the first month after its installation (Picard et al.,
2016).

Snowfall was measured at DomeC from October 2014 to May
2015, with an interruption from14November 2014 to 14Decem-
ber 2014. The measuring method is based on the daily measure-
ment of the depth and the density of solid deposits on wooden
tables 1m above the surface (details in Groot Zwaaftink et al.
(2013)). Edges 5 cm in height on 3 sides of the tables helped pro-
tect the deposits from being blown away by the wind. The density
was measured by means of weighing. When the deposit of snow
was too small for a reliable weight measurement, the density was
estimated from the snow crystal forms. To this end, typical densi-
ties were inferred from the set of measurements: from 44 kgm-3

for needles (PPnd) up to 107 kgm-3 for small rounded particles
(RGsr; for the abbreviations, see Fierz et al. (2009)).

Optical photographs provided pictures of the snow surface
at DomeC every hour from October 2014 to May 2015. Pho-
tographs were taken with a heated webcam that had a 3-million-
pixel resolution.

Wind speed in situ measurements at DomeC were provided
by the automatic weather station (AWS) program of the Antarctic
Meteorological Research Center (AMRC) at DomeC, a few kilo-
meters from the snow density measurements. For this study, 3-
hourly data were used to compute daily averages from 1996 to
2015 (available ftp://amrc.ssec.wisc.edu/pub/aws/antrdr/). Wind
speed measurements had a resolution of 0.25m s-1 and an accu-
racy of 0.5m s-1 (Lazzara et al., 2012). Note that, due to the snow
accumulation, the above-surface height of the sensors gradually
decreased. Thus, the wind sensor height was 3m in December
1995 and 1.45m at the beginning of 2015. On 2 January 2015,
a maintenance operation repositioned the wind sensor at 2.5m
above the surface (cf. the field reportAMRC, 2015). Linear regres-
sion, which was performed from 1996 to December 2014, gave
-7 10-5 ms-1 ± 1 10-5 ms-1, thus suggesting the effect of height
variation could be disregarded in this study.

ERA-Interim reanalysis produced by the European Centre for
Medium-Range Weather Forecasts (ECMWF; Dee et al. (2011))
was also used tomap 10-mwind speed during the 2014-2015 aus-
tral summer.

2.4. Snow microwave emission model

Modeling L-band snow emission in Antarctica has been dealt
with in several studies in which the specificity of the snow-wave
interaction at a low frequency was highlighted (Brogioni et al.,
2015; Jezek et al., 2015; Leduc-Leballeur et al., 2015; Tan et al.,
2015). The simulations performed at DomeC showed that the
snow density profile is the second most important driver of the
TB after snow/firn/ice temperature, whereas grain size is usu-
ally most relevant at higher frequencies (e.g. Brucker et al., 2010).
In particular, the main cause of scattering in the medium is lay-
ering, i.e. the small variations in density that are observed be-
tween each successive layer. In fact, even if each single interface
causes only a small reflection due to the weak contrast in the re-
fractive index, the number of layers crossed by the waves is very
high because the penetration depth is a few hundred meters and
the typical layer thickness is less than 8 cm (the annual accumula-
tion amount). Therefore, particular attention is required in order
to take into account the inter-layer variability of density (Leduc-
Leballeur et al., 2015).

