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Abstract Arctic sea ice thickness (SIT) has been mostly retrieved from lidar and radar altimeters since
the 2000s. However, the repeatability of altimeters and their spatial coverage limit SIT estimates spatially and
temporally. On the other hand, the passive microwave (PMW) radiometers have daily basin-scale coverage

of the Arctic. In this study, we propose a SIT retrieval from PMW observations, derived from a statistical
inversion technique. It is based on the evidence of high correlations between PMW observations and existing
altimetric satellite-derived SIT, especially at 36 GHz. Lidar ICESat-2 SIT products are used to train a neural
network with multiple combinations of brightness temperatures between 1.4 and 36 GHz as inputs over the
2018-2019 time period. The PMW retrieved SIT can mimic the lidar SIT product over the full winter over
the Arctic, with a correlation of 0.85, and a root mean square difference (RMSD) of 0.54 cm. Results are also
compared with the SIT product CS2SMOS (CryoSat-2 and Soil Moisture Ocean Salinity merged product),
with SIT from a coupled ice/ocean reanalysis model and with the Operation IceBridge QuickLook airborne
SIT measurements. The PMW SIT retrieval with all frequencies from 1.4 to 36 GHz shows a correlation of
0.72 and a RMSD of 57 cm when compared to OIB-QL measurements, for large SIT (mostly above 3 m), under
multi-year ice environments. The PMW SIT retrieval using only 18 and 36 GHz has similar performances and
could allow the calculation of long time series, these microwave frequencies being available from satellites
since the 1980s.

Plain Language Summary Arctic sea ice thickness (SIT) has been estimated from satellite radar
and lidar altimeters since the 2000s. However, the altimeter spatial coverage and their repeatability limit the
SIT estimates, spatially and temporally. On the other hand, satellite passive microwave (PMW) radiometers
have daily basin-scale coverage of the Arctic. In this study, we estimate SIT from PMW observations, with

a statistical inversion technique. It is based on the evidence of a high absolute correlation between existing
altimetric satellite-derived SIT, and PMW observations, especially at 36 GHz. Lidar SIT products are used to
train a neural network with multiple combinations of PMW observations between 1.4 and 36 GHz as inputs,
over the 2018-2019 time period. Results are compared with other satellite and model derived SIT, as well as
with airborne campaign measurements. The new PMW SIT retrieval with all frequencies from 1.4 to 36 GHz
shows good performance, even for large SIT, under multi-year ice environments. The SIT retrieval using only
18 and 36 GHz also has satisfactory performances, allowing the development of long time series, these two
microwave frequencies being available from satellites since the 1980s.

1. Introduction

Over the last decades, the Arctic region has experienced climate changes at magnitudes and rates higher than
most regions in the world (IPCC report, 2019) leading to a large decrease in sea ice extent (SIE) and thickness
(SIT) (Portner et al., 2019). Sea ice regulates the energy and mass exchange between the atmosphere and the
underlying ocean in the polar regions, and the observed sea ice loss over the last ~40 years contributed to the
warming amplification in the boreal region (e.g., Dai et al., 2019; Serreze & Barry, 2011).

The SIE has been extensively monitored from passive microwave (PMW) satellite observations since the late 70s
(e.g., Comiso, 1986), and its decline has been evidenced (e.g., Kwok, 2018; Stroeve et al., 2012). Large-scale satel-
lite estimation of the SIT, the other necessary parameter to estimate the sea ice volume, is more recent, with the
advent of the laser altimeter missions (Ice, Cloud and Land Elevation Satellite (ICESat and ICESat-2) (Abdalati
et al., 2010; Schutz et al., 2005)), and radar altimeter missions (e.g., ERS 1 and 2 (S. Laxon et al., 2003), ENVISAT
(Connor et al., 2009) or CryoSat-2 (CS2) (S. W. Laxon et al., 2013; Wingham et al., 1986), see Abdalla et al. (2021)
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for a review). Because of their nadir geometry, the repeatability of altimeters and their spatial coverage limit SIT
estimates spatially and temporally. Both altimetry techniques (laser and radar) estimate a freeboard, that is, the
thickness of the layer protruding above the water level: for the laser altimeters, this layer includes the snow cover
and for the low frequency radar, the signal is expected to penetrate the snow layer and reach the sea ice surface. The
freeboard estimate is the difference between a measurement above sea ice and another one over open ocean or a lead.
The estimation of the total SIT, including the submerged draft sea ice part, always assumes hydrostatic equilibrium,
and an estimation of the snow loading over the sea ice. As a consequence, assumptions have to be made, first on the
snow depth and density, often using climatologies (Warren et al., 1999), but also satellite estimates or modeling,
and second on the ice and water densities. Long time series of publicly available SIT products include the ICESat-2
monthly winter product from Petty et al. (2020) or the CS2 winter product from Tilling et al. (2018). The sensitivity
of the radar altimeter is expected to decrease for low SIT. On the contrary, passive microwaves at L-Band (1.4 GHz),
from the Soil Moisture Ocean Salinity (SMOS, Font et al. (2010)) or the Soil Moisture Active Passive (SMAP,
Entekhabi et al. (2010)) missions, have shown sensitivity to thin SIT. The merging of CS2 and SMOS SIT products
has led to an improved product (CS2SMOS) covering the full range of SIT, over winter (Ricker et al., 2014).

