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Abstract— This letter discusses the retrieval of important
thermal and physical properties of the Antarctic firn via space-
borne microwave radiometry focusing on the Concordia station.
Previous studies have indicated that microwave radiometer
measurements are sensitive to important properties of the firn
from its surface down to deep isothermal ice. Expanding on
those work, yearlong Advanced Microwave Scanning Radiome-
ter 2 (AMSR2) and Special Sensor Microwave Imager/Sounder
(SSMIS) radiometer measurements over the Concordia station
have been used to create brightness temperature spectrograms,
i.e., brightness temperatures versus month and frequency, and
these spectrograms have been used to retrieve subsurface den-
sity and temperature properties of the firn using a plausible
forward radiation model. It has been found that utilizing the
wide microwave spectrum and long-term measurements, density
variations due to internal firn layering, as well as seasonal
temperature variations in the near-surface firn can be accurately
estimated. In addition, densification of the firn with depth and the
deep firn temperature can be retrieved with adequate ancillary
data. The results mainly suggest that when deployed with
other instruments, such as ground penetrating radars, wideband
microwave radiometers can be useful for characterization of ice
sheets in future polar remote sensing missions.

Index Terms— Advanced Microwave Scanning Radiometer 2
(AMSR2), Antarctica, Concordia, Global Precipitation Mea-
surement Mission, ice sheets, microwave radiometry, polar
firn, remote sensing, Special Sensor Microwave Imager/Sounder
(SSMIS).

I. INTRODUCTION

NDERSTANDING the physics and dynamics of Earth’s

cryosphere is important for predicting future changes
in its ice volume and mass, which are critical to track the
climate and water cycle on our planet [1], [2]. Because of the
extreme environmental conditions, high costs of sparse in situ
measurements, and concerns about increasing human footprint
associated with these regions, remote sensing instruments are
commonly used to monitor the cryosphere [3]. Among all
remote sensing systems, microwave radiometers, i.e., passive
receivers measuring microwave radiation from their targets,
are particularly useful for cryosphere observations as they can
provide measurements irrespective of solar illumination and
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cloud conditions, and their measurements are highly sensitive
to important subsurface properties of the polar firn [4], [5].
These instruments with enough bandwidth are hypothetically
able to profile firn properties from surface down to deep ice
by utilizing electromagnetic emission models with plausible
models for depth-dependent physical and thermal properties
of ice [6], [7], [8]. As the electromagnetic penetration depth
in ice changes with frequency, different frequency channels
of wideband radiometers are sensitive to different depths.
A previous study has demonstrated how the global precip-
itation measurement (GPM) constellation can be used as a
multifrequency (ten frequency channels at 6.9, 7.3, 10.65,
18.7, 19.35, 23.8, 36.5, 37, 89, and 91.665 GHz) microwave
radiometer system to characterize the Antarctic firn in terms
of its physical and thermal properties, such as firn tem-
perature, density, and grain size [9]. Expanding upon that
study, this letter presents a comprehensive retrieval proce-
dure for Antarctic firn properties using yearlong wideband
radiometer measurements focusing on the Concordia station.
Intercalibrated brightness temperature measurements of the
Advanced Microwave Scanning Radiometer 2 (AMSR?2) and
the Special Sensor Microwave Imager/Sounder (SSMIS) [10]
in the GPM constellation at eight frequencies as well as the
6.9- and 7.3-GHz brightness temperature measurements of
AMSR?2 have been collected from 2020 to 2021 and averaged
monthly over a 0.25° x 0.25° latitude—longitude grid cell
centered around the Concordia (75°05" 59”S 123°19’ 56”E)
station, resulting in brightness temperature spectrograms in
both horizontal and vertical polarizations. Standard deviations
of the same data for each month and frequency were also cal-
culated to create associated standard deviation spectrograms.
Fig. 1 depicts the vertically polarized brightness temperature
and standard deviation spectrograms. This work, using these
brightness temperature spectrograms, is the first attempt to
retrieve the depth-dependent density and internal temperature
profiles of the Antarctic firn near the Concordia station with
the overarching goal to reach cost-effective, convenient, and
accurate long-term observations of the whole Antarctic system
via microwave radiometry. Section II describes the microwave
emission model used in this study, Section III explains the
retrieval study, and Sections IV and V discuss the research
results and conclusions.