Moreover, since the thickness of the layers is of the order of
the wavelength, interferences between the multiple waves result-
ing for the numerous reflections are significant. The electromag-
netic wave-theory makes it possible to predict interferences, be-
cause it explicitly computes the phase of the electric field dur-
ing the propagation within the medium (West et al., 1996; Tsang
et al., 2000). For this reason, the WALOMIS (Wave Approach for
LOw-frequency MIcrowave emission in Snow) multilayer emis-
sionmodel is used here (Leduc-Leballeur et al., 2015). This model
describes the snow, firn and ice as a stack of plane-parallel lay-
ers characterized by their thickness, temperature, and density.
Scattering by snow grains is disregarded, since the wavelength at
L-band is several orders of magnitude larger than the grain size
(Mätzler, 1987).
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To correctly predict the interferences using a wave-theory
model, it is important to represent the natural variability (ran-
domness) on the footprint scale of the sensor (i.e. ∼43 km wide
for SMOS). For this purpose, several runs were processed with
slightly different stacks of layers and the results were then aver-
aged. It is necessary that the set of stacks represent the said nat-
ural variability, but it is impossible to obtain it from direct mea-
surements of the density profile. Instead, West et al. (1996) pro-
posed a stochasticmodel designed and calibrated from the statisti-
cal properties of a few observed profiles. Similar approaches have
been used in Brogioni et al. (2015) and Tan et al. (2015). TheWest
et al. (1996) approach was applied at DomeC in Leduc-Leballeur
et al. (2015) from ten cores measuring 11-80m in length, which
corresponded to the ice sheet part in which the density was the
most variable. They extrapolated the measured profiles down to
3200m depth to provide realistic snow characteristics all the way
down to the bedrock, which were essential due to the large pen-
etration depth at L-band. They generated 10 000 density profiles
and used them to simulate successfully the TB observed by SMOS
at DomeC with WALOMIS. Here, the same 10 000 density pro-
files were used again, but with certain adaptations to account for
surface variability.

The ice permittivity complex value is critical for simulations at
L-band. The real part is fairly constant over themicrowave range,
and depends on snow density but not on temperature. Its value
is considered to be known with sufficient accuracy. In contrast,
the imaginary part is extremely uncertain, and has a stronger de-
pendency on temperature. The imaginary part controls the ab-
sorption and, hence, the penetration depth. At DomeC, Leduc-
Leballeur et al. (2015) andMacelloni et al. (2016) applied two for-
mulations (Tiuri et al. (1984) andMätzler (1987, 2006)), which dif-
fered by a factor 5 at 1.4 GHz. The results showed that the for-
mer formulation yielded results closer to the SMOS observations
in terms of absolute TB and polarization ratio. For the present
study, simulations were performed using both formulations and
the results confirmed a systematic bias of 3-6 K (depending on
the incidence angle) with theMäztler’s formulation. However, the
magnitude of the temporal variations was exactly the same with
both formulations. This indicated that the results presented here
as follow are independent of the permittivity choice. For the sake
of simplicity and due to lesser bias with the Tiuri’s formulation,
only the results for this formulation are provided.

3. Description of the 2014-2015 austral summer

At DomeC during the period from June 2010 to June 2016,
the mean SMOS TB at 52.2o incidence angle was 217.3 K± 0.7 K
and 179.9 K± 1.5 K at V and H polarization, respectively (Fig. 1).
Thus, the L-band TB has been relatively stable since 2010, as ex-
pected for the inner part of Antarctica (Macelloni et al., 2012;
Brucker et al., 2014a). DOMEX TB collected at 42o from 2010
to 2016 showed a similar stability of 0.42 K and 1.72 K at V and H
polarizations, respectively. This also confirmed the higher vari-
ability at H polarization compared to the V polarization already
observed in this area (e.g. Brucker et al., 2014b). The temporal
trend atHpolarizationwas 7 10-5 K± 7 10-5, which actually is not
significantly different from zero (p=0.32).

During the 2014-2015 austral summer, an important change
occurred in the DomeC area: TB H increased to around 186K, a
result never reached during the 6-year period of available obser-
vations, and then sharply decreased within a few days. Another
similar event occurred during the austral summer of 2010-2011,

Figure 1: SMOS TB (K) at DomeC, Antarctica from January 2010 to June 2016 for
52.5o incidence angle at (a) V and (b) H polarization.

one which coincided with the early stage of the SMOS mission.
Despite the great uncertainties in the sensor’s performances dur-
ing this phase, the magnitude was significant and the event was
confirmed by the DOMEX measurements. Here, only the 2015
eventwas investigated, because of the lack of available in situmea-
surements required to run the snow-emission model in 2010.

