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Arctic sea ice is changing rapidly. Its retreat significantly impacts Arctic heat fluxes, ocean currents, and
ecology, warranting the continuous monitoring and tracking of changes to sea ice extent and thickness.
L-band (1.4 GHz) microwave radiometry can measure sea ice thickness for thin ice <1 m, depending on
salinity and temperature. The sensitivity to thin ice makes L-band measurements complementary to radar
altimetry which can measure the thickness of thick ice with reasonable accuracy. During the Multidisciplinary
drifting Observatory for the Study of Arctic Climate (MOSAIC) expedition, we deployed the mobile ARIEL
L-band radiometer on the sea ice floe next to research vessel Polarsternto study the sensitivity of the L-band
to different sea ice parameters (e.g., snow and ice thickness, ice salinity, ice and snow temperature), with the
aim to help improve/validate current microwave emission models. Our results show that ARIEL is sensitive to
different types of surfaces (ice, leads, and melt ponds) and to ice thickness up to 70 cm when the salinity of the
sea ice is low. The measurements can be reproduced with the Burke emission model when in situ snow and ice
measurements for the autumn transects were used as model input. The correlation coefficient for modeled
Burke brightness temperature (BT) versus ARIEL measurements was approximately 0.8. The discrepancy
between the measurements and the model is about 5%, depending on the transects analyzed. No explicit
dependence on snow depth was detected. We present a qualitative analysis for thin ice observations on
leads. We have demonstrated that the ARIEL radiometer is an excellent field instrument for quantifying the
sensitivity of L-band radiometry to ice and snow parameters, leading to insights that can enhance sea ice
thickness retrievals from L-band radiometer satellites (such as Soil Moisture Ocean Salinity (SMOS) and Soil
Moisture Active Passive (SMAP)) and improve estimates of Arctic sea-ice thickness changes on a larger scale.
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1. Introduction column (Heygster et al., 2014). This degree of penetration
At low microwave frequencies (<2 GHz), electromagnetic  allows passive low-frequency radiometers to measure
waves penetrate tens of centimeters into the sea ice emissions from deeper within the ice than higher fre-
quency radiometers, such as Advanced Microwave Scan-
ning Radiometer-2 (AMSR-2). Therefore, the thickness of
(ICM-CSIC), Barcelona, Spain thin sea ice can be measur.eq .w1th these instruments. At
; . . ‘ L-band, 1.4 GHz, the sensitivity to ice thickness ranges
Balamis—Microwave Sensors and Electronics Ltd, Barcelona, . .

Spain between 50 cm and 1 m, but this range can increase,
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depending on salinity and temperature of the ice
(Kaleschke et al., 2012; MaasR et al., 2013; Huntemann
et al,, 2014).

L-band radiometry is an excellent tool for monitoring
Arctic sea ice thickness because, currently, 70% (in
January) of the Arctic ice is seasonal and, therefore, thin
ice (Kwok, 2018). Radar altimeters, the standard instru-
ment to measure sea ice thickness, can only accurately
measure ice thicker than approximately 1 m. Therefore,
L-band radiometers and radar altimeters are complemen-
tary (Ricker et al., 2017b; data in webpage Ricker et al.,
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2017a). However, while many altimeters have been mea-
suring for more than three decades, few L-band radio-
meters are currently in operation: for example, the Soil
Moisture and Ocean Salinity (SMOS) (Mecklenburg et al.,
2009; Font et al., 2010; Kerr et al., 2010) the Soil
Moisture Active Passive (SMAP) (Entekhabi et al., 2010)
satellites, and the Federated Satellite System Catalan
(FSSCAT) nanosatellite (Camps et al., 2018). There is
much room for improvement for L-band inversion meth-
ods, emission models, dielectric models, and validation
methodologies.

The SMOS (European Space Agency, ESA) and SMAP
(National Aeronautics and Space Administration, NASA)
missions provide unique and indispensable instru-
ments to improve our knowledge of the critical climate
variables such as sea ice thickness and volume. Since
SMOS was launched in 2009, we have an almost 12-
year series of sea ice thickness (SIT) maps (Tian-Kunze
et al., 2014; Tian-Kunze and Kaleschke, 2021). Two
future Copernicus Sentinel Expansion missions will
carry L-band radiometers, e.g. CIMR (Copernicus Imag-
ing Microwave Radiometer; Kilic et al., 2018), and will
be launched soon.

Some inversion methods for retrieving sea ice thickness
parameters from SMOS and SMAP use emission and
dielectric constant models (Kaleschke et al., 2012). They
are based, however, on limited instrumentation or
obtained at other frequencies and then extrapolated to
L-band. Therefore, revision and improvement of sea ice
microwave emission models at the low microwave bands
(in particular L-band, 1.4 GHz) are needed to improve
satellite SIT retrieval.

The year-round (September 2019 to October 2020)
Multidisciplinary drifting Observatory for the Study of Arc-
tic Climate (MOSAIC) expedition offered an excellent
opportunity to undertake measurements of sea ice para-
meters during a whole year (Nicolaus et al., 2022), provid-
ing the potential to study how the sea ice microwave
emissivity signature changes with seasonal variability, with
temperature variations and with the transition from
melting to freezing periods.

