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Abstract— Arctic sea-ice thickness and salinity retrievals
are simulated to explore the performance of nadir-observing
microwave radiometry operating with up to 16 frequency chan-
nels in the 0.5–2-GHz frequency range. A radiative transfer
model is used to create lookup tables of the circularly polarized
thermal emissions of first-year (FY) and multiyear (MY) sea
ice, and the performance of two distinct retrieval methods is
examined. The first method retrieves only sea-ice thicknesses,
while the second retrieves both ice thickness and ice salinity.
Retrieval errors are simulated for both FY and MY sea ice as a
function of ice thickness, salinity, and temperature to investigate
the impact of radiometric uncertainty, the frequency channels
used, and any errors in ancillary information. To gain further
insight into Arctic scale retrieval performance, a simulated
brightness temperature dataset is produced for Arctic sea ice for
the period October 2020–March 2021 using sea-ice thicknesses
from the SMOS-CryoSat-2 algorithm. Compared to existing
sea-ice thickness retrievals obtained from 1.4-GHz microwave
radiometers, the results demonstrate that 0.5–2-GHz radiometry
can achieve higher sensitivity to a sea-ice thickness within the
range 0.5–1.5 m for FY sea ice and enable the retrieval of multiple
sea-ice parameters (thickness and salinity) simultaneously.

Index Terms— Microwave radiometry, radiative transfer,
remote sensing, sea ice.

I. INTRODUCTION

ARCTIC sea ice is a crucial element of the Earth’s
cryosphere that impacts the global climate system by

regulating energy transfers between the ocean and atmosphere,
reflecting incoming solar radiation, influencing salt and fresh-
water fluxes through melt/freeze cycles and circulation, and
circulating biological and chemical components. The rapid

Manuscript received November 24, 2021; revised March 6, 2022; accepted
April 3, 2022. Date of publication April 18, 2022; date of current version
May 4, 2022. (Corresponding author: Oguz Demir.)

Oguz Demir and Joel T. Johnson are with the Electroscience Labo-
ratory, The Ohio State University, Columbus, OH 43210 USA (e-mail:
demir.15@buckeyemail.osu.edu; johnson.1374@osu.edu).

Kenneth C. Jezek is with the Byrd Polar and Climate Research Cen-
ter, The Ohio State University, Columbus, OH 43210 USA (e-mail:
jezek51@gmail.com).

Marco Brogioni and Giovanni Macelloni are with the Institute for
Applied Physics, 50019 Florence, Italy (e-mail: m.brogioni@ifac.cnr.it;
g.macelloni@ifac.cnr.it).

Lars Kaleschke is with the Alfred-Wegener-Institut Helmholtz-Zentrum
für Polar und Meeresforschung, 27570 Bremerhaven, Germany (e-mail:
lars.kaleschke@awi.de).

Ludovic Brucker is with the Center for Satellite Applications and Research,
National Oceanic and Atmospheric Administration (NOAA)/NESDIS, College
Park, MD 20740 USA, and also with the U.S. National Ice Center, Suitland,
MD 20746 USA (e-mail: ludovic.brucker@noaa.gov).

Digital Object Identifier 10.1109/TGRS.2022.3168646

reduction in sea-ice extent and thickness observed in the Arctic
in recent decades [1], [2] motivates the development of novel
remote sensing approaches to quantify changes for both thin
and thick ice.

Microwave radiometry has been used to estimate ice con-
centration and extent for decades [3], [4], and sea-ice motion
has been sensed using both active and passive microwave
instruments [5]–[7]. Ice thicknesses up to 0.5 m can be
estimated using infrared and optical observations combined
with thermodynamic models [8]–[11] but require cloud-free
observations. Radar altimeters, such as CryoSat-2, and laser
altimeters, such as Ice, Cloud, and land Elevation Satel-
lite (ICESat-2), have been shown capable of retrieving ice
thicknesses from freeboard measurements [12], [13]; however,
the obtained thickness estimates experience greater relative
uncertainties for ice thicknesses below approximately 1 m.
Microwave radiometers operating at 1.4 GHz (“L-band”), such
as SMOS and Soil Moisture Active Passive (SMAP), can also
retrieve sea-ice thickness [14]–[17] but experience increased
retrieval errors as ice thicknesses exceed 0.5 m for closed
sea ice due to the limited penetration depth at 1.4 GHz. The
combined use of CryoSat-2 and SMOS observations has been
shown to overcome the limitations of the individual sensors
[18], but retrieval errors remain at least ∼30% for ice thick-
nesses in the 0.5–1.2-m range. The use of microwave radiome-
try at frequencies less than 1.4 GHz can extend performance to
ice of greater thickness [19]. However, potential human-made
radio frequency interference (RFI) at these frequencies due to
their allocation and the requirement for a large antenna size
has, to date, discouraged the use of space-borne microwave
radiometry at frequencies of less than 1.4 GHz.