Fig. 2 shows the variations from October 2014 to May 2015.
The TB H observed by SMOS featured a progressive increase
of about 3-5 K (depending on the incidence angle) from mid-
December 2014 to March 2015, followed by a sharp decrease at
the end of March 2015. This decrease was estimated to be 3.5 K,
4.0 K and 5.4 K at 32.5o, 42.5o and 52.5o, respectively, between 16
and 23March 2015. With a smaller spatial resolution and a higher
temporal resolution than the SMOS observations, the DOMEX
observations recorded the beginning of the increase in TB H from
November on and a similar decrease of 5.4 K at 42o estimated over
2 days, starting from 20 March 2015.

Figure 2: TB H (K) at DomeC, Antarctica from October 2014 to May 2015 with
SMOS at 32.5o (blue), 42.5o (green) and 52.5o (red) incidence angle, and with
DOMEX at 42o (black).

Both SMOS and DOMEX observed simultaneous variations,
ones that ruled out any particular defect in the sensors. In ad-
dition, the similar magnitude suggests that the event had a rel-
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ative homogeneous effect ranging from the small scale – a few
hundred meters around the DOMEX radiometer – to the SMOS
pixel of 628 km2. This could be further confirmed by the spatial
analysis presented in Fig. 3. A rapid decrease greater than 2K at
52.5o was recorded in 97 SMOS pixels in the DomeC vicinity, i.e.
about 60 000 km2. Over the sameperiod, TB Vremained constant,
which indicated that the changes affected only the surface.

Figure 3: Difference between SMOSTB H (K) averaged over ten days after and ten
days before 20 March 2015. Grey line is the - 2 K contour.

Meteorological and glaciological in situ measurements were
analyzed in order to depict the conditions during this event.
In Fig. 4a, the snow density measured in the top 3 centime-
ters showed a continuous decrease from 300 kgm-3 in Novem-
ber 2014 down to 150 kgm-3 in March 2015, which is a very low
snow density with respect to the usual surface snow density at
DomeC of about 300 kgm-3. Around 20March 2015, the density
rapidly increased up to 300 kgm-3, which was similar to the mea-
surements taken at the beginning of the summer. In contrast, the
few measurements performed at a depth of between 3 and 10 cm
did not capture any variation during that period: in fact, the den-
sity remained around 300 kgm-3 (Fig. 4a, grey points). This sug-
gested that only the density in the uppermost 3 cm of the snow-
pack decreased during the 2014-2015 summer, and that therefore
no sharp increase could be expected below this superficial layer.

This was indirectly confirmed by the snow surface elevation
measured by the Rugged Laser Scan (Fig. 4b) and by the surface
wind speed (Fig. 4c). The surface elevation increased progres-
sively by 2.5 cm from February on and until 20 March 2015. This
slow growth could due both to the development of hoar on the
surface and to the accumulation of light snow, both favored by
a low wind speed. Indeed, from November 2014 to February
2015, thewind speedwas 2.4m s-1 on average, whichwas 0.5m s-1
lower than the climatology for those same months from 1996 to
2015. Moreover, Champollion et al. (2013) pointed out that weak
wind conditions were favorable to the growth of hoar and that
the removal of this fragile layer required a wind speed stronger
than 4m s-1. Analysis of daily wind speed for the 1996-2015 pe-
riod, showed that strong winds (stronger than 4m s-1) occurred
45% less than usual at this time, from December 2014 to Febru-
ary 2015. The presence of hoar was also clearly illustrated by the
daily photographs of the surface at DomeC from the beginning of
December (cf. DomeC time-lapse photographs).