Satellite-based SIT estimates have been evaluated and compared. Wang et al. (2016) include ICESat-2, CS2,
and SMOS products in their comparison against aircraft and model estimates. Sallila et al. (2019) essentially
concentrate on the differences between radar altimeter products derived from CS2. In addition to the intrinsic
limitations of the different satellite sensors, estimations of SIT are based on several and different assumptions
on the snow load and the geophysical parameters of the sea ice, which leads to differences between SIT products
(Petty et al., 2020; Wang et al., 2016), even when using the same instrument (Sallila et al., 2019).

Satellite PMW observations have been extensively exploited to estimate Sea Ice Concentration (SIC and the
related SIE), sea ice type, as well as snow depth over sea ice, mainly from 18 to 36 GHz measurements from imag-
ers such as the Advanced Microwave Scanning Radiometers or the Special Sensor Microwave/Imagers (SSM/I)
(Comiso, 1995; Comiso et al., 2003; Lavergne et al., 2019; Markus & Cavalieri, 2009; Walker et al., 2006). Thin
SIT is also now routinely estimated from passive microwaves at 1.4 GHz (Kaleschke et al., 2016). Efforts are
also conducted to estimate thin SIT with higher frequencies (18 and 36 GHz) (e.g., Yoshizawa et al., 2018 or
Kashiwase et al., 2021). However, evaluation of the potential of the PMW observations to estimate the SIT for
the full thickness range has not triggered yet much efforts, as PMW observations are not expected to penetrate the
ice for more than 50 cm, and to be directly sensitive to the thicker sea ice, especially at high frequency (Heygster
et al., 2014). Nevertheless, we observed unexpected systematic high correlation at basin-scale between PMW
observations and existing SIT, during the full winter (see sections below). Recently, Lee et al. (2021) proposed
an estimation of the SIT in the Arctic, from the Advanced Microwave Scanning Radiometer 2 (AMSR2, Imaoka
et al. (2012)) frequencies between 6 and 36 GHz, based on the assumed proportionality between the scattering
optical thickness at these frequencies within the freeboard and the physical thickness of the freeboard, and a
realistic snow depth on sea ice. The relationship between the optical thickness and the ice freeboard is derived
from a linear fit with ice freeboard from CS2. Chi and Kim (2021) suggested a complex NN method to mimic the
CryoSat-2 SIT retrievals, with AMSR?2 observations.

Here, we also propose to directly exploit the statistical relationships observed between the PMW observations
and the existing large-scale SIT estimates, to derive SIT using a machine-learning approach. The motivation
is twofold: first to develop a method to produce a robust long-time record of sub-monthly SIT with almost
full coverage of the Arctic basin, second to prepare for the exploitation of the Copernicus Imaging Microwave
Radiometer (CIMR) mission. Copernicus Imaging Microwave Radiometer (Donlon, 2020; Kilic et al., 2018) is a
Copernicus High Priority Expansion Mission designed to monitor the poles. It will observe from 1.4 to 36 GHz,
with a large ~8 m antenna to reach 5 km spatial resolution at 18 and 36 GHz. The Copernicus Polar Ice and
Snow Topography Altimeter, CRISTAL, another Copernicus High Priority Expansion Mission, will also meas-
ure the SIT, overlying snow depth and ice sheet elevations, owing to a dual frequency altimeter operating at Ku
(13.5 GHz) and Ka (36.5 GHz) bands, and synergies between these two CIMR and CRISTAL are encouraged.

A database with observations at CIMR frequencies is built, merging the SMAP observations at 1.4 GHz and
the AMSR2 ones at 6, 10, 18, and 36 GHz, to characterize sea ice and snow (Soriot et al., 2022). The statistical
analysis between the PMW measurements and the SIT estimates are conducted for the ICESat-2 SIT (Petty
et al., 2022), for the CS2SMOS SIT (Ricker et al., 2017), and for Nucleus for European Modelling of the Ocean
(NEMO) (Madec & Team, 2008; Rousset et al., 2015) modeled SIT. The data and methodology are described
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respectively in Sections 2 and 3. The machine-learning algorithm is trained on the ICESat-2 SIT. The results and
their evaluations are presented in Section 4. Section 5 concludes this study.

2. Data

SMAP and AMSR2 provide brightness temperatures (T,) from 1.4 GHz (L band) to 89.0 GHz (W band)
that include the frequency range (1.4-36.5 GHz, from L to Ka bands) that will be observed by CIMR. The
satellite-derived SIT are extracted from laser altimetry (ICESat-2) or from a combination of radar altimetry and
low frequency PMW observations (CS2SMOS). The SIT from the NEMO model is also used. Comparisons are
conducted with the IceBridge-QL aircraft campaign measurements (Kurtz, Richter-Menge et al., 2013).

All large-scale datasets are extracted over the Arctic Ocean above 55°N, for a complete polar year from 1 November
2018, to 31 October 2019. Data are projected onto the same EaseGrid 2.0 at ~12.5 km (Brodzik et al., 2012). The
sea ice mask from Ocean and Sea Ice Satellite Application Facility (OSI-SAF) is adopted (Tonboe et al., 2017).

2.1. Passive Microwave Satellite Observations
2.1.1. SMAP

Since January 2015, the NASA SMAP mission observes the Earth at 1.4 GHz at both vertical (V) and horizontal
(H) polarizations, from a Sun-synchronous 6 a.m./6 p.m. orbit (Entekhabi et al., 2014). It has a 6 m real aperture
antenna that provides a spatial resolution of 40 km. The observing incidence angle is 40°, with a 1,000 km swath.
Its orbit inclination angle of 98° allows the full coverage of the poles.

We use the daily surface T, at 25 km spatial resolution from L2 product (Meissner et al., 2018) provided by
Remote Sensing System (https://data.remss.com/smap/SSS/V05.0/FINAL/L2C last access: 9 March 2022).
These T, are corrected for the extra-terrestrial signal, and for the Faraday rotation.