Recently, the airborne and ground-based Arctic campaigns
of the ultrawideband software-defined microwave radiometer
(UWBRAD) [20]–[22] have demonstrated brightness temper-
ature (TB) measurements from 0.5 to 2 GHz in the pres-
ence of the small to moderate RFI of Earth’s polar regions.
The instrument operates in 12 frequency channels (each of
∼88-MHz bandwidth) from 0.5 to 2 GHz, obtains a radio-
metric uncertainty of ∼1 K per channel, and applies advanced
RFI detection and mitigation algorithms to filter RFI contribu-
tions [23], [24]. These results motivate further examination of
the potential of 0.5–2-GHz microwave radiometry for remotely
sensing sea-ice thickness.

Beyond the retrieval of sea-ice thickness, the retrieval of
sea-ice salinity is also of interest. The salinity of sea ice
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Fig. 1. Sample airborne UWBRAD TB spectra measured over thin and
thick sea ice in the Lincoln Sea, northern Greenland in September 2017 [28].
Markers indicate the measured TB in 12 frequency channels, while dashed
lines represent the corresponding exponential fits.

affects its thermal and dielectric properties and ice–ocean
salt and freshwater exchanges. Outflows of freshwater from
melting sea ice and sea salinification during sea-ice formation
are key processes that dominate freshwater budgets and their
variability in the polar oceans [25]. Higher salinity dense
water is produced particularly on the Arctic and Antarctic
continental shelves where polynyas allow continuous sea-ice
growth [26]. Sea-ice salinity is yet to be determined from
satellite measurements; current information is derived only
from sparse in situ datasets or from models [27]. In [28],
it was demonstrated that multifrequency measurements from
an airborne radiometer (see example in Fig. 1) have the
potential to allow simultaneous retrieval of both ice thickness
and salinity.

This article reports a theoretical study that explores the
capabilities of 0.5–2-GHz microwave radiometry for the
retrieval of sea-ice properties. The study applies a radiative
transfer model to simulate sea-ice thermal emission in the
0.5–2-GHz band, and a multichannel retrieval algorithm
is introduced to retrieve sea-ice thickness and/or salinity
from simulated TB observations. The impacts of radiometric
uncertainty and errors in ancillary information on retrieval
performance are investigated for both first-year (FY) and mul-
tiyear (MY) sea-ice types. Retrieval performance is examined
for a thickness-only (TO) retrieval (in which ancillary ice
salinity information is assumed available) and a thickness-
salinity (TS) retrieval in which both parameters are estimated
simultaneously. The impact of the particular set of frequency
channels used is also investigated. Further simulations of both
the TO and TS retrieval approaches are then reported to
examine average retrieval performance over the Arctic for the
period October 2020–March 2021.

Section II summarizes the sea-ice emission model, while
Section III describes the retrieval algorithms proposed and
reports the results obtained for fixed sea-ice conditions.
Section IV describes average retrieval performance in the
Arctic-scale simulation. Finally, Section V provides conclud-
ing remarks.

II. SEA-ICE EMISSION MODEL

Sea ice is described in this work as a planar layered
medium consisting of sea ice and snow layers bounded by

Fig. 2. FY (red) and MY (green) ice distributions in the Arctic in
October 2020 (top left) and March 2021 (top right) [29]. The fractional sea-ice
coverage in each ice type during this period is also shown (bottom).

semi-infinite air and ocean media. The ice and snow layers
are then described by their thickness and relative permittivity.

A. Sea Ice, Snow, and Sea Water Permittivities

Sea-ice dielectric properties are greatly affected by the
saline brine volume fraction and the ice physical temperature.
Sea-ice dielectric properties also change significantly when
ice transforms with time from FY into desalinated MY ice,
with the latter producing decreased microwave attenuation,
compared to the FY case. Fig. 2 illustrates the spatial dis-
tribution of FY and MY ice in the Arctic in October 2020 and
March 2021 obtained from the Sea Ice Type product of the
Ocean and Sea Ice Processing Center of European Meteoro-
logical Satellite (EUMETSAT) [29] (which is also reported
in the SMOS-CS2 product), as well as the fractional areal
coverage of each ice type over this time period. Due to their
extensive coverage, both the FY and MY ice types should be
considered in retrieval performance studies.