During the MOSAIC campaign, we deployed a small
and light radiometer called ARIEL, designed and devel-
oped at the Spanish company Balamis (https://www.
balamis.com/). This portable radiometer was installed
on a sledge and pulled by human operators along trans-
ects of variable length, allowing the acquisition of sea ice
brightness temperatures under different sea ice condi-
tions. Additionally, portable instruments acquired
measurements of sea ice thickness (ground-based elec-
tromagnetic induction instrument, GEM) and snow
depth (MagnaProbe and Snow Micro Penetrometer, SMP)
in the same track as ARIEL during transect measure-
ments. Here, we present the results of the ARIEL radiom-
eter acquired during the end of August and September
2020 of the MOSAIC expedition and demonstrate the
high capability of this 1.4 GHz radiometer to advance
knowledge of the sensitivity of TB to ice and snow
parameters.
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2. Methods and approach

In September 2019, the German research icebreaker Polar-
stern departed from Tromse, Norway, to spend a year drift-
ing in the Arctic Ocean with the sea ice. The goal of the
MOSAIC expedition was to examine, much more closely
than ever before, the Arctic climate system as the epicen-
ter of global warming and thus to gain fundamental
insights that are key to a better understanding of global
climate change (https://mosaic-expedition.org/) (Nicolaus
et al., 2022). Here, we analyze ARIEL transect measure-
ments performed on Leg 5 from August 30 to September
30, 2020.

2.1. Remote Sensing experimental setup

During the MOSAIC expedition, the ‘Remote Sensing
team’ deployed several instruments on the ice similar
to the payloads onboard satellites. The Remote Sensing
site during Leg 5 was located around 88.2°N and 110°E
(realize that the sea ice and therefore the instruments
were moving); maps and more details are provided in
Nicolaus et al. (2022) and Shupe et al. (2022).
The objective was to develop new methods and algo-
rithms to improve the current sea ice and snow para-
meters retrieval from satellites (e.g., ice concentration,
sea ice thickness, and ice type), reducing and quantify-
ing their uncertainties. Most of the measurements were
performed in the microwave domain from 0.5 to 89 GHz
using passive microwave radiometers and active radars
(see Figure 1a). The instruments were co-deployed with
simultaneous in situ snow and ice measurements, more
details are provided in Nicolaus et al. (2022). The mea-
surements were made both in a static position (at the
Remote Sensing site) and by performing transects to
study spatial variability and temporal evolution of TB.
Here, we discuss the ARIEL radiometer deployments
during transects only (between August 30 and Septem-
ber 30), and static observing leads. The sampling strat-
egy of the transect measurements consisted of repeat
surveys around 230 m in length. The transects were
done on the main Central Observatory 3 (CO3) floe and
on the return trip of the Polarstern to Germany, where
three ice stations were performed, mainly in the mar-
ginal ice zone.

The objective of the ARIEL measurements was to
understand better the sensitivity of the brightness tem-
peratures at 1.4 GHz to ice and snow depth, snow density,
temperature, and salinity of the ice and snow, among
other parameters. Our results will pave the way to improv-
ing the satellite measurements of thin sea ice thickness
performed with L-band radiometry.

2.2. ARIEL L-band radiometer

The ARIEL radiometer is a dual-polarization (H+V) total
power radiometer with internal calibration. The central
frequency is 1.41 GHz, with a bandwidth of 20 MHz. The
system has a 2x1 patch antenna, with a beam width of
36° at 3 dB in the azimuth direction and 70° at 3 dB at
the elevation angle. The radiometric accuracy of ARIEL
is 1.06 K at a 1 Hz sampling frequency, with the capa-
bility to measure at higher sampling rates (up to 10 Hz)
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Figure 1. Remote Sensing instruments used during MOSAIC. (a) All instruments used at the Remote Sensing site, (b)
the ARIEL instrument during static measurements, and (c) ARIEL during transect measurements on the ice floe. Photo
credits: Gunnar Spreen.

at the expense of the radiometric accuracy. A co-located equipment. Calibration is performed with a hot load
thermal infrared photodiode to measure the surface and a cold load (more information in Section 2.2.1).
temperature and a GPS receiver complete the sensor Here we refer to H- and V-polarization as H-pol and
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V-pol, with corresponding brightness temperatures as
TBH and TBV.

To adapt the ARIEL instrument to the harsh and cold
conditions of the Arctic, we increased the internal thermal
resistance by performing two modifications. The first mod-
ification was to add isolating material. The second was to
apply a conformal coating to protect the electronics
against humidity.

This light (7 kg) and small radiometer (40 cm x 60 cm x
20 cm) is ideal for frequent maneuvers. The radiometer
was mounted on a wooden sledge to measure microwave
emission at 40° incidence angle with respect to nadir (see
Figure 1). This incidence angle is the operating angle
from SMAP and is close to the 55° degree angle of the
future CIMR mission and the AMSR-2 radiometer. SMOS
has a multi-angular measuring system, from 0-60°, but at
40° the accuracy is higher than at other incidence angles
(Zine et al., 2008). The radiometer was mounted at 1-m
height with respect to the surface, so the ARIEL snapshot
on the surface was 1.2 m in diameter.

From July to September 2020, ARIEL acquired good-
quality measurements. Prior to July, a problem with the
instrument hardware introduced too much noise, prevent-
ing the derivation of valid TB measurements. During those
measurements, the ARIEL accuracy was 2.3 K (instead of
1 K) due to a software error on the sampling rate. The raw
ARIEL data from that period can be downloaded in Gabarr6
et al. (2022b). During the last period of the expedition
(from August 23 to September 30), forty-nine acquisitions
were performed. Of those acquisitions, ten were transects,
and the rest were static measurements at the Remote Sens-
ing site or in a lead. Ten July acquisitions were also made
between July 13 and July 26, four of which were transects.