Snowfalls are rare from January tomid-February 2015 (Fig. 4b).
However, a particularly heavy snowfall took place on 18 February
2015, concomitantwith theminimumof surface density. From18

Figure 4: (a) Snow density (kgm-3) measured on the surface (0–3 cm depth; line)
and below (3–6 cm depth, grey points); (b) Surface elevation (m, black) estimated
fromRugged Laser Scan and snowfall in situmeasurements (mm, grey); (c) Surface
wind speed (m s-1), at DomeC, Antarctica.

February 2015 on, daily photographs also highlighted changes on
the surface, which suggest amixed layermade up of hoar and light
snow, up until 20 March 2015.

On 20March 2015, 2 cm of snowwere suddenly removed over
the space of one or two days (Fig. 4b). The daily photographs of
DomeC from 18 to 23March 2015 highlighted the changes in the
surface and confirmed the lowering of the surface by a few cm
(Fig.5). This decrease could be attributed to erosion of the super-
ficial layer as a consequence of the strong wind event of that day
(about 7m s-1, Fig. 4c).
Overall, the account depicted by the observations was quali-

tatively coherent, and highlighted the simultaneity of the snow
properties and TB H variations. The density increased due to the
removal of a light layer accumulated or formed during the sum-
mer. The reflection coefficient at H polarization increased as a
consequence of the change in the refractive index, which explains
why only TB Hdecreased. The following sectionwill deal will this
question from a quantitative point of view.

4. Effect of variations in surface snow properties

TheWALOMIS snow-emission model was used to simulate L-
band TB H from the time-series of snow properties in the super-
ficial layer.

4.1. Surface snow density
As a first step, only the variations in snow density were con-

sidered. The model was run with a 3-cm layer with time-varying
properties on top of the snowpacks used in Leduc-Leballeur et al.
(2015). The density of this superficial layer was obtained from
the in situ measurements (Fig. 4a). Fig. 6a shows the simulations
compared to the SMOS observations at 32.5o, 42.5o and 52.5o in-
cidence angle. The root-mean-square error (RMSE) ranged from
1K to4.4 K, depending on the incidence angle (RMSE1 inTable 2).
The weak increase in TB H during the summer period was cor-
rectly predicted until February at all incidence angles. However,
the simulated TB H remained constant from February on, while
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Figure 5: DomeC area photographs from 18 to 23 March 2015 between 10 h and 12 h, with a focus on the base of sensor at the bottom right. Red bands are spaced about
5 cm.

the SMOS observations continued to increase, leading to a differ-
ence of 5 K at 52.5o on 19 March 2015. Consequently, the model
underestimated the magnitude of the increase. The decrease in
TB H around 20 March 2015 was well captured by the model.
This was expected because the density of the superficial layer had
nearly doubled. The difference between the simulations and the
observations after this decrease became very small, i.e. similar to
the summer period. At the end of the period, the TB H was very
close to what it had been at the beginning: i.e. the mean TB H at
52.5o was 180.5 K and 177.8 K in November 2014 for SMOS and
the model, and 179.3 K and 177.0 K, respectively, in April 2015.

The simulations were slightly biased during this period, partic-

ularly at large incidence angles. This condition had already been
noted in the first application of WALOMIS at DomeC in Leduc-
Leballeur et al. (2015). The bias estimated from this study reached
as much as 5.2 K at 57.5o (Table 2). The RMSE computed from
unbiased simulations ranged from 1K to 1.7 K, a result that em-
phasized the agreement with the SMOS observations (RMSE1-ub
in Table 2).

These results demonstrated the strong influence of the den-
sity of the first centimeters of snowpack on the L-band signal, al-
though thewavelengthwasmuch larger than this superficial layer.
The disagreement between the simulations and the observations
in February and March 2015, when the surface snow density was
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at its lowest (somewhat less than 200 kgm-3), is surprising be-
cause, while the density continued to decrease in February (Fig. 4),
the TB Hdid not vary accordingly. This suggests that the influence
of density on the TB H saturated at low values and/or that another
snow parameter was needed to explain the variations.