Empirical formulas for the sea-ice relative permittivity are
frequently expressed in terms of the relative brine volume in
the ice, v, which is further expressed as a function of the ice
salinity and physical temperature [30]

v = S

(
49.185

θ
+ 0.532

)
(1)

where S is the ice salinity (psu) and θ is the absolute value
of the ice temperature in ◦C. Although both ice salinity and
temperature can vary with depth within the sea-ice medium,
a single “effective” value is frequently applied when the
ice is described as a single layer. This approach is used in
what follows, and the ice temperature and salinity values
described can be considered to be effective values similar to
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Fig. 3. Sea-ice relative permittivity from 0.5 to 2 GHz for FY ice (7 psu,
−7 ◦C; stars) and MY ice (0.7 psu, −7 ◦C; squares).

Fig. 4. Signal penetration depths for the specified sea-ice characteristics.

the mean values within the ice. Given v, the sea-ice relative
permittivity ε can then be described as [31]

ε = a0 + a1v + j (b0 + b1v) (2)

where a0, a1, b0, and b1 are frequency-dependent coefficients
that are distinct for the FY and MY ice types. Because these
coefficients in [31] are provided for a limited number of fre-
quencies, polynomial interpolations of the reported coefficients
were applied to obtain a model for the 0.5–2-GHz range.
Example relative permittivities as a function of ice type and
frequency are illustrated in Fig. 3. Note the decrease in both
the real and imaginary parts of the permittivity with frequency
for both ice types and the greater imaginary part for FY ice.
For the same cases, Fig. 4 plots the resulting penetration
depths (at which the signal powers decline by ∼63%) for
the assumption of semi-infinite sea-ice layers and shows
∼20- to ∼50-cm levels in the FY ice case that extends up to
∼2 to ∼8 m for MY ice and is greater in both cases at lower
frequencies. The greater penetration depths obtained at lower
frequencies even in the FY ice case again suggest that the
inclusion of lower frequency measurements should improve
the ability to retrieve ice properties for thicker ice. Beyond the
examples shown, penetration depths typically decrease when
either the ice salinity or temperature is increased due to the
resulting increase in brine volume.

In what follows, sea water is assumed to have temperature
and salinity values of −1.8 ◦C and 31 psu, respectively,
which are reasonable characteristics for the Arctic. The sea
water relative permittivity is obtained using [32] and remains
fixed for all simulations. Snow layer dielectric properties

Fig. 5. Modeled TB from 0.5 to 2 GHz for FY ice with 7 psu, −7 ◦C, and
MY ice with 0.7 psu, −7 ◦C. The snow depth, temperature, and density are
10 cm, −15 ◦C, and 0.35 g/cm3, respectively.

are obtained using the mixing formula of [33] under the
assumption of the dry snow expected prior to the onset of
the melt season in the Arctic. The snow layer is described in
terms of its density, temperature, and thickness.

B. Sea-Ice Emission Model

An incoherent radiative transfer (RT) model [34], [35] is
used to compute the circularly polarized TB of the ice medium
that would be measured by a nadir-observing radiometer.
Circular polarization is considered in particular due to its desir-
able property of reducing the impacts of ionosphere-induced
Faraday rotation for a space-borne system. The model includes
the contributions of both up- and down-welling radiation
and accounts for multiple reflections within the planar lay-
ered medium neglecting roughness on the ice and snow
surfaces [36]. Coherent interactions are also neglected because
it is assumed that ice roughness and thickness variations
within a footprint of a satellite-borne radiometer antenna
at low microwave frequencies are sufficient to extinguish
any interference effects. Ice salinity, ice temperature, and
snow density are assumed to be the constant effective val-
ues representing the respective layers. The model also treats
sea ice and snow as homogeneous media so that volume
scattering effects are neglected. This assumption is supported
by the fact that snow grains, air bubbles, and brine pockets
are much smaller than the electromagnetic wavelength from
0.5 to 2 GHz [37]. Reflections of both cosmic background
radiation and atmospheric emissions (assumed ∼5 K) are also
included. In Fig. 5, the described emission model was used to
compare the frequency-dependent TB of a snow-covered sea-
ice layer overlying sea water for both FY and MY ice of 20 or
100 cm thickness. Note that the TB increases with frequency
in both cases, and the FY ice TB is larger than that for MY
ice due to the high transmissivity obtained in the MY ice case.