The ARIEL operators carried out measurements in a static
position, pointing the instrument to specific types of sur-
faces (thick ice, leads, rafted ice, melt ponds) and measuring
different surface types at various stops (melt ponds, rafted
ice, snow, etc.). Snow and surface scattering layer (SSL)
height were also measured at the same locations.

The radiometer sledge was profiled along transects
(about 230 m long) together with other sensors (such as
MagnaProbe and GEM), thereby collating measurements
of brightness temperatures with sea ice and snow depth
thickness and other properties.

MagnaProbe provides direct snow depth measure-
ments (Sturm and Holmgren, 2018), and GEM measures
an induced secondary electromagnetic field in seawater,
which allows estimating the ice-plus-snow thickness.
Snow properties were measured in dedicated snow pits,
and snow height was derived from SMP measurements
along the transects.

2.2.1. ARIEL calibration and processing procedure

A calibration procedure for the radiometers is needed
to convert the measured voltages to brightness tempera-
tures. The calibration of ARIEL was done by pointing the
radiometer to cold and hot targets. The cold target was the
cold sky (approximate temperature of 6 K, Le Vine and Skou,
2006), while the hot target was absorber material at the
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instrument frequency stored in a large box with an emissiv-
ity of 1. The calibration was performed every 3-5 days.

Several corrections were performed to compensate for
the large antenna beam width by taking into account the
antenna radiation pattern. The following noise filtering
techniques were also performed:

e We corrected for the sky contribution (74, = 6 K)
to compensate for the TB coming from the sky
received by the top-front part of the antenna.

e We corrected for the co-polar and cross-polar
radiation to compensate for the part of TB that
comes from the other polarization (for more
details see Fabregat, 2021).

e We considered that TB should be below the ice
temperature measured with the infrared (IR)
sensor because emissivity should be below 1 by
definition.

e We discarded the measurements that differed
more than 3 sigma (3 * ) from the mean value of
the sliding window of 100 samples.

e We discarded the points outside the quantile fil-
ter of 10%.

After filtering the outliers, the data were smoothed to
reduce the noise further. Finally, a sliding window of 20
samples was applied, which has proven to work better with
ARIEL data, reducing standard deviation (STD) and, there-
fore, the noise of the measurements (Fabregat, 2021).

Because the radiometer was used over a moving ice
floe, the position with respect to the Polarstern was calcu-
lated, in addition to the GPS position, to simplify the co-
location with other instrument measurements. We used
a Python code provided by Dr. Stefan Hendricks (AWI) to
compute this relative position (GitLab reference: https://
gitlab.awi.de/floenavi-crs).

2.2.2. ARIEL measurement product output

The MOSAIC ARIEL data are available in netCDF format,
being FAIR and netCDF compliant, through PANGAEA and
the FTP server from the Barcelona Expert Center (BEC)
webpage (http://bec.icm.csic.es). The ARIEL output from
the MOSAIC expedition is available in two formats:

e ARIEL LO data, which include ARIEL samples in
voltages, calibration values, sea ice surface tem-
perature, and the time and the GPS position,
which can be downloaded from Gabarr6 et al.
(2022b); and

e ARIEL L1 data, which include ARIELTB in Hand V
polarization, sea ice surface temperature
(acquired with the IR sensor), and the GPS and
relative position to Polarstern.

The processing procedure is presented in the BEC
technical note (Gabarré et al., 2021).

2.2.3. ARIEL transects and weather conditions

ARIEL operators repeated seven transects along the same
path during the measurement period. The meteorological
conditions during the transects can be found in Table 1,
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Table 1. Dates and weather conditions of the MOSAIC ARIEL transects from late August through September

2020

ARIEL

Date Measure Code Air Temperature (°C)?

Weather Conditions

Main ice floe CO3

After melting period, wet ice
Small ice pellets precipitated
Freezing conditions for 3 days, melt ponds still open, 2-cm snow depth

Freezing, windy with snow the previous days, all ponds frozen, drifting

snow, wet snow and ice

Freezing conditions with light snow grains falling (approximately 7-cm

snow depth), melt ponds frozen

Aug 30 59-376 —0.60
Aug 31 60-9 -0.75
Sep 3 60-79 —0.64
Sep 7 61-58 —341
Sep 10 60-145 —7.90
Sep 14 61-14 —2.53
Sep 17 60-104 —6.26
Departing ice floe
Sep 24 63-38 —0.85
Sep 26 63-70 —5.07
Sep 30 63-242 —6.09

Melting conditions with rain, mist, and strong gusts in the morning

Snow drifts, 2-cm snow depth on top of crust layer

Wet snow, some pooling with higher salinity, windy and cloudy
New snow, calm and cloudy, snowing later in the day

Drifted and wind-packed snow, windy

?Obtained from the 2-m height sensor on the Meteorological tower (Shupe et al., 2022).

along with weather conditions from visual observations.
The transects were performed in two sets:

e The first set of transects was done between
August 30 and September 17 on the main
MOSAIC ice floe CO3. That floe was mainly
second-year ice, which had just survived the sec-
ond summer after partial melting and associated
brine loss. These transects were repeated on dif-
ferent days, permitting the study of the variation
and sensitivity of TB to changes in the ice, snow,
and melt ponds.

e The second set of transects was performed after
leaving the main summer floe during the return to
Germany. The team performed measurements at
three ice stations on three different ice floes, on
September 24, 26, and 30. These transects were
conducted mainly on thinner and more homoge-
neous level ice, mainly first and second-year ice.