2.1.2. AMSR2

AMSR? is a radiometer on board the Japanese polar orbiting satellite GCOM-W, launched in May 2012. It
provides observations at 55° incidence angles at 6.9, 7.3, 10.65, 18.7, 23.8, 36.5, and 89 GHz, at both V and H
polarizations, with spatial resolution from 48 km at 6.9 GHz to 4 km at 89 GHz. With an inclination angle of
98.2°, AMSR2 does not observe the Arctic above 88°N. Here, we analyze the frequencies common to the CIMR
instrument (noted 6, 10, 18, and 36 GHz hereafter). The Level-1R daily T}, at their native spatial resolution
(Maeda et al., 2016) are obtained from the JAXA website (https://gportal.jaxa.jp, last access: 9 March 2022).

The EaseGrid 2.0 12.5 km spatial resolution is close to the 10 km spatial sampling of the AMSR?2 observations,
and to the spatial resolution at 36 GHz (Maeda et al., 2016). Within each grid cell, the SMAP and AMSR2 T, are
averaged on a ~10-day period (depending on the month, the last 10-day period in the month can be slightly longer
or shorter), for each frequency, and polarization.

2.2. Satellite-Derived Sea Ice Thickness Over the Arctic
2.2.1. ICESat-2 SIT

The ICESat-2 L4 monthly SIT product (Petty et al., 2022) is available from https://nsidc.org/data/IS2SITMOGR4
(last access: 19 April 2022), on a 25 km grid, over the winter. It is based on the laser measurement of the total height
of the freeboard (the thickness of the emerged sea ice layer plus the snow cover layer) if SIC is >50%, if height
samples are at least 25 km off the coast, and under cloud-free conditions. Hydrostatic equilibrium is assumed for
estimating the total SIT from the measured freeboard. Estimates of the snow depth as well as the snow, ice, and
water densities are also required. The snow depth and density are simulated from the NASA Eulerian Snow on Sea
Ice Model (NESOSIM v1.0) (Petty et al., 2018), modified with an empirical linear piecewise function to increase
the initial model spatial resolution (Petty et al., 2020). The monthly data set has been duplicated for each of the
three 10-day periods for each month. In addition, the data have been duplicated to fill the 12.5 km grid.

2.2.2. CS2SMOS SIT

The CS2SMOS SIT product combines the CS2 radar altimeter estimates (Hendricks et al., 2016; Ricker
et al., 2014) with the PMW SMOS observations (Kaleschke et al., 2016; Tian-Kunze et al., 2014). The data can
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Figure 1. Sea Ice Thickness (SIT) as estimated from the Operation IceBridge
QuickLook (OIB-QL) campaign data available for this study, in April 2019.

be found at ftps://smos-diss.eo.esa.int (last access: 19 April 2022). While
CS2 lacks the capability to observe thin ice, SMOS retrievals are restricted to
ice regimes thinner than ~1 m (Ricker et al., 2017).

6
Unlike ICESat-2, CS2 is considered to measure the ice-only freeboard, as the
5 radar frequency (Ku-band at 13 GHz) is expected to penetrate the snow layer
and reach the ice surface. Calculation of the total SIT relies on the hydrostatic
A equilibrium, with an estimate of the snow loading along with a snow, ice,
_ and water density estimation. The CS2 SIT uses the snow climatology from
£ Warren et al. (1999) for the snow depth and density. The original Warren
3 5 climatological snow depth is reduced by 50% over first-year sea ice (Kurtz
& Farrell, 2011), where discrimination between first-year and multi-year
2 sea ice type is provided by the satellite-derived OSI-SAF product (Aaboe
& Down, 2021). The method to retrieve the thin ice SIT from SMOS T} at
1 1.4 GHz is based on a thermodynamic sea-ice model and a one-ice-layer
radiative transfer model (Tian-Kunze et al., 2014).
0

An optimal interpolation scheme is developed to merge the CS2 and SMOS
SIT estimates. It is applied to weekly CS2 and SMOS SIT estimates, allow-
ing the estimation of the full SIT range. The product is available from
mid-October to mid-April, on a 25 km grid. It is a weekly product available
on a daily-basis. All the available observations acquired during this 10-day
time-period are averaged for comparison with the other products. The values
are duplicated to fill the common 12.5 km EASE grid.

2.3. NEMO Simulations

The NEMO model is a state-of-the-art modeling framework for research activities and forecasting services in
ocean and climate sciences (Madec & Team, 2008). It uses the Louvain-La-Neuve Sea Ice Model 3.6 (LIM3.6)
(Rousset et al., 2015).

In this study, the global high-resolution monitoring and forecasting system PSY4V3R1 (Gasparin et al., 2018)
is adopted. It is based on version 3.1 of the NEMO/LIM model, which assimilates satellite SIC from the
EUMETSAT/OSI-SAF. The PSY4V3R1 NEMO/LIM model provides a daily SIT estimation at 1/12° resolu-
tion that is averaged on the common 12.5 km EASE grid 2.0, for each 10-day periods. In the following, the
PSY4V3R1 NEMO/LIM SIT outputs will be abreviated by NEMO SIT.