The effect of a 15-cm thickness snow layer of varying snow
density is examined in Fig. 6 for an example FY ice case. The
presence of the snow layer is shown to increase the TB signif-
icantly by acting as an impedance matching layer at the ice/air
interface. Fig. 6 shows the TB to be weakly sensitive to snow
density for snow densities in the range of 0.25–0.5 g/cm3;
similar results are obtained as a function of both snow physical
temperature and snow depth (not shown in Fig. 6). Due
to the weak dependence of predicted TB on these snow
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Fig. 6. Simulated TB for snow-covered FY ice of 0.5 m thickness,
7 psu, and −7 ◦C. The snow depth is 15 cm with an average temperature
of −15 ◦C.

properties, the retrieval simulations that follow always include
a snow layer having temperature, thickness, and density of
−15 ◦C, 15 cm, and 0.35 g/cm3, respectively, unless otherwise
specified. It is noted that, while the electromagnetic effect
of the snow layer itself is moderate, snow layers can have
a greater impact on the ice temperature by insulating the
ice from surrounding air temperatures. It is assumed in the
retrieval simulations performed that a thermodynamic model
is available, which accounts for these effects when providing
ancillary information on the ice temperatures used in the
forward model and retrieval process.

Using the forward model, TB lookup tables (LUT) were
then generated as a function of ice thickness, ice salinity,
ice temperature, and frequency for both FY and MY ice
types using the parameter ranges specified in Table I. Note
the differing salinity ranges used in the FY and MY cases.
The salinity of newly formed FY ice (<10 cm) can exceed
even the 18-psu upper limit of the LUT [38]; however, these
extreme conditions are not analyzed in this study. The ice
thickness upper bound is selected as 3 m, and the LUT reso-
lution in thickness is 1 cm. Because a single ice layer is used
in the model, the ice temperatures and salinities in the LUT
can be considered effective values representing the impact of
the true vertical profiles within the ice layer. The values used
in Table I provide a sufficient resolution of salinity, thickness,
and temperature for the retrieval performance simulations of
interest in this article.

III. RETRIEVAL SIMULATIONS

Because the sea-ice emission model predicts that multi-
ple combinations of input parameters can result in similar
TB values, a direct inversion approach is not suitable for this
problem. Instead, the sea-ice thickness (and also salinity for
the TS retrieval) that minimizes the error between simulated
measured TB and the forward model LUT is selected as
the retrieved value. Ancillary input data are used to help
resolve forward model ambiguities in this process; uncertain-
ties in this ancillary sea-ice parameter information must also
be incorporated in an analysis of retrieval errors. A Monte
Carlo simulation process is used to characterize the error
statistics obtained under differing conditions. The Monte Carlo
simulation assumes that a wideband microwave radiometer

TABLE I

LUT CHARACTERISTICS USED IN THE SEA-ICE
THICKNESS/SALINITY RETRIEVAL SIMULATIONS

provides TB measurements of the ice medium observed in up
to 16 frequency channels 0.5, 0.6, …, 2 GHz. The simulated
measurements are represented as the “truth” value from the
LUT for a given condition corrupted by zero-mean Gaussian
random noise of standard deviation σNEDT (K) that is indepen-
dent in each frequency channel. Error statistics are computed
using 1000 Monte Carlo trials for each case examined.

A. Retrieval Algorithm

The retrieval algorithm examines the difference between
observed brightness temperatures TBtest( f ) as a function of
f = 1 to up to 16 frequency channels and the LUT TB
TBLUT( f, d, S, T ) that depends on ice thickness d , salinity S,
and temperature T . The root mean square error (RMSE), ξ ,
between the modeled and measured TB can be computed as

ξ(d, S, T ) =
√√√√ 1

N

N∑
f=1

(TBtest( f )−TBLUT( f, d, S, T ))2. (3)

Due to the presence of significant ambiguities in the
predicted TB across the thickness, salinity, and temperature
spaces, the retrieval of all three parameters independently leads
to significant errors. It is, therefore, desirable to include ancil-
lary information to confine the retrieval space and increase
retrieval accuracy. The TO and TS algorithms assume that
ancillary information on ice salinity and temperature (TO) or
ice temperature alone (TS), respectively, is available for use
in the retrieval. The TO method then confines the retrieval
space to a 1-D array of thicknesses (since ancillary salinity and
temperature are provided), while the TS retrieval examines a
2-D matrix with dimensions of thickness and salinity (since
only ancillary temperature is provided).