2.3. Ancillary in situ measurements

Simultaneously with ARIEL measurements, other equip-
ment acquired data to characterize the ice and snow
properties near the radiometric measurements, as
described below. An overview of the ice and snow in situ
and the remote sensing measurements is given in Nicolaus
et al. (2022).

2.3.1. Ice thickness and snow depth in situ
measurements

A ground-based electromagnetic induction sensor (Geo-
phex GEM-2) was used to measure the combined ice and
snow/SSL thickness continuously during each transect.

The GEM was mounted on a plastic sledge and pulled
along, following other instruments. The average accu-
racy of GEM-2 was about 10 cm (Stefan Hendricks,
personal communication) during the analyzed period.
For details on the data processing, handling and accu-
racy, we refer to Haas and Eicken (2001) and Hunkeler
et al. (2016).

Thermal emission from snow is small at low microwave
frequencies because its attenuation is negligible. However,
it still impacts both the ice temperature and the refraction
of sea ice emissions. The snow depth measurements
accompanying the MagnaProbe were carried out with an
automated snow/SSL depth probe (Snow Hydro MagnaP-
robe). Unfortunately, these measurements were not in the
same position as ARIEL stops, so we have not used these
data in the following analysis.

We used the snow depth data measured with the SMP
at each stop. SMP provides (Proksch et al., 2015) a fast
retrieval of the vertical profile of snow stratigraphy, snow
density, and specific surface area, with a high vertical res-
olution (better than 1 mm). For this study, we used only
snow height retrievals from SMP. At each ARIEL stop,
repeated SMP measurements were taken adjacent to or
directly on the ARIEL footprint. During the CO3 transects
and on September 24, 5 measurements were repeated
within a 1-m distance. During the last two transects (Sep-
tember 26 and 30), 18 measurements were repeated on
a grid of 5 x 1.5 m. If only five measurements were avail-
able, they are given the average. If 18 measurements were
available, they are given as the average with STD.

These GEM-2 and SMP measurements followed the
ARIEL path, permitting us to use the data as ground truth.
Furthermore, snow pits measurements were performed at
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Table 2. Date and sampling area, mean values with standard deviation (STD) for temperature and salinity,
and ice thickness from MOSAIC ice cores collected in late August through September 2020

Temperature (°C) Salinity
Date Area® Mean STD Mean STD Core Length (cm)
Main ice floe CO3
Aug 29 Strength area —0.40 0.34 1.28 0.96 125
Aug 31 Main area —0.51 0.45 2.10 1.21 148
Sep 7 Main area —-0.82 0.42 2.07 0.98 151
Sep 10 Strength area -1.39 0.68 1.46 1.16 135
Sep 14 Main area —0.60 0.43 1.67 1.48 162
Sep 17 Strength area -1.35 0.54 - - 141
Departing ice floe
Sep 24 Ice station, second-year ice —0.94 1.24 1.03 0.50 55
Sep 24 Ice station, young ice —1.48 0.31 2.28 2.54 28
Sep 26 Ice station, second-year ice —1.35 1.08 1.90 1.16 70
Sep 30 Ice station, second-year ice —2.02 1.06 3.04 145 50

“More details about the area can be found in Nicolaus et al. (2022).

the beginning of most transects. The snow pits provide
snow depth, temperature, salinity, density, permittivity,
and microstructure.

2.3.2. Salinity and temperature profiles

Weekly ice cores were taken during MOSAIC, obtaining
information on temperature and salinity profiles. How-
ever, the ice coring was not done at the same position
as the ARIEL measurements. Here, we assume that the ice
and snow salinity and temperature were spatially homo-
geneous on the MOSAIC ice floe. Ice coring on the main
ice floe was close to a ridge, and the ice thickness at the
Remote Sensing site (where ARIEL was measuring) was
lower. During the last two transects on the departing ice
floe, ARIEL measurements and the ice cores were taken on
similar ice types and ice depths.

Table 2 shows the mean values with STD for temper-
ature and salinity from the values of the ice cores during
the analyzed period. Ice core depths were between 140
and 175 cm. The ice core data show low salinity during the
period of interest in the CO3 ice floe (less than 2.2), which
agrees with expected low salinity for older, multiyear ice
(Eicken et al., 1995). The ice cores from the two ice floes
visited during ice stations on the way back to Germany
show higher salinity and lower ice temperatures, espe-
cially on September 30, when the snow cover was thicker
and drier than at the previous stations.

2.4. Sea ice emission model at L-band

Emission models are crucial to understanding TB measure-
ments and deriving sea ice parameters. To compare the
brightness temperature measured with the L-band
radiometer ARIEL, we have considered the Burke model

(Burke et al., 1979) with four layers: air, snow, ice,
and water.

The modeled emissivity of sea ice strongly depends on
the electromagnetic properties of these layers. This model
assumes that these layers are homogeneous, with
a smooth surface. It also considers an isotropic sky bright-
ness temperature of 6 K, with no absorption or attenua-
tion between the surface and the sensor.