4.2. Thickness of the superficial layer
The changes in the surface elevation observed (Fig. 4b) clearly

showed that the hypothesis of a superficial layerwith a constant 3-
cm thickness was unrealistic. In this section, the surface elevation
changes were taken into account in the simulations, together with
the density variations, by assuming that only the thickness and the
density of the superficial layer changed. The other properties in
the top layer and all the properties of the layers below remained
constant through the time-series. The thickness of the superficial
layer was estimated using the Rugged Laser Scan measurements
(Fig. 4), available from February to May 2015.

Since the Rugged Laser Scan measured elevation change, the
initial thickness of this layer was unknown. Several tests were
performed with a 3-, 4- and 5-cm initial thickness. They showed
a low impact on the simulations (the overall RMSE between sim-
ulations and observations were, respectively, 1.5 K, 1.4 K, 1.3 K
across all the incidences angles). On the contrary, using 1 or 2 cm
strongly reduced the magnitude of the temporal variations, and
the simulations agreed less with the observations (the RMSEwere
1.9 K and 2.6 K, respectively). Here as follows, an initial thickness
of 3 cm is considered, so as to be consistent with the previous sec-
tion. The choice was also supported by the fact that the density
under this depth did not change during the entire period, as indi-
cated by the in situ measurements (Fig. 4a).

The WALOMIS simulations, including the thickness varia-
tions, are in better agreement with the observations (Fig. 6b),
compared to the simulations with a constant thickness performed
in the previous section (Fig. 6a). The increase in TB H between
February and March 2015 is well represented, as well as the de-
crease of 20 March 2015. The overall RMSE between obser-
vations and simulations improved at all angles, except at 32.5o,
where it slightly increased (RMSE2 in Table 2). RMSE were
also estimated from unbiased simulations (RMSE2-ub in Table 2).
However, note that RMSE2 and RMSE2-ub were computed with
35 points for each incidence angle, which was not enough to be
absolutely reliable.

Table 2: TB HRMSE (K) at DomeC estimated fromSMOS and variousWALOMIS
simulations as described in Section 4. Bias (K) estimated from Leduc-Leballeur
et al. (2015).
Incidence Angle (o) 32.5 37.5 42.5 47.5 52.5 57.5

RMSE1 (K) 1.2 1.0 1.3 1.7 2.7 4.4
RMSE2 (K) 1.7 1.0 1.2 1.5 2.1 3.3
Bias (K) -0.7 0.0 1.6 1.8 2.1 5.2
RMSE1-ub (K) 1.0 1.0 1.4 1.5 1.4 1.7
RMSE2-ub (K) 1.2 1.0 1.8 2.0 1.5 2.8

5. Discussion

The WALOMIS snow-emission model required three parame-
ters to describe each layer of the snowpacks: temperature, density
and thickness. Leduc-Leballeur et al. (2015) suggested that the
seasonal temperature variations in the first ten meters of snow-
packwouldnot affect theL-bandTB atDomeC. Indeed, their sim-
ulations, which were performed with summer and winter tem-
perature profiles, showed a mean difference of only 0.21 K at V

polarization and 0.33 K at H polarization, although the tempera-
ture varied by about 35oCon the surface and less than 10oC at 2m
depth between the two seasons. Thus, only density and thickness
could explain the significant variation observed in the L-band
TB H. Fig. 7 shows the theoretical sensitivity of the WALOMIS
simulations to these two parameters at H polarization. In the
100-300 kgm-3 surface density range, the TB H increased along
with the thickness. The increase was more pronounced for sur-
face densities of around 150-200 kgm-3, and tended to disappear
for surface densities of close to 340 kgm-3. For a 1-2 cm layer
thickness, TB H varied little with the changes in the surface den-
sity. For a greater layer thickness, an increase in TB H was ob-
served followed by a decrease when the surface density increased.
This was due to a coherent effect that generated a resonance in
the emission, which depended on both the layer thickness and the
wavelength on themedia. The latter dependedon the permittivity,
which in turn depended on density. In brief, this sensitivity test
confirmed that, in this density range, a combination of decreasing
density and increasing thickness led to an increase in the TB H.