A brief summary of the TO retrieval algorithm is illustrated
in Fig. 7. First, TBtruth is selected from the LUT given the
specific thickness (do), salinity (So), and temperature (To)
conditions of interest. A simulated observation TBtest is then
created by adding zero-mean independent Gaussian random
noise of standard deviation σNEDT to each frequency channel.
The measured-model difference is then computed as a function
of frequency and thickness as

�( f, d) = TBtest( f ) − TBLUT( f, d, So, To) (4)
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Fig. 7. Flowchart describing the steps of multichannel sea-ice retrieval
simulation.

where d denotes the thickness points in the LUT and f is
the frequency channel, while So and To are the true sea-
ice salinity and temperature, respectively, which, here, are
assumed known from ancillary information (this represents
the simplest case where no ancillary error is assumed). The
retrieved thickness d ′ is then selected as that minimizes the
RMSE from (3). After 1000 Monte Carlo trials, error statistics
of d ′ compared to the truth value do are computed. The
resulting thickness standard error εd can be expressed as

εd =
√

σ 2
d + �2

d (5)

where σd is the thickness standard deviation and �d is the
bias between d ′ and do. A similar approach is also used to
estimate ice salinity errors for the TS retrieval case.

B. Modeling Errors in Ancillary Information

Both the TO and TS retrievals require ancillary informa-
tion on sea-ice salinity and/or temperature. While ancillary
information is available from meteorological models or other
sources, it is unrealistic to assume that the information from
such models is a perfect representation of truth conditions.
To incorporate these uncertainties, errors in the ancillary
information available were assumed for each Monte Carlo
realization using

Sanc = So + N(�S, σS) (6)

Tanc = To + N(�T, σT ) (7)

where Sanc and Tanc are the ancillary data used for a particular
Monte Carlo realization that is obtained from the So and To

Fig. 8. Impact of ancillary salinity precision on thickness retrieval errors
for (Top) FY and (Bottom) MY sea ice with characteristics specified in the
plot titles.

truth values corrupted with normal random variables having
mean values �S and �T and standard deviation σS and σT ,
respectively (see Fig. 7). The impact of these uncertainties
on overall ice thickness and/or salinity retrievals can then be
examined as a function of the mean and standard deviations
of the errors introduced. Note that the impact of errors in the
knowledge of ice concentration and inhomogeneities within
the antenna footprint (e.g., ice thickness and roughness) is
neglected in this initial study and will be considered in future
work.

C. Retrieval Simulation Results

First, TO simulations were performed to investigate
the effects of ancillary salinity and temperature precision,
as shown in Figs. 8 and 9, respectively. In these simulations, all
16 frequency channels are used with σNEDT = 1 K for example
ice temperature −7 ◦C and for example salinities 7 (FY) or
0.7 (MY) psu, and no bias in ancillary information is assumed
(i.e., �S = �T = 0). Fig. 8 explores the impact of errors in
ancillary salinity information as a function of ice thickness
for FY (upper panel) and MY (lower) ice. In this simulation,
the deviation in ancillary temperature σT is assumed to be 5%
of the temperature (∼0.35 ◦C). The results show that errors
in ancillary salinity information have a significant impact on
thickness retrieval performance (expressed in terms of per-
centage error in thickness) for both the FY and MY ice cases.
In general, errors increase as the ancillary salinity precision
degrades. For FY ice, errors remain largely independent of
thickness until ∼1.1 m at which point sensitivity is lost. In the
MY ice case, errors also depend only weakly on ice thickness
up to 2 m. The modest reduction in error with thickness
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Fig. 9. Impact of ancillary temperature precision on thickness retrieval errors
for (Top) FY and (Bottom) MY sea ice with characteristics specified in the
plot titles.

observed for FY ice in the 20% salinity precision case likely
results from the loss of sensitivity to salinity uncertainties as
ice thicknesses increase.

Fig. 9 similarly explores the impact of temperature uncer-
tainties for a fixed ancillary salinity deviation of 5% from the
truth value (∼0.35 psu for FY ice and ∼0.035 psu for MY
ice). Temperature uncertainties also have a significant impact
on performance and show similar behaviors to those observed
in Fig. 8 regarding both the FY and MY ice cases.