The ice and snow layers are assumed homogeneous
and neglect volume scattering, as air bubbles and brine
pockets are much smaller than the wavelengths at 1.4 GHz
(21 cm). According to the empirical formula, modeled sea-
ice dielectric properties are based on the brine volume
fraction (Vant et al.,, 1978) and depend on the ice temper-
ature and bulk salinity. The brine volume fraction is
obtained from the Lepparanta and Manninen (1998) coef-
ficients for T, > —2'C, and from the Cox and Weeks
(1983) coefficients for 7}, < —2 C, assuming the density
of pure ice after Pounder (1965). The permittivity of the
snow, which has a significant impact on emission, is
derived from Matzler (1996), and the imaginary part from
Tiuri et al. (1984) and Matzler (2006). Lastly, the permit-
tivity of the seawater is modeled using the Klein and Swift
(1977) equations. The water layer is modeled as semi-
infinite, and we used the following values: T, = —1.8'C
and S, = 35. The Burke model is largely insensitive to
snow depth (<1 K), but it is sensitive to the presence of
snow (especially on H-pol TB). Therefore, we have consid-
ered a snow thickness layer of 10% of the ice layer (Dor-
onin, 1971) with a density of p, = 250 kg m~3, which is
a typical value for September in the Arctic (Warren et al.,
1999; Maal} et al., 2013). Although there may not always
be snow cover but the surface scattering layer instead, the
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Figure 2. ARIEL transect taken on the MOSAIC CO3 ice floe on September 3, 2020. This transect of brightness
temperatures by H-polarization (TBH, left) and V-polarization (TBV, right) was performed on September 3, with ten
stops. X and Y coordinates indicate meter distances with respect to the Polarstern. The color scale bars indicate the

TBH and TBV values.

density variation between the two surfaces does not
impact the modeled brightness temperature significantly.
For the temperature and the salinity of the ice (7, and
S..), we computed the mean value of the ice core measure-
ments (see Table 2). We assumed an isothermal snowpack
with the same temperature as the mean value of the ice.
We further assumed that 77, and S, were spatially homo-
geneous on the MOSAIC floe, because the ice cores were
taken in the vicinity but not next to ARIEL (Nicolaus
et al,, 2022).

3. Results
3.1. Transect measurements
During the CO3 transects, ten stops of 3—5 minutes each
were performed to acquire radiometric measurements in
a static position to avoid tilting and shaking the instru-
ment due to surface inhomogeneities. The stops were
performed during repeated transects on the MOSAIC
CO3 ice floe, at the same positions for all transects. Figure
2 shows the transect track with respect to the Polarstern
reference frame (axis in meters) from September 3.
Figure 3 shows the TB during transects of August 30
and September 17, both along the same track. The surface
temperature obtained from the ARIEL IR sensor is plotted
over the TB. The ten stops are marked on the plots. During
stops number 6 and 10, the ARIEL pointed to melt ponds
(see photos in Figure 4), with stop 10 being a large melt
pond (Figure 4c and d). On August 30, the IR temperature
sensor recorded a mean surface temperature of 0.6°C at
all stops except at stop 10, where it recorded 0.7°C. On
September 17, most stops recorded values between —4.1
and —4.2°C, except stops 6 and 10, when a temperature
of —3.4°C was recorded, which might indicate that the
ice was thinner, as expected over a refrozen meltpond.
We observed an increase in the mean TB of both polar-
izations for the September 17 transect, which is expected
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Figure 3. ARIEL brightness temperatures during
transects on the MOSAIC CO3 ice floe. Brightness
temperatures by H-polarization (TBH) and V-
polarization (TBV) are shown for transects on (a)
August 30 and (b) September 17, along with
measurements of surface temperature from ARIEL
(Tsurf).
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L

Figure 4. Photographs of ARIEL measuring melt ponds on MOSAIC transects on the CO3 ice floe. Images of
stop 6 (top) and stop 10 (bottom) along transects on August 30 (left) and September 17 (right). Note the
formation of a thin ice cover on the melt pond at stop 10 between August 30 and September 17. Photo credits:

Linda Thielke.

as TB increases with colder and thicker ice. On September
17, the melt pond at stop number 6 was frozen and snow-
covered, which caused an increase in the TB (see Figure
4), making the values more similar to the rest of the
transect. There is almost no increase in TB at stop num-
ber 10 on September 17. This large melt pond was cov-
ered by very thin ice, which is clearly discernible in the
photograph in Figure 4d. However, there is a slight
increase in TBH, but not TBV, which we cannot explain.
We expected an increase of both polarizations for a thin
ice layer.

3.1.1. Sensitivity to ice thickness

We computed the median value of the TB measurements
acquired at each stop (between 120 and 180 measure-
ments per stop) and co-located them with each transect's
GEM sea ice thickness measurements. We also computed
the STD of TB per stop. We omitted the measurements
where the STD was larger than 10 K, those with a surface
temperature of the infrared sensor above 274 K, and those
where TBH was larger than TBV because those measure-
ments were not representative of the analysis we per-
formed below. In addition, we omitted measurements of
melt ponds because we did not have co-located GEM mea-
surements and did not know the ice thickness.

The TB sensitivity to SIT depends mainly on the
salinity and temperature of the ice and can vary con-
siderably (Vant et al., 1978; Kaleschke et al., 2012; Hun-
temann, 2015). Low ice salinity and high ice
temperature produce less brine volume and, therefore,
less signal loss, i.e. thicker ice becomes “visible.” Figure
5 shows the median value of TB at each stop as a func-
tion of the ice thickness during the transects on Sep-
tember 3, 7, 10, and 17.