2.4. Sea Ice Thickness Measurement Campaigns

The Unified SIT Climate Data Record (Lindsay & Schweiger, 2013) aggregates all types of measurements of SIT
from airplane and submarines operations, from 1947 to current time. In our time window (2018-2019), only the
Operation IceBridge QuickLook (OIB-QL) data are available, and only at the end of the winter season (Kurtz,
Farrell, et al., 2013). The measurements are provided by two instruments: first a 520 nm wavelength laser altim-
eter, the Airborne Topographic Mapper; second a nadir-looking frequency-modulated continuous-wave radar, the
CReSIS snow radar. The SIT and its uncertainty are estimated from these two instruments, as explained in Kurtz,
Farrell, et al. (2013).

In April 2019, 125,655 initial points have been measured and grouped to form 88 50-km clusters (Kurtz
et al., 2012). Over the resulting 88 clusters collected by the OIB-QL campaign during this period, 78 are south
of 88.5° and are collocated with the previously described datasets. The mean SIT value and its associated SIT
uncertainty is provided for each cluster, and the mean SIT values are located on a map (Figure 1).

The 2018 OIB-Q data have also been extracted. It contains 200 clusters, acquired in April, and located in the same
regions as for April 2019, with similar SIT distribution.
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3. Method
3.1. Initial Analysis of the Data

Figure 2 shows, for the second 10-day period of November, January, and March, respectively, the SIT from
ICESat-2, CS2SMOS, and NEMO as well as the V-polarized brightness temperature T;’ at 1.4 GHz (SMAP) and

November 11-20 2018 January 11-20 2018 March 11-20 2019
IceSat-2

260

240

220

Ty (K)

200

180

160

Figure 2. From top to bottom: ICESat-2 SIT, CS2SMOS SIT, NEMO SIT, SMAP T 1.4 GHz and AMSR2 T 36 GHz, for three 10-day winter periods (from left to

right, the second 10-days periods in November 2018 January 2019, and March 2019), when SIC is above 0.8 (as provided by OSI-SAF estimates).
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36 GHz (AMSR?2), when the OSI-SAF SIC is above 0.8. SIT products from ICESat-2, CS2SMOS, and NEMO
show similar broad spatial patterns, although NEMO exhibits significantly lower SIT north of Greenland and
the Queen Elizabeth Islands than the satellite estimates. NEMO underestimates the large SIT compared to the
other products, and CS2SMOS tends to show lower SIT than ICESAT-2 for these large SIT values as well. In
these regions of high SIT, the sea ice emissivity at 1.4 GHz is high, and that translates in the maps into high TBV
(>240 K), with a decrease of T in areas where sea ice is likely thin and transparent enough for the underneath
ocean to contribute to the signal with its low emissivity. The T} maps at 36 GHz exhibit spatial patterns nega-
tively correlated with the SIT from the satellites, with a significant decrease of the Tl;’ with increasing SIT.

To quantify theses spatial relationships, Figure 3 presents the linear correlation between the SIT from ICESat-2,
CS2SMOS, and NEMO, as well as the correlation between the ICESat-2 SIT and T, as a function of time during
winter, for selected microwave channels. While the 1.4 GHz TBV shows limited correlation with the SIT and the
6 GHz TBV shows almost no correlation, there is a strong anti-correlation between the ICESat-2 SIT and T, at
18 and 36 GHz.

High negative correlation between T}, at 18 and 36 GHz and the other SIT products (CS2SMOS and NEMO) is also
observed (not shown), with particularly high negative correlation between CS2SMOS and TBV at 18 and 36 GHz
(above 0.9 in absolute value during the full winter). The spatial linear correlations have also been calculated for two
SIT ranges, with a threshold at 0.7 m (not shown). For thin ice below 0.7 m, the correlation between Tt'; at 1.4 GHz
and the CS2SMOS SIT is higher than with the other SIT products (ICESat-2 and NEMO). This behavior can be
related to the use of T at 1.4 GHz in the CS2SMOS product, for its expected sensitivity to the thin ice thickness.

The physical interpretation of this anti-correlation between the T} at higher frequencies and the SIT is not
straightforward. Whereas some of these anti-correlations could partly been related by the temperature profile in
the snow/ice system, these frequencies are not expected to sound within the snow and sea ice. A strong decrease
of T, with increasing frequency is a sign of scattering processes in the radiative transfer (Ulaby & Long, 2014). In
these regions of low T at 18 and 36 GHz, the microwave signal is likely scattered, within the snow pack (volume
scattering due to the formation of depth hoar for instance), at the snow surface and snow/sea ice interface (scat-
tering over rough surfaces), and possibly within the sea ice (volume scattering in the desanilized multi-year sea
ice). The microwave scattering signatures have been analyzed recently, using a state-of-the-art radiative transfer
model to explore the co-variability of the microwave observations (passive and active) (Soriot et al., 2022). This
study underlined the complexity of the scattering responses, and the difficulty to propose consistent and quanti-
fied explanations for all signatures, across frequencies. The regions with large scattering at 18 and 36 GHz also
correspond to multi-year ice areas, where snow accumulates, where rafting and ridging occur, and where the sea
ice has a low salinity. This scattering signal at 18 and 36 GHz has already been exploited to classify the sea ice
types (e.g., Comiso, 1990; Lee et al., 2017). The relationship between T, and
(CESat-2/CS25MOS SIT is likely indirect, but it is strong and, as a consequence, it can potentially

®- |CESat-2/NEMO
CS2SMOS/NEMO

be exploited for SIT estimation. Given the complexity of emission and scat-
tering processes within the sea ice and snow pack, capitalizing on indirect
relationships is already commonly done and these frequencies (namely 18