Figs. 10 and 11 further include biases in ancillary data
for the same conditions, as in Figs. 8 and 9, and for σS

and σT , both set to 10% of their respective truth values. When
significant biases are added either to ice salinity (see Fig. 10)
or temperature (see Fig. 11), retrieval errors increase due
to mismatches between the true ice characteristics and the
ancillary information. The error levels obtained can exceed
30% for larger biases and/or ancillary data standard deviations.
Other simulations showed that negative ancillary biases yield
slightly larger retrieval errors than positive biases; only the
former is shown in the figures.

Fig. 12 examines thickness retrieval performance as a func-
tion of σNEDT for the case of no-bias in ancillary information,
and for σS and σT , both set to 10% of their respective truth
values. For the FY case, the results show that more precise
TB measurements can decrease thickness retrieval errors for
thicker ice. In contrast, changes in σNEDT have little impact on
the MY ice case due to the high sensitivity to the thickness
that is available in this case.

Fig. 13 compares thickness RMSE values for varying com-
binations of frequency channels used in the retrieval process
for the same case, as shown in Fig. 12. The results show the
importance of the lower frequency channels in the FY thick

Fig. 10. Impact of ancillary salinity bias on thickness retrieval errors for (Top)
FY and (Bottom) MY sea ice with characteristics specified in the plot titles.

Fig. 11. Impact of ancillary temperature bias on thickness retrieval errors
for (Top) FY and (Bottom) MY sea ice with characteristics specified in the
plot titles.

ice case (do > 30 cm) due to their increased penetration
depth, and the 16-channel retrieval has a performance similar
to that of the lowest frequency channel alone. As expected,
higher frequencies (1.4–2 GHz) alone show retrieval errors that
increase rapidly when FY ice thicknesses exceed 20–30 cm.
For MY ice, higher frequencies provide better performance
since they are less sensitive to ice temperature uncertainties;
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Fig. 12. Impact of radiometer noise on thickness retrieval errors for (Top) FY
and (Bottom) MY sea ice with characteristics specified in the plot titles.

the 16-channel retrieval performance is then similar to that of
the highest frequency alone. Note these results are for a single
case of ice temperature and salinity, and it should be expected
that varying combinations of frequency channels will improve
performance in other cases.

For the TS retrieval, errors in both the retrieved thickness
and salinity can be computed. Error plots for both thickness
and salinity versus sea-ice thickness are shown in Fig. 14 for
the ice characteristics considered in Figs. 12 and 13 and for
16 frequency channels with σNEDT = 0.25 K. Both retrieval
errors vary significantly in the FY and MY ice cases, and are
impacted by the ancillary temperature precision. The thickness
precision is also degraded moderately compared to the TO
approach due to the need to simultaneously estimate ice
salinity. As in the TO case, FY ice thickness errors increase
for thicker ice; this trend, however, is not observed for salinity
errors. For MY ice, relative salinity errors tend to be larger
than those for thickness due to the greater sensitivity of TB
to salinity for MY ice. Fig. 15 considers an identical case
but introduces an ancillary temperature bias while keeping
the ancillary temperature precision at 5%. Larger biases in
temperature clearly impact the results so that accurate ancillary
temperature information is important in the TS retrieval.

The impact of radiometer noise on TS retrievals is illustrated
in Fig. 16 for cases having no ancillary temperature bias but a
5% ancillary temperature precision. Performance is observed
to vary significantly, with σNEDT < 1 K appearing desirable.
Finally, Fig. 17 illustrates the TS algorithm retrieval errors for
varying combinations of frequency channels. Here, channel
numbers 1, 4, and 16 refer to 0.5, 0.8, and 2.0 GHz, respec-
tively, and the results are examined for channel 1 only, chan-
nels 1–4 only, or all 16 channels of the wideband radiometer.
The single-channel option returns inaccurate results since the

Fig. 13. Impact of frequency channels on thickness retrieval errors
for (Top) FY and (Bottom) MY sea ice with characteristics specified in the
plot titles.

Fig. 14. Impact of ancillary temperature precision on thickness (solid curves)
and salinity (dashed curves) TS retrieval for (Top) FY and (Bottom) MY sea
ice with characteristics specified in the plot titles.

TS algorithm in this case attempts to infer two parameters from
a single measurement. Adding frequency channels improves
results for both FY and MY ice.