The low wind-speed conditions recorded by the in situ mea-
surements between November 2014 and March 2015 facilitated
the presence of low-density snow, and so favored the growth of
the superficial layer. A storm that occurred on 20 March 2015
removed (or compacted) this recent layer, and enabled a dense
snow layer emerge on the surface. This scenario was confirmed
by density and surface elevationmeasurements, as well as by pho-
tographs of the snow surface taken at the site (Fig. 5). Simulations
with the snow-emission model showed that the change in den-
sity explains part of the TB H variations during this period. How-
ever, only the thickness and the density variations together can
fully explain the observations. This result is remarkable in that
it is specific to the low frequency. Indeed, the sensitivity to the
thickness arose because the layer thickness was minor as com-
pared to the wavelength (about 3-5 cm versus 21 cm). In this case,
the effective reflectivity of the snowpack was not only controlled
by the Fresnel coefficients, but also by the thickness of the layer
relative to the wavelength (Wiesmann & Mätzler, 1999; Mätzler,
1987; Tsang et al., 2000). Only the wave theory was able to pre-
dict this behavior. The radiative theory was not able to do so, ex-
cept when an ad hoc treatment of the reflection coefficient was
specifically applied (Wiesmann&Mätzler, 1999). The simulations
performed with the DMRT-ML radiative transfer model (Picard
et al., 2013) – which does not include this treatment – confirmed
the insensitivity to the layer thickness (not shown here). Because
of this inter-dependency between density and thickness, the re-
trieval of surface information from L-band TB observations was
more rigorously under-constrained than if only density variations
had contributed to the TB variations. For instance, it seems com-
plex to retrieve the snow surface density and the snow accumula-
tion using L-band observations alone when such small layers may
be present (Lemmetyinen et al., 2016).

Understanding the link between snow properties and TB was
the main achievement obtained from the results presented, but
additional investigations will be needed to fully understand the
2014-2015 austral summer events from the point of view of both
snow andmeteorology. The first point is the rarity of the event. At
high microwave frequencies, rapid changes in TB H are frequent
and have been partially explained by the cycles of slow formation
/ rapid disappearance of hoar on the surface (Shuman & Alley,
1993; Champollion et al., 2013). Thus, 19GHz and 37GHz polar-
ization ratios usually show an increase every summer at DomeC.
Although the hoar layer can be as much as 2 cm in thickness and
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Figure 6: TB H (K) at DomeC, Antarctica from October 2014 to May 2015 at 32.5o (blue), 42.5o (green) and 52.5o (red) incidence angle with SMOS (lines) and WALOMIS
simulations (symbols) (a) taking into account the surface snowdensity variations and (b) taking into account both the variations of surface snowdensity and surface elevation.

Figure 7: TB H (K) WALOMIS simulations as a function of density in the top layer
of the snowpack for layer thickness from 1 to 6 cm.

generally has a low density, one that is similar to the properties
of the superficial layer measured in February, these events are
detectable but weak at L-band (Brucker et al., 2014b). The said
weakness may be explained by the diminutive thickness of the
layer compared to the wavelength at L-band versus high frequen-
cies. In contrast, the variations in TB during the 2014-2015 aus-
tral summer were extensive at L-band, an occurrence that is very
rare and indicates that particular conditions occurred during that
period. In this regard, the lower than normal daily wind speed
observed over five months could be favorable both to the snow
accumulation and to a particularly long period of hoar develop-
ment. The hoar gradually thickened up to become detectable at
L-band. According to the time-series of photographs and to scien-
tists in the field, exceptional hoar development was observed dur-
ing the 2009-2010 and 2014-2015 summers at DomeC, observa-
tions that were consistent with the twomaxima of TB H observed
(Fig. 1). This suggested that the presence of hoar was a key ele-
ment in this event. Lastly, when the strong wind event occurred,
a low-density layer was removed and significant changes in the
surface occurred with the formation of sastrugi and the deposit