1.00 P and 36 GHz) have been extensively used to estimate snow depth over sea ice
0.75) #o0..q i . as well as sea ice type, without a robust and clear physical explanation of the
0.50] W g g gy » link between the observations and the snow and ice parameters of interest
S 025] « 4o - (see for instance Rostosky et al., 2018).
= . o ¥ s
© *.. -« *
@ 0.00 R " B *
S _ 3.2. Statistical Inversion
8 -0.25
—-0.50 e o Given the statistical relationships observed between T, and SIT, a statis-
~0.75 :ﬁﬁﬁﬁj_‘:;jjjj:;jjj;_‘}:j'_;jj:_;;; B e tical inversion is tested, based on NN techniques. NNs have already been
~1.00 widely used in satellite remote sensing for the retrieval of a large number of
4\?’ b\,‘b (\«9 0\9 ('\9 (\9 geophysical parameters, including sea ice variables (Braakmann-Folgmann
< o 4 <@ N ® & Donlon, 2019; Chi & Kim, 2021; Résel et al., 2012). Here we adopt a
Time

Figure 3. Spatial linear correlation among SIT and between ICESat-2 SIT
and selected T}, (1.4, 6, 18, 36 GHz), as a function of time during winter in the
Arctic, when SIC is above 0.8 (as provided by OSI-SAF estimates).

specific NN architecture called Multi Layered Perceptron (MLP) (Rumelhart
et al., 1985). The MLP is appropriate to approximate multivariate non-linear
mappings (Aires et al., 2002; Cybenko, 1989; Krasnopolsky, 2007), and
will be applied here to build the statistical model reproducing the mapping

SORIOT ET AL.

6 of 14

35UB0 1T SUOWILIOD A1) 3|edt|dde ay) Aq pausenob afe saole YO ‘9N JO 3N 10} Ariq1TauluQ A3]1AA UO (SUORIPUOD-PUR-SWIBY/WOD A3 | IM" AReIq1[BUUO//:SANY) SUO I IPUOD pUe SWS | 8Y} 89S *[£202/20/9T] U0 AiqiTauluQ A3|1Ia ‘oueid aueIyoD Aq ZvS200Va2Z202/620T OT/10p/od A im Arlg 1 puljuosgndnbe/sdny wouy papeoumod ‘2 ‘€202 ‘80SEEEZ



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth and Space Science 10.1029/2022EA002542

between brightness temperatures and SIT. The MLP will contain a first layer with as many input neurons as
microwave channels used in the retrieval, followed by a hidden layer with hyperbolic tangent sigmoid activation
functions, and an output layer with a linear activation function and one node outputting the retrieved SIT. This
NN architecture can be represented by a function:

k

y=ap+ a,~-tanh<b,-o+2bji-xi>; @))]
1 i=1

Jj=

where x; are components of the NN input vector, y is the single NN output, a and b are the matrices of the fitting
parameters, that is, the NN weights and biases, » is the number of inputs, k is the number of nodes in the hidden
layer, and tanh is the hyperbolic tangent sigmoid activation function. The parameters a and b are determined during
the training phase using a database of T, and corresponding SIT, together with the training algorithm of Foresee
and Hagan (1997). To decide on the k number of nodes, NNs with increasing k are tested till the NN prediction
error stabilizes, an indication that no further improvements on the NN prediction can be gained by making the

—— PMWgg vs CS2SMOS ~ —— PMWgyg Vs ICESat-2  —e— PMWgpg vs NEMO
+  ICESat-2 vs CS2SMOS = CS25SMOS vs NEMO e ICESat-2 vs NEMO

10 (a)

509

©

@ 0.8

307
0.6
1.0

Eos — .
?
$0.6
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0.4

1.6 .

RMSD (m)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
ICESat-2 SIT (m)

Figure 4. Statistics for inter-product differences, including the PMW .\ r
retrieval. Top: Spatial linear correlation (R) between PMW .\, estimates as
a function of time in the winter. Middle: RMSD in m between the variables,
also as a function of time in the winter. Bottom: the RMSD between the
SIT estimates, as a function of the ICESat-2 SIT (with the ICESat-2 SIT
distribution indicated in gray shades).

NN more complex. To avoid spatial or temporal overfitting and increase the
robustness of the retrieval, only a random third of the database is used for the
training, as in Rodriguez-Fernandez et al. (2019), and an early-stop validation
technique is applied during the training (Prechelt, 2012).

The NN is trained on the ICESat-2 SIT, to prevent the inbreeding with the
PMW T, inputs if using CS2SMOS. The ICESat-2 SIT is expected to be
independent of PMW observations (Petty et al., 2020) and is retrieved from
a different frequency domain (visible vs. microwave) (Abdalati et al., 2010).
Indeed, the CS2SMOS product is constructed with T, at 1.4 GHz from
SMOS (Ricker et al., 2017), and the NEMO model assimilates OSI-SAF
SIC which is based on microwave T,. However, similar exercise could be
performed with a NN trained on CS2SMOS or NEMO. In order to minimize
the SIC influence, the NN is trained on pixels with SIC > 0.8, as estimated
from OSI-SAF.

Several combinations of brightness temperatures have been tested as inputs to
the NN and the results are compared with the SIT estimates from CS2SMOS,
NEMO, and OIB-QL. Among the tested 7, combinations, two are particu-
larly interesting for further studies: the combination of all CIMR frequencies
(1.4, 6, 10, 18, and 36 GHz at both V and H polarizations) to showcase the
future capability of CIMR to estimate SIT, and the combination of only 18
and 36 GHz V and H channels, to facilitate the production of long time series
of SIT (because of the availability of long-time records of these observations,
with SSM/I, its successor SSMIS, and possibly its ancestor, the Scanning
Multichannel Microwave Radiometer (SMMR)).