IV. ARCTIC-SCALE SIMULATION

The results of Section III provided examples of the impact
of ancillary data errors and instrument noise on retrieval
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Fig. 15. Impact of ancillary temperature bias on thickness (solid curves) and
salinity (dashed curves) TS method retrieval errors for (Top) FY and (Bottom)
MY sea ice with characteristics specified in the plot titles.

Fig. 16. Impact of radiometer noise on TS retrieval errors for (Top) FY
and (Bottom) MY sea ice with characteristics specified in the plot titles.
Solid and dashed curves represent thickness and salinity retrieval errors,
respectively.

performance for specific “truth” sea-ice parameters. To obtain
insight into retrieval performance averaged over “truth” para-
meters more representative of Arctic conditions, simulations
were conducted for Arctic-scale thickness, salinity, and tem-
perature conditions.

Fig. 17. Impact of frequency channels on TS retrieval errors for (Top) FY and
(Bottom) MY sea ice with characteristics specified in the plot titles. Retrieval
performance with single channel (0.5 GHz), four channels (0.5 through
0.8 GHz), or 16 channels (0.5 through 2.0 GHz) are demonstrated. Solid and
dashed curves represent thickness and salinity retrieval errors, respectively.

The “truth” sea-ice types (i.e., FY or MY) and thicknesses
were obtained from the Ocean and Sea Ice Satellite Applica-
tion Facility (OSI-SAF) Sea Ice Type [29] and SMOS-CS2
datasets [18], respectively, from October 2020 to March 2021.
The ice of thickness greater than 5 cm is further assumed to
have an overlying snow layer of snow density of 0.35 g/cm3

whose thickness is 10% that of the ice.
The “truth” sea-ice salinity (psu) was determined as a

function of ice thickness through the semiempirical equations
of [39]

SFYI = 14.24 − 19.39 ∗ d, d ≤ 0.4 m (8)

SFYI = 7.88 − 1.59 ∗ d, d > 0.4 m (9)

SMYI = 1.58 + 0.18 ∗ d (10)

where d is the sea-ice thickness, and SFYI and SMYI are the FY
and MY ice salinity, respectively. The truth salinities from (8)
to (10) were further modified at each location by adding a zero
mean, unit variance (in psu) normal random variate to model
geophysical variability.

Truth air and ocean temperatures were obtained from the
ERA-5 Reanalysis [40] from the same time period. The air
and ocean temperatures were then used to estimate the sea-ice
and snow “truth” temperatures following the steady-state ther-
modynamic model of [14].

Simulated observed TB corresponding to these condi-
tions was then computed, and retrieval simulations are
performed, as in Section III, which included both instru-
ment measurement and ancillary data errors. Ancillary salin-
ity information is determined in TO retrievals using the
TS relations (8) through (10) as part of the retrieval process
[without knowledge of the random variates perturbing the

Authorized licensed use limited to: The Ohio State University. Downloaded on January 02,2023 at 21:34:38 UTC from IEEE Xplore.  Restrictions apply. 



DEMIR et al.: STUDIES OF SEA-ICE THICKNESS AND SALINITY RETRIEVAL USING 0.5–2 GHz MICROWAVE RADIOMETRY 4304412

Fig. 18. Percent thickness error for TO retrievals in (Top) Arctic in
October 2020 and March 2021 and (Bottom) monthly integrated error trends.
The datapoints correspond to results from the first day of each month.

“truth” salinity from that calculated by (8)–(10)]. In addition,
ancillary sea-ice temperature information in the retrieval is
predicted through an empirical scaling of air temperatures

Tice = c1 ∗ Tair + c2 (11)

in which the coefficients c1 and c2 were empirically deter-
mined (c1 = 0.278, c2 = 195.3 K) by comparing the modeled
“truth” ice temperatures from [14] with the air temperature
data from [40]. Note that this process introduces ancillary tem-
perature biases as the ancillary ice temperatures are modeled
using (11) at every location in the Arctic regardless of the ice
and snow characteristics there.

Simulated TO retrieval errors in October 2020 and
March 2021 are illustrated as a function of space in the top
panel of Fig. 18 for 16 channels with σNEDT = 0.25 K,
σT = 0.3 ◦C, and σS = 0.6 and 0.1 psu for FY and MY
ice salinity, respectively. The results show thickness retrieval
errors typically in the 5%–20% range that varies with the
region considered.