The Burke model brightness temperatures were com-
puted using the boundary conditions discussed in Section
2.4 as input. We computed the average value for salinity
and temperature from ice cores extracted during the
period of interest (September 7, 10, 14, and 17; Table 2)
to compute the TB model. We dismissed the measure-
ments from August 29 and 31 because the air tempera-
ture was above zero, so the ice was wet and the model is
not valid for wet conditions. The values used in the model
are T;,, = —1.18°C (STD = 0.31°C; days September 7, 10, 14
and 17) and S;, = 1.73 (STD = 0.31; only days September
7, 10 and 14, because we do not have salinity measure-
ments on September 17). The model results are shown in
Figure 5 (dashed black line). The blue lines show modeled
TB using maximum and minimum salinity and tempera-
ture from ice cores. These model results show that the
small variability of 7}, and S, during the analyzed period
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Figure 5. ARIEL TB sensitivity to sea ice thickness on
the MOSAIC CO3 ice floe. Observed brightness
temperatures by (a) H-polarization (TBH) and (b) V-
polarization (TBV) as a function of ice thickness from
ground-based electromagnetic (GEM) measurements
during transects on September 3, 7, 10, and 17. The
Burke model brightness temperatures, using S =
173 and T, = —1.18°C as model input, are plotted
with dashed black lines. Dotted blue lines show
modeled TB using T, max and min (—0.82 and
—1.39°C) and S max and min (2.07 and 1.46) from
the different ice cores. The error bars represent the STD
of the measurements at each stop.

(14 days) has a negligible impact on modeled TBs for thick
ice (more than 100 cm). For this study, we can thus use an
average T, and S, as model input.

We emphasize that the measurements were made on
ice thicker than 1.5 m, and therefore outside the expected
TB sensitivity to SIT (Kaleschke et al., 2012; Huntemann et
al., 2014). Modeled TB is sensitive to SIT up to 70 cm
(dashed line in Figure 5). For our observed brightness
temperatures (on thicker ice), the model has a bias and
does not fit the measurements.

We hypothesize that these discrepancies between
model and measurements may be due to horizontal
heterogeneity in the ice area observed by the
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radiometer, where completely undisturbed level ice was
sparse. Even though ARIEL was pointing at ice areas
that appeared to be homogeneous on top, the ice
beneath may have had high porosity or large cavities
due to the close-by small ridges and melt ponds. More-
over, we assumed a single bulk sea ice salinity in the
emission modeling. This assumption may not be cor-
rect, because the ice floe was second-year ice with some
melting and refreezing events, such that two or three
sea ice layers with different salt concentrations would
improve the modeled TB, as in Demir et al. (2022). In
the future, we will consider modeling each transect
with a more detailed set of parameters (instead of aver-
aging ice core data over four weeks) to improve tem-
poral representation of the model.

Figure 6a and b show the TBH and TBV with respect to
ice thickness for the three transects carried out during the
ice stations after departing the CO3 ice floe (September
24, 26, and 30). During these three transects, the ice was
thinner than the CO3 ice. Therefore, TB measurements
show larger variability and sensitivity to ice thickness. In
addition, the acquisitions during the stops were longer
during the transects (more TB data points), which reduced
the noise.

We ran the Burke model with the values stated in Sec-
tion 2.4 and salinity and temperature ice values of §;, =
2.35, T, = —1.47°C (average value from ice cores in Table
2). The measurements from September 26 are noisy, but
in general, the Burke model shows good agreement with
measured TBs. Neither modeled nor measured TB show
a dependence on SIT above 70 cm. The range of model
input (7}, and S,,) from available ice cores during the
period of interest (Table 2) shows little variation in mod-
eled TB (blue lines in Figures 5 and 6).

Figure 6c and d are scatter plots between model out-
put and ARIEL measurements for H-pol and V-pol and
show high correlations (0.83 for H-pol and 0.74 for V-pol).
The correlations are statistically significant because the
off-diagonal values of the p-values matrix are lower than
a significance level of 0.05; i.e. 1.77¢ — 7 for TBH and
4.02¢ — 10 for TBV.

3.1.2. Sensitivity to snow depth

Maal$ et al. (2015) reported that, for cold Arctic conditions,
the brightness temperature increases with increasing
snow thickness. They explained that the TB dependence
on snow thickness is due to the thermal insulation of
snow, which is a function of snow thickness. When air
temperatures are low, the snow acts as an insulator, caus-
ing a large temperature gradient between the surface and
the snow-ice interface.

The conditions for the analyzed period (end of sum-
mer) differed from those described in MaaR et al. (2015)
because the air temperature was only a few degrees below
zero (Table 1). The average temperature difference
between the snow surface and the snow-ice interface was
less than 3.5°C for all the transects. The snow surface and
interface temperatures were measured with a handheld
thermometer.
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Figure 6. TB sensitivity to sea ice thickness on transects during the return of Polarstern. Observed brightness
temperatures by (a) H-polarization (TBH) and (b) V-polarization (TBV) as a function of sea ice thickness (SIT). The
Burke model results used salinity and temperature from ice cores as input (Sie = 2.35, Ti,e = —1.47°C). Blue lines
show modeled TB with T, max and min (—2.02 and —0.94°C) and S;.e max and min (3.4 and 0.50) from different
ice cores. Panels (c) and (d) show scatter plots between Burke model output and ARIEL measurements of (c) TBH

and (d) TBV.

We show the dependence of TB on snow depth in
Figure 7. We used snow depth data obtained from SMP
in the same (or nearby) ARIEL location for each stop. We
did not use the MagnaProbe data because the measure-
ments were not made at the exact ARIEL locations.

The analysis shows no clear dependence of TB on snow
depth. We assume that this result is due to the small
temperature gradient between the surface and snow-ice
interface (less than 3.5°C). Another possible reason is that
the range of snow depth observations is small (3 cm to 12
cm) compared with other studies (Maal et al., 2015). More
measurements during the winter period with larger gra-
dients between the surface and the snow-ice interface
temperature and a greater range of snow thicknesses are
needed to verify the dependence of TB on snow depth as
described in MaalR et al. (2015).