4. Results and Discussion
4.1. Global Arctic Results Over the Winter

First, a NN inversion is trained on a subset of the ICESat-2 SIT product, using
all the frequencies from the CIMR-like database, from 1.4 to 36 GHz (named
PMW ,x hereinafter). Over the Arctic winter, the linear correlation between
the retrieved SIT and the ICESat-2 product is 0.85, with a root mean square
difference (RMSD) of 0.54 m.

Figure 4 shows some statistical analyses comparing the different SIT prod-
ucts, including the PMW ., retrieval: the spatial linear correlation between
the different SIT products as a function of the time (top panel), the RMSD
between the different products and the PMW, . retrieval as a function of
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November 11-20 2018

time (middle panel), or as a function of the ICESat-2 SIT (bottom panel). The normalized distribution of the
ICESat-2 SIT is also shown in gray shades on the bottom panel.

The general agreement between the satellite products ICESat-2 and CS2SMOS is better (both in terms of spatial
correlation and RMSD) than between the satellite products and the NEMO SIT estimates (Figure 4 top panels),
as already expected from Figure 2. The agreements are rather stable during the winter, with a slight degradation
(decreased correlation and increased RMSD) at the end of the winter season (Figure 4 two top panels). The
PMW_\r retrieval shows better spatial correlation and smaller RMSD with all SIT products at each time step
(Figure 4 two top panels, symbols with solid lines), as compared to the correlation and RMSD between the
ICESat-2 original product and the other SIT products (Figure 4 two top panels, symbols without solid lines). Note
that the spatial correlation between PMW . and CS2SMOS SIT is even higher than the correlation between
PMW i SIT and the original ICESat-2 SIT used to train it, meaning that the PMW information in the PMW, \»
retrieval adds to the agreement between the existing SIT estimates.

The RMSD between products tend to significantly increase between most products, for SIT above ~2 m (Figure 4
bottom panel). The SIT population above 2 m is rather limited for all SIT products (the ICESat-2 SIT distribution
is indicated in gray shades on Figure 4). For the full SIT range, and especially for the lower and higher SIT, the
RMSD between the PMW ., retrieval and the other products decreases (symbols with solid lines on Figure 4
bottom panel) as compared to the initial RMSD between ICESat-2 and the other products (symbols without solid
lines on the same panel).

Figure 5 shows the maps of the PMW_,,» SIT and the difference between its estimates and the ICESat-2-based
SIT estimates for three different 10-day winter periods (11/2018, 01/2019, and 04/2019) not used in the NN
training. The maps of the ICESat-2 SIT were already shown (Figure 2). The PMW ., SIT maps show the same
general patterns as seen in Figure 2, with high SIT north of Greenland and in the Canada Basin, with an increase
of the SIT over the winter in the Chukchi Sea. Noticeable differences between PMW,,. and ICESat-2 SIT are
located along the east coast of Greenland, especially in January, where PMW_.,, exhibits higher SIT values than
ICESat-2. In this region, note that both CS2SMOS and NEMO have SIT larger than the initial ICESat-2, and
closer to the PMW retrieval (Figure 2). North of the islands of Franz Joseph Land, especially in March, the
PMW\r predicts higher SIT than ICESAT-2, where also both CS2SMOS and NEMO have higher SIT than

March 11-20 2019
>

January 11-20 2019
N

1.0

0.5

0.0

Diff SIT (m)

-0.5

-1.0

Figure 5. From top to bottom: maps of PMW,,x SIT, and PMW;x SIT minus ICESat-2 SIT, for the PMW . retrieval. For 10-days periods in November 2018
(left), January 2019 (center), and April 2019 (right).
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Figure 6. Same as Figure 4, but using the PMW . retrieval instead of

PMW,

CIMR*

ICESat-2. On the contrary, PMW;z shows thinner SIT than ICESat-2, in
the Bering Strait in January.

The SIT retrieval has also been tested using less frequencies in the training of
the NN. Suppressing only the 1.4 GHz channels in the NN does not change
much the results (not shown): the correlation with ICESat-2 over the full
winter decreases from 0.85 to 0.83, and the RMSD increases from 0.54 to
0.57 m. It tends to slightly degrade the retrieval of small SIT (<1 m), as
compared to the original ICESAT-2 SIT (RMSD from 0.57 to 0.58 m), and to
the CS2SMOS SIT (RMSD from 0.42 to 0.45 m), as expected.

Tests are then performed using only the 18 and 36 GHz channels (both V and
H polarizations), named PMW .. hereinafter. With this combination, longer
SIT time series could be produced, using previous radiometers such as SSM/I
(launched in 1987), its successors SSMIS, or even SMMR (launched in 1978)
that all include the 18 and 36 GHz channels. The results are presented in
Figure 6. The correlation between PMW ¢, and ICESat-2 SIT decreases over
the full winter (from 0.85 with all channels to 0.80 using only 18 and 36 GHz
channels), and the RMSD increases (from 0.54 to 0.62 m), suggesting that the
retrieval using only two frequencies would slightly degrade the SIT results
compared to the use of all the frequencies available on CIMR, at least when
considering ICESat-2 as the reference.