The lower figure Fig. 18 presents monthly errors averaged
over all retrievals and shows average errors that decrease as
the winter progresses. The decrease observed results from the
declining area occupied by MY ice since errors for this ice
type are more sensitive to ancillary errors in ice salinity. Errors
rise again in March when the areal coverage of thicker FY ice
increases.

Similar results for the same assumptions are shown in
Fig. 19 for the TS approach with relative errors in thickness
and salinity shown in the top and middle plots, respectively,
and monthly averages in the lower plot. Errors are larger
than in the TO case but remain in the 10%–20% level for
both thickness and salinity with an increasing trend over the
winter due to the increase in FY ice coverage. The increased
TO retrieval errors in October are not observed in this case
since the salinity is also determined by the algorithm.

Fig. 19. TS retrieval error distributions in (Top) Arctic in October and March
for thickness, (Middle) salinity, and (Bottom) monthly integrated error trend
for each sea-ice parameter. The datapoints correspond to results from the first
day of each month.

Although the spatial maps shown in Figs. 18 and 19 should
be interpreted with caution since potential ice inhomogeneities
and ice concentration effects are not included, the spatial
distributions shown nevertheless provide potentially useful
performance insights. For example, MY ice regions in the
north of Canada and Greenland show relatively low thickness
errors with the TS retrieval in March (see Fig. 19) whereas
degraded performance is observed in the same region with
the TO retrieval (see Fig. 18). This can be attributed both to
the characteristics of MY ice and the retrieval method used.
In particular, the TO retrieval requires ancillary salinity data,
and MY ice retrievals are highly sensitive to ancillary salinity
biases (see Fig. 10). Therefore, inaccurate salinity assumptions
can lead to poor performance. The TS retrieval on the other
hand does not use ancillary salinity information, eliminating
this source of error. High thickness retrieval errors also occur
to the north of Svalbard and in Hudson Bay. As shown
in Fig. 20, these FY ice regions have larger thicknesses
and higher air temperatures so that the increased errors are
likely associated with the impact of errors in ancillary ice
temperature information. In particular, (11) estimates different
ice temperatures in these regions compared to the true values
calculated from thermodynamic modeling. This effect is not
observed in nearby thin FY ice regions due to the reduced
sensitivity to ancillary temperature errors in this case.
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Fig. 20. Air temperature [40] (Top, in K) and ice thickness [18] (Bottom,
in meters) distributions in the Arctic in October and March. The distributions
are from the first day of each month.

V. DISCUSSION AND CONCLUSION

The simulations performed demonstrate the potential per-
formance of a multichannel wideband radiometer in retrieving
sea-ice thickness and salinity under various conditions. The
retrieval errors obtained depend on the ice type (FY/MY),
retrieval approach (TO/TS), frequency channels used, mea-
surement noise, and errors in ancillary information. The
results generally confirm that the use of frequencies below
1.4 GHz improves sensitivity to sea-ice thickness beyond that
available from current L-band radiometers. The joint retrieval
of ice thickness and salinity also is feasible when multiple
frequency channels are used. TO retrievals provide lower ice
thickness retrieval errors and can even in some cases obtain
reasonable performance with a single low-frequency channel
(e.g., 0.5 GHz). However, the requirement for ancillary infor-
mation on both ice salinity and temperature is a challenge that
particularly impacts thickness retrievals for low salinity MY
ice since TB is highly sensitive to ice salinity in this case.
The joint temperature/salinity (TS) retrieval instead requires
ancillary information only on ice temperature information and,
thereby, avoids the impact of errors in ancillary salinity data.
This method, however, requires the use of multiple frequency
channels, and the performance is highly dependent on the level
of measurement noise.

The simulation of retrieval errors over the entire Arctic
generally showed that both the TO and TS approaches can
yield relative thickness errors in the 5%–20% range, and the
TO approach typically yields improved thickness retrievals
compared to the TS approach for the parameters considered.

It is noted that the simulations reported do not take into
account inhomogeneities in ice and snow characteristics within
a footprint (including ice concentration) and multilayered sea
ice; the impact of these inhomogeneities should be expected
to increase as the observed footprint becomes larger. Future
work will explore these effects. The results shown in the
article should, therefore, be considered a “best case” scenario.

Despite this limitation, the results reported further demonstrate
the potential of 0.5–2-GHz microwave radiometry for advanc-
ing the remote sensing of sea-ice properties and the Earth’s
environment more generally [41], [42].
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