of fresh snow (Fig. 5).
Another point to be investigated concerns the spatial extent of

the change. Fig. 3 shows that the extent was very well delineated
and relatively small compared to the Antarctica size. The wind
maps from the ERA Interim reanalysis during the period revealed
the presence of a storm in the vicinity of DomeC (e.g. Fig. 8),
which probably permitted the TB H change. However, although
similar and higher wind speeds were found in other places that
very same day, no particular change in the SMOS signal was ob-
served. Moreover, the wind pattern around DomeC was clearly
different from that of the TB H decrease pattern. This suggests
that the strong wind event was not the only factor triggering the
TB H change and that the meteorological conditions over the pre-
vious months also played a key role.

Both points highlight the particular and complex conditions
that made the L-band change possible on 20March 2015, and ex-
plain the rarity of such an event. A combination of several fac-
tors is probably involved, as well as a specific sequence of changes
that began during the 2014-2015 austral summer when the TB H
started to increase outside of its normal range. The storm was
only the trigger for a return to normal conditions.

Figure 8: 10-m wind speed (m s-1) on 21 March 2015 at 0 h from ERA-Interim
reanalysis.
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6. Conclusion

The six years of Earth monitoring from the SMOS satellite
showed the stability of L-band TB at DomeC in Antarctica. How-
ever, unexpected variationswere observed twice atHpolarization
during this period. In situ snow properties and weather measure-
ments at DomeC simultaneously showed significant variations.

From November 2014 to March 2015, the slow increase in
TB H occurred concomitantly with a decrease in surface snow
density. During this period, low wind speed made the presence
of hoar and the accumulation of light snow possible. Around 20
March 2015, an abrupt decrease in TB H was observed (higher
than 5K at 52.5o incidence angle) and corresponded with a clear
increase in surface snow density. Strong wind was also observed,
a fact which could have compacted or removed the light snow
presents on the surface.

The WALOMIS snow-emission model, which is based on the
wave-theory, was used to investigate the change in snow proper-
ties that could explain these exceptional variations. As a first step,
the simulations only considered the variations in surface snow
densitymeasured at DomeC. A good agreement was obtained be-
tween the simulations and the SMOS observations for part of the
period, which suggests that TB Hwas affected by a change in sur-
face density. However, to completely reproduce TB H variations,
it was necessary to account for the variations in the surface layer
thickness. Daily measurements of the surface elevation were used
to estimate the variation in the layer thickness. The simulations,
which took into account snow density and surface layer thick-
ness variations together, showed very satisfying agreement with
the observations.

These results confirmed that TB Hwas influenced by the snow
properties of the first centimeters in spite of the large penetra-
tion depth at L-band (several hundreds ofmeters (Macelloni et al.,
2016)). More importantly, this showed that the thickness of the
superficial layer is an important factor, which is a specific feature
of the low frequency that results from interference phenomena.
Radiative transfer theory does not predict such a dependence on
the thickness, and is in principle inadequate for describing layers
smaller than the wavelength. We therefore recommend using the
wave theory approach in the lower part of themicrowave domain.

The causes of the changes on the snow surface that resulted in
the exceptional TB H changes are complex and are only partially
elucidated here. They are linked to an exceptional hoar formation
during the summer, as well as to snow accumulation. Both were
made possible by weaker than normal wind, which prevailed for
long periods before 20 March 2015. A layer of light snow very
probably grew until its thickness became sufficient to be detected
at L-band. The extension of this study to the whole continent is
an interesting perspective, but could be challenging because of the
limited in situ measurements available at the scale of Antarctica.
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