However, surprisingly, compared to CS2SMOS, the correlation and the
RMSD do not change much when using all frequencies or 18 and 36 GHz
only, with even a slight increase of the correlation (from 0.85 with the CIMR
frequencies to 0.88 with only the 18 and 36 GHz channels) and a decrease
of the RMSD when suppressing all the lower frequencies (from 0.58 m with
the CIMR frequencies to 0.54 m with only the 18 and 36 GHz). An expla-
nation could be related to the use of the PMW 18 and 36 GHz channels
in the CS2SMOS retrieval, for adjusting the snow depth. Indeed, the CS2
altimeter data processing involves passive microwaves T, at 18 and 36 GHz
to modify the original Warren (Warren et al., 1999) snow depth climatology,
following the Kurtz and Farrell (2011) method. To overcome the need for
external snow depth information, future altimeters such as CRISTAL (Kern
et al., 2020) will be equipped with dual-frequency radar altimeters, with the
snow depth estimation being derived from the difference between the signals

at Ku (13 GHz) and Ka (35 GHz) frequencies. Garnier et al. (2021) already tested this possibility for snow
depth and SIT retrievals with encouraging results, using two different altimetric missions, CS2 at 13 GHz and
SARAL/AItiKa at 35 GHz (Verron et al., 2015). With SARAL/AItiKa limited to 82°N (thus excluding most of
the multi-year ice), we did not consider this product in the current comparison.

Table 1

Spatio-Temporal Correlation Between the Different Satellite-Based SIT
Products, Including PMW . and PMW .., for Different Sea Ice Thickness

Ranges

0-1m 1-2m +2m
ICESat-2/CS2SMOS 0.46 0.33 0.56
ICESat-2/PMW e 0.44 0.39 0.71
ICESat-2/PMW (4. 0.45 0.33 0.63
CS2SMOS/PMW ¢ ;yir 0.65 0.57 0.77
CS2SMOS/PMW (40 0.69 0.66 0.80

Note. The SIT from ICESat-2 is used as reference, to sort the SIT ranges.

To further explore the skills of the PMW retrievals, Table 1 shows the
spatio-temporal Pearson correlation between the different SIT products,
for three SIT ranges: O—1 m, 1-2 m, and >2 m. The SIT ranges are based
on the ICESat-2 product. The correlations between PMW . or PMW .
and ICESat-2 SIT products are similar to the correlations between the two
official ICESat-2 and CS2SMOS products, for all SIT ranges. Note that
for each SIT range, the correlation between PMW .. or PMW ... and
CS2SMOS is significantly higher than the correlation between ICESat-2
and CS2SMOS SIT.

The methodology and its results described here differs from what have been
done before (Chi & Kim, 2021) in several ways. First, in preparation for
the CIMR mission, we use only the channels that will be available on that
mission (1.4, 6, 10, 18, and 36 GHz). Second, we train our NN on a data set
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Figure 7. Comparison of SIT measurements from OIB-QL (red), PMW,, retrieval (black), ICESat-2 (green), CS2SMOS (orange) and NEMO (blue) products. The
error bars represent the mean SIT uncertainty for OIB-QL measurements and one standard deviation for the other SIT estimations. The normalized distribution of the
ICESat-2 SIT is shown in gray shades on the left y-axis.

Table 2

that is completely independent of the microwave observations (ICESat-2). Finally, we use a simple yet robust and
efficient NN architecture (MLP) that is already used for other geophysical retrievals (Jimenez et al., 2009; Prigent
& Jimenez, 2021), and that is sufficient for this kind of problem. We tested different NN structures, and complex-
ifying the initial NN was clearly not necessary.

4.2. Evaluation With the OIB-QL Campaign Measurements

The PMW_,, estimates are now evaluated with the OIB-QL campaign measurements in April 2019. Figure 7

shows the results of the comparison between the OIB-QL SIT measurements with the satellite and model retriev-

als, including the NN retrieval PMW ., using all the frequencies from 1.4 to 36 GHz. The clusters were organ-

ized by increasing OIB-QL SIT measurement, and their location is provided for each cluster. For each OIB-QL

cluster, the mean OIB-QL SIT is shown with its associated uncertainty (red crosses and error bars). For the

same clusters, the mean SIT retrieved (crosses) and their associated standard deviation (error bars) are shown
for PMW_r in black, ICESat-2 in green, CS2SMOS in orange and the
NEMO model in blue. The normalized distribution of the ICESat-2 SIT is
also shown in gray shades.

The range of SIT measured by the OIB-QL campaign shows that most of the

Bias, Standard Deviation, Root-Mean-Square Difference, Relative Root-
Mean-Square Difference, and Pearson Correlation Coefficient Between the
OIB-QL SIT and the Other SIT Retrievals for the Polar Winter 2018-2019

observed sea ice is multi-year, with the OIB-QL values in the high tail of the
distribution of the ICESat-2 SIT. The mean SIT measured by the OIB-QL
campaign is 3.4 m with a standard deviation of 0.72 m. CS2SMOS and
NEMO show small range of SIT, which can be explained by the fact that
these products are spatially smooth (see Figure 2), with consequently limited
variations over a flight. The NEMO model tends to systematically underesti-
mate the SIT, compared to the measurements campaign, as well as compared
to the satellite retrievals.

Table 2 presents statistics between the OIB-QL SIT and the others SIT
retrievals (including PMW ¢, ). PMW . shows rather good agreement with

Mean STD RMSD Relative
Difference (m) (m) (m) RMSD (%) R
PMW vk 0.16 0.55 0.57 17 0.72
PMW 56 0.28 0.55 0.61 18 0.74
1S2 0.17 0.64 0.66 20 0.69
CS2SMOS 0.11 0.47 0.49 14 0.80
NEMO 0.94 0.54 1.09 28 0.69
SORIOT ET AL.