3.1.3. Error assessment with respect to the model
The mean, STD, root mean squared (RSM), and mean rel-
ative error of the measurements and the model results are

shown in Table 3, where a mean ice salinity and the
temperature has been used for each set of transects, as
explained in Section 3.1.1. The STD and RMS of the mea-
sured TB versus modeled TB for the departing ice floe
transects (September 24, 26, and 30) are larger than for
the CO3 transects (September 3, 7, 10, and 17). This dif-
ference is due to the larger TB variability (120 K) for the
departing transects than for the CO3 transects (40 K). The
mean value and relative error, however, are smaller for
the departing transects, indicating a lower bias on the
measurements.

These errors could be due to multiple sources and
because we made many generalized assumptions, such as:

e Ice cores: The salinity and temperature of the ice
were neither determined at the location of the
ARIEL measurements nor on the same days. The
available data do not allow us to account for the
likely temporal and spatial variability due to
ridging and melt ponds during the summer
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Figure 7. TB sensitivity to snow depth on the MOSAIC
CO03 ice floe. Observed brightness temperatures by (a)
H-polarization (TBH) and (b) V-polarization (TBV) as
a function of snow depth measured with Snow Micro
Penetrometer (SMP) for three transects on September 7,
10, and 17. Error bars of TB are the standard deviation of
the measurements per stop; with only 5 SMP
measurements per stop during these transects, so this
statistic is not representative.
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period. The maximum vertical variability in avail-
able ice cores was approximately 4°C for tem-
perature, and approximately 5 for salinity.
Therefore, the model simplification of using

a single ice layer with uniform salinity and tem-
perature may be a source of model uncertainties.

e Sea ice thickness from GEM: The GEM SIT mea-
surements we used are preliminarily processed
data (not finally processed). However, as we were
working on relatively level sea ice, we assumed an
uncertainty of 10 cm (Stefan Hendricks, personal
communication).

e ARIEL uncertainty: As explained earlier, the ARIEL
precision is 2.3 K.

o ARIEL incidence angle (inclination): The structure
to support the ARIEL on the sledge is made of
wood and may not have an exact 40° incidence
angle. Moreover, because the ice is not flat, the
sled could cause a larger inclination than
expected. For an error of 5° in the incidence
angle, we expect a TB variation of approximately
3-5 K (depending on the SIT, 7., and S, among
other parameters).

Given the potentially large sources of errors, as
expected during a field campaign, the results are
encouraging.

3.2. Temporal evolution of freezing leads
Several measurements were made over a lead, by pointing
the radiometer at the lead, to monitor the evolution of
thin ice on leads during freezing. During summer melt,
the MOSAIC ocean team reported a prominent freshwater
lens under sea ice and in leads (Rabe et al., 2022), but this
freshwater lens was not detected after the freeze onset. We
used the atmospheric observations from a nearby met-
tower at the 2-m level and weather observations to link
the observed brightness temperature changes to changes
in atmospheric conditions.

We studied the evolution of a lead using ARIEL mea-
surements from September 10 to September 19, a period

Table 3. Mean, standard deviation (STD), root mean squared (RMS), mean relative error® and correlation
coefficient between ARIEL measurements and Burke model output

Correlation Tested” Mean STD RMS Relative Error (%) Correlation Coefficient
Main ice floe September 3, 7, 10, and 17

TBH_obs versus TBH_mod —8.15 7.32 10.86 —3.55 -

TBV_obs versus TBV_mod —16.26 8.37 18.21 —-6.73 -
Departing ice floe September 24, 26, and 30

TBH_obs versus TBH_mod —3.52 23.84 23.68 —3.25 0.83

TBV_obs versus TBV_mod —0.18 12.66 12.45 —-0.11 0.74

®Relative error = (TB-TB_mod)/TB*100.

PBrightness temperatures observed by H-polarization (TBH_obs) and V-polarization (TBV_obs) versus modeled TB (TBH_mod and

TBV_maod).

€20z Atenuer g0 uo jsenb Aq jpdL£000° 2202 EIUBWSId/60055./1E000/1L/01/HPd-8jo1e ejuaWSle/Npa°ssaidon-aul|uo//:djy wol papeojumoq



Art. 10(1) page 12 of 17 Gabarré et al: First results of the ARIEL L-band radiometer

August 25 September 10 September 12

September 14 September 15 September 16

September 17 September 18 September 19

Figure 8. ARIEL measurements being made while pointed over leads. Pictures of the radiometer observing the lead
at the Remote Sensing site from August 25 (top left) to September 19 (bottom right). Photo credits: Linda Thielke.

Table 4. Information on the status of the lead at the MOSAiIC Remote Sensing site in September 2020

Lead Water Feature Thickness (cm)
Date Air (2-m) Temperature (°C) Temperature (°C) Salinity Ice Freeboard Slush
Sep 10 —7.90 -19 279 8 - 0
Sep 12 —6.76 —-1.6 26.7 14 4 =
Sep 14 —2.53 - — — — b
Sep 15 —467 - - - - -
Sep 16 —439 - - - - -
Sep 17 —6.25 -2.1 23.0 20 0 1
Sep 18 —9.03 - - - - -
Sep 19 —3.31 —-13 23.0 22 0 1

*Small topographic change observed in the ice, with some hoar frost but no snow on the ice surface.