II. RADIATION MODEL

A simple microwave emission model has been developed,
where the brightness temperatures at the firn surface at
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Fig. 1.
from 2020 to 2021 over the Concordia station in Antarctica.

frequency f, Tp(z =0, f) are calculated analytically using
a zeroth-order radiative transfer equation as described in [9]

Tp(z =0, f,6;, p)

/Z=° TEZr(6(), p)] kel ) sec0() 0
2w XT(2)e” f;//:zo ke (2'.f) sec@(z’)dz'dZ

where F(z’, 0(z’), p), 9(1’), and T(z) are the amplitude
squared of the Fresnel transmission coefficient at the ice
layer interface at depth z’ for polarization p, the angle of
incidence at the ice layer interface at depth 7/, and the physical
firn temperature at depth z, respectively. k. is the extinction
coefficient. The top of the atmosphere brightness temperatures
measured by the spaceborne radiometers is

T, (f) =Ts(z =0, f) x K(f) + T, (f) 2

where K(f) and T, (f) are the atmospheric attenuation
factor and the atmospheric brightness temperature contribution
at frequency f, respectively. These terms have been computed
based on the ITU recommendations for standard atmosphere
expressions [11] and further corrected using the available polar
radiosonde data [12].

Note that the extinction coefficients in (1) have been found
using the Microwave Emission Model of Layered Snowpacks
(MEMLSs) [13], and they, along with the transmission coeffi-
cients and firn temperatures, are calculated using the following
parametric models for the physical and thermal properties
of the Antarctic firn to compute the surface brightness
temperatures, T (z = 0, f). This radiation model was used to
simulate the vertically polarized brightness temperature and
standard deviation spectrograms shown in Fig. 2.

A. Firn Density

The density profile versus depth, p(z), is described as the
sum of a smooth average firn density and random fluctuations
due to internal layering as presented in [14]

P(2) = Poo — (oo — Po)e P + py()e™** kg/m*  (3)

where pg is the near surface density, po, is the compacted
ice density in deep ice, z is the depth, and § is a factor that
controls densification. p,(z) is a zero-mean Gaussian noise,
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(Left) Vertically polarized brightness temperature and (right) standard deviation spectrograms generated using AMSR2 and SSMIS measurements

which represents the fluctuations associated with internal lay-
ering. These fluctuations are damped with depth according to
the damping factor «. The values of p,, and py are taken as
922 and 336 kg/m?, respectively; and the standard deviation
of the noise is assumed to be 50 kg/m® based on previous
density measurements near the Concordia station [15], [16].

B. Grain Radius

Antarctic firn grain size profile versus depth, r(z), is mod-
eled based on in situ measurements as described in [17]

r(z) =\/r2+zxg m 4)

where r, is the grain radius at the surface in meters, g, is
the grain size gradient in square meter per meters, and 7 is
the depth in meters. A least-squares fitting to the in situ
grain size measurements near the Concordia station [18],
[19] plotted in Fig. 3 has led to r, = 0.57 x 1073 m
and g, = 5.07 x 107 m*m, which is used in this study.
In addition, as described in [20], to achieve a better match
between radiation simulations and the spaceborne radiometer
measurements, the grain radius at the surface, r,, has been
multiplied with an empirical snow grain size scaling factor ®,
whose value varies between 0 and 5 across the entire frequency
range. The values of @ identified in this study are given in
Fig. 4 at all AMSR2 and SSMIS frequencies.
The resulting grain size profile, therefore, is as follows:

r(z) = \/(CD x 0.57 x 107%)* + 2 x (5.07 x 107°) m. (5)

C. Internal Temperature

In this study, internal firn temperature versus depth, 7 (z),
has been approximated as the sum of a constant isothermal
deep ice temperature and sinusoidal near-surface variations
representing the seasonal changes. The weights of these two
components are assumed to decay exponentially toward the
surface and deep ice; and the overall temperature profile is
modeled as

T(Z) — Tiso x (1 _ e—ZXTanen) + Tsin X e_ZXTallen (6)

where the boundaries of the near surface fluctuations, Ty;,, are
taken to be 239.9 and 209.6 K, respectively, based on previous
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Section II and picked by the retrieval algorithm for the Concordia station.
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Fig. 3. In situ measurements of grain size versus depth near the Concordia
station in Antarctica [18].
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in situ measurements [21]. Its spatial period, on the other hand,
is left variable.

IIT. RETRIEVAL PROCESS

The retrieval algorithm takes measured brightness temper-
ature spectrograms, i.e., brightness temperatures measured by
AMSR?2 and SSMIS versus month and frequency, as shown
in Fig. 1, as inputs and compare them with a set of simulated
spectrograms generated using the radiation model described
in Section II by varying the density and temperature-related
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TABLE I

ICE PARAMETERS TO BE RETRIEVED AND THEIR MAXIMUM AND
MINIMUM POSSIBLE VALUES CONSIDERED IN THIS STUDY

(Left) Vertically polarized brightness temperature and (right) standard deviation spectrograms simulated using the radiation model discussed in

Parameter | Min Value | Max Value | Resolution
B 10 m 70 m [ 1om |
a 0m! 0.1 m! 0.01 m*
Tiso 200 K 250 K 5K
Tatten 0.2 m’! 0.5 m! 0.05 m!
Period of Ty, S5m 15m 2m

firn parameters in (3) and (6). Table I demonstrates the max-
imum and minimum values of these density and temperature
variables as well as the variation resolutions considered in
this study. The boundaries are set based on in situ measure-
ments at several locations in the Antarctic Ice Sheet [14],
and 100 brightness temperatures have been generated for
each set of firn parameters for each month and frequency.
Their average and standard deviations have been computed
as simulated brightness temperature and standard deviation
spectrograms. Then, through a least squares analysis, closest
simulations to the measured brightness temperature spectro-
grams are found, and the ice parameters used to simulate those
spectrograms are outputted as retrieved firn properties. The
least-squares procedure includes taking the difference between
simulated and measured brightness temperature spectrograms
and dividing the squared differences by the measured standard
deviation spectrograms. The results are averaged over month
and frequency, and these single error values are used for the
retrieval.

IV. RESULTS

As mentioned before, Fig. 2 depicts the simulated brightness
temperature and the standard deviation spectrograms picked
by the retrieval process for the Concordia station. These
spectrograms are the result of the radiation model using the
firn parameter values given in Table II, and Fig. 5 shows
the density and subsurface temperature profiles created by
using these values in (3) and (6). The table also provides the
values of the same firn parameters extracted from previous
in situ measurements [16], [21]. While « and the spatial period
of T4, are retrieved accurately considering the resolution
of changes in the firn parameter values shown in Table I,
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TABLE I

STATION AND THE AVAILABLE IN SITU MEASUREMENTS

Parameter Retrieved Value | In-Situ Value
5 30 m 50 m
a 0.05 m! 0.05 m!
Tiso 225K 218K
Tacten 0.4 m! 0.5 m’!
Period of Ty;,, 9m 10 m

there are slight errors in other parameter values. Especially
the underestimation of B and the overestimation of deep ice
temperature would wrongfully imply rapid densification with
depth and higher geothermal heat flux. To investigate these
errors, brightness temperature spectrograms have also been
calculated with the true firn parameters and the errors between
simulated and measured spectrograms have been analyzed.
The average error for the retrieval, as described in Section III,
is 2.06, whereas this value would be 2.29 if the in situ firn
parameters were used for the simulations. Thus, it is concluded
that the difference between the retrieved and in situ firn
parameter values is so small that, i.e., 0.23 standard deviations
in average, the retrievals may not be unique. Different sets of
firn parameter values may lead to similar brightness temper-
ature spectrograms, ramifications of which are discussed in
Section V.

V. CONCLUSION

This letter presents the first attempt of retrieving polar firn
properties using wideband microwave radiometer measure-
ments at frequencies from C-band to W-band. Focusing on
the Concordia station of the Antarctic Ice sheet, the intercali-
brated measurements of the AMSR2 and SSMIS radiometers
at frequencies from 10.65 to 91.665 GHz as well as
6.9- and 7.3-GHz measurements of AMSR?2 for one year have
been used to estimate the subsurface density and temperature
profiles of the Antarctic firn. Utilizing the wide spectrum
and seasonal variations throughout the year, the densification
factor, density fluctuation rate due to internal firn layering,
deep firn temperature, damping rate of seasonal temperature
variations with respect to depth, and the spatial period of
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(Left) Firn density and (right) temperature profiles versus depth created using (3) and (6) with the retrieved firn parameters for the Concordia station.

such variations have been retrieved. Retrieval results, overall,
match with in situ measurements available in the literature,
with nonnegligible errors in firn densification and deep firn
temperature parameters. However, it has been found that these
errors are mainly due to the nonuniqueness of the retrieval
process as both retrieved and in situ firn parameters yield
to similar brightness temperature spectrograms. This is an
important result suggesting that ancillary data may be needed
for passive microwave remote sensing of the polar ice sheets.
Constraining the density parameters with ground penetrating
radar measurements or thermal properties using in situ heat
flow measurements may remove the problem of nonuniqueness
in the retrieval process.

Future studies will focus on utilizing such ancillary data as
well as incorporation of the 6.9- and 7.3-GHz measurements
into the intercalibration process for more accurate retrievals
of firn parameters via microwave radiometry. Also, wider
geographic regions and a more inclusive set of ice parameters
will be considered for a comprehensive analysis. Finally, based
on the analyses result, radiometer designs and deployment
scenarios will be suggested for future polar remote sensing
missions.
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