10 of 14

95U9017 SUOWIWIOD SAIIR.D 8|qedi|dde au Aq psusenob ae sopile WO Bsn JO 3| 10} AReiqiTaul|uO 8|1 UO (SUONIPUOD-PUE-SWIB) W0 A8 | 1M AReIq 1 pu1UO//:SANY) SUONIPUOD Pue SWS 1 8Y) 89S *[£202/20/9T] Uo Aeld1Tauluo A8]iM ‘90Ul sueiyod Ag ZySz00v32z02/620T 0T/I0p/wod A 1M Aeiq puluo sgndnfe//:sdny wouy pepeojumoq ‘Z ‘€202 ‘¥80SEEEZ



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth and Space Science 10.1029/2022EA002542

Table 3

the OIB-QL measurements with linear correlations of 0.72, a bias of 16 cm,

Bias, Standard Deviation, Root-Mean-Square Difference, Relative Root- and a RMSD of 57 cm. The differences between PMW ;. and PMW ..

Mean-Square Difference, and Pearson Correlation Coefficient Between the results are rather limited, considering that 10 channels are used in the first
OIB-QL SIT and the Other SIT Retrievals for the Polar Winter 2017-2018 algorithm and only 4 in the second. The CS2SMOS SIT product shows the

Difference (m)

Mean

STD
(m)

RMSD Relative best agreements with OIB-QL measurements with low mean bias of 11 cm, a
(m) RMSD (%) R RMSD of 49 cm, and a high correlation of 0.8. The PMW_,,,. SIT performs

PMW i
PMW 45
CS2SMOS

—0.08
-0.17
0.04

0.49
0.56
0.49

0.50 27 0.78 slightly better than the ICESat-2 product. NEMO tends to underestimate the

059 34 0.69 OIB-QL values, with a mean bias nearly three times higher than the next

worst result (PMW ..), and a RMSD almost two times larger than the other
0.49 24 0.76

products.

The SIT distribution of the OIB-QL mission is heavily weighted toward very

high SIT values (mainly above 3 m) representing mostly multi-year ice. That
does not correspond to the whole Arctic SIT distribution, where first-year ice with lower SIT are dominating
(see the gray shades in Figure 4). The conclusions drawn from the OIB-QL based evaluation cannot be extended
to the validity and quality of the estimates for low SIT. Note that in the SIT range measured by the OIB-QL
campaign (mainly above 3 m), the PMW retrieval errors with respect to the other satellite products (ICESat-2 or
CS2SMOS) were expected to have RMSD ~0.6 m (see Figures 4 and 6). The whole Arctic basin having more thin
ice where PMW . is expected to perform well (see Figure 4), scores might even be better than Table 2 indicates.

In order to further evaluate the algorithms for another winter not used in the training, the OIB-QL SIT acquired
during the polar winter 2017-2018 have been compared to the PWM retrievals, as well as with the CS2SMOS
estimates (note that ICESat-2 was not launched yet). The statistics are presented in Table 3. The results show
very similar performances for that winter than for the 2018-2019 winter, showing the robustness of our retriev-
als to the inter-annual variability. With the Operation IceBridge (OIB) measurements targeting the same region
and the same period of the year for all years, the SIT distribution from these measurements is similar over the
available years.

5. Conclusion

A simple and yet efficient statistical approach is developed to estimate the SIT from PMW T, between 1.4 and
36 GHz. It is based on the evidence of high absolute correlations between the observed PMW brightness temper-
atures (especially at 36 GHz) and existing available satellite-derived SIT products. The 1.4-36 GHz frequency
range will be covered by the future CIMR mission to be launched by the end of the 2020s. Using a combination
of SMAP and AMSR?2 observations, a NN inversion is trained on a subset of ICESat-2 SIT product derived from
independent laser-altimeter measurements, and the PMW SIT is estimated over the Arctic for a full winter season.

The resulting PMW SIT using all CIMR frequencies shows a significant correlation with the ICESat-2 SIT data
during the whole Arctic winter (0.85 on average, Figure 4) and an identical spatio-temporal correlation with the
CS2SMOS SIT product (0.85). The PMW inversion using only the 18 and 36 GHz frequencies also performs
satisfactorily, over the full SIT range, but with slightly lower correlation (Figure 6). That will make it possible
to calculate long time series of SIT from former PMW imagers such as SSM/I and SSMIS back to the end of the
80s, or even from SMMR, launched in 1978, with all these instruments being equipped with radiometers at 18 and
36 GHz, at both V and H polarizations. Note that there are on-going efforts to inter-calibrate all these microwave
imagers for climate purposes, and this SIT estimation could benefit from this very long record of high quality 7},
at 18 and 36 GHz (Fennig et al., 2020).

The PMW retrievals were compared to OIB-QL measurement campaigns performed in 2018 and 2019. Both
PMW retrievals (with all frequencies and with 18 and 36 GHz only) show encouraging performances, compa-
rable to the results obtained with the current ICESat-2 or CS2SMOS SIT products, at least for the SIT range
covered by the OIB-QL measurements (mainly above 3 m).

Several satellite-based SIT exist, each with limitations due to their operating frequency or their algorithm
assumptions. The CS2SMOS and ICESat-2 SIT products both require a characterization of the snow cover (snow
depth and snow density). The use of dual frequency (Ku/Ka) radar altimeters (as in Kwok et al. (2020) or Garnier
et al. (2021)) can help reduce the uncertainties related to the snow depth, and the future CRISTAL mission, to be
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launched approximately at the same time as CIMR, will be equipped with this dual frequency capability (Kern
et al., 2020). The PMW SIT retrieval proposed here is based on a pragmatic approach. It does not require any
ancillary information. It is easy to apply on past, current, or future observations, providing close-to panarctic
coverage, sub-monthly, over long time records.
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