"Some water observed on ice, after melting and rain.

during which the ice thickness on the lead changed con- Figure 9 shows the brightness temperature of the lead
siderably (Figure 8a). ARIEL measurements were per- evolution from September 10 to 19 (TBH and TBY, in blue
formed for approximately 20 hours every day, with and red, respectively). The surface temperature (Tsurf)
a gap on September 11 and September 13. Air tempera- from the ARIEL IR sensor (green line) and the 2-m air
ture, sea ice thickness and the lead water properties for temperature (Tair, black line) are over-plotted (Shupe
the period of interest are summarized in Table 4. et al,, 2022). The high TB variability is due to active ice
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Figure 9. ARIEL brightness temperatures over a lead at the Remote Sensing site. Observed brightness
temperatures by H-polarization (TBH, blue line) and V-polarization (TBV, red line) at the Remote Sensing site lead
from September 10 to September 19 (date format on figure is day/month). Surface ice (Tsurf) and 2-m air (Tair)
temperatures (Schmithiisen et al., 2021) are over plotted. The dotted vertical lines indicate different measured days.

dynamics and the changing ice and weather conditions.
The ice growth in the lead was not homogeneous, and the
lead was very dynamic. Ice was rafted, with lateral opening
and partial closing (see Figure 8).

The conclusions derived from the lead analysis are
mainly qualitative because we do not have enough data
on the thickness of newly formed sea ice (see Table 4).
Moreover, ARIEL's broad field of view causes the measured
TB to be an integration of the TB emitted by the lead plus
the TB emitted by the surrounding sea ice, making a par-
tially frozen lead difficult to analyze before the lead is
completely frozen (starting on September 17).

Atmospheric observations documented in the MOSAIC
Cruise Report from Leg 5 (team ice) show that the above-
freezing conditions at the end of August and at the begin-
ning of September did not favor new ice growth. The
freezing started on September 3, and continued until Sep-
tember 13. This process can be observed in Figure 8 top
pictures, where the lead started to form new ice on August
25, although a first consistent ice layer over the lead was
not observed until September 10. On September 13 and
14, atmospheric conditions changed from freezing to
above-freezing. Moreover, rain fell on September 13 and
September 14, adding puddles of rainwater, meltwater
and light snow accumulation on top of the lead. This
change is reflected in the TB decrease on September 14
(red and blue lines in Figure 9).

On September 14 towards the evening, the air temper-
ature dropped and caused the onset of refreezing, which is
reflected in the sudden increase of retrieved TB (Figure 9).
The signal in both TBs then undulates on September 15,
which we cannot explain. Perhaps the wind changed, caus-
ing lead dynamics and ice movement, which then affected

TBs. A further drop in air temperature on September 16
caused the ice on the lead to freeze, leading to more
homogeneous ice growth and a clear increase in TBs.

4, Conclusions

The light portable ARIEL L-band radiometer successfully
acquired data on the ice on the MOSAIC expedition during
autumn 2020. The radiometric measurements (brightness
temperature) fell within the expected range for sea ice.
ARIEL measurements were co-located with ground truth
data, such as GEM sea ice thickness and SMP snow depth
measurements. Although ARIEL also acquired data during
July 2020, this period was not considered here in order to
focus on data acquired only during transects.

The analysis described in this paper shows that ARIEL
TB is sensitive to ice thickness up to approximately 70 cm.
Furthermore, a clear correlation between TB and sea ice
thickness was observed on the autumn transects per-
formed on thinner ice.

We compared the ARIEL measurements with a four-
layer model following Burke et al. (1979). For the first set
of transects (beginning of September, on the MOSAIC CO3
ice floe), the model output does not fit with radiometric
measurements when using a single ice layer with the ice
salinity and temperature obtained from ice core data aver-
aged over four weeks. This lack of fit might be because the
ice cover was heterogeneous along the transect, with
small ridges (which may contain cavities and are more
porous than the level sea ice), melt ponds, and snow,/SSL
variability, so that only in small areas was typical level ice
present. This ice heterogeneity could have influenced the
ARIEL measurements, preventing a match to the simpli-
fied model output (which considers homogeneous level
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ice). Also, using one value for salinity and one for temper-
ature is not likely valid.

The second set of transects (during three ice stations
after departing the CO3 ice floe) was conducted on a thin-
ner and more homogeneous level ice floe, and therefore
the range of measured TB was larger (as expected from the
model). Comparing these ARIEL brightness temperatures
and the Burke model run using ice core measurements as
input showed a good correlation, with correlation coeffi-
cients of 0.83 for TBH and 0.74 for TBV. The sensitivity of
TB to snow depth was also analyzed, but we found no clear
relationship within the temperature and snow thickness
ranges encountered during this period of the campaign.

The radiometer also made measurements over a lead
for 8 days. The TB measurements largely reflect the
reported ice thickness and weather conditions (freezing/
melting), but our analysis of this aspect was entirely qual-
itative for lack of sufficient data.

We have been able to show that the ARIEL radiometer
is sensitive to variations in SIT below 70 cm, for the ana-
lyzed ice conditions. ARIEL is also an excellent instrument
for field campaigns, thanks to its lightweight and simplic-
ity of operation. However, further analysis should be done
with more advanced emission models using more sea ice
layers, as in Demir et al. (2022). In-situ drilling of the sea
ice to get exact thickness would be helpful to address
GEM-2 measurement uncertainties.

We highly recommend acquiring more field measure-
ments, and combining the ARIEL radiometer with in situ
measurements (ground truth) during the Arctic autumn
and winter periods, especially when ice grows, as no mea-
surements were made for these seasons during MOSAIC.
Furthermore, a more detailed analysis of the dependence
of TB on snow depth and density needs to be undertaken,
which will require more co-located data. New field data
would permit continued analyses for validating and
improving the current sea ice emission models at L-